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Abstract. High-density lipoprotein (HDL) cholesterol is
an independent negative risk factor for coronary artery
disease and thus represents today the only protective fac-
tor against atherosclerosis. The protective effect of HDL
is mostly attributed to its central function in reverse cho-
lesterol transport (RCT), a process whereby excess cell
cholesterol is taken up and processed in HDL particles,
and is later delivered to the liver for further metabolism
and bile excretion. This process relies on specific inter-
actions between HDL particles and cells, both peripheral
(cholesterol efflux) and hepatic (cholesterol disposal)
cells, and on the maturation of HDL particles within the
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vascular compartment. The plasma level of HDL choles-
terol will thus result also from the complex interplay with
cellular partners. Among them, some contribute to HDL
formation – for instance ATP binding cassette AI protein
– while others are mostly involved in HDL catabolism,
the scavenger receptor-class B type I or the recently de-
scribed membrane-bound ATP synthase/hydrolase. The
last decade has seen major breakthroughs in the identifi-
cation and elucidation of the role of cellular partners of
HDL metabolism, and in their transcriptional regulations,
opening up new perspectives in the modulation of HDL
cholesterol.
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Introduction

Several large prospective studies have established that
high-density lipoprotein (HDL) cholesterol is an inde-
pendent negative risk factor for coronary artery disease
and thus represents today a major protective factor
against atherosclerosis. For instance, a decrease of only
10 mg/l in HDL cholesterol is associated with a rise in the
cardiovascular risk of 2% for women and of 3% for men.
Moreover, low HDL cholesterol is often part of a set of
metabolic alterations including hypertriglyceridemia, ac-
cumulation of small and dense low-density lipoprotein
(LDL), central obesity and insulin resistance, which de-
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fine the so-called metabolic syndrome. Altogether, these
alterations have additive effects on the cardiovascular
risk. 
HDLs exert pleiotropic effects, displaying anti-inflam-
matory, anti-thrombotic and anti-oxidant properties. For
instance, HDLs are potential carriers of enzymatic pro-
teins, such as paraoxonase [1] and platelet-activating fac-
tor (PAF)-acetyl hydrolase [2], which can hydrolyze
phospholipid peroxides [3] and cholesteryl ester perox-
ides [4]. In this respect, low levels of paraoxonase have
been measured in a population at high risk for coronary
artery disease [5, 6]. Also, HDLs can directly antagonize
the effects of oxidized LDL on endothelial and smooth
muscle vascular cells. Indeed, HDLs were shown to de-
crease the expression of adhesion molecules, of mono-



cyte recruitment factors and of prothrombotic molecules
while promoting the synthesis of the vasodilator nitric ox-
ide and prostacyclin [7].
However, besides these various beneficial effects, the
protective effect of HDLs is mostly attributed to their
central functions in reverse cholesterol transport (RCT),
a process whereby excess cell cholesterol is taken up and
processed in HDL particles, and is later delivered to the
liver for further metabolism and bile excretion. This
process relies on specific interactions between HDL par-
ticles and cells, both peripheral (cholesterol efflux) and
hepatic (cholesterol disposal) cells, and on the maturation
of HDL particles within the vascular compartment. In-
deed, plasma HDLs undergo complex remodeling upon
action of enzymatic and lipid transfer proteins, which en-
able the handling and esterification of large amounts of
cell-derived cholesterol, resulting in the formation of
large HDL particles further cleared by the liver. The
plasma level of HDL cholesterol will thus result from the
complex interplay of those molecular partners. Among
them, some contribute to HDL formation – for instance
lipoprotein lipase or ATP binding cassette A1 protein
(ABCA1) – while others are mostly involved in HDL ca-
tabolism, such as hepatic lipase, cholesteryl ester transfer
protein (CETP), scavenger receptor-class B type I (SR-
BI) or the recently described membrane-bound ATP syn-
thase/hydrolase. The last decade has seen major break-
throughs in the identification and elucidation on the role
of cellular partners of HDL metabolism and in their tran-
scriptional regulations, opening up new perspectives in
the modulation of HDL cholesterol. Genetic variants of
these proteins have also been reported, and new ones will
probably be discovered, which might partly account for
the interindividual variability of HDL levels.
Nevertheless, cell surface-binding proteins for HDL on dif-
ferent cell types are key partners in the regulation of cho-
lesterol metabolism. The mechanisms of interactions and
the cellular partners are still fairly unknown but represent a
major goal in the fight against cardiovascular diseases.
This review will focus on the major partners of hepatic
cholesterol uptake and peripheral cell cholesterol efflux,
analyzing the molecular and cellular mechanisms in-
volved in HDL metabolism at these two steps of reverse
cholesterol transport.

