
INTRODUCTION
High density lipoproteins (HDLs) have

been shown consistently to be related in-
versely to cardiovascular disease risk
(1,2). An important aspect of HDL func-
tion is its role in reverse cholesterol
transport (RCT), in which HDL transfers
cholesterol from peripheral tissues to the
liver for elimination (3–7). Lipid-poor
apolipoprotein A-I (apoA-I), the major
component of HDL, interacts with ATP-
binding cassette A1 (ABCA1), which ex-
ports free cholesterol (FC) and phospho-
lipids (PL) from cells and servers as the
first step in RCT (8–11). There is no
 unified recognition of how apoA-I inter-
acts with ABCA1 and the lipidation of
apoA-I. Understanding the mechanisms
regulating the interaction of apoA-I with
ABCA1 would clarify the molecular de-

tails of cellular cholesterol efflux and fur-
ther help to develop strategies to in-
crease plasma HDL concentrations. In
addition to lipid metabolism regulation,
apoA-I/ABCA1 interaction is involved
in the process of apoptosis and inflam-
mation, which also were thought to play
crucial roles in the development of ather-
osclerosis (12–14). Therefore, the interac-
tion of apoA-I with ABCA1 could con-
nect inflammation and RCT in vivo. In
this review, we will focus on the mecha-
nisms of the interaction of apoA-I with
ABCA1 as well as the signal transduction
pathways involved in this process.

THE BINDING BETWEEN ApoA-I AND
ABCA1

The molecular mechanism of apoA-I
binding to ABCA1 is not very clear since

ABCA1 has been found to have a broad
specificity for multiple HDL-related
apolipoproteins, including apoA-I, A-II,
C-I, C-II and C-III (15). These binding
sites in ABCA1 also recognize the 18-mer
synthetic amphipathic α-helix and
 phospholipid transfer protein (16). Elec-
tron microscopy studies have shown
that human fibroblasts and THP-1
macrophages expressing ABCA1 display
10- to 60-nm plasma membrane projec-
tions that bind more than 80% of exoge-
nously added apoA-I (17). Chambenoit
et al. (18) suggested that apoA-I is likely
bound to phosphatidylserine (PS) that is
presented at the exofacial leaflet of cell
membrane by the “floppase” activity of
ABCA1. Interestingly, Smith et al. re-
ported that the increased PS was insuffi-
cient to mediate cellular apoA-I binding
and lipid efflux, because annexin V, a PS-
binding protein, did not compete with
ABCA1-induced apoA-I binding, nor did
it affect ABCA1-mediated lipid efflux to
apoA-I (19,20). Furthermore, covalent
cross-linking studies have revealed that
apoA-I binds directly to ABCA1 with
high affinity Kd <10–7mol/L) and satura-
bility (15,21). This binding process
is temperature sensitive and readily
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 reversible. Overexpression of the full-
length cDNA of ABCA1 in cells resulted
in increased apoA-I binding to the cell
surface (17). All these findings suggest
that apoA-I directly binds to ABCA1 to
form a complex that facilitates cellular
cholesterol and phospholipid efflux. The
current model proposed that ABCA1 cre-
ates two sites separately for binding of
apoA-I and lipid efflux. Although the
low capacity site was formed by direct
apoA-I/ABCA1 interactions, the much
higher capacity site generated by apoA-I/
lipid interactions functions in the assem-
bly of nascent HDL particles (22–24). The
low capacity site for apoA-I binding on
the ABCA1 has been deemed to have
regulatory functions. However, this pro-
posed model regarding ABCA1 activity
creating two binding sites for apoA-I
does not distinguish whether apoA-I/
lipid binding precedes apoA-I/ABCA1
interaction or the opposite. Some studies
support the assumption that the binding
of apoA-I to ABCA1 helps targeting
apoA-I to lipid domains (25). Elucidating
the mechanism of interaction between
apoA-I and ABCA1 will increase our
 understanding of the lipidation of
apoA-I.

