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Abstract Eight proteins potentially involved in cholesterol
efflux [ABCA1, ABCG1, CYP27A1, phospholipid transfer pro-
tein (PLTP), scavenger receptor type BI (SR-BI), caveolin-1,
cholesteryl ester transfer protein, and apolipoprotein A-I
(apoA-I)] were overexpressed alone or in combination in
RAW 264.7 macrophages. When apoA-I was used as an accep-
tor, overexpression of the combination of ABCA1, CYP27A1,
PLTP, and SR-BI (Combination I) enhanced the efflux by
4.3-fold. It was established that the stimulation of efflux
was due to increased abundance of ABCA1 and increased
apoA-I binding to non-ABCA1 sites on macrophages. This
combination caused only a small increase of the efflux to iso-
lated HDL. When HDL was used as an acceptor, overexpres-
sion of caveolin-1 or a combination of caveolin-1 and SR-BI
(Combination II) was the most active, doubling the efflux to
HDL, without affecting the efflux to apoA-I. When tested in
the in vivo mouse model of cholesterol efflux, overexpres-
sion of ABCA1 and Combination I elevated cholesterol ex-
port from macrophages to plasma, liver, and feces, whereas
overexpression of caveolin-1 or Combination II did not have
an effect. We conclude that pathways of cholesterol efflux
using apoA-I as an acceptor make a predominant contribu-
tion to cholesterol export from macrophages in vivo.—
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Cholesterol efflux is the first and most likely the rate-
limiting step of reverse cholesterol transport (RCT). RCT
is a pathway removing excess cholesterol from extrahe-
patic cells, most importantly vascular cells, thus protecting
against development of atherosclerosis. Several pathways
of cholesterol efflux have been described. One is a diffu-
sion pathway, which does not depend on any specific cel-
lular protein. Several specific pathways involve a number
of cellular proteins. First are the ABC transporters ABCA1
(1) and ABCG1 (2), mediating cholesterol efflux to lipid-
free apolipoprotein A-I (apoA-I) and mature HDL, re-
spectively. Scavenger receptor type BI (SR-BI) is another
cellular protein involved in cholesterol efflux for which
HDL is an acceptor (3). We have recently demonstrated
that CYP27A1 (4) and caveolin-1 (5) are also involved in
cholesterol efflux. A number of other proteins have been
demonstrated to contribute to cholesterol efflux, includ-
ing intracellular apoA-I (6), phospholipid transfer protein
(PLTP) (7), and cholesteryl ester transfer protein (CETP)
(8); the mechanisms of their involvement in cholesterol
efflux are mostly unknown.

Also unknown is how the different pathways and their
components interact with each other, whether they are
synergistic, competing, or redundant, and what the relative
contribution of each pathway is to the overall export of
cholesterol from cells. It has been suggested that ABCA1
and ABCG1 work in sequence and in synergy, leading to
the formation of cholesterol-rich HDL (9–11), whereas
SR-BI competes with ABCA1 and ABCG1 for cholesterol
destined for efflux (12, 13); interactions between other
components of the cholesterol efflux pathway have not
been investigated. Easily transfectable cell lines were
used in the majority of the studies; it is, however, unclear
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efflux pathways in cells of the vessel wall, most importantly,
macrophages. There are considerable differences in the
pathways of cholesterol efflux and their regulation in dif-
ferent cells and tissues (14). Various efflux pathways use
different cholesterol acceptors, and the contribution of
these acceptors, and consequently of the cellular proteins
interacting with these acceptors, to overall cholesterol ex-
port is unclear. The majority of apoA-I in plasma is present
in the lipidated form, and yet inactivation of ABCA1,
which uses lipid-free apoA-I as acceptor, results in severe
atherosclerosis (15, 16), whereas inactivation of ABCG1,
which uses lipidated apoA-I, has a small and inconsistent
effect on atherosclerosis (17–19).

In this study, we took advantage of a new method of
high-efficiency transfection of macrophages (20) to selec-
tively enhance various pathways of cholesterol efflux and
to investigate the contributions of the pathways using
apoA-I versus those using HDL as acceptors to overall cho-
lesterol export from macrophages in vitro and in vivo.

MATERIALS AND METHODS

Cells and plasmids
RAW 264.7 mouse macrophage cells were maintained and

transfected as described previously (20). THP-1 cells were main-
tained in RPMI supplemented with 10% FBS. Cells were dif-
ferentiated into macrophage-like cells by incubation in RPMI
supplemented with 10% FBS, 100 nM phorbol 12-myristate 13-
acetate (PMA) and 100 nM vitamin D3 for 48 h. Differentiated
cells were transfected using Metafectene (Biontex, Munich,
Germany) and manufacturerʼs protocol and cultured in RPMI
supplemented with 10% FBS, 100 nM PMA, 100 nM vitamin
D3, and 1 mM 5-azacytidine. Plasmids containing human ABCA1
and human ABCG1-GFP were a kind gift from Dr. A. Remaley,
plasmid containing ABCG1-myc was a gift from Dr. W. Jessup.
Plasmid containing mouse SR-BI was a gift from Drs. Z. Chen
and A. Bocharov, and plasmid containing human PLTP was a gift
from Dr. C. Ehnholm. Genes for human apoA-I, caveolin-1, and
CYP27A1 have been described previously (4, 5, 21). All genes were
cloned into pcDNA3.1 plasmid. pCMV-b-Gal plasmid was used
for mock transfections and to monitor efficiency of transfection.