HDL and hepatocytes

Research on the cellular partners involved in the interac-
tions between hepatic cells and HDL has been challenged
for many years. A number of proteins have been identi-
fied as putative HDL binding proteins, but the lack of
physiological effects induced by those proteins has pre-
vented their classification as true receptors. One of the
main difficulties is the reported characteristics of HDL
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binding on cells, which showed poor affinities and a
broad range of specificities, conditions that might lead to
the identification of nonspecific proteins (see for review
the excellent paper by N. Fidge [8]). An interesting ap-
proach to circumvent these problems was realized by M.
Krieger’s lab, which used LDL to screen a complemen-
tary DNA (cDNA) library expressed in LDL receptor-de-
ficient CHO cells to identify a new protein able to bind
LDL, SR-BI, which also proved able to bind HDL [9].
Generations of SR-BI transgenic mice in the same lab
further demonstrated the major importance of SR-BI in
the metabolism of HDL cholesterol ester, at least in ro-
dents. But so far the importance of the human homolog of
SR-BI [10] in HDL cholesterol ester metabolism in hu-
mans, where the major cholesterol carriers are classically
in the range of the LDL, still needs to be demonstrated.

SR-BI and selective cholesterol ester uptake
The interest of this protein is evidenced by the number 
of recent excellent reviews available concerning it
[11–13]. SR-BI is a ubiquitous receptor with a high level
of expression in steroidogenic tissues and the liver [9, 10,
14]. One of the most interesting observations is its impli-
cation in selective cholesterol ester (CE) uptake by the
liver. This process, originally described in rats by Glass
and colleagues [15], had never been supported by molec-
ular data until the characterization of SR-BI. This path-
way is defined as a high-capacity system in which cells
internalize more cholesteryl esters than apolipoprotein
components of the HDL particle [15]. This is in contrast
with the classical LDL (apo B/E) receptor pathway,
where the entire particle is internalized through clathrin
vesicles for degradation and recycling. In the present re-
view, we will focus mainly on the role of SR-BI in the CE
selective uptake. The molecular mechanisms of SR-BI
will be further detailed below. 
How does CE selective uptake work? Basically, SR-BI
mediates a bidirectional exchange of lipids, mainly pro-
moting transfer of CE and free cholesterol [14, 16] from
HDL and LDL [16] to the cells, and an efflux of FC from
cell plasma membranes to lipoproteins [17] and non-
lipoprotein acceptors [18]. It is noteworthy that SR-BI can
also transfer phosphatidylcholine, sphingomyelin and, in
lesser proportion, triglycerides (TGs) to HDL [19] and
LDL. To adequately function, the selective CE uptake
must circumvent two main problems. First, the lipoprotein
particle, which binds to SR-BI, is thermodynamically sta-
ble, and thus the equilibrium between apolipoproteins and
lipids must be disturbed to trigger lipid uptake. So any
modification of the lipoprotein particles that modulate
this steady state will modify CE selective uptake. For in-
stance, an increase in the TG/CE ratio decreases CE up-
take in contrast to lipoprotein lipase (LPL) or hepatic li-
pase (HL)-mediated HDL-TG hydrolysis, which increases



CE uptake [19, 20]. Second, plasma membranes have a
limited capacity to incorporate CE. In adrenocortical cells
(Y1-BS1) for instance, CE uptake has a low activation en-
ergy, meaning that this uptake occurs in a lipid fluid envi-
ronment [21]. Incorporation of CE molecules in plasma
membranes occurs down a concentration gradient, but the
membranes cannot accommodate more than 3 mol% of
CE [22]. This low capacity of membranes to accommo-
date CE raises the hypothesis that SR-BI can form or open
a hydrophobic channel between a few SR-BI molecules,
prior to shuttling CE to intracellular non-lysosomal-spe-
cific compartments. Historically CE selective uptake has
been considered as a non-endocytosis mechanism [22,
23], mainly because chloroquine and monensin inhibitors
of clathrin-coated pit endocytosis did not affect CE up-
take, in contrast to apoA-I (the main apolipoprotein in
HDL) uptake. However, this kind of experimental ap-
proach must be considered cautiously, since it cannot in-
hibit the very early events that might occur in CE uptake,
such as the accumulation of ligand/receptor complexes in
early endosomes [24]. One very interesting alternative
pathway is the intracellular uptake of holo-HDL followed
by resecretion of a modified particle. This retro-endocyto-
sis process was first described in macrophages [25], fol-
lowed by CaCo-2 human intestinal cells and murine [26],
rat [27] and human hepatocytes [28]. This mechanism was
supported by our observations that HDL3 was highly in-
ternalized via a clathrin-vesicle pathway [29] in human
hepatocytes. Moreover, fluorescent labeling of HDL pro-
teins (Alexa), and incorporation of Dil for phospholipids
(PLs) and bodipy-labeled CE into the same HDL particle
have shown in mouse hepatocytes a colocalization of the
labeling with SR-BI in intracellular compartments: baso-
lateral membranes that subapical compartment and that
juxtanuclear endosomal recycling compartment (ERC)
[30]. Surprisingly, in hepatocytes, the retro-endocytosis
pathway does not seem to depend on clathrin vesicles or
caveolae, the two known receptor-dependent endocytosis
pathways, as suggested by the use of dynamin and cave-
olin-1 dominant negative mutants [26]. Indeed, while SR-
BI colocalizes at least partially with caveolin-1 in many
tissues and cells [31, 32], caveolin expression is not re-
quired for SR-BI activity in monocytes, macrophages or
human adrenal (NCI-H295R) cell lines which do not ex-
press caveolin-1 but present CE selective uptake [33, 34].
In HepG2 cells, where no caveolin-1 is present, the over-
expression of this protein increases the selective uptake of
CE-HDL, but not of CE-LDL. In hepatocytes, the level of
caveolin is low and does not seem to participate in CE-se-
lective uptake as suggested by the use of dominant nega-
tive mutants [26]. Thus, caveolin-1 is not strictly required
for SR-BI activity but, when present, modulates CE-se-
lective uptake.
The relative contribution of the retro-endocytosis path-
way versus CE-selective uptake needs to be established.