Although the majority of cholesterol
resides in the plasma membrane, the sec-
ond largest cellular cholesterol pool is in
endosomes (26). ABCA1 is located not
only in the cell surface, but also in the in-
tracellular vesicles, including endosomes
and lysosomes (27). Studies have pro-
vided evidence that extracellular apoA-I
may be endocytosed and recycled back
to the cell surface before its release from
the cells (28,29). ABCA1 recycles rapidly
between the plasma membrane and late
endosomal/lysosomal compartments
through the apoA-I-containing intracellu-
lar vesicles (27,30–33). However, subse-
quent studies quantitating cholesterol
efflux from the endocytic pathway indi-
cated that the intracellular vesicles trans-
port represented less than 5% of the total
cellular efflux capacity due to the degra-
dation of a large fraction of the rese-
creted apoA-I. Therefore, we concluded
that the plasma membrane is the main

platform where ABCA1-mediated lipida-
tion of apoA-I (26,34).

THE RECIPROCAL RESPONSE OF THE
BINDING OF ApoA-I/ABCA1

Although apoA-I does not alter
ABCA1 mRNA abundance, it increases
the content of ABCA1 protein markedly,
suggesting the effect of apoA-I on
ABCA1 degradation (35). Studies have
shown several possible mechanisms that
contribute to ABCA1 protein stabiliza-
tion; for example, interactions of ABCA1
and apoA-I interfered with the phospho-
rylation of the PEST sequence and re-
duced calpain-mediated proteolysis
(10,36–38). ApoA-I increased levels of
wild-type ABCA1, but not the mutant
ABCA1 deleted by the PEST sequence. In
addition, apoA-I pretreatment of cells
blocked the degradation of the wild-type
ABCA1 (36). ApoA-I failed to increase
ABCA1-W590S levels in these studies,
suggesting that apoA-I binding was not
sufficient for ABCA1 stabilization (36).
These results favor the hypothesis that
apoA-I-mediated ABCA1 stabilization
may result from local changes in mem-
brane phospholipids that decrease the
binding of ABCA1 with the calpain sub-
unit (39). Another interpretation is that
apoA-I fails to bind the W590S mutant in
the correct orientation, and therefore the
appropriate conformational change of
ABCA1 required to decrease calpain pro-
teolysis does not occur. Helical ApoA-I
in its lipid-free form stabilizes ABCA1
by protecting it from thiol protease-
 mediated degradation (40). In conclu-
sion, apoA-I facilitates ABCA1 accumula-
tion to cell surface by inhibiting its
intracellular degradation (41).

ABCA1, in turn, can stabilize apoA-I.
Familial HDL deficiency diseases, such
as Tangier disease, can result in increased
catabolism of apoA-I (42), and ABCA1
single nucleotide polymorphisms could
change the fasting and postprandial val-
ues of apoA-I (43). Initial interaction of
apoA-I with ABCA1 imparts a unique
conformation that partially determines
the in vivo metabolic fate of apoA-I (44).
If apoA-I is lipidated to form pre-β2, -3,

or -4 HDLs by ABCA1, these particles
will undergo further lipidation by non-
ABCA1 mediated pathways, and ulti-
mately be converted to mature plasma
HDL particles by LCAT in plasma. On
the other hand, when apoA-I is poorly
lipidated, with only a few ABCA1 at the
cell surface, it will not contain enough
lipid to prevent its rapid clearance from
plasma by the kidney. In addition,
ABCA1 also modulates the transcytosis
of apoA-I through endothelial cells (45).

THE BINDING BETWEEN ApoA-I AND
ABCA1 EFFECTS SIGNAL
TRANSDUCTION PATHWAYS

The interaction of apoA-I with ABCA1
could activate signaling molecules that
modulate ABCA1 level or its mediated
lipid transport activity in a posttransla-
tional manner. The signal transduction
pathways initiated by the interaction of
apoA-I with ABCA1 include protein ki-
nase A (PKA), protein kinase C (PKC),
Janus kinase 2 (JAK2), Cdc42 and Ca2+.
Various signal transduction pathways in-
cluding PKA, JAK2, RhoA and Ca2+ exist
in macrophages, while PKA and Cdc42
have been found in fibroblasts, kidney
cells and other cells. The presence of spe-
cific pathways in specific cell types was
listed in Table 1.