Lipoproteins
HDL was isolated from human plasma (pooled plasma sup-

plied by the Red Cross) by sequential centrifugation. ApoA-I
was isolated from HDL as described previously (22). LDL was
purified from human plasma by sequential centrifugation and
acetylated as described by Basu et al. (23). ApoB-deficient
plasma was obtained from normolipidemic plasma by precipitat-
ing the apoB-containing lipoproteins with 0.9 g/l dextran sulfate/
45 mM MgCl2.

Immunoblotting
Cells were treated as indicated, washed, and harvested. Pro-

teins were separated on SDS-PAGE, followed by immunoblotting.
In brief, PolyVinyliDiene Fluoride membranes were blocked
with 2.5% skim milk solution, washed, and incubated for 1 h
at room temperature with the antibodies against ABCA1 [mono-
clonal, NDF4C2 (24)], ABCG1 (polyclonal, Abcam ab52617),
PLTP (polyclonal, Abcam ab7735), SR-BI (polyclonal, Abcam
ab369), caveolin-1 (polyclonal, BD Transduction Laboratories),

or myc (monoclonal, clone 9E10) and for 1 h with anti-rabbit
or anti-mouse IgG secondary antibodies or biotin-anti-mouse
IgM and streptavidin-HRP conjugate. Bands were visualized by
SuperSignal West Pico Chemiluminescent Substrate kit (Pierce),
and the relative intensities of the bands were quantitated by
densitometry. The abundance of b-actin was used as loading
control (monoclonal antibody from Sigma).

Cholesterol efflux
Cellular cholesterol was labeled by incubating cells in serum-

containing medium with [1a,2a(n)-3H]cholesterol (Amersham,
final radioactivity 0.5 MBq/ml) for 48 h in a CO2 incubator.
Cells were then washed and incubated for 18 h at 37°C in
serum-free medium, and washed and incubated for another
3 h at 37°C in serum-free medium containing 30 mg/ml of lipid-
free apoA-I or HDL, 2% human apoB-depleted plasma, or 5 mM
methyl-b-cyclodextrin. The medium was collected, centrifuged
for 15 min at 4°C at 10,000 g, and aliquots of supernatant were
counted in a b-counter. Cells were harvested, and cell-associated
radioactivity was counted. Cholesterol efflux was expressed as the
proportion of [3H]cholesterol transferred from cells to medium.
Cholesterol mass was measured using the colorimetric technique.

Cholesterol trafficking
The abundance of cholesterol in cholesterol-rich domains

and trafficking of cholesterol to these domains were assessed as
described previously (25). In brief, cells were labeled with [14C]
cholesterol (final radioactivity 0.5 MBq/ml) for 48 h at 37°C,
and washed and labeled with [3H]acetate (final radioactivity
5 MBq/ml) for 3 h at 15°C. Cells were then warmed to 37°C
for 20 min, cooled to 4°C, washed, and treated with cholesterol
oxidase (1 U/ml) for 3 h at 4°C. Cellular lipids were isolated
and separated on TLC as described (25).

ApoA-I binding
To measure apoA-I binding specifically to ABCA1, a cross-

linking assay was used as described by Wang et al. (26). Briefly,
transfected cells were incubated with apoA-I (50 mg/ml) for 1 h
at 37°C and washed. Dithiobis(succinimidyl)propionate (DSP,
Pierce) was added to the final concentration of 250 mM and
incubated for 1 h at room temperature. Cells were then lysed
with RIPA buffer and incubated with polyclonal anti-ABCA1
antibody (Novus) overnight at 4°C. Complex of ABCA1 and
antibodies was immunoprecipitated with Protein G Sepharose
by coincubation for 4 h at 4°C. Immunoprecipitated and un-
bound fractions were diluted with loading buffer containing 5%
2-mercaptoethanol, boiled for 5 min, and subjected to 12%
SDS-PAGE and Western blot; apoA-I was detected using mono-
clonal anti-apoA-I antibody AI-4.1.

In vivo studies
Cholesterol efflux in vivo was measured as described by Wang

et al. (10) with modifications. Briefly, RAW 264.7 macrophage
cells were transiently transfected with indicated plasmids as
described above. Cells were simultaneously radiolabeled and
loaded with cholesterol by incubation for 48 h with 1.1 GBq/ml
[3H]cholesterol and acetylated LDL (50 mg/ml) for 48 h. Cells
were washed, incubated for 24 h in serum-free medium, har-
vested, and resuspended in 0.15 M sterile saline at a concentra-
tion of 107 cells/ml. Cells were injected intraperitoneally into
male C57BL/6 mice (2 3 106 cells containing 5 3 106 dpm per
mouse). Each group consisted of six animals. After 24 h, mice
were euthanized, and blood, liver, and feces were collected.
Aliquots of plasma were counted, and cholesterol from liver
and feces was extracted according to Folch, Lees, and Sloane-
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Stanley (27) Animal experimentation was approved by the Alfred
Medical Research and Education Precinct Animal Ethics Com-
mittee; experiments were conducted in compliance with the
“Principles of laboratory animal care” (NIH publication No
85-23) and Australian laws.