It could be very difficult to measure, since in both cases
CE uptake was quantified. The main difference is in the
processing of the HDL particle. One alternative for mea-
suring the contribution of both pathways in integrated
systems (i.e. animal models) could be to block any endo-
cytosis of the HDL particle, using for instance, an in situ
approach such as perfused rodent liver [35].
However, cells devoid of SR-BI are capable of CE-selec-
tive uptake. Accordingly, the LDL-related protein recep-
tor (LRP receptor), an endocytotic receptor, can take up
CE-HDL in human primary adipocytes or cell lines
(SW872) [36]. Furthermore, the LRP receptor interacts
with HDL via LPL, acting as a cross-linker in this
process. LPL also participates in SR-BI-independent up-
take of CE-LDL in HEK293 cells [37], and of HDL in
HEK293 and BHK [38]. This effect is independent of the
catalytic activity of LPL and requires proteoglycans onto
which LPL can bind.
In rat liver, selective CE uptake was estimated to be about
2 for the CE/protein ratio (as compared to 7 for adrenal
cells), meaning that the HDL protein contribution in the
RCT could be nonnegligible [39]. Thus, retro-endocytosis
could be an alternative pathway for taking into account
both the lipid and protein contributions in the HDL clear-
ance by the liver. Indeed, the liver remains the main organ
for the uptake (and synthesis) of apoA-I as compared to
kidney, for instance [39]. Nevertheless, it was recently
shown that cubilin, an intrinsic factor/vitamin B12 recep-
tor in kidney, could bind apoA-I [40] and thus contribute
to the clearance of apoA-I by this tissue. Recently, it was
demonstrated that the kidney was able to clear lipid-free
apoA-I and small HDL particles from the circulation [41],
probably through apoA-I binding to cubilin, which now
needs to be demonstrated. However, the contribution of
the HDL clearance by the kidney in reverse cholesterol
transport still remains to be established.
The limitations of the explanation of ‘pure’ CE-selective
uptake regarding HDL metabolism in hepatocytes, with,
for instance, the description of both HDL lipids and HDL
proteins present inside different compartments in liver
cells, have raised the question of the existence of more
‘classical’ (clathrin-dependent?) pathways, which could
help to explain the RCT process.

ATP synthase, a new concept in HDL endocytosis
Binding sites for HDL, or apolipoprotein (apoA-I), have
been identified in liver plasma membranes [42] and hu-
man hepatoma cells [43]. Both a high-affinity (10–9 M)
binding site and another component of lower affinity
(10–7 M) were evidenced, the latter possibly reflecting
weaker protein-protein and/or protein-lipid interactions.
Interestingly, lipid-free apoA-I (named free apoA-I)
binds only to the high-affinity sites and thus constitutes a
selective ligand to study this receptor. 
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We have previously shown that HDLs are internalized in
HepG2 cells via the formation of clathrin-coated vesicles,
following engagement of the low-affinity binding sites
[29]. We have further observed that binding and endocy-
tosis of HDL were modulated by metabolic events that af-
fect HDL structure and distribution. Indeed, in the liver,
large-sized HDL particles, enriched in triglycerides
(triglyceride-rich HDL2 or TG-HDL2), are preferential
substrates for hepatic lipase, acting at the endothelial sur-
face of sinusoid capillaries and leading to the formation
of a triglyceride and phospholipid-poor ‘remnant HDL’
[44]. TG-HDL2 displayed only low-affinity binding
whereas the post-lipolysis remnant HDL could bind to
both low- and high-affinity sites. Moreover, the remnant-
HDL were internalized faster and in higher amounts than
their parent TG-HDL2, suggesting that engagement of
high-affinity receptors might stimulate HDL-endocytosis
occurring through low-affinity binding sites [44].
We recently achieved the purification and characteriza-
tion of apoA-I high-affinity binding sites on hepatocytes
which we identified as the b-chain of human ATP syn-
thase, a major protein complex of mitochondria inner
membrane, involved in ATP synthesis. Mitochondrial
ATP synthase has two major domains, F1 and F0 [45]. F1