Protein Kinase A
The interaction of apoA-I with ABCA1

in cells increases the cellular cyclic
adenosine monophosphate (cAMP) con-
tent and ABCA1 phosphorylation (49),
suggesting that apoA-I may activate
cAMP signaling and raise the possibility
of the phosphorylation of ABCA1 via
various signal-relating molecules, which
allows apoA-I to be lipidated through
different pathways. Pharmacological in-
hibition of PKA completely blocked
apoA-I mediated ABCA1 phosphoryla-
tion (63). In this course, apoA-I binding
to ABCA1 transporter which couples to
Gαs leads to activation of adenylate cy-
clase (AC), cAMP production and subse-
quent PKA-mediated ABCA1 phospho-
rylation, allowing increasing lipidation
of apoA-I (Figure 1A). This phenomenon
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has also been comfirmed by our previous
studies (52,64), which showed that 
apoA-I, in combination with forskolin
(an adenyl cyclase activator), contributed
to a much larger increase in protein ex-
pression of ABCA1 and cholesterol efflux
from THP-1 macrophage-derived foam
cells. In converse, treatment cells with
apoA-I and SQ-22536 (an adenyl cyclase
inhibitor) downregulated protein expres-
sion of ABCA1 markedly and decreased
cholesterol efflux.

However, the precise consequence of
this phosphorylation is not clear. Tar-
geted mutation of two of the most prob-
able PKA phosphorylation sites on
ABCA1 have impaired export of cellular
cholesterol, suggesting that PKA may be
a target molecule downstream of ABCA1
(51). A-kinase anchoring proteins contain
a PKA-anchoring domain and a specific
targeting motif that dictates their subcel-
lular localizations. This allows A-kinase
anchoring proteins to regulate the ampli-
tude and duration of PKA activation lo-
cally. Loretta Ma et al. report that st-Ht31,
a membrane permeable peptide inhibitor
of PKA anchoring, increases cytosolic
PKA activity and robustly exports cho-
lesterol as microparticles (65).

Protein Kinase C
PKC activation caused an increase in

apoA-I mediated cholesterol release. This
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 removes cellular FC, PC and sphingo -
myelin (SPM) in the presence of ABCA1;
then the reduction of SPM in the plasma
membrane triggers phosphatidylcholine
phospholipase (PC-PLC) activity, which
catalyzes the hydrolysis of PC to generate
phosphorylcholine for the replenishment
of SPM. This reaction also generates dia-
cylglycerol (DAG), which further acti-
vates PKCα and then phosphorylation of
ABCA1 (Figure 1B). These reactions even-
tually lead to the protection of ABCA1
from its degradation by calpain (53). In
addition, apoA-I mobilizes intracellular
cholesterol from the ACAT- accessible
compartment for ABCA1- mediated re-
lease via a process involving PKC signal-
ing (66), and pharmacological activation
of PKC could decrease the ACAT-accessi-
ble cholesterol pool. Interestingly, in
mouse fibroblast L929 cells, the PKC acti-
vation caused an increase in apoA-I-me-
diated cholesterol release without detect-
able changes in phospholipid release and
ABCA1 expression. Alternatively, PKC

study indicated that the cholesterol mobi-
lization process was related to PKC acti-
vation by apoA-I (66). Biochemical and
microscopic evidence indicated that
apoA-I activated PKC and then phospho-
rylated ABCA1 (53). ApoA-I initially

Table 1. The signaling proteins and their activities in different cells.