Statistical analysis
All experiments were reproduced two to four times, and rep-

resentative experiments are shown. Unless indicated otherwise,
experimental groups consisted of quadruplicates; means 6 SEM
are presented. The Studentʼs t -test was used to determine statis-
tical significance of the differences.

RESULTS

Overexpression of various proteins and cholesterol efflux
to apoA-I or HDL in vitro

Eight proteins previously implicated in their involve-
ment in cholesterol efflux were overexpressed in mouse
macrophages RAW 264.7 using a previously described pro-
tocol (20), which provided an 80% efficiency of transfec-
tion and uniform expression of the heterologous gene in
the entire cellular population. Unless indicated, cells were
not loaded with cholesterol, because loading would have
upregulated several cholesterol efflux pathways, including
ABC transporters. When lipid-free apoA-I was used as an
acceptor, overexpression of ABCA1 elevated cholesterol
efflux by 2.4-fold, whereas overexpression of CYP27A1,
PLTP, and SR-BI elevated cholesterol efflux by about
2-fold (Fig. 1A). Overexpression of ABCG1, caveolin-1, and
apoA-I did not affect cholesterol efflux to apoA-I (Fig. 1A);
as we demonstrated previously, overexpression of CETP also
did not affect cholesterol efflux (28). When HDL was used
as an acceptor, overexpression of caveolin-1 increased cho-
lesterol efflux by 1.8-fold; small but statistically significant in-
creases of cholesterol efflux were also observed after
overexpression of ABCG1 and SR-BI (Fig. 1B). Overexpres-

sion of ABCA1 did not affect cholesterol efflux to HDL. A
moderate effect of ABCA1 overexpression on the efflux to
HDL observed by Okuhira et al. (29) was attributed to the ef-
flux to lipid-free apoA-I dissociated from HDL. The amount
of lipid-free apoA-I in fresh preparations of HDL used in this
study was undetectable by native PAGE andWestern blot; if a
small amount was still present, this amount was insufficient to
contribute to the overall efflux to HDL.

The small effect of ABCG1 overexpression on choles-
terol efflux to HDL was unexpected and inconsistent with
the results of studies overexpressing ABCG1 in other cell
types (30), but was not dramatically different from the
only study overexpressing ABCG1 in murine macrophages
(10). One reason for this result could be the fact that in
the present study, we used ABCG1-GFP conjugate, which
may have properties different from those of ABCG1. We
therefore tested another construct, ABCG1-myc. ABCG1-
myc also caused only a small stimulation of cholesterol
efflux from RAW 264.7 macrophages (not shown).

Another reason for the modest effect of ABCG1 overex-
pression in macrophages could be a high level of ABCG1
in RAW 264.7 cells (as reflected by the high level of efflux
to HDL from nonactivated RAW 264.7 cells), reducing
possible effects of its overexpression. Indeed, a relatively
high level of ABCG1 was found in nonactivated RAW
264.7 cells (Fig. 2A), and although transfection increased
the ABCG1 level by 70% (6.1 vs. 3.6 relative units, Fig. 2A),
the concentration of endogenous ABCG1 may already
have been approaching a functionally saturating level. To
further test this possibility, we examined the overexpres-
sion of ABCG1 plasmids in three other cell types. Two
human cell lines, HeLa cells, a cell model lacking ABC
transporters, and THP-1 human macrophages, known to
express low levels of ABC transporters unless activated with
LXR agonist, were tested. Compared with RAW 264.7 cells,
cholesterol efflux to HDL from mock-transfected HeLa
and THP-1 cells was 1.6-fold and 3.6-fold lower, respec-

Fig. 1. Overexpression of various genes and cholesterol efflux from macrophages. RAW 264.7 cells were
transiently transfected with the indicated genes. Cells were labeled with [3H]cholesterol, and cholesterol
efflux to lipid-free apolipoprotein A-I (apoA-I) (A) or HDL (B) (final concentration of both, 30 mg/ml)
was assessed as described in Materials and Methods. Cholesterol efflux was expressed as a proportion of
[3H]cholesterol transferred from cells to medium. Means 6 SEM of quadruplicate determinations are shown.
* P , 0.05 versus mock-transfected cells.
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tively. Overexpression of both ABCG1-myc and ABCG1-
GFP elevated cholesterol efflux by approximately 1.5-fold
and 7.5-fold in HeLa and THP-1 cells, respectively. (Fig. 2B,
C). The third cell line tested was mouse 3T3 fibroblasts.
Cholesterol efflux to HDL from these cells was 1.8-fold
higher compared with RAW 264.7 cells, and overexpression
of ABCG1 had no effect on cholesterol efflux to HDL
(Fig. 2D). Thus, it appears that overexpression of ABCG1
stimulated cholesterol efflux to HDL from cells with a low
basal level of the efflux, but not from cells with a high basal
level of cholesterol efflux, pointing to a possibility that the
ABCG1 level in the latter was functionally saturated. How-
ever, we cannot exclude a possibility of species-specific dif-
ferences, inasmuch as overexpression of ABCG1 stimulated
cholesterol efflux from human cells but not murine cells.