is a peripheral membrane protein complex which consists
of five different subunits (among them, the b-chain), con-
taining binding sites for ATP and ADP, including the 
catalytic site for ATP synthesis. F1 is held to the mem-
brane through its interaction with Fo, an integral mem-
brane protein complex in mammalian mitochondria that
contains a transmembrane channel through which pro-
tons can cross the membrane [46]. The synthesis of ATP
requires an electrochemical proton gradient across the in-
ner mitochondrial membrane. The collapse or absence
(for instance when the F1 complex is present alone) of the
electrochemical proton gradient induces a switch in en-
zymatic activity from ATP synthesis to ATP hydrolysis. In
this case, the catalytic domain of ATP synthase, present
mainly in the b-subunits, catalyzes the hydrolysis of ATP
to ADP and phosphate, an activity that is regulated in mi-
tochondria by a natural inhibitor protein, IF1 [47–49].
The surprising finding of the presence of the b-chain of
ATP synthase in hepatocyte plasma membrane prepara-
tions led us to demonstrate that it was also present on the
cell surface of intact hepatocytes, as previously reported
for lymphocytes [50] or human endothelial cells [51–53].
In the later case, cell surface ATP synthase was acting as a
receptor for different ligands, such as angiostatin, sug-
gesting implication of this membrane-associated ATP syn-
thase in angiogenesis. Furthermore, Beisiegel and Mahley
[54, 55] had earlier identified the a- and b-chains of ATP
synthase as receptors for apolipoprotein E-enriched HDL,
but they did not demonstrate the presence of this protein
on the cell surface, nor they did propose a role for it. The
presence of the b-chain, probably associated with its coun-

terpart, the a-chain, was demonstrated on the cell surface
of HepG2, IHHs (immortalized human hepatocytes) or
primary human hepatocytes, but not on epithelial cells
such as the CHO cell line. This observation suggests that
the presence at the cell surface of this protein is more de-
pendent on the cell type than on the tumorigenic status of
the cells, as suggested by Das et al. [50].
In our model, the presence on the cell surface of hepato-
cytes of both the a- and b-chains of ATP synthase
strongly suggests that the entire F1-ATPase might be pre-
sent. Moreover, we showed a cell surface hydrolysis ac-
tivity of ATP to ADP. Interestingly, the IF1 protein, which
inhibits only the ATP hydrolysis activity of the F1-
ATPase, induced a decrease in the ADP present in the cell
medium, demonstrating that the ATP hydrolysis mea-
sured is dependent on F1-ATPase. The presence of extra-
cellular ATP, physiologically or as secreted in the culture
medium, is well documented [56]. Also, different ATP
and ADP hydrolysis activities have been described at the
cell surface, and some phosphatases, such as members of
the ecto-ATPase family, have been identified [57]. How-
ever, the almost complete absence of AMP generated in
the time course of our experiments allowed us to exclude
implication of this ecto-ATPase. Finally, ADP generation
was strongly stimulated by adding free apoA-I, a process
again inhibited by the IF1 protein. This demonstrates the
regulation of ATP synthase hydrolysis activity by the
binding of apoA-I.
HDL endocytosis could occur by two different pathways
in hepatocytes: one is dependent on internalization via
SR-BI and represents a selective transcytosis of lipopro-
tein cholesterol, which could explain the selective sorting
of cholesterol to the bile canaliculus; the other one is in-
dependent of SR-BI and could represent the HDL protein
catabolic pathway, mediated by an unknown receptor
[26]. Thus, endocytosis of HDL is the primary event for
both pathways. Based on our previous demonstration that
HDLs were internalized in HepG2 cells through low-
affinity binding [29], and on the use of specific ligands
for high- and low-affinity sites (free-apo AI or TG-HDL2
respectively), we have shown stimulation of holo-TG-
HDL2 internalization (both the protein and the choles-
teryl ester moieties), through the binding of apoA-I to
high-affinity binding sites, i.e. the b-chain of ATP syn-
thase. Thus stimulation of high affinity could be an up-
stream event in the HDL endocytosis pathway. Moreover,
ADP, but not ATP, was able to stimulate the internaliza-
tion of TG-HDL2 at a level comparable to the effect of
free apoA-I, and not only the stimulation, but also the
basal internalization was regulated by the presence of ex-
tracellular ADP. This specific ADP-dependent effect sug-
gests that stimulation of HDL internalization is under the
control of purinergic receptors such as P2X or P2Y type
receptors. Which receptor exactly is involved in the HDL
endocytosis process remains to be determined.
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This effect of ADP was found highly specific for HDL
endocytosis, as demonstrated by the absence of any effect
on LDL endocytosis through its LDL receptor (as a typi-
cal cargo receptor), or of EGF receptor endocytosis (as a
tyrosine kinase-type receptor).
Finally, the implication of the F1-ATPase activity in HDL
internalization, as demonstrated by inhibition of TG-
HDL2 internalization in the presence of IF1 protein was
demonstrated. This observation, associated with inhibi-
tion of ATP hydrolysis by IF1, again argues in favor of 
the role of the ADP produced by the ATP hydrolysis ac-
tivity of ATP synthase in the HDL endocytosis process.
This clearly demonstrates that free apoA-I and IF1 have
the same cellular target, i.e. membrane-associated F1-
ATPase.

