
The accumulation of cholesterol in macrophage foam
cells results from the uptake of retained and modified
apoB lipoproteins (1) and is a central event in atheroge-
nesis. Although it has long been known that HDL and
its apolipoproteins can stimulate cholesterol efflux
from macrophage foam cells (2, 3) and reduce athero-
genesis in animal models (4, 5), this area of research has
been enlivened by the elucidation of the genetic defect
in Tangier disease, a condition in which there is a defect
in apolipoprotein-mediated cholesterol efflux (6) and
in which the hallmark pathology is the accumulation of
macrophage foam cells in various tissues. Tangier dis-
ease is caused by mutations in the ATP-binding cassette
transporter A1 (ABCA1). This cell surface transporter
facilitates the efflux of phospholipids and cholesterol
onto lipid-poor apolipoproteins, initiating the forma-
tion of HDL particles.

This Perspective will focus on recent studies on the reg-
ulation and role of ABCA1 in cellular cholesterol efflux,
lipoprotein physiology, and atherogenesis, attempting
to place this work in the broader context of studies on
cellular cholesterol efflux, centripetal cholesterol trans-
port, and ABC transporter structure and function.

Expression and regulation of ABCA1
The ABCA1 mRNA is widely expressed and is found in
the liver, kidney, adrenal gland, intestine, and CNS (7).
It is also prominent in the macrophage foam cells of
atherosclerotic lesions. While basal levels of ABCA1
mRNA and protein in macrophages are low, both are
induced with cholesterol loading and can be reversed
by HDL-mediated cholesterol efflux (8). The mecha-
nism of cholesterol induction involves oxysterol-
dependent activation of the LXR/RXR transcription
factors, which act on a DR4 site (direct repeat nuclear
receptor-binding site with a spacing of four nuc-
leotides) in the proximal promoter of the ABCA1 gene.

ABCA1 is one of a battery of LXR/RXR target genes
involved in the regulation of centripetal cholesterol
transport, cholesterol excretion, and fatty acid biosyn-
thesis (Figure 1). Thus, LXR/RXR transcription factors
regulate genes mediating macrophage cholesterol
efflux (APOE, ABCA1, and possibly ABCG1), transport
(LPL, CETP, and several genes encoding isoforms of
apoC), conversion of cholesterol into bile acids
(CYP7A), and metabolism and excretion into bile or
intestinal lumen (ABCG5 and ABCG8). Small-molecule
activators of LXR/RXR might therefore have a favor-
able effect on cholesterol homeostasis.

Since LXR is activated by specific oxysterols but appar-
ently not by cholesterol itself, the induction of ABCA1
expression following cellular uptake of cholesterol-rich
lipoproteins requires the conversion of cholesterol into
specific oxysterols, such as 22-OH cholesterol, 27-OH
cholesterol, or 24(S),25-epoxycholesterol. Cyp27, a mito-
chondrial enzyme that converts cholesterol into 27-OH
cholesterol, is mutated in cerebrotendinous xan-
thomatosis (CTX), and CTX fibroblasts fail to upregu-
late ABCA1 in response to cholesterol loading (ref. 9; for
more discussion of the potential significance of oxys-
terols in cholesterol homeostasis, see Björkhem, this Per-
spective series, ref. 10). Since CTX patients develop xan-
thomatosis and premature atherosclerosis, macrophage
foam cell formation in CTX may partly reflect a defect in
ABCA1-mediated cholesterol efflux.

In addition to positive sterol regulation, ABCA1 is
subject to negative regulation by non-sterol meval-
onate products. Thus, geranylgeranylpyrophosphate
inhibits ABCA1 gene expression by different mecha-
nisms, acting through the DR4 element in the ABCA1
promoter (11). cAMP induces the ABCA1 mRNA in
macrophages and some other cells by an unknown
mechanism. A phosphodiesterase 4 inhibitor has been
found to increase ABCA1 mRNA and cellular choles-
terol efflux, suggesting a possible therapeutic
approach to increasing ABCA1 expression (12). IFN-γ,
conversely, decreases ABCA1 mRNA levels in choles-
terol-loaded macrophages (13). Since IFN-γ is pro-
atherogenic, this finding provides a potential link
between the inflammatory aspect of atherosclerosis
and a defect in foam cell cholesterol efflux.