Signaling Cell type Activity Reference

PKA RAW264, J774, MPM ABCA1 mRNA↑ 46–48
Fibroblasts, CHO, BHK, RAW264, ABCA1 phosphorylation↑ 49–52
Human embryonic kidney cells,
293T, Flip-In 293 cells, HeLa cells, 
THP-1

PKC WI-38, HEK293 ABCA1 protein stability↑ 53
COS-1, HEK293, HepG2 ABCA1 mRNA↓ 54

JAK2 BHK ABCA1 activity↑, apoA-I 25,55,56
binding↑

J774, BHK STAT3↑ 57
Rho GTPases Fibroblasts, HEK293 Cdc42↑, ABCA1 activity↑ 58–60

HEK293, THP-1 RhoA↑, ABCA1 protein 
stability↑ 24

Ca2+ BALB/3T3 , THP-1, BHK, RAW 267.4 ABCA1 protein stability↑ 61,62

↑, Increased expression, enhanced activity or effect; ↓, decreased expression, inhibited
activity or effect.

Figure 1. The binding between apoA-I and ABCA1 effects signal transduction pathways.
(A) ApoA-I binding to ABCA1 which couples to Gαs leading to activation of AC, cAMP
production and subsequent PKA-mediated ABCA1 phosphorylation, allowing lipidation of
apoA-I. (B) ApoA-I initially removes SPM in the presence of ABCA1. Then the decreasing
SPM in plasma membrane triggers PC-PLC activity. PC-PLC catalyzes the hydrolysis of PC
to generate DAG. And, finally, DAG activates PKCα and then PKCα phosphorylates
ABCA1. (C) The interaction of apoA-I with ABCA1 increases phosphorylation of JAK2 and
thus activates JAK2. The activated JAK2 further activates STAT3. (D) The interaction of
apoA-I with ABCA1 results in activation of Cdc42 and subsequent phosphorylations of
PAK-1 and p54JNK and polymerization of actin. (E) ApoA-I induces Ca2+ influx into cells. The
rise in cytosolic Ca2+ then triggers Ca2+-dependent calcineurin pathway. The influx of Ca2+

also increases phosphorylation of JAK2.
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cells expressing a C-terminally truncated
ABCA1 variant, which showed impaired
Cdc42-dependent signaling, suggest that
the C-terminal domain of ABCA1 is in-
dispensable for the interaction between
ABCA1 and Cdc42 (58). The exact molec-
ular mechanisms by which ABCA1 cou-
ples apoA-I binding to activation of the
Cdc42 signaling cascade remain to be
elucidated.

Studies have shown accumulation of
RhoA, RhoB, RhoG and Rac1 in fibro -
blasts from Tangier disease, suggesting 
a regulatory role of Rho family proteins
in cholesterol efflux (78). Stimulation
with apoA-I transiently activated RhoA,
and the pharmacological inhibition of
RhoA or the dominant negative RhoA
blocked the ability of apoA-I to stabilize
ABCA1 (24). PDZ-RhoGEF, a member of
the Rho guanine nucleotide exchange
factors (RhoGEFs) family, binds to the 
C-terminal PDZ-binding motif of ABCA1
and prevents the degradation of the
transporter by activating RhoA (24). Con-
sequently, RhoA mediates prevention of
ABCA1 degradation and then upregu-
lates cholesterol efflux.

Ca2+

In resting cells, the cytosolic Ca2+ con-
centration is maintained at low levels
(100 nmol/L) relative to the extracellular
medium (1–2 mmol/L). This enables cells
to increase cytosolic Ca2+ levels rapidly
through Ca2+ influx, often in conjunction
with Ca2+ release from intracellular
stores. The rise in cytosolic Ca2+ then trig-
gers Ca2+-dependent calcineurin pathway.
Incubation of RAW macro phages with
apoA-I induced Ca2+ influx leading to ac-
tivation of calmodulin (CaM) and its
downstream target, calcineurin. An im-
munoprecipitation and glutathione S-
transferase pull-down assay revealed
that ABCA1 directly binds CaM in a
Ca2+-dependent manner. The cytoplasmic
loop of ABCA1 contains a typical
calmodulin binding sequence of 1-5-8-14
motifs (1,245 to 1,257 amino acids). This
motif is located near the ABCA1 Pro-Glu-
Ser-Thr sequence, and the presence of
CaM/Ca2+ protected the peptides from