HDL and peripheral cells

The term ‘peripheral cells’ is commonly used in choles-
terol metabolism in reference to non-hepatic cells. It is a
convenient term that includes all cells that cannot metab-
olize cholesterol (with the exception of steroidogenic
cells). Cholesterol has an essential function in mem-
branes of peripheral cells, where it modulates fluidity and
maintains the barrier between cells and environment.
Many peripheral cells modulate their membrane choles-
terol content by well-characterized feedback systems that
control the rate of cholesterol biosynthesis and uptake by
the LDL receptor [58]. In most of the cells, this system is
sufficient to prevent excess cholesterol accumulation.
However, some cells, such as macrophages, can also ac-
quire cholesterol by a phagocytotic pathway that is not
feedback regulated by cholesterol. These cells must either
store this excess of cholesterol as cholesteryl ester or se-
crete it. Excess cholesterol secretion, also called choles-
terol efflux, is therefore a key event in the regulation of
cellular cholesterol content, particularly in macrophages.
When cholesterol efflux is disregulated, macrophages ac-
cumulate excess of cholesterol and become foam cells.
This process of foam cell formation is critical for the de-
velopment of both early- and late-stage atherosclerotic le-
sions [59]. Since there is no significant release of CE
from peripheral cells, cholesterol efflux can be defined as
the movement of unesterified, or ‘free’ cholesterol (FC)
molecules from the cell to an extracellular acceptor [60].
More than 30 years ago it was been established that cho-
lesterol molecules can be removed from cells by exposing
them to serum or more specifically to the HDL fraction
of serum [61]. Therefore, according to Glomset‘s original
hypothesis [62], cholesterol efflux, in which excess cellu-
lar cholesterol is released from cells and transferred to
HDL particles, appeared to be the first step of reverse
cholesterol transport. In subsequent years, a major re-
search effort was focused on elucidating the molecular

mechanisms involved in the efflux of cellular cholesterol
to the HDL particles. We are just beginning to understand
these mechanisms in which specific molecular interac-
tions of HDL or its apolipoproteins with peripheral tis-
sues is essential to promote cholesterol efflux. These in-
sights arise both from studies on SR-BI and recent stud-
ies of Tangier disease and its defective gene product
ABCA1. 
Thus, three distinct pathways of cellular cholesterol ef-
flux involving HDL and its apolipoproteins can be de-
scribed: passive diffusion, SR-BI-facilitated efflux and
ABCA1-mediated active efflux.

HDL and cellular cholesterol passive diffusion
The first mechanism involves passive diffusion of cho-
lesterol to the HDL particle, a mechanism also called dif-
fusion-mediated cell cholesterol. Free cholesterol mole-
cules spontaneously desorb from the plasma membrane,
diffuse through the aqueous phase and subsequently in-
corporate into HDL particles. In this mechanism, choles-
terol diffusion can be mediated by a wide variety of ‘ac-
ceptors’, not only HDL but also other plasma components
including LDL, albumin [63], globulins [64], artificial
lipid microparticles, such as phospholipid vesicles, and
other specific molecules with a high affinity for choles-
terol, such as cyclodextrins [65]. It is believed that during
this reaction, it is the cholesterol from plasma membrane
compartments that is mainly mobilized rather than cho-
lesterol from intracellular compartments [66]. The net
cholesterol efflux is regulated by the gradient of free cho-
lesterol contents between the acceptor and cell membrane
compartments and by the acceptor ability for cholesterol
adsorption and desorption. Consequently, the reaction is
mostly bidirectional and is driven by the phospholipid
content of lipoprotein acceptors [67], but does not involve
any specific factor such as HDL binding to cell [68] or in-
tracellular signaling pathways. Therefore, the cholesterol
diffusion pathway is entirely independent of HDL. How-
ever, HDL particles are believed to be an excellent phys-
iological acceptor involved in passive diffusion because
of the ability of the HDL particle to esterify its choles-
terol through the action of one of its associated enzymes,
the lecithin:cholesterol acyltransferase (LCAT). In this
case, the net release of cellular free cholesterol would be
driven by cholesterol esterification in HDL by LCAT.
Different studies have tried to validate this hypothesis,
but results seem to depend on the cell cholesterol loading
conditions. Several laboratories have evidenced that
LCAT promotes net cell cholesterol efflux not by in-
creasing the outflow but by reducing the inflow of HDL
cholesterol to the cell, due to a decrease in the available
unesterified cholesterol in HDL [69, 70]. In contrast,
Czarnecka and colleagues showed that LCAT-mediated
cholesterol esterification enhanced direct cholesterol out-
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flow from cholesterol pre-loaded cells [71], supporting
the idea that active cholesterol esterification by LCAT of
the HDL particle plays a physiological role in the passive
diffusion of cell cholesterol from peripheral cells.