Early reports suggested that PPARγ activators
increase ABCA1 transcription and cholesterol efflux by
sequentially upregulating LXRα and ABCA1. These
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findings have been widely cited as an explanation for
antiatherogenic effects of PPARγ activators. However,
although the LXRα gene contains an authentic PPARγ
response element (14), some recent reports have failed
to confirm that PPARγ activators, such as troglitazone
or rosiglitazone, induce ABCA1 mRNA and cholesterol
efflux in macrophages (15, 16). Perhaps the availabili-
ty of LXR/RXR ligands, rather than the abundance of
LXRs themselves, is usually rate-limiting for ABCA1
expression in differentiated cells. Nevertheless, PPARδ
activators appear to induce ABCA1 expression and cho-
lesterol efflux moderately, and they can increase HDL
levels in an obese-monkey model (17).

There is also emerging evidence that ABCA1 is regu-
lated at a posttranscriptional level: in addition to act-
ing as inhibitors of LXR-stimulated gene expression
(18), polyunsaturated fatty acids increase the already
rapid turnover of ABCA1 in macrophages and can
diminish cell surface expression of this protein (19).
Since FFA levels may be increased in diabetes, this
response suggests a mechanism that could produce a
defect in cellular cholesterol efflux in poorly controlled
diabetes. Lipid-poor apolipoproteins, conversely, can
stabilize ABCA1 protein (20).

Pathways mediating cellular cholesterol efflux
Three distinct pathways of cellular cholesterol efflux
involving HDL and its apolipoproteins have been
described. First, plasma HDL particles can promote cho-
lesterol efflux by a process of passive aqueous diffusion
(21). Free cholesterol molecules spontaneously desorb
from the plasma membrane, diffuse through the aque-
ous phase, and incorporate into HDL particles by colli-
sion. Second, scavenger receptor B-I (SR-BI), an HDL
receptor that mediates the selective uptake of HDL cho-
lesteryl esters into cells (22), also facilitates the efflux of
cholesterol from cells to HDLs (23). Cholesterol efflux is
blocked by antibodies that inhibit binding of HDLs to

SR-BI (24), suggesting that the mechanism involves a
direct interaction between HDL particles and the recep-
tor and is therefore distinct from the aqueous diffusion
mechanism. Finally, ABCA1 mediates the active efflux of
phospholipid and cholesterol from cells to lipid-poor
apolipoproteins, such as apoA-I. ApoA-I binds and cross-
links to ABCA1, suggesting a direct interaction that
leads to lipid efflux (25).

Passive aqueous diffusion and SR-BI–facilitated
efflux involve bidirectional exchange of cholesterol
between cells and HDLs. In contrast, ABCA1/apo-
lipoprotein–mediated cholesterol and phospholipid
efflux is a unidirectional net transfer process (25). The
specificity for cholesterol acceptors in the three path-
ways is different. Passive efflux is driven by the phos-
pholipid content of lipoprotein acceptors (26). SR-BI
can bind both apolipoproteins and HDL particles, but
binding affinity is greatest for large, spherical HDL par-
ticles, suggesting that these may be the major substrate
for SR-BI in vivo (27). In contrast, ABCA1 binds and
cross-links lipid-poor apoA-I, while showing minor
interaction with smaller HDL3 and no interaction with
larger HDL2 subspecies (28). Thus, ABCA1 shows lim-
ited interaction with the major HDL species isolated
from plasma, emphasizing the importance of a small
pool of lipid-poor apolipoproteins either secreted by
cells or generated by lipid exchange and lipolysis of
HDL particles in the bloodstream. ABCA1 probably
mediates the rapid efflux of cellular cholesterol in
response to pre-β HDL, a minor but metabolically sig-
nificant fraction of plasma HDLs comprising free
apoA-I and apoA-I associated with a small number of
phospholipid and cholesterol molecules (29). Follow-
ing addition of lipid to apoA-I by ABCA1, there is fur-
ther growth of HDL particles as a result of phospho-
lipid transfer by phospholipid transfer protein,
cholesterol esterification by LCAT, and acquisition of
apoE molecules. The large, apoE-rich HDLs are proba-
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Figure 1
LXR target genes and their products. LXR regu-
lates cholesterol (Chol) efflux, centripetal cho-
lesterol transport, cholesterol excretion, and fatty
acid biosynthesis by inducing multiple genes
involved in lipid metabolism. Two products of
these genes, ABCA1 and apoE, promote
macrophage cholesterol efflux. Another LXR tar-
get, macrophage LPL, is activated by apoC-II,
which is also regulated by LXR. Cholesteryl ester
transfer protein (CETP) promotes transfer of
HDL cholesteryl ester to VLDLs, which are taken
up by the liver. In the liver, Cyp7α (cytochrome
P450 7α) promotes cholesterol excretion by
mediating conversion of cholesterol into bile
acids. ABCG5 and ABCG8 facilitate hepatic and
intestinal cholesterol excretion. LXR activates
SREBP1c, regulating the expression of multiple
lipogenic proteins, including FAS (fatty acid syn-
thesis), which is also a direct target of LXR.



bly the optimal substrates for SR-BI. In summary,
ABCA1 may play the major role in initiating cholesterol
efflux from macrophages and other cells to lipid-poor
apolipoproteins, while SR-BI principally clears choles-
terol and cholesteryl ester from large HDLs in the liver
and steroidogenic tissues.