To test the effect of overexpression of combinations of
the proteins, the following approach was used. The cells
were cotransfected with the one of two proteins that had
the biggest effect on cholesterol efflux, i.e., ABCA1 or
CYP27A1 for the efflux to apoA-I and caveolin-1 or SR-BI
for the efflux to HDL, and one of the remaining seven pro-
teins. The combination of two proteins that caused the
biggest effect was then cotransfected with one of the re-
maining six proteins, and so on. The maximum number
of proteins we were able to coexpress was four; coex-
pression of the fifth protein caused a sharp reduction of
cholesterol efflux independently of what the combina-
tion was.

The results of the analysis of the effects of overexpres-
sion of combinations of proteins are presented in Fig. 3.
When apoA-I was used as an acceptor, overexpression of
SR-BI or CYP27A1 together with ABCA1 added to the stim-
ulation of cholesterol efflux, whereas addition of PLTP did
not (Fig. 3A). The combination of proteins that caused
the biggest stimulation of cholesterol efflux was ABCA1 1
SR-BI 1 PLTP 1 CYP27A1; this combination caused a
4.3-fold stimulation of cholesterol efflux (Fig. 3A). The
combination of SR-BI 1 PLTP 1 CYP27A1 without ABCA1
was less effective, causing a 2-fold increase of cholesterol ef-
flux. When HDL was used as an acceptor, overexpression
of SR-BI together with caveolin-1 slightly increased choles-
terol efflux; the difference with overexpression of caveolin-1
alone, however, was not statistically significant (Fig. 3B). All
other combinations only minimally affected cholesterol ef-
flux to HDL. Importantly, overexpression of a combination
of ABCA11 SR-BI1 PLTP1 CYP27A1 that caused a consid-
erable elevation of cholesterol efflux to apoA-I caused only a
small (30%) elevation of cholesterol efflux to HDL (Fig. 3B).

Although the efflux of labeled cholesterol to lipid-free
apoA-I reflects the movement of cholesterol mass, the
efflux to HDL is accompanied by cholesterol exchange
between cells and HDL, therefore not necessarily reflect-
ing the movement of cholesterol mass. When total choles-
terol mass was measured in the cells and the medium,
incubation with HDL resulted in 4% of cellular cholesterol
moved to HDL after 2 h. However, there was no statistically

Fig. 2. The effect of overexpression of ABCG1 on ABCG1 abundance in RAW 264.7 cells (A) and choles-
terol efflux to HDL from HeLa cells (B), THP-1 macroophages (C), and 3T3 fibroblasts (D). A: RAW 264.7
cells were transiently transfected with ABCG1-GFP and the abundance of ABCG1 was assessed by Western
blot. B–D: HeLa cells (B), THP-1 human macrophages (C), or 3T3 murine fibroblasts (D) were transfected
as indicated and labeled with [3H]cholesterol, and cholesterol efflux to HDL (final concentration 30 mg/ml)
was assessed as described in Materials and Methods. Cholesterol efflux was expressed as a proportion of
[3H]cholesterol transferred from cells to medium. Means 6 SEM of quadruplicate determinations are
shown. * P , 0.05 versus mock-transfected cells.

Pathways of cholesterol efflux in vivo 2315

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


significant difference between mock-transfected cells and
cells transfected with ABCA1, ABCA1 1 SR-BI 1 PLTP 1
CYP27A1, caveolin-1 or caveolin-1 1 SR-BI (not shown).

To further characterize the effect of overexpression of
combinations of proteins on cholesterol efflux, the above
experiments were repeated with cholesterol-loaded cells.
Transfected cells were loaded with cholesterol by incu-
bation with acetylated LDL (50 mg/ml) for 24 h. When
apoA-I was used as an acceptor, transfection with ABCA1
and with ABCA1 1 SR-BI 1 PLTP 1 CYP27A1 elevated
cholesterol efflux by 6- and 11-fold, respectively (Fig. 4A).
Transfection of cells with caveolin-1 marginally increased
cholesterol efflux (P 5 0.04), whereas transfection with
a combination of caveolin-1 1 SR-BI had no statistically

significant effect (Fig. 4A). When HDL was used as an
acceptor, only transfection with caveolin-1 increased cho-
lesterol efflux (Fig. 4B). The effect of caveolin-1 was at-
tenuated in cholesterol-loaded cells, suggesting that the
contribution of this pathway to cholesterol efflux to HDL
may have changed after cholesterol loading, i.e., due to
upregulation of ABC transporters.

To assess the increment of abundance of each pro-
tein after overexpression of the combination of genes,
cells were cotransfected with ABCA1 1 SR-BI 1 PLTP 1
CYP27A1 or transfected with caveolin-1 alone, and expres-
sion of each protein was assessed by Western blotting and
compared with its expression in mock-transfected cells
(Fig. 5). The abundances of ABCA1, SR-BI, and PLTP were

Fig. 3. Overexpression of a combination of genes and cholesterol efflux from macrophages. RAW 264.7 cells were transiently transfected
with the indicated genes. Cells were labeled with [3H]cholesterol, and cholesterol efflux to lipid-free apoA-I (A) or HDL (B) (final concen-
tration of both, 30 mg/ml) was assessed as described in Materials and Methods. Cholesterol efflux was expressed as a proportion of [3H]
cholesterol transferred from cells to medium. Means6 SEM of quadruplicate determinations are shown. * P, 0.05 versus mock-transfected
cells. # P , 0.01 versus ABCA1.

Fig. 4. Overexpression of a combination of genes
and cholesterol efflux from cholesterol-loaded macro-
phages. RAW 264.7 cells were transiently transfected
with the indicated genes. Cells were loaded with choles-
terol by incubation with acetylated LDL (50 mg/ml) for
24 h and simultaneously labeled with [3H]cholesterol.
Cholesterol efflux to lipid-free apoA-I (A) or HDL
(B) (final concentration of both, 30 mg/ml) was as-
sessed as described in Materials and Methods. Cho-
lesterol efflux was expressed as a proportion of [3H]
cholesterol transferred from cells to medium. Means 6
SEM of quadruplicate determinations are shown. * P ,
0.05, ** P , 0.001 (versus mock-transfected cells).
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increased by 1.9-, 3.5-, and 1.8-fold, respectively (Fig. 5A).
These values represent a combination of abundances of
endogenous and heterologous proteins, and although it
cannot be ruled out that expression of endogenous pro-
teins was affected, it is more likely that most of the incre-
ment was due to heterologous expression. The exception
is the abundance of endogenous ABCA1, which could be
affected by CYP27A1 and PLTP; this issue is examined
below. Overexpression of CYP27A1 was assayed using
anti-myc antibody, preventing a comparison with the basal
expression of CYP27A. Overexpression of caveolin-1 re-
sulted in a 1.6-fold increase of its abundance (Fig. 5B).
Transfection of cells did not affect abundance of b-actin
(Fig. 5A, B).

Cholesterol efflux to plasma in vitro
Testing the effects of overexpression of various proteins

on cholesterol efflux resulted in establishing two distinct
cellular models. One model, RAW 264.7 cells cotransfected
with ABCA1 or ABCA1 1 SR-BI 1 PLTP 1 CYP27A1, had
elevated efflux to lipid-free apoA-I, but not to HDL. An-
other model, RAW 264.7 cells transfected with caveolin-1
or caveolin-1 1 SR-BI had elevated efflux to HDL, but
not to lipid-free apoA-I. These models presented an oppor-
tunity to compare the contribution of these two acceptors
to cholesterol export in vitro and in vivo. To test the efflux
in vitro, we removed apoB-containing lipoproteins from
plasma by precipitation with dextran-sulfate, thus minimiz-
ing nonspecific (diffusional) efflux. The plasma was used at
a concentration of 2%, the concentration within the linear
part of the dose-dependent curve (not shown). When
apoB-depleted human plasma was used as an acceptor,
overexpression of ABCA1 or ABCA1 1 SR-BI 1 PLTP 1
CYP27A1 stimulated cholesterol efflux by 30% and 40%, re-
spectively, whereas overexpression of caveolin-1 or caveolin-
11 SR-BI failed to affect cholesterol efflux (Fig. 6). The latter
finding was unexpected, inasmuch as lipidated HDL repre-
sents the majority of plasma apoA-I; this is consistent, how-
ever, with findings showing that plasma HDL level is not

always a major determinant of plasma cholesterol efflux
capacity (31, 32). We hypothesize that the increase of cho-
lesterol efflux was mainly due to the efflux to plasma lipid-
free apoA-I. These data indicate that cholesterol efflux
from macrophages may be enhanced by manipulating cel-
lular pathways responsible for the efflux to apoA-I.

Cholesterol efflux in vivo
To further test the effect of stimulation of cholesterol

efflux to apoA-I or HDL on cholesterol export from
macrophages, the in vivo model described by Wang et al.
(10) was used. Labeled cholesterol-loaded macrophages
overexpressing indicated proteins were implanted into
the peritoneal cavity of mice; the appearance of labeled

Fig. 5. The effect of overexpression of a combination of genes on their abundance. RAW 264.7 cells were transiently transfected with
ABCA1 1 scavenger receptor type BI (SR-BI) 1 phospholipid transfer protein (PLTP) 1 CYP27A1 (A) or caveolin-1 (B). The abundance
of individual proteins was assessed by Western blot and quantitated by densitometry as described in Materials and Methods. Numbers under
the blots indicate increase of abundance of the indicated protein (fold, relative to mock-transfected cells).

Fig. 6. Overexpression of various genes and cholesterol efflux to
human plasma. RAW 264.7 cells were transiently transfected with
the indicated genes. Cells were labeled with [3H]cholesterol, and
cholesterol efflux to 2% apoB-depleted human plasma was assessed
as described in Materials and Methods. Cholesterol efflux was
expressed as a proportion of [3H]cholesterol transferred from cells
to medium. Means 6 SEM of quadruplicate determinations are
shown. * P , 0.05 versus mock-transfected cells.

Pathways of cholesterol efflux in vivo 2317
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cholesterol in plasma, liver, and feces was followed after
24 h. Overexpression of various genes or their combina-
tions had no effect on cholesterol loading of cells, inas-
much as the cellular cholesterol content and the specific
activity of cellular [3H]cholesterol were not affected by
transfections. Overexpression of ABCA1 (“A”) only slightly
increased the export of labeled cholesterol to plasma, but
increased the amount of labeled cholesterol in the liver
and feces by 2.5- and 1.6-fold, respectively (Fig. 7A–C).
This finding is consistent with that of Calpe-Berdiel et al.
(33) and Wang et al. (10), who demonstrated impaired
cholesterol transport from ABCA1-deficient macrophages
in vivo. Overexpression of ABCA1 1 SR-BI 1 PLTP 1
CYP27A1 (“A1”) increased the export of cholesterol
to plasma, liver, and feces by 1.8-, 3.0-, and 1.8-fold, re-
spectively (Fig. 7A–C). Overexpression of ABCG1 (“G”),
caveolin-1 (“C”), or caveolin-1 1 SR-BI (“C1”) did not
affect cholesterol export from macrophages to plasma,
liver, or feces. Appearance of labeled cholesterol in the
bile acid fraction of feces was not affected by any of the
transfections (Fig. 7C, left panel).

Mechanisms of cholesterol efflux stimulation
The effect of overexpression of ABCA1 on cholesterol

efflux was expected, but the mechanism of how SR-BI,
PLTP, and CYP27A1 further stimulated the efflux was un-
clear. The first possibility we considered was that SR-BI,

PLTP, and CYP27A1 increased the abundance of ABCA1.
We have previously demonstrated that overexpression of
CYP27A1 increases the abundance of ABCA1 in RAW
246.7 macrophages (20). We further found that transfec-
tion of RAW 246.7 cells with PLTP also increased the abun-
dance of ABCA1 in the cells (Fig. 8A), a finding consistent
with that of Oram et al. (7). In contrast, overexpression of
SR-BI, if anything, decreased the abundance of ABCA1, a
finding consistent with the observations of Chen et al.
(12). However, if the abundance of ABCA1 was compared
in the cells transfected with ABCA1 alone or with the com-
bination ABCA1 1 SR-BI 1 PLTP 1 CYP27A1, the abun-
dance of ABCA1 was similar in single transfections and in
transfections with a combination of genes (Fig. 8B). Thus,
although enhancement of ABCA1 abundance explains
stimulation of cholesterol efflux by PLTP and CYP27A1
alone (Fig. 1A) and in combination with each other (Fig. 3),
it does not explain further stimulation of cholesterol efflux
by the ABCA1 1 SR-BI 1 PLTP 1 CYP27A1 combination.

We next investigated whether the difference in choles-
terol efflux was due to increased amount of cholesterol
on the plasma membrane or enhanced trafficking of cho-
lesterol to the plasma membrane. Labeled cells were in-
cubated for 1 h with 5 mM methyl-b-cyclodextrin at either
4°C or 37°C. Rapid nonspecific removal of cholesterol by
cyclodextrin at 4°C, when cholesterol trafficking is blocked,
was used to assess the amount of cholesterol on the plasma

Fig. 7. Overexpression of various genes and cholesterol efflux in vivo. RAW 264.7 macrophages were transfected with mock (M), ABCA1
(A), ABCA1 1 SR-BI 1 PLTP1 CYP27A1 (A1), ABCG1 (G), caveolin-1 (C), or caveolin-11 SR-BI (C1), loaded with cholesterol, labeled
with [3H]cholesterol, and injected intraperitoneally into mice. The appearance of label in plasma (A), liver (B), and feces (C) was assessed
after 24 h as described in Materials and Methods. Means 6 SEM (n 5 6) are shown; * P , 0.01 versus mock-transfected.
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membrane (34). At 37°C, cholesterol efflux to cyclodextrin is
a reflectionof the amount of bothpreexisting cholesterol and
cholesterol delivered to the plasmamembrane during the 1 h
incubation (34). Overexpression of neither ABCA1 nor

ABCA1 1 SR-BI 1 PLTP 1 CYP27A1 had any effect on the
efflux to cyclodextrin at 4°C and 37°C (Fig. 8C), indicating
that neither the amount of cholesterol located on the plasma
membrane nor its delivery to the plasma membrane was af-

Fig. 8. Possible mechanisms of stimulation of cholesterol efflux. A, B: RAW 264.7 cells were transiently trans-
fected with mock (M), SR-BI, PLTP, ABCA1 (A), or ABCA1 1 SR-BI 1 PLTP1 CYP27A1 (A1). The abun-
dance of ABCA1 in cells was assessed by Western blotting. C: RAW 264.7 cells were transiently transfected
with mock (M), ABCA1 (A), ABCA11 SR-BI1 PLTP1 CYP27A1 (A1), caveolin-1 (C), or caveolin-11 SR-BI
(C1). Cells were labeled with [3H]cholesterol, and cholesterol efflux to methyl-b-cyclodextrin (final concen-
tration 5 mM) at 4°C (left) or 37°C (right) was assessed as described in Materials and Methods. Cholesterol
efflux was expressed as a proportion of [3H]cholesterol transferred from cells to medium. Means 6 SEM of
quadruplicate determinations are shown. D: RAW 264.7 cells were transiently transfected with mock (M),
ABCA1 (A), or ABCA1 1 SR-BI 1 PLTP 1 CYP27A1 (A1). Cells were labeled with [14C]cholesterol for
48 h at 37°C, washed, and labeled with [3H]acetate for 3 h at 15°C. Cells were then warmed to 37°C for
20 min, cooled to 4°C, washed, and treated with cholesterol oxidase (final concentration 1 U/ml) for 3 h
at 4°C. Cellular lipids were isolated and separated on TLC as described in Materials and Methods. The ratio
of oxidized cholesterol to cholesterol is shown. * P , 0.01 (versus mock-transfected cells). E: RAW 264.7 cells
were transiently transfected with mock (M), ABCA1 (A), or ABCA1 1 SR-BI 1 PLTP1 CYP27A1 (A1). The
abundance of ABCA1 on cell surface was assessed as accessibility of ABCA1 to biotinilation as described
in Materials and Methods. F, G: RAW 264.7 cells were transiently transfected with mock (M), ABCA1 (A),
or ABCA1 1 SR-BI 1 PLTP1 CYP27A1 (A1). ApoA-I was added to the final concentration of 50 mg/ml,
incubated for 1 h at 37°C, and washed out. Dithiobis(succinimidyl)propionate was added to the final con-
centration of 250 mM and incubated for 1 h at room temperature. Cells were then lysed, and ABCA1 was
immunoprecipitated with polyclonal anti-ABCA1 antibodies. Precipitated (F) and unbound (G) fractions
were diluted with loading buffer containing 5% 2-mercaptoethanol, boiled for 5 min, and subjected to
SDS-PAGE and Western blot using monoclonal antibody against apoA-I (F, G) or b-actin (H).
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fected by the transfections. Overexpression of caveolin-1 or
the caveolin-11 SR-BI combination also did not affect choles-
terol efflux to cyclodextrin at 37°C (Fig. 8C). Thus, the ob-
served effects on cholesterol efflux to both lipid-free apoA-I
and HDL were specific.

To assess the amount and the rate of delivery of choles-
terol to specifically exposed cholesterol-rich domains, we in-
vestigated the effect of transfections on the susceptibility
of total and newly synthesized cholesterol to oxidation by
cholesterol oxidase, a method we employed previously to in-
vestigate trafficking of cholesterol to cholesterol-rich do-
mains (25). Cells were labeled with [14C]cholesterol for
48 h at 37°C to label the entire cellular cholesterol pool,
and with [3H]acetate for 3 h at 15°C to label the intracel-
lular newly synthesized cholesterol pool, followed by 20 min
incubation at 37°C to allow some of the newly synthesized
cholesterol to move to the plasma membrane. The total
amount of cholesterol in the cholesterol-rich domains
increased by 30–60% after both ABCA1 and ABCA1 1
SR-BI 1 PLTP 1 CYP27A1 transfections (Fig. 8D),
whereas the rate of transfer of cholesterol to cholesterol-
rich domains was not statistically different in transfected
versus mock-transfected cells. Thus, consistent with findings
of Vaughan and Oram (35), transfection with ABCA1 in-
creased the abundance of cholesterol in cholesterol-rich do-
mains, but this was not the mechanism for the additional
increase of cholesterol efflux after cotransfection with
SR-BI 1 PLTP 1 CYP27A1.

To test whether overexpression of the combination of
genes increased the abundance of cell-surface ABCA1,
we assessed the accessibility of ABCA1 to biotinylation after
transfection with ABCA1 alone and with ABCA11 SR-BI1
PLTP 1 CYP27A1. As expected, the abundance of ABCA1
on the cell surface was increased in both cases, but the
difference between the two transfections was minimal
(Fig. 8E). Further, we analyzed binding of apoA-I to cells,
and more specifically, the amount of apoA-I bound to
ABCA1. ApoA-I was incubated with cells, followed by
cross-linking of bound apoA-I to cell surface proteins.
ABCA1 was then precipitated with anti-ABCA1 antibody
(cross-reacting with human and mouse ABCA1) (24),
and the amount of apoA-I bound to ABCA1 (precipitated)
and the amount bound to other proteins (supernatant)
were assessed by Western blot. Transfections did not af-
fect the amount of apoA-I bound to ABCA1 (Fig. 8F), con-
sistent with our previous finding that apoA-I binding to
ABCA1 and ABCA1-dependent cholesterol efflux may
be dissociated (24). However, there was twice as much
apoA-I in the supernatant fraction (Fig. 8G), indicating
that there is an enhanced binding of apoA-I to cells after
transfection with ABCA1 1 SR-BI 1 PLTP 1 CYP27A1, but
the binding site was not ABCA1. This fraction was then
immunoprecipitated with anti-apoA-I antibodies and de-
veloped with anti-PLTP, anti-SR-BI, or anti-myc antibodies.
None of the three proteins coprecipitated with apoA-I
(data not shown). Thus, coexpression of SR-BI, PLTP,
and CYP27A with ABCA1 may enhance cholesterol efflux
by increasing binding of apoA-I to the cells. The exact
nature of the binding sites and their composition are not

clear; they may include binding to protein and/or lipid
components of the plasma membrane, i.e., phospholipid-
rich domains.

DISCUSSION

A number of cholesterol efflux pathways were described,
but the relative contribution of each of them to cholesterol
export from cells remains unclear. Inactivation of a spe-
cific efflux pathway in some cells results in significant im-
pairment of cholesterol export and accumulation of
cholesterol, whereas in other cells, the same inactivation
has minimal effect on cholesterol efflux and cholesterol
accumulation. For example, ABCA1 knockout in mouse
macrophages, resulting in a severe impairment of choles-
terol efflux, leads to an accumulation of cholesterol in
these cells (36), but there is no accumulation of choles-
terol in Tangier fibroblasts or endothelial cells lacking
ABCA1 (11). Further, overexpression of CYP27A1 (4, 20),
caveolin-1 (5), and ABCG1 (30) leads to a significant en-
hancement of cholesterol efflux in vitro, and yet knockout
of these genes in vivo has only a modest effect on choles-
terol accumulation in macrophages (19, 37, 38). These and
other results indicate that different cells may use different
pathways for cholesterol efflux to maintain cholesterol
homeostasis and/or there is a considerable redundancy in
the pathways of cholesterol export. Another possibility is
that utilization of different pathways depends on prevailing
metabolic circumstances and intracellular location of the
excess cholesterol. Thus, cellular cholesterol pools in macro-
phages overloaded by exposure to LDL were more effec-
tively reduced by the ABCG1-dependent pathway, whereas
cellular pools in cells overloaded by exposure to acety-
lated LDL were reduced mainly by the ABCA1-dependent
pathway (39).

The main finding of this study is that enhancing choles-
terol efflux pathways that use apoA-I as acceptor leads to
enhanced cholesterol export from macrophages in vivo,
whereas enhancing pathways that use HDL as acceptor is
ineffective. The fact that cholesterol efflux in vivo was
enhanced coordinately with the increase of cholesterol
efflux through pathways utilizing apoA-I, but not HDL,
indicates that the former may have a predominant contri-
bution to overall cholesterol export or at least to its up-
regulated component, which can be potentially targeted
for treatment. This is consistent with findings that inactiva-
tion of macrophage ABCA1, the main element of the cho-
lesterol efflux pathway using apoA-I, promotes atherosclerosis
(36), whereas overexpression of ABCA1 protects against
atherosclerosis (15). It is also consistent with the recent
findings of Adorni et al. (40) that ABCA1-dependent efflux
to human serum ex vivo is a predominant cholesterol efflux
pathway. Inactivation or overexpression of key elements of
the efflux pathway that uses HDL as primary acceptor, such
as ABCG1, has been shown to have a limited effect on the
development of atherosclerosis (19). It must be recognized,
however, that the effects of overexpression and inactivation
of proteins are not necessarily complementary. For exam-
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ple, overexpression of a protein may not affect the function
if the step it is involved in is not rate-limiting, or if the pro-
tein is already at a functionally saturating concentration, as
might be the case for ABCG1. Thus, our findings are indic-
ative of possible approaches to enhance RCT rather than of
possible causes of its impairment.

Another finding of this study is that CYP27A1, PLTP,
and SR-BI supplement ABCA1-dependent cholesterol
efflux to apoA-I. The exact mechanism of interaction be-
tween these proteins and the role of each individual pro-
tein remain unclear. Comparison of cholesterol efflux
after various transfections clearly shows the requirement
for ABCA1 in this combination, inasmuch as only a modest
increase in cholesterol efflux was achieved when ABCA1
was omitted, and even that was probably due to the effect
of overexpressed proteins on ABCA1 abundance. However,
the abundance of ABCA1 in the cells and the abundance of
cell-surface ABCA1 did not increase after coexpression of
ABCA1 1 CYP27A1 1 PLTP 1 SR-BI over the amount
found after overexpression of ABCA1 alone. The amount
of cholesterol on the plasma membrane also did not
change, and although ABCA1 increased the amount of
cholesterol in cholesterol-rich domains, coexpression of
three other genes did not further increase it. Neither cho-
lesterol trafficking to the plasma membrane nor binding of
apoA-I to ABCA1 was affected by the cotransfections. How-
ever, the total amount of apoA-I bound to cells transfected
with ABCA1 1 CYP27A1 1 PLTP 1 SR-BI doubled, com-
pared with mock- and ABCA1-transfected cells, which
may explain the enhanced cholesterol efflux. The addi-
tional apoA-I binding sites were not on the four overex-
pressed proteins, and their nature remains unclear. It has
been suggested recently that effective cholesterol efflux
requires formation of phospholipid-rich curved membrane
domains capable of high-affinity binding to apoA-I (41, 42).
It is possible that overexpression of the combination of
proteins stimulates the formation of such domains and
enhances association of apoA-I with these domains or
their protein and/or lipid constituents. The role of indi-
vidual proteins, especially that of SR-BI, which was mainly
implicated in cholesterol efflux to HDL, remains unclear,
and the mechanism is not yet defined.

In conclusion, we demonstrated that cholesterol efflux
to apoA-I may make a predominant contribution to choles-
terol export from macrophages. The key element of this
pathway seems to be ABCA1, with CYP27A1, PLTP, and
SR-BI playing a supplementary role.

The authors acknowledge the technical assistance of Ms. S.
Penfold and Ms. A. Gatt.
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