SR-BI-facilitated aqueous diffusion of cholesterol 
to HDL
SR-BI is a multi-ligand receptor that interacts with a
broad range of acceptors, including HDL, LDL, oxidized
LDL, acetylated LDL, maleylated BSA and anionic
phospholipids [72, 73]. We have already described above
how SR-BI mediates the in vivo selective uptake of LDL
and HDL lipids into mice hepatocytes and steroidogenic
cells [73, 74] and also facilitates in vitro FC efflux from
CHO and COS-7 transfected cells to HDL [17, 75]. Thus,
SR-BI expression in peripheral tissues may facilitate up-
take of FC by HDL particles. Supporting this idea, the
rates of FC efflux from a panel of cultured cell types cor-
related well with SR-BI expression levels [18, 65]. In ad-
dition, SR-BI can also facilitate FC efflux to LDL and
other non-lipoprotein acceptors such as phospholipid
vesicles [18, 65]. Therefore, SR-BI mediates a bidirec-
tional exchange of FC via a concentration gradient be-
tween cell plasma membrane and a wide variety of phos-
pholipid-containing acceptors, in a way that looks like a
‘facilitated aqueous diffusion’. Different groups have in-
vestigated the mechanism by which SR-BI facilitates cel-
lular cholesterol efflux, and these studies can be used to
formulate a broadly based model, even if the detailed
mechanism remains unclear. 

SR-BI binding
Since the identification of SR-BI as an HDL-binding pro-
tein [9], an impressive number of independent studies
have reported HDL binding to SR-BI. However, SR-BI
binding domains and HDL components involved in the
binding to SR-BI are still under investigation and will be
discussed in this section.
Many attempts to identify the SR-BI binding domain to
the HDL particles have been made. Results based on the
analysis of SR-BI chimeric receptors and SR-BI mutants
suggest that distinct extracellular receptor domains may
be involved in SR-BI binding to HDL [76, 77]. Gu and
colleagues, using SR-BI mutants, have reported that Gln-
402 and Gln-418 close to the C-terminal transmembrane
domain of SR-BI are critical for HDL receptor activity
[78, 79]. However, in these experiments, the loss of HDL
binding ability may be due to structural disruptions in
SR-BI induced by the mutations.  
Another point to be discussed is the role of the different
components in HDL particles (lipids and apolipopro-
teins) in interactions with SR-BI. Our group reported that
SR-BI antibodies that compete up to 70% of the HDL
binding to hepatocytes at 4°C failed to block lipid-free