ABC transporter–mediated lipid efflux
ABC transporter proteins comprise a large family of
membrane proteins involved in the cellular export or
import of a wide variety of different substances, includ-
ing ions, lipids, cyclic nucleotides, peptides, and pro-
teins. These transporters have been widely implicated in
disease processes, such as Stargardt macular degenera-
tion, cholestasis of pregnancy, and cystic fibrosis. In
general, ABC transporters consist of two membrane-
spanning domains forming a translocation pathway for
a particular substrate, and two attached, cytoplasmic
ABCs that link the transport process to the hydrolysis
of ATP. ABCA1 conforms to this general model, and its
likely membrane topology is shown in Figure 2. Similar
to its closest neighbor (ABCR or ABCA4, the defective
molecule in Stargardt retinal degeneration) (30),
ABCA1 is likely to comprise two sets of six transmem-
brane domains, with two large extracellular loops joined
by a disulfide bridge, and to have two paired cytoplas-
mic Walker and ABC signature motifs (Figure 2).

In the presence of apoA-I, ABCA1 promotes cellular
efflux of phosphatidylcholine, sphingomyelin, and
cholesterol. Because ABCA1 interacts with different
lipid-poor apolipoproteins, including apoA-I, apoA-II,
apoE, and likely apoA-IV, it appears to recognize a gen-
eral feature in the apolipoprotein structure, such as a
cluster of amphipathic helices (31). ABCA1 cross-links
to apoA-I (25, 32), suggesting a direct interaction, like-
ly involving the first and fourth extracellular loop (33)
(Figure 2), as well as other regions of the molecule.
Mutation of the cytoplasmic ATP-binding Walker
motif results in defective lipid efflux and abolishes
binding and cross-linking of apoA-I (28). One inter-
pretation is that apoA-I binding to ABCA1 is linked to
binding of ATP to cytoplasmic domains and a confor-
mational change that fosters translocation of phos-

pholipid and access to apoA-I (28). Mutation of the
Walker motif would prevent the formation of this tran-
sition state causing defective phospholipid transloca-
tion and binding of apoA-I. Another interpretation is
that the binding site consists primarily of phospho-
lipids translocated by ABCA1 and lipid efflux is not
dependent on a direct protein-protein interaction
between apoA-I and ABCA1 (34). A recent study using
mutagenesis analysis of several Tangier disease mis-
sense mutations in the extracellular loop of ABCA1
showed that binding of apoA-I is necessary but not suf-
ficient for lipid efflux (33). The identification of a
mutant with increased cross-linking of apoA-I but
defective lipid efflux provides strong evidence that the
binding site does not consist of translocated lipid (33).

Lipid rafts and ABCA1-mediated cholesterol efflux
Although the primary action of ABCA1 may be to act
as a phospholipid translocase, different views have
emerged on how ABCA1 mediates cholesterol efflux.
One view is that ABCA1 promotes assembly of a cho-
lesterol/phospholipid/apoA-I complex in a single step
(Figure 3a). A variant of this model is that ABCA1
translocates phospholipid and cholesterol, giving rise
to an excess of these lipids in the external membrane
hemileaflet; apoA-I binds ABCA1 and absorbs the
excess lipid, forming an HDL particle. A second view is
that ABCA1 acts in a two-step process, initially giving
rise to a phospholipid/apoA-I particle that then pro-
motes cholesterol efflux from distinct cholesterol-
enriched membrane microdomains, such as choles-
terol- and sphingolipid-rich rafts or caveolae (28)
(Figure 3c). A third model, blending features of each of
the two earlier models, holds that ABCA1 occupies a
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Figure 2
Schematic model of ABCA1. The model is based on studies by Bungert et
al. (30) on ABCA4 membrane topology and by Fitzgerald et al. (33, 49)
on ABCA1 membrane topology. ABCA4 is the closest relative of ABCA1.

Figure 3
Models for ABCA1-mediated lipid efflux. (a) ABCA1 promotes phos-
pholipid (PL) and cholesterol (FC) efflux from a membrane domain in
a single step. (b) ABCA1, located in a border region between liquid and
cholesterol-rich liquid–ordered domains (rafts), promotes phospholipid
and cholesterol efflux to apoA-I. (c) ABCA1 first promotes phospholipid
efflux to apoA-I to form intermediate complexes, which then remove
cholesterol from rafts. 



border region between liquid and cholesterol-rich liq-
uid–ordered membrane microdomains. Thus, al-
though phospholipid and cholesterol efflux are nor-
mally coupled, this model (Figure 3b) predicts that the
two processes might be dissociated when cholesterol-
enriched rafts are far apart or depleted of cholesterol.

Although ABCA1 is localized on the cell surface, it is
also found in intracellular organelles, including the
Golgi apparatus, early and late endosomes, and lyso-
somes. Intracellular ABCA1 could be involved in lipid
efflux, or it might represent nascent ABCA1 or mole-
cules that have been targeted for degradation. Howev-
er, energy-dependent trafficking of lipid vesicles
between intracellular sites and the cell surface appears
to be involved in ABCA1-mediated lipid efflux, as dis-
ruption of Golgi membranes by brefeldin (35), and
inhibitors of calcium-dependent retroendocytosis (36),
inhibit apoA-I–mediated lipid efflux. Moreover,
macrophages from Niemann-Pick C1–deficient mice,
which are defective in cholesterol release from late
endosomes and lysosomes, have a severe reduction in
apoA-I–mediated cholesterol but not in phospholipid
efflux (37). Similarly, defective cholesterol efflux from
late endosomes can result from accumulation of sphin-
gomyelin in Niemann-Pick diseases types A and B,
resulting in a defect in cholesterol efflux (38). These
studies suggest that cholesterol deposited in late endo-
somes or lysosomes by modified LDL acts as a prefer-
ential source of cholesterol for ABCA1-mediated efflux,
perhaps because cholesterol-enriched vesicles are rout-
ed to plasma membrane cholesterol-rich rafts that
donate cholesterol for ABCA1-mediated efflux.

ABCA1, LXRs, and atherogenesis
Studies in ABCA1 knockout and ABCA1 transgenic mice.
ABCA1 knockout (KO) mice accumulate foam cells in
their lungs but do not develop spontaneous athero-
sclerosis. Furthermore, even when crossed onto apoE-
or LDL receptor–deficient atherogenic backgrounds,
the ABCA1 mutation causes no significant difference
in the extent of atherosclerotic lesions, compared with
controls (39). However, ABCA1 KO mice have reduced
levels of VLDL/LDL cholesterol and apoB in these
backgrounds, reminiscent of the reductions in apoB
lipoproteins in Tangier disease. Thus, a decrease in the
atherogenic stimulus provided by apoB lipoproteins
may offset the defect in cholesterol efflux that occurs
in ABCA1-deficient macrophages. Consistent with this
idea, bone marrow transplantation from ABCA1 KO
mice into apoE KO animals results in an approximate-
ly 50% increase in lesion area (39, 40). Although apoA-I
and apoE plasma levels are slightly reduced (39, 40),
overall HDL cholesterol levels are unchanged in these
animals. The simplest interpretation of these studies is
that defective cholesterol efflux from foam cells can
exacerbate atherosclerosis.

Of direct relevance to the idea of upregulating
ABCA1 expression as a therapeutic modality are the
results of overexpressing ABCA1. Here the effects on
plasma lipoproteins and atherogenesis have been less
consistent in different models. An initial study with

BAC transgenic mice demonstrated increased macro-
phage and hepatic ABCA1 expression and cholesterol
efflux, but no change in plasma HDL levels (41). The
lack of change in plasma HDL may have reflected
lower expression levels, since two subsequent studies,
using either BAC transgenes containing the ABCA1
gene, or the APOE promoter-enhancer driving the
ABCA1 cDNA, found increased expression of ABCA1
in liver and macrophages, as well as increased HDL lev-
els. ABCA1 transgenic mice in the C57BL/6 back-
ground had diminished atherosclerosis, with consid-
erable overlap in the distribution of lesion areas
between the groups (42). Moreover, crossing this trans-
gene onto the apoE KO background increased athero-
sclerosis relative to the parental background. In con-
trast, ABCA1 transgenic mice produced from a BAC
clone have diminished atherosclerosis in the apoE KO
background (43). A possible explanation for the dif-
fering results is that in the negative study (43), the
APOE promoter was used to drive ABCA1 expression
in the apoE KO background. Since apoE could be an
important ligand for ABCA1, expression of ABCA1
specifically in cells lacking apoE might limit the abili-
ty of ABCA1 to promote cholesterol efflux and to
reverse foam cell formation. Further studies using tis-
sue-specific overexpression of ABCA1 in liver or
macrophages, and different promoters to drive trans-
genes, might help to clarify these issues.

Antiatherogenic effects of LXR/RXR targets in macrophages.
ApoE and LDLR KO mice treated with small-molecule
activators of LXR or RXR show a decrease in athero-
sclerosis (16, 44). Treatment of macrophages with LXR
or RXR activator increases expression of ABCA1 mRNA
and promotes cholesterol efflux to apoA-I (16). More-
over, apoE KO mice treated with LXR activator show
increased expression of ABCA1 and ABCG1 mRNAs in
lesions, presumably in macrophages (44). Remarkably,
while short-term treatment with LXR activators
increases plasma triglycerides and HDL in hamsters,
chronic treatment in mice leads to no major changes in
plasma lipoprotein levels, suggesting an important but
poorly understood adaptive change. These findings
suggest that increased macrophage cholesterol efflux,
even in the absence of plasma lipoprotein changes, is
likely to be antiatherogenic. Alternatively, there may be
other LXR target genes expressed in the liver, intestine,
or elsewhere, with a beneficial effect on atherogenesis,
possibly including ABCG5 or ABCG8.

Human studies. In case-control studies, Schaefer et al.
(45) found a two- to threefold increase in risk for ath-
erosclerotic cardiovascular disease in subjects with
Tangier disease and obligate ABCA1 heterozygotes, rel-
ative to age- and sex-matched controls from the Fram-
ingham study. Recently, van Dam et al. (46) studied
carotid intima-media thickness in subjects with
defined heterozygous mutations of ABCA1. These sub-
jects have isolated low HDL levels, decreased on aver-
age by about 43%, but normal VLDL and LDL. In these
subjects, the efficiency of apoA-I–mediated cholesterol
efflux from individuals’ fibroblasts correlates with
plasma HDL levels. These authors also found that
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carotid intima-media thickness is increased in subjects
with ABCA1 mutations compared with controls.
Although these studies are suggestive of increased risk
in humans with ABCA1 deficiency, the sample sizes
are small. Furthermore, the control subjects (being, on
average, 5 years younger than ABCA1-deficient indi-
viduals) were not perfectly matched to cases, although
the conclusions appeared to hold even after age adjust-
ment (46). Thus, while this correlation is promising,
definitive evidence relating ABCA1 deficiency to
atherogenesis in humans is still lacking.

Macrophage cholesterol efflux as a strategy 
for treating atherosclerosis
In principle, the results of recent mouse atherosclero-
sis studies represent a conceptual watershed for the
development of treatment strategies for atherosclero-
sis. Together with earlier studies on macrophage-spe-
cific apoE expression (47), this work demonstrates the
feasibility of upregulating macrophage genes that pro-
mote cholesterol efflux as an antiatherogenic treat-
ment, and they indicate that small-molecule activators
of LXR or RXR may offer a practical approach to
achieving this goal. Although LXR activation is associ-
ated with upregulation of SREBP1c target genes (48),
resulting in troublesome fatty liver and hypertriglyc-
eridemia, the effects on plasma triglycerides appear to
be short-lived (44). However, the issue of fatty liver,
which is now thought to be a precursor of more serious
liver pathology, remains a stumbling block. The vari-
ous mechanisms that control ABCA1-mediated lipid
efflux might also be therapeutically manipulated. In
principle, the most successful strategies could involve
macrophage-specific upregulation of cholesterol
efflux, or perhaps upregulation of ABCG5 and ABCG8
to promote cholesterol excretion from the body.

Conclusions
Cellular cholesterol efflux is mediated by both active
and passive processes and is regulated on multiple lev-
els. The discovery that Tangier disease is caused by
mutations in ABCA1 has provided a molecular key to
understanding the mechanisms and regulation of
active cellular phospholipid and cholesterol efflux.
ABCA1 interacts with lipid-free apolipoproteins, pro-
moting phospholipid and cholesterol efflux from cells
and giving rise to HDL particles. Based on analogy
with other ABC transporters, ABCA1 may act as a
phospholipid translocase facilitating phospholipid
binding to apoA-I. Cholesterol may also be translocat-
ed with phospholipid, or it could be derived from
membrane rafts in a two-step process. ABCA1 gene
expression is upregulated in cholesterol-loaded cells as
a result of activation of LXR/RXR–mediated gene
transcription. LXR and RXR coordinately induce a
battery of genes mediating cellular cholesterol efflux,
centripetal cholesterol transport, and cholesterol
excretion in bile. Small-molecule activators of
LXR/RXR or other stimulators of macrophage or
intestinal cholesterol efflux hold great promise as
future treatments for atherosclerosis.
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