dependent of the lipid transport func-
tion of ABCA1 (see Figure 1C). ABCA1
contains two candidate STAT3 docking
sites. The interaction of apoA-I with
ABCA1 in macrophages suppressed the
lysopolysaccaride-induced secretion of
the inflammatory cytokines such as
 interleukin-1β, interleukin-6, and tumor
necrosis factor-α, which was reversed by
silencing STAT3 or ABCA1. Thus, the
apoA-I/ABCA1 interaction activates the
JAK2/STAT3 pathway (57), which is
 antiinflammatory in macrophages
(69–72). Our studies also demonstrate
IFN-γ may first downregulate expression
of LXRα through the JAK/STAT1 signal-
ing pathway and then decrease expres-
sion of ABCA1 and cholesterol efflux in
THP-1 macrophage-derived foam cells
(71,73). Additional work is needed to un-
derstand the important role of ABCA1 in
suppressing macrophage inflammation.

Rho GTPases
Rho family small GTPases, such as

Cdc42, Rho and Rac, regulate cytoskele-
tal reorganization in different ways (74).
Cdc42 forms complexes with proteins
that control the cytoskeletal architecture
and vesicular transport (75). Initially it
was observed that Tangier fibroblasts
lacking ABCA1 displayed an abnormal
actin cytoskeleton that was associated
with decreased expression and activity of
the Cdc42 (76,77). Forced expression of
Cdc42 was shown to enhance apoA-I-
mediated cholesterol efflux, whereas ex-
pression of a dominant negative Cdc42
impaired this efflux (59,76). The exposure
of human fibroblasts to apoA-I results in
a cascade of signaling events, including
activation of Cdc42 and subsequent
phosphorylations of PAK-1 and p54JNK

and polymerization of actin (Figure 1D).
ApoA-I activates Cdc42 signaling and
downstream kinases through the ABCA1
transporter (58,63). Cdc42 could be im-
munoprecipitated with ABCA1, indicat-
ing that these proteins interact with each
other. The exposure of cells to apoA-I
markedly amplifies the ABCA1-Cdc42
interaction. The observations that Cdc42-
ABCA1 complex formation was absent in

activation can increase apoA-I dependent
efflux through prevention of PEST-
 dependent ABCA1 degradation, which
correlates with the dephosphorylation of
Thr-1286 and Thr-1305 within the PEST
sequence (37,53).

Elevating phosphorylation of protein
kinase C-ζ (PKC-ζ) recently has been
found to induce binding of PKC-ζ with
specificity protein 1 (Sp1), which can acti-
vate ABCA1 through physical interaction
with the LXR and RXR heterodimer in the
ABCA1 promoter (67). Mutation of the
Sp1 binding site in the ABCA1 promoter,
and inhibition of Sp1 DNA binding with
mithramycin A suppressed the ABCA1
promoter activity and reduced the
ABCA1 expression level. These results
demonstrate that activation of the PKCζ-
Sp1 signaling cascade is a mechanism for
regulation of ABCA1 expression (68).

Janus Kinase 2
It has been reported that a JAK2-

specific inhibitor markedly reduces
apoA-I-mediated lipid transport, and mu-
tant cells lacking JAK2 have a severely
impaired ABCA1 pathway (55,56). The in-
teraction of apoA-I with ABCA1 for only
minutes would stimulate auto -
phosphorylation of JAK2 in cells (56).
These studies suggest that the interaction
of apoA-I with ABCA1 activates JAK2,
which in turn activates a process that en-
hances lipid removal from cells (55) (Fig-
ure 1C). On the other hand, apoA-I can
stabilize ABCA1 protein even in the ab-
sence of activated JAK2 because inhibition
of JAK2 tyrosine kinase activity reduced
apoA-I-mediated efflux without affecting
the ability of apoA-I to protect ABCA1
from degradation (56). This phenomenon
implies that enhancing lipid removal by
activated JAK2 may be uncorrelated to
the stability of ABCA1. JAK2 modulates
most but not all of the lipid export activ-
ity of ABCA1, and the residual lipid trans-
port mediated by ABCA1 may occur by
JAK2-independent processes (25). It is un-
known whether the JAK2-targeted protein
is ABCA1 or a partner protein.