125I-apoA-I binding [80], suggesting that lipid-free apoA-
I is not an efficient SR-BI ligand. Many studies have
clearly indicated that HDL apoA-I, apoA-II, apoC-III and
apoE isoforms in phospholipid-complexed forms can me-
diate binding to SR-BI and also inhibit HDL binding to
SR-BI up to 85% [81–83]. These studies show that lipid-
free apoA-I is not an effective competitor of 125I-HDL
binding. Depending on experimental conditions, lipid-
free apoA-I only reduces the binding of 125I-HDL by 38%
[81], 25% [82] and 45% [83], suggesting that phospho-
lipid association with apoA-I is required for binding to
SR-BI. Although, some studies have previously reported
a low-affinity association of lipid-free apoA-I to SR-BI
and have achieved chemical cross-linking between SR-BI
and lipid-free apoA-I [83,84]. We never observed any sig-
nificant specific lipid-free apoA-I binding to SR-BI at
4°C on transfected CHO cells [unpublished observa-
tions]. Our observation is consistent with studies by Zan-
nis and colleagues reporting that they could not establish
an SR-BI-dependent binding of lipid-free apoA-I despite
numerous direct binding experiments [82]. An explana-
tion for these discrepancies could be related to the note-
worthy ability of apoA-I to associate with cellular phos-
pholipids. Such association of apoA-I with phospholipids
could be enhanced if the binding experiment is performed
at 37°C. It would have been informative in the previous
binding studies [83, 84] to perform the Scatchard plot
[85] of the apoA-I binding to detect any apo AI lipidation.
Indeed, according to studies from Mendel et al. [86],
ligand heterogeneity such as lipidation state may cause a
curvilinear concave-downward Scatchard plot. However,
in most cases, Mendel and colleagues experiments
showed that ligand heterogeneity does not cause recog-
nizable deviations from linearity in the Scatchard plot and
therefore, cannot be distinguished from homogeneous
ligand. The elegant studies by Williams and colleagues
demonstrated an interaction between SR-BI and the class
A amphipathic a-helices [84]. These studies strongly
suggest that SR-BI interacts with HDL via the amphi-
pathic a-helical repeat units of apoA-I, which may there-
fore explain the interaction of SR-BI with a wide variety
of apolipoproteins via a specific secondary structure, the
class A amphipathic a-helix, which is a common struc-
tural motif in the apolipoproteins of HDL. These motifs
bound and cross-linked to SR-BI only when complexed
with dimyristoylphosphatidylcholine (DMPC), which
again suggests that phospholipids play a significant role
probably by maintaining the amphipathic a-helix in a
conformation able to bind SR-BI. Consistent with this
idea, apoA-I complexed with the longer chain of palmi-
tyloleoylphosphatidylcholine (POPC) is less effective
than apoA-I complexed with DMPC [83], and differences
in apoA-I conformation in different-sized reconstituted
HDL particles (rHDL) markedly influence apoA-I recog-
nition by SR-BI [87]. 
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SR-BI binding and efflux
The correlation between weak or no binding of lipid-free
apoA-I to SR-BI and its inability to promote FC efflux
via SR-BI suggest that binding is required for cholesterol
efflux. Studies performed by Krieger’s group have tried 
to assess this concept. Gu and colleagues demonstrated
that an SR-BI antibody that blocked HDL binding also
decreased FC efflux [78]. However, in those experiments,
it could not be ruled out that immunglobulin G (IgG) may
exert a steric hindrance that therefore would inhibit SR-
BI function. In order to minimize the steric hindrance ef-
fect of the IgG, it would have been interesting to perform
the same experiment using the smaller Fab fragments of
the SR-BI antibody. Gu and colleagues also showed that
a mutant SR-BI that lost most of the ability to bind HDL
but preserved its ability to bind LDL displayed decreased
efflux to HDL but not to LDL [78]. Altogether, these
studies suggest that there is an efficient component of
SR-BI-mediated FC efflux that is linked to binding of ac-
ceptor to SR-BI. However, other studies have shown that
HDL binding to SR-BI was not enough to ensure efficient
FC efflux. CD36, another scavenger receptor from the
same family as SR-BI which has a higher affinity for
HDL than SR-BI, failed to facilitate FC efflux to HDL
[75, 88]. SR-BIs ability to promote lipid efflux to
apolipoprotein-free phospholipid vesicles that do not
bind SR-BI, such as phosphatidylcholine (PC) or sphin-
gomyelin liposomes, confirms that the major stimulation
of FC efflux occurs independently of acceptor binding to
SR-BI. On the other hand, phospholipid content, and par-
ticularly PC, of the HDL particles is a critical factor in the
mechanism of SR-BI-mediated cholesterol efflux. Studies
have reported that enrichment of HDL with PC increases
SR-BI-mediated efflux, whereas depletion of HDL-PC by
treatment with phospholipase-A2 decreases SR-BI-medi-
ated FC efflux [89]. Furthermore, the presence of phos-
pholipids in the acceptor is totally required since no cho-
lesterol efflux to lipid-free apoA-I occurs via SR-BI. Al-
together, these results has led to the idea that SR-BI does
not have to interact directly with an extracellular acceptor
of FC in order to promote cholesterol efflux. 

SR-BI function
Nevertheless, to assess a physiological relevance of HDL
binding to SR-BI, different groups have proposed that
SR-BI functions in a two-step process where HDL bind-
ing to SR-BI (step 1) is coupled to the flux of FC (step 2)
[21, 79, 83]. Thus, the quantitative contribution to FC ef-
flux of HDL binding to SR-BI has recently been under in-
tense investigation. Zannis and colleagues have observed
that SR-BI-facilitated efflux to discoidal HDL particles,
composed of apoA-I molecules with two different double
point mutations, was dramatically reduced, but there was
no decrease in binding affinity to SR-BI compared to 
particles containing wild-type apoA-I [90]. Efflux was

restored to the HDL particles containing the mutant 
apoA-I molecules when SR-BI was also mutated. These
observations led the authors to propose that the formation
of an efficient complex between HDL and SR-BI, in
which the lipoprotein and the receptor must either be pre-
cisely aligned or have the capacity to undergo appropriate
conformational changes, is required for efficient SR-BI-
facilitated cholesterol efflux. Using discoidal rHDLs that
have different sizes with the same CE/phospholipid ratio,
but different apoA-I conformations, Thuahnai and col-
leagues demonstrated that the level of FC efflux was de-
pendent on the number of rHDL particles bound to SR-BI
at low ligand concentrations, but once the receptor was
saturated, the FC efflux became independent of rHDL
binding to SR-BI [91]. Thus, despite saturation of bind-
ing sites on SR-BI, FC efflux continues to increase. This
finding is consistent with an elegant study published in
1988, a long time before SR-BI was identified as an HDL
receptor [92]. In this study, Mendel and colleagues ob-
served that apoE-free HDL3 binding to human fibroblasts
and HDL3-mediated cholesterol efflux from these cells
did not saturate at similar HDL3 concentrations which in-
dicated dissociation between HDL-mediated cholesterol
efflux and specific HDL binding. Thus, contrary to first
expectations, HDL binding to cell surface SR-BI may en-
hance FC efflux via SR-BI at low ligand concentrations
[78, 91], but is independent of SR-BI in a more physio-
logical situation, i.e. when the receptor is saturated. The
mechanism by which SR-BI could promote FC efflux in-
dependently of HDL binding is still under investigation.

SR-BI cholesterol efflux and plasma membrane 
domains
It has been shown that SR-BI expression increases the
pool of cholesterol efflux to cyclodextrin acceptors and
also increases the pool of cholesterol accessible to cho-
lesterol oxidase [75, 93]. These data suggest that SR-BI
could induce redistribution of plasma membrane choles-
terol in domains favorable to cholesterol release. These
events occur in the absence of HDL, indicating that these
effects on plasma membrane cholesterol are due to SR-BI
and not to HDL interaction with SR-BI. Very little is
known about the plasma membrane domains of SR-BI-
facilitated FC flux. In cultured cells, SR-BI has been
found to colocalize within plasma membrane caveolae
[31, 94, 95], which are membrane domains rich in cho-
lesterol and sphingomyelin (SPM) [96] characterized by
the presence of particular protein cav-1 (cav-1). However
whether or not caveolin-1 expression affects SR-BI-facil-
itated FC efflux to HDL particles is still controversial
[97–101]. It is likely that cav-1 alone could stimulate
cholesterol efflux independently of SR-BI by enhancing
cholesterol transfer to cholesterol-rich domains of plasma
membrane [101, 102]. However, it is difficult to assess
the physiological role of cav-1 on cholesterol efflux since
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experiments have mostly been performed in systems
overexpressing cav-1. Nevertheless, these observations
suggest that SR-BI might physiologically operate in the
same way as cav-1, by generating specific plasma mem-
brane domains where cholesterol trafficking between
cells and HDL could be enhanced. Accordingly, Peng and
colleagues showed in different cell types that SR-BI-fa-
cilitated cholesterol trafficking between cells and HDL
occurs primarily in clusters of SR-BI on microvillar ex-
tensions of the plasma membrane, but independently of
caveolae or raft domains [102]. These observations are
consistent with previous studies in steroidogenic cells
that localized SR-BI predominantly on cell surface mi-
crovillar channels that are filled with HDL [103]. SR-BI
expression in insect cells elicits the formation of double
membrane structures similar to the microvillar channels
of steroidogenic cells [104]. Furthermore, comparison of
adrenal gland ultrastructure in wild-type and SR-BI
knockout mice has shown that SR-BI is absolutely re-
quired for the formation of microvillar channels [105].
Altogether these data strongly suggest that SR-BI is pref-
erentially associated with specific membrane domains
and may play a role in the organization of such domains.
The nature of these domains is unknown but distinct from
classical membrane rafts rich in detergent-resistant satu-
rated phospholipids [102]. In conclusion, it is likely that
the ability of SR-BI to stimulate cholesterol efflux may
reflect the reorganization of membrane cholesterol do-
mains, fluider than rafts or caveolae, and therefore facili-
tating FC flux between plasma membrane and HDL.
Other parameters such as HDL-apolipoprotein composi-
tion, conformation and binding to SR-BI are not required
but may enhance this process. This would explain why
HDL is the more physiological particle involved in SR-
BI-facilitated cholesterol efflux. 

ABCA1-mediated lipid efflux
The concept of apolipoprotein-mediated lipid release
from cells was initiated more than 20 years ago by the ob-
servation that HDL could stimulate hydrolysis and secre-
tion of cytoplasmic cholesterol esters in macrophages at
a higher rate than the one expected from the cholesterol
esterification rate in HDL [64]. Oram and colleagues
[106, 107] identified specific HDL and apoA-I binding
sites without internalization at the cell surface of cultured
fibroblasts and macrophages. Subsequently, the same
group observed that HDL binding was upregulated by
cholesterol loading of cells [108, 109] and showed that
interaction of HDL apolipoproteins with cholesterol-
loaded cells stimulated translocation of free cholesterol
away from esterifying enzymes to sites accessible to
apolipoproteins [110]. Thus, in contrast to the aqueous
diffusion and SR-BI