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Oxidized sterols consumed in the diet or formed on low-density
lipoprotein (LDL) are toxic to endothelial cells and macrophages
and are thought to have a central role in promoting atherogenesis.
The ATP-binding cassette transporter ABCG1 was recently shown
to promote efflux of cholesterol from macrophages to high-denisty
lipoprotein (HDL). We show that HDL protects macrophages from
apoptosis induced by loading with free cholesterol or oxidized
LDL.The protective effect of HDL was reduced in Abcg1�/� macro-
phages, especially after loading with oxidized LDL. Similarly, HDL
exerted a protective effect against apoptosis induced by 7-keto-
cholesterol, the major oxysterol present in oxidized LDL
and atherosclerotic lesions, in Abcg1�/�, but not in Abcg1�/�

macrophages. In transfected 293 cells, efflux of 7-ketocholesterol
and related oxysterols was completely dependent on expression of
ABCG1 and the presence of HDL in media. In contrast, ABCA1 and
apoA-1 did not stimulate the efflux of 7-ketocholesterol into
media. HDL stimulated the efflux of 7-ketocholesterol from
Abcg1�/�, but not from Abcg1�/� macrophages. In Abcg1�/� mice
fed a high-cholesterol diet, plasma levels of 7-ketocholesterol were
reduced, whereas their macrophages accumulated 7-ketocholes-
terol. These findings indicate a specific role for ABCG1 in promoting
efflux of 7-ketocholesterol and related oxysterols from macro-
phages onto HDL and in protecting these cells from oxysterol-
induced cytotoxicity.

atherosclerosis � ATP-binding cassette transporter �
cholesterol efflux � oxysterol

The formation of atherosclerotic lesions is a complex process in
part mediated by inflammatory and oxidative mechanisms (1,

2). Oxidative changes occurring in low-density lipoprotein (LDL)
are widely regarded as having an important role in plaque devel-
opment. LDL undergoes retention and aggregation in the suben-
dothelial spaces of the arterial wall and may be oxidatively modified
by various mechanisms (3, 4). Several lipid-derived bioactive mol-
ecules are thus generated in LDL, including oxysterols (5, 6),
oxidized fatty acids (7), lysophospholipids (8), and aldehydes (9).
Among the oxysterols that have been identified, those oxidized at
the C7-position, such as 7-ketocholesterol, are most abundant in
human atherosclerotic plaques (10). In addition, oxysterols may be
present in the diet and incorporated into plasma lipoproteins (11).
Oxysterols induce dysfunction or apoptosis in endothelial cells,
smooth muscle cells, and macrophages (12–15). Apoptosis of
macrophage foam cells is important in plaque development and
breakdown and can be induced by uptake of oxidized LDL (ox-
LDL) or by loading with free cholesterol (FC) (16).

Plasma high-density lipoprotein (HDL) levels are inversely re-
lated to the risk of atherosclerotic cardiovascular disease (17, 18).
HDL has antiinflammatory, antioxidant, antithrombotic, and va-
sodilatory properties that may be relevant to this relationship (19,
20). One of the most important atheroprotective roles of HDL is
reverse cholesterol transport, in which excess cholesterol in mac-
rophage foam cells undergoes efflux and then is transported to the
liver for excretion in the bile (21). ATP-binding cassette transporter

ABCA1 mediates cholesterol efflux to lipid-poor apolipoprotein
A-1 (apoA-1) but only modestly increases cholesterol efflux to
HDL (22–24). In contrast, ABCG1 promotes macrophage choles-
terol efflux to HDL, including large HDL particles, from subjects
with cholesteryl ester transfer protein deficiency (25), but not to
lipid-poor apoA-1 (24, 26, 27).

In the present study, we investigated the role of HDL in
protecting macrophages from apoptosis induced by loading with
FC or oxLDL. HDL was found to reduce apoptosis induced by
either method. Unexpectedly, the protection against oxLDL-
induced apoptosis was specifically dependent on ABCG1, and
ABCG1/HDL but not ABCA1/apoA-1 was able to promote
efflux of 7-ketocholesterol from cells.

Results
ABCG1 Deficiency Increases Susceptibility to oxLDL-Induced Apopto-
sis. Two mechanistically distinct pathways relevant to macrophage
apoptosis in atherosclerosis have been described, one involving the
uptake of oxLDL and another initiated by loading with lipoprotein
FC (16). To induce FC loading, macrophages were incubated with
acetyl-LDL (acLDL) in the presence of an acyl-CoA:cholesterol
acyltransferase inhibitor, 58035. In Abcg1�/� macrophages, HDL
reduced FC-induced apoptosis by 71% and oxLDL-induced apo-
ptosis by 52% (Fig. 1A). To assess a possible role of ABCG1 in
HDL-mediated protection, we carried out similar studies in
Abcg1�/� macrophages. In the absence of HDL, Abcg1�/� macro-
phages showed similar levels of apoptosis to Abcg1�/� macrophages
in response to FC loading and modestly higher levels of apoptosis
in response to oxLDL loading (Fig. 1A); the latter finding has been
reported in ref. 28. In Abcg1�/� cells, the protective effect of HDL
(100 �g/ml) was reduced by 50% in response to FC loading, but
there was residual HDL protection (Fig. 1A). In contrast, HDL
protection was markedly reduced in Abcg1�/� cells loaded with
oxidized LDL (Fig. 1A; difference not significant). These findings
were confirmed in an HDL dose-response experiment in which
HDL (�50 �g/ml) provided significant protection from both FC-
and oxLDL-induced apoptosis (Fig. 1 B and C). Whereas the
protective effect of HDL on FC-induced apoptosis was only slightly
reduced in Abcg1�/� cells (Fig. 1B), it was markedly impaired at all
HDL concentrations for oxLDL-induced apoptosis (Fig. 1C). These
finding suggested the possibility that HDL might promote efflux of
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specific bioreactive molecule(s) acquired from oxLDL in an
ABCG1-dependent fashion.

ABCG1 Deficiency Increases Susceptibility to 7-Ketocholesterol-In-
duced Apoptosis. OxLDL contains a significant amount of oxys-
terols, of which 7-ketocholesterol is the most abundant and is
known to induce apoptosis (12–15). In addition, 7-ketocholesterol
is the most abundant oxysterol detected in human atherosclerotic
plaques (10). Analysis of oxLDL showed a high content of 7-ke-
tocholesterol (�100 �g/mg protein), whereas acLDL used in FC
loading experiments had a very low content of 7-ketocholesterol

(�1 �g/mg protein). Therefore, we next investigated the effect of
HDL and ABCG1 deficiency on 7-ketocholesterol-induced apo-
ptosis. HDL significantly reduced apoptosis induced by 7-ketocho-
lesterol at all concentrations of the oxysterol (10–40 �g/ml) (Fig.
2A), encompassing concentrations of 7-ketocholesterol comparable
to those present in the oxidized LDL experiment. The protective
effect of HDL on 7-ketocholesterol (20 �g/ml)-induced apoptosis
showed maximum suppression at 100–200 �g/ml (Fig. 2B). How-
ever, in Abcg1�/� cells, the HDL protection was virtually abolished
(Fig. 2 A and B).

7-Ketocholesterol Is Selectively Exported to HDL in ABCG1-Trans-
fected 293 Cells. On the basis of these findings, we hypothesized that
7-ketocholesterol might be exported from cells to HDL by ABCG1.
To test this hypothesis, ABCG1 or ABCA1 was overexpressed in
HEK293 cells, and cholesterol and 7-ketocholesterol mass efflux
was measured after loading cells with a mixture of cholesterol and
7-ketocholesterol. As described in refs. 22 and 24, ABCA1/apoA-1
and ABCG1/HDL promoted cholesterol efflux, and there was a
significant background cholesterol efflux to HDL even in the
absence of ABCG1 (Fig. 3A). In contrast, 7-ketocholesterol efflux
was mediated by ABCG1 and HDL but not by ABCA1/apoA-1 and
not by HDL in the absence of ABCG1, indicating a specific
requirement for both ABCG1 and HDL in the efflux of 7-keto-
cholesterol (Fig. 3A). In cell media, the 7-ketocholesterol was found
almost entirely in the HDL fraction (data not shown). Similar
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Fig. 1. ABCG1 deficiency increases susceptibility to oxLDL-induced apopto-
sis. (A) Peritoneal macrophages from Abcg1�/� or Abcg1�/� mice were cul-
tured in DMEM plus 5% LPDS containing AcLDL (100 �g/ml) plus 58035 (10
�g/ml) or oxLDL (100 �g/ml) with or without HDL (100 �g/ml) for 24 h.
Apoptosis of macrophage was determined by annexin V staining and is
expressed as a percentage of the total number of cells in at least three separate
fields (containing �1,000 cells) from duplicate wells. (B and C) Concentration
response of HDL (0–200 �g/ml) on apoptosis in response to FC loading (B) or
oxLDL loading (C). Data are represented as the mean � SE of three separate
experiments. *, P � 0.05.
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Fig. 2. ABCG1 deficiency increases susceptibility to 7-ketocholesterol-
induced apoptosis. (A) Peritoneal macrophages from Abcg1�/� or Abcg1�/�

mice were cultured in DMEM plus 5% LPDS containing 7-ketocholesterol
(10–40 �g/ml) with or without HDL (100 �g/ml) for 24 h. Apoptosis of
macrophage was determined by annexin V staining and is expressed as a
percentage of the total number of cells in at least three separate fields
(containing �1,000 cells) from duplicate wells. (B) Concentration response of
HDL (0–200 �g/ml) on apoptosis in response to 7-ketocholesterol. Data are
represented as mean � SE of three separate experiments. *, P � 0.05.
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ABCG1-dependent efflux of 7-ketocholesterol was observed for
HDL-2 and HDL-3 subfractions (data not shown).

Next, we performed concentration dependence experiments with
apoA-1 for ABCA1 and HDL for ABCG1. Cholesterol efflux
mediated by ABCA1 to apoA-1 increased in a concentration-
dependent manner and reached a maximum at 10–25 �g/ml (Fig.
3B). However, ABCA1 did not mediate 7-ketocholesterol efflux to
apoA-1 at any concentration (Fig. 3B). ABCG1-dependent and
-independent cholesterol efflux to HDL increased in a concentra-
tion-dependent manner between HDL concentrations of 10 and
100 �g/ml (Fig. 3B). In contrast, whereas efflux of 7-ketocholesterol
mediated by ABCG1 increased in a concentration-dependent man-
ner to HDL between 10 and 100 �g/ml, in cells transfected with
mock vector, there was very low 7-ketocholesterol efflux to
HDL (Fig. 3B). We also investigated the effects of SR-B1 on
7-ketocholesterol efflux in transfected cells. SR-B1 did not con-

tribute to either 7-ketocholesterol or cholesterol mass efflux (data
not shown). These experiments demonstrated a specific require-
ment for both ABCG1 and HDL in the efflux of 7-ketocholesterol
from transfected 293 cells.

To further investigate the specificity of ABCG1 for efflux of
different oxysterols, we measured efflux of 7�-hydroxycholesterol,
7�-hydroxycholesterol, and 25-hydroxycholesterol cholesterol.
These experiments showed a specific role of ABCG1 for efflux of
the different sterols modified at the C7-position, whereas 25-
hydroxycholesterol was effluxed by both ABCA1 and ABCG1 (Fig.
4 A and B). 7�-Hydroxycholesterol is also found in oxLDL and
human atherosclerotic lesions and can induce apoptosis in compa-
rable fashion to 7-ketocholesterol (10).

7-Ketocholesterol Is Selectively Exported to HDL in oxLDL-Loaded
Macrophages. To further investigate the role of ABCG1 in efflux of
7-ketocholesterol, macrophages from Abcg1�/� and Abcg1�/� were
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Fig. 4. 7�- and 7�-hydroxycholesterol is selectively exported to HDL in ABCG1-transfected 293 cells. HEK293 cells were transiently transfected with plasmid
constructs expressing ABCA1/ABCG1 or empty vector and incubated with 10 �g/ml of cholesterol (Chol), 7�-hydroxycholesterol (7�OH), 7�-hydroxycholesterol
(7�OH), 7-ketocholesterol (7K), or 25-hydroxycholesterol (25OH) for 17 h. Transfected HEK293 cells were washed with PBS and incubated with DMEM plus 5%
LPDS containing apoA-1 (10 �g/ml) (A) or HDL (100 �g/ml) (B) for 8 h. Data are represented as the mean � SE of an experiment performed in triplicate. Similar
data were obtained in two separate experiments.
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Fig. 3. 7-Ketocholesterol is selectively exported to HDL in ABCG1-transfected 293 cells. (A) HEK293 cells were transiently transfected with plasmid constructs
expressing ABCA1/ABCG1 or empty vector and incubated with a cholesterol and 7-ketocholesterol mixture (each 10 �g/ml) for 17 h. Transfected HEK293 cells
were washed with PBS and incubated with DMEM plus 5% LPDS containing apoA-1 (10 �g/ml) or HDL (100 �g/ml) for 8 h. (B) Concentration response of apoA-1
(0–25 �g/ml) or HDL (0–200 �g/ml) for 8 h. Data are represented as the mean � SE of an experiment performed in triplicate. Similar data were obtained in two
separate experiments.
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loaded with oxLDL, and then efflux to apoA-1 or HDL was
examined. Abcg1�/� macrophages showed decreased efflux of
cholesterol and 7-ketocholesterol efflux to HDL compared with
Abcg1�/� (Fig. 5 A and B). Although the efflux of cholesterol to
HDL was reduced by 50%, the efflux of 7-ketocholesterol was
reduced by 90% and was not significant (Fig. 5 A and B). As in
transfected 293 cells, there was no efflux of 7-ketocholesterol to
apoA-1 in either Abcg1�/� or Abcg1�/� cells (Fig. 5B). We also
examined cellular cholesterol and 7-ketocholesterol mass after
efflux to apoA-1 or HDL. In Abcg1�/� macrophages, after efflux to
HDL, both cholesterol and 7-ketocholesterol mass were signifi-
cantly reduced by 27% [supporting information (SI) Fig. 7A] and
41% (SI Fig. 7B), respectively. In Abcg1�/� macrophages, the
corresponding numbers were 21% and 3% (SI Fig. 7 A and B).
Together, these data indicate that ABCG1 deficiency partially
reduced the mass efflux of cholesterol to HDL, as reported in ref.
29, but more dramatically abolished the efflux of 7-ketocholesterol.

7-Ketocholesterol Concentrations in Abcg1�/� Macrophages and Li-
poproteins in Vivo. To determine whether 7-ketocholesterol would
accumulate in macrophages in vivo, we carried out a bone marrow
transplantation from Abcg1�/� mice into LDLR�/� mice by using
a similar protocol to that used in the recent atherosclerosis studies
(30). Peritoneal macrophages were harvested from transplanted
mice after 12 weeks on a high-fat/cholesterol diet. Abcg1�/� mac-
rophages showed a significantly increased content of 7-ketocholes-
terol (2.1-fold; P � 0.05) and a lesser increase in cholesterol
(1.6-fold; not significant) (Fig. 6 A and B).

We also investigated the distribution of 7-ketocholesterol in
serum and lipoproteins in ABCG1 total knockout mice. Abcg1�/�

and Abcg1�/� mice were fed a high-fat/cholesterol diet for 4 weeks,
and we determined lipoprotein cholesterol and 7-ketocholesterol
concentrations. Plasma cholesterol concentrations and the lipopro-
tein distribution of cholesterol in Abcg1�/� mice were essentially the
same as in Abcg1�/� mice (Fig. 6C). Plasma 7-ketocholesterol
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concentrations from Abcg1�/� mice were significantly lower than
those from Abcg1�/� mice (Fig. 6D). The decreased plasma
7-ketocholesterol concentrations in Abcg1�/� mice were due to the
reduction of non-HDL [i.e., very LDL (VLDL) plus LDL]
7-ketocholesterol concentrations (�80%), not to the reduction of
HDL concentrations (Fig. 6 C and D). Differential accumulation of
7-ketocholesterol in VLDL plus LDL rather than in HDL could
reflect transfer to VLDL plus LDL after efflux to HDL or the
ability of ABCG1 to directly promote sterol efflux to LDL (29).

Discussion
The apoptosis of macrophages is thought to have an important role
in the evolution of atherosclerotic plaques, and apoptotic macro-
phages are concentrated in areas of plaque rupture (16). Macro-
phage apoptosis can be induced either by loading with free cho-
lesterol or by uptake of oxLDL (16, 31, 32). We show that HDL at
physiologically relevant concentrations has a potent protective role
against macrophage apoptosis induced by either method. The
ability to protect against oxLDL-induced apoptosis specifically
requires expression of macrophage ABCG1 and reflects the ability
of ABCG1 and HDL to promote efflux of 7-ketocholesterol and
related oxysterols from macrophages.

Oxysterols such as 7-ketocholesterol are abundant in human
atherosclerotic plaques and are concentrated in plaques relative to
circulating monocytes (10, 33). Cellular accumulation of 7-keto-
cholesterol leads to increased production of reactive oxygen species
and induces apoptosis in various cell types, including macrophages,
endothelial cells, and smooth muscle cells (12–15). In addition,
oxysterols induce inflammatory gene expression in monocyte–
macrophages (34–37). Therefore, 7-ketocholesterol and related
oxysterols probably have an important role in the pathogenesis of
atherosclerosis.

In addition to promoting cholesterol efflux from foam cells, HDL
has been proposed to have antioxidant and antiinflammatory
properties. Most of the research in this area has focused on the
ability of HDL to break down proinflammatory oxidized phospho-
lipids derived from LDL or from cells by virtue of the presence of
enzymes such as lipoprotein-associated phospholipase A-2 (also
known as PAF acethyhdrolase) and paraoxonase in HDL (38, 39).
Our study reveals an aspect of HDL function mediated via cellular
ABCG1, i.e., the efflux of toxic oxysterols from cells, thereby
protecting macrophages from oxysterol-induced apoptosis. The
subsequent detoxification steps could involve esterification of ox-
ysterols by lecithin:cholesterol acyltransferase (40) or by rapid
clearance of oxysterols from plasma by the liver, followed by
conversion into bile acids (41).

In the present study, we demonstrate that ABCG1 has a neces-
sary and sufficient role in promoting efflux of 7-ketocholesterol
efflux from cells to HDL by using both ABCG1 overexpressing cells
(Fig. 3) and Abcg1�/� macrophages (Fig. 5). Cholesterol efflux can
be mediated by both ABCA1- and ABCG1-dependent pathways,
whereas 7-ketocholesterol and related oxysterols modified at the C7
position are selectively exported to HDL by ABCG1. Combined
knock-down of ABCA1 and ABCG1 in macrophages reduced
cholesterol efflux to HDL only by �70%, suggesting the existence
of additional pathways such as that mediated by apolipoprotein E
or passive cholesterol efflux (30). Surprisingly, even though
7-ketocholesterol is more polar and water soluble than cholesterol,
7-ketocholesterol was unable to undergo efflux from macrophages
by passive diffusional mechanisms. Perhaps the free-energy barrier
to sterol desorption from the membrane into water is too high for
passive efflux to make a significant contribution (42). The restricted
efflux pathway of 7-ketocholesterol that appears to be almost
completely dependent on ABCG1 and the presence of lipoproteins
in media could explain the relative enrichment of this oxysterol in
atherosclerotic plaques (10).

Baldan et al. (28) reported that Abcg1�/� macrophages are more
susceptible to apoptosis in response to oxLDL and also that

atherosclerotic lesions from mice transplanted with Abcg1�/� bone
marrow have more apoptotic cells. Our studies provide a mecha-
nism to understand these important in vivo observations, involving
efflux of specific toxic oxysterols to HDL. Macrophages isolated
from LDLR�/� mice transplanted with Abcg1�/� bone marrow
showed an increased content of 7-ketocholesterol (Fig. 6B),
whereas plasma lipoproteins were deficient in 7-ketocholesterol
(Fig. 6D) in mice fed a high-cholesterol diet, suggesting that
decreased efflux and oxysterol accumulation are relevant to the
mechanism of increased macrophage apoptosis in vivo. Transplan-
tation of Abcg1�/� bone marrow into atherosclerosis-susceptible
mice results in no change, a small increase, or a small decrease in
early atherosclerotic lesions (28, 30, 43). The smaller lesions re-
ported from two different laboratories (28, 30) may be secondary
to compensatory up-regulation of ABCA1 and apolipoprotein E
secretion and to increased macrophage apoptosis in response to
ABCG1 deficiency. Our studies also provide insight into the
mechanism of up-regulation of ABCA1 in ABCG1�/� macro-
phages because several of the oxysterols that are effluxed by
ABCG1 (and probably additional oxysterols that were not evalu-
ated in our study) may be also liver X receptor activators. Thus,
accumulation of oxysterols in ABCG1-deficient macrophages may
explain both the increased apoptosis and up-regulation of liver X
receptor target genes, and both mechanisms may be relevant to
decreased atherosclerosis in early lesions (30).

Increased macrophage apoptosis in early lesions can result in
smaller lesions as a result of efficient phagocytosis of apoptotic cells
by healthy macrophages; however, in advanced lesions, apoptosis of
macrophages and other cells may cause increased inflammation and
destabilization of atherosclerotic plaques (16, 44). Thus, it is likely
that efflux of 7-ketocholesterol via macrophage ABCG1 has a
protective role in advanced atherosclerotic plaques. Moreover,
oxysterol accumulation in endothelial cells leads to reactive oxygen
species production and inactivation of NO-dependent vascular
relaxation (45, 46). Because ABCG1 appears to be significantly
expressed in arterial endothelium (47), the HDL/ABCG1 pathway
could also have a protective effect on endothelial function. Ther-
apies that increase HDL levels, such as niacin and cholesteryl ester
transfer protein inhibitors, are probably activating the ABCG1–
oxysterol efflux pathway in macrophages and possibly endothelial
cells, likely with beneficial effects on atherosclerosis.

Materials and Methods
Materials. Cholesterol, 7-ketocholesterol, 7�-hydroxycholesterol,
25-hydroxycholesterol, the acyl-CoA:cholesterol acyltransferase in-
hibitor 58035, and lipoprotein-deficient serum (LPDS) were pur-
chased from Sigma (St. Louis, MO). 7�-Hydroxycholesterol was
from Steraloids (Newport, RI). HDL (density 1.063–1.21 g/ml)
were isolated by preparative ultracentrifugation from normolipi-
demic human plasma and stored in PBS. Human acLDL was from
Biomedical Technologies (Stoughton, MA). Human oxLDL was
prepared as described in ref. 48. Human apoA-1 was obtained from
Biodesign International (Saco, ME).

Plasmid Constructs and Transfection. Plasmid constructs expressing
mouse ABCA1 and ABCG1 were described in refs. 22 and 24.
HEK293 cells were plated into 12-well, collagen-coated plates and
were transfected with various plasmid constructs with Lipo-
fectamine 2000 (Invitrogen, Carlsbad, CA).

Isolation of Mouse Peritoneal Macrophages. Abcg1�/� mice were
purchased from DeltaGen (San Mateo, CA) and maintained as
described in ref. 30. C57BL/6J mice (Abcg1�/�) were obtained from
The Jackson Laboratory (Bar Harbor, ME). Peritoneal macro-
phages from Abcg1�/� mice and wild-type control mice were
harvested with PBS after 3 days of i.p. injection of thioglycolate
broth medium. The pooled macrophages from each strain were
plated into 12-well plates (2 � 106 macrophages per well) for
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cellular sterol efflux assay or 48-well plates (5 � 105 macrophages
per well) for apoptosis assay. Macrophages were maintained in
culture medium (DMEM supplemented with 10% FBS) for 24 h
and then carried out following assays.

Macrophages in Bone Marrow Transplantation. Bone marrow trans-
plantation was performed as reported in ref. 30. Abcg1�/� or
Abcg1�/� macrophages were harvested from LDLR�/� mice trans-
planted with Abcg1�/� or Abcg1�/� bone marrow and fed a Western
diet for 12 weeks. Peritoneal macrophages from Abcg1�/� or
Abcg1�/� were harvested with PBS after 3 days of i.p. injection of
thioglycolate broth medium. Abcg1�/� or Abcg1�/� macrophages
were plated into 12-well plates (2 � 106 macrophages per well).
Macrophages were incubated in DMEM plus 10% FBS for 2 h.
Then, macrophages were washed with PBS, and cellular lipids were
extracted with hexane:isopropanol (3:2, vol/vol). Cellular sterol
mass was determined as described below.

Cellular Mass Sterol Efflux Assay. HEK293 cells were incubated in
DMEM plus 10% FBS supplemented with cholesterol and a
7-ketocholesterol mixture (each 10 �g/ml) for 17 h. For the
sterol specificity experiments, 10 �g/ml cholesterol, 7-keto-
cholesterol, 7�-hydroxycholesterol, 7�-hydroxycholesterol, or
25-hydroxycholesterol was used instead of the mixture. Mac-
rophages were incubated in DMEM plus 10% FBS supple-
mented with 50 �g/ml acLDL or oxLDL for 17 h. The next day,
cells were washed with PBS and then incubated in DMEM plus
5% LPDS supplemented with or without human apoA-1 or
HDL for 8 h. After the eff lux period, media and cells were
collected separately, and lipids were extracted with hexane:i-
sopropanol (3:2, vol/vol) with stigmastanol as the internal
standard. Sterol mass of media and cells were determined
using gas chromatograpy as described in ref. 25. Percentages
of sterol mass eff lux were calculated by the ratio of sterol mass
in the medium to total (medium plus cellular) sterol mass.

Mouse Lipoprotein Sterol Mass Analysis. Abcg1�/� or Abcg1�/� mice
fed a high-fat/cholesterol diet (1.25% cholesterol, 7.5% cocoa
butter, and 0.5% sodium cholate, wt/wt) (TD88051, Harlan Teklad,
Madison, WI) for 4 weeks. HDL fraction was obtained by precip-
itation of non-HDL by using a commercial kit (HDL cholesterol E;
Wako Chemical, Richmond, VA). Plasma and HDL lipids were
extracted with hexane:isopropanol (3:2, vol/vol). Cholesterol and
7-ketocholesterol mass were measured as described above. Non-
HDL sterol concentrations were determined by subtraction of
plasma and HDL sterol concentrations.

Apoptosis Assay. Macrophages were incubated in DMEM plus 5%
LPDS supplemented with acLDL (100 �g/ml) plus acyl-
CoA:cholesterol acyltransferase inhibitor 58035, oxLDL (100 �g/
ml), or 7-ketocholesterol (10–40 �g/ml) and with or without HDL
(100 �g/ml) for 24 h. Apoptosis assays were performed by staining
macrophages with Alexa 488-labeled annexin V and propidium
iodide by using Vybrant Apoptosis Assay kit (Invitrogen) as de-
scribed in ref. 31. Cells were viewed immediately by using an
Olympus (Melville, NY) IX-70 inverted fluorescent microscope
equipped with a mercury 100-W lamp (CHIU Technical, Kings
Park, NY), fluorescent filters (Chroma, Brattleboro, VT), an
Olympus LCPlanF1 �20 objective, Imaging software (Roper Sci-
entific, Tucson, AZ), and a Cool Snap CCD camera (RS Photo-
metrics, Tucson, AZ). Representative fields were photographed for
each condition. The number of Annexin V-positive cells were
counted and expressed as a percentage of the total number of cells
in at least three separate fields (containing �1,000 cells) from
duplicate wells.

Statistical Analysis. Statistical analysis was performed using Stu-
dent’s t test. Results are represented as a mean � SE.
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