The apoA-I-mediated activation of
JAK2 also activates STAT3, which is in-
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also was found to be a crucial mediator
of cholesterol efflux. Knockdown of
ABCG1 suppresses cholesterol efflux to
mature HDL but not to lipid free apoA-I,
suggesting cholesterol transport medi-
ated by ABCG1 is different from ABCA1.
On the one side, ABCG1-mediated cho-
lesterol efflux was acting in a sequential
fashion, first with the formation of nas-
cent HDL particles generated by ABCA1,
the lipids of which were then released by
passive diffusion via ABCG1 (82). On the
other side, in contrast to the formation of
a high-affinity receptor-ligand complex
of ABCA1 and apoA-I on the cell surface
(12), ABCG1 did not increase cellular
binding of HDL. Therefore, to date, there
is no existing evidence that suggests any
of signaling pathways mediated by
ABCG1 has been linked to the function
of HDL.

ABCA1-MEDIATED LIPIDATION OF
ApoA-I

Different mechanisms including
ABCA1-mediated lipid efflux are sug-

naling pathways in the formation of
HDL as well as the promotion of choles-
terol efflux, which was thought to have
the central beneficial effects of HDL.
Firstly, cilostazol, a selective inhibitor of
phosphodiesterase 3 that delays degra-
dation of the cAMP, has been widely
known to increase the level of HDL in
human (81). Secondly, cAMP/PKA path-
way promotes cholesterol efflux via in-
creasing the expression of ABCA1 (50).
In addition, Bortnick et al. found that
cAMP treatment substantially increased
the mRNA levels of ABCA1 in J774 and
elicited mouse macrophages (46). It is
worth noting that increasing cytosolic
PKA activity by a membrane-permeable
peptide inhibitor can even reverse the for-
mation of macrophage foam cell through
an ABCA1-dependent manner (65). There
is a need for more critical evaluation in
animal models and the clinic, however, of
other signaling pathways and the differ-
ent functionalities of HDL.

ATP-binding cassette transporter G1
(ABCG1), another G class transporter,

proteolysis by calpain. Knockdown of
CaM by a specific small interfering RNA
increased the degradation of ABCA1 and
decreased ABCA1 protein as well as
apoA-I mediated lipid release (61,79).
Takahashi et al. reported that extracellular
Ca2+ was required for cellular association
of ABCA1 and apoA-I along with apoA-I-
dependent cholesterol efflux (28). Remov-
ing extracellular Ca2+ or chelating cytoso-
lic Ca2+ was equally inhibitory for apoA-I
lipidation. ApoA-I induced Ca2+ influx
into cells from the medium. And inhibi-
tion of calcineurin activity by cyclo -
sporine A or FK506 completely abolished
apoA-I lipidation. Furthermore, inhibi-
tion of calcineurin also interfered with
JAK2 phosphorylation and cholesterol ef-
flux (Figure 1E). Since Ca2+ depletion or
calcineurin inhibition did not alter ex-
pression and cell surface localization of
ABCA1, this is supportive of JAK2, CaM
and calcineurin modulating apoA-I lipi-
dation without directly modifying
ABCA1 (62). In summary, the Ca2+-
 dependent calcineurin/JAK2 pathway is
specifically responsible for apoA-I lipida-
tion. Hence, Ca2+-induced activation of
calmodulin could increase the involve-
ment of JAK2 simultaneously in apoA-I-
mediated efflux as well as elevate ABCA1
levels (80). However, the involvement of
Ca2+ in atherosclerosis is very complex.
Recent studies have shown Ca2+/CaM-
stimulated phosphodiesterase 1 upregu-
lated the β-catenin/ T-cell factor signaling
through phosphatase protein phos-
phatase 2A B56 γ subunit in proliferating
vascular smooth muscle cells (63). There-
fore, while some Ca2+ treatments could
enhance ABCA1 activity, further research
is required for a better appreciation of
Ca2+-modulating drugs to promote cho-
lesterol efflux pathways.

There are various signaling pathways
including PKA, JAK, CDC42 and others,
which were induced by the binding of
apoA-I to ABCA1 as discussed above.
Although the relative importance of
these different pathways in the proposed
atheroprotective roles of apoA-I or HDL
remains to be determined, cAMP/PKA
seems to be more proved than other sig-

Figure 2. Models of ABCA1-mediated lipidation of apoA-I. (A) ABCA1 moves FC and PL
from the inner to outer leaflet of the plasma membrane, and then loads FC and PL onto
apoA-I to generate HDL. (B) ApoA-I binds to ABCA1, C-terminal domain of apoA-I inserts
into the region of the perturbed PL bilayer created by ABCA1 and then is lipidated.
(C) The binding between apoA-I and ABCA1 generates FC and PL-rich membrane do-
mains. ApoA-I then interacts with lipid domains to promote their solubilization and release
from the cells. (D) ABCA1- and apoA-I-containing vesicles endocytose in cytoplasm,
ABCA1 pumps lipids into the vesicle lumen and then apoA-I is lipidated. HDL is released
through exocytosis.
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increase in cell-surface, but decreased
apoA-I uptake, resecretion and degrada-
tion in RAW cells. Taken together, cy-
closporin A treatment induced a 33% re-
duction of HDL levels in mice (102).

In addition, other factors also can in-
fluence the functions of ABCA1 via dif-
ferent mechanisms. ABCA1 degradation
also is promoted by the ubiquitin protea-
some pathway that is activated by an ex-
cess of free cholesterol (103). Thiol pro-
tease inhibitors increased the levels of
ABCA1 protein and slowed its decay in
THP-1 macrophage-derived foam cells,
whereas none of the proteasome-specific
inhibitor, other protease inhibitors or the
lysosomal inhibitor NH4Cl showed such
effects (40). Advanced glycation end
product precursors impaired ABCA1-
 dependent cholesterol removal from
cells. The reactive carbonyls glyoxal and
glycoaldehyde acutely and severely im-
paired the ABCA1 pathway, presumably
by directly damaging ABCA1 protein,
and abolished its binding of apoA-I
(104).

ApoA-I and ABCA1 mutants also
have been used to show an association
between the cross-linking of apoA-I to
ABCA1 and lipid efflux. Angeliki et al.
correlated the cross-linking properties of
several apoA-I mutants with their ability
to promote cholesterol efflux. They
found that amino-terminal deletion and
double amino- and carboxy-terminal
deletion mutants of apoA-I competed ef-
fectively the cross-linking of apoA-I to
ABCA1, while the carboxy-terminal
deletion mutant apoA-I competed
poorly. These findings provided a direct
association of different combinations of
apoA-I helices with a complementary
ABCA1 domain, suggesting mutations
that alter ABCA1/apoA-I association af-
fect cholesterol efflux and inhibit biogen-
esis of HDL (21). ApoA-I/ABCA1 cross-
linking in Tangier disease patients was
reduced dramatically to 5% to 10% of
the WT groups. The ABCA1 has two
large extracellular loops, probably
linked by a disulfide bond, located on
each of the two transmembrane domains
(105,106). Importantly, many ABCA1

demonstrated by the interaction of
apoA-I and DMPC/cholesterol vesicles
(92). In addition, Takahashi et al. specu-
lated that apoA-I can be lipidated within
intracellular compartments, where
ABCA1 pumps lipids into the vesicle
lumen and then lipidates apoA-I 28, (93)
(Figure 2D).

Heterogeneous nascent HDLs forma-
tion was observed in several studies
when incubation of apoA-I with Chinese
hamster ovary cells (94) and THP-1
macrophages (95). The presence of extra-
cellular apoA-I induced the formation of
9 and 12 nm particles containing around
3:1 and 1:1 PL/ FC (mol/mol), respec-
tively (96). However, detailed mecha-
nisms of formation of discrete-sized nas-
cent HDL and their characteristics are
needed for further investigations. One
possible explanation is that ABCA1 lipi-
dates apoA1 with PL first to form phos-
pholipid rich nascent HDL particles, and
then removes cholesterol from cells by
diffusion 20, (97). ABCA1-mediated FC
and PL efflux may be uncoupled 20 (98)
and different cell lines have shown non-
parallel apoA-I mediated FC and PL
 efflux (66).

INFLUENCING FACTORS FOR THE
BINDING BETWEEN ApoA-I AND ABCA1

ABCA1 is highly regulated at both the
transcriptional and posttranscriptional
levels. Studies have proved that inhibit-
ing ABCA1 degradation results in
 increased ABCA1 and HDL biogenesis.
Ginkgo biloba extract (EGb761) (99),
spiroquinone (100), diphenoquinone
(100) and calmodulin (61) have been
found to increase the protein stability of
ABCA1 by reducing calpain activity
without affecting ABCA1 mRNA expres-
sion. On the contrary, probucol inacti-
vated ABCA1 in the plasma membrane
with respect to its proteolytic degrada-
tion by increasing calpain activity (101).
Cyclosporine A inactivated ABCA1 in a
very similar manner to that of probucol
for its biological functions and suscepti-
bility to calpain in the membrane. Cy-
closporin A treatment also decreased
ABCA1 turnover and yielded a two-fold

gested to account for the cellular choles-
terol efflux. However, the molecular
mechanism for ABCA1-mediated lipid
efflux is still poorly understood, though
several possible manners have been pro-
posed. One is that ABCA1 moves FC and
PL from the inner to outer leaflet of the
plasma membrane, and then apoA-I
loads FC and PL to generate HDL (83)
(Figure 2A). It is still unclear how
ABCA1 translocates their substrates
across membranes. Electron microscopy
and X-ray crystallography analyses sug-
gest that the two symmetrical transmem-
brane bundles come together to form a
chamber that scans the inner leaflet of
the membrane for substrates, incorpo-
rates them into the chamber and flips
them to the outer leaflet for extrusion
from the cells (84–86). This involves a se-
ries of conformational changes in the
ABCA1 that is driven by ATP hydrolysis
in the NBD domains. Another model
gives emphasis to the influence of
apoA-I structure on ABCA1-mediated ef-
flux of cellular FC and PL. In the first
step, apoA-I binds to ABCA1, then hy-
drophobic α-helices in the C-terminal do-
main of apoA-I insert into the region of
the perturbed PL bilayer created by
ABCA1. The second step is lipidation of
apoA-I and the formation of nascent
high-density lipoprotein particles (87)
(Figure 2B). The first step is the forma-
tion of a tight complex between ABCA1
and ApoA-I, which exhibits a half-life of
approximately 30 min (15). This appears
to be a necessary, but not sufficient, step
for lipid efflux (88), because, in the case
of the ABCA1 mutant (Trp590Ser) that is
associated with Tangier disease, an
apoA-I/ABCA1 complex also is formed,
but the apoA-I is not lipidated (15). The
third model suggests the binding be-
tween apoA-I and ABCA1 constitutively
generate cholesterol- and phospholipid-
rich membrane domains (89). These do-
mains bend from the plasma membrane
to relieve the strain of the densely
packed phospholipids, generating
curved and disordered lipid surfaces that
favor apoA-I interactions (90,91) (Fig-
ure 2C). This model also has been
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action so that we can uncover novel ther-
apeutic targets for treating interrelated
diseases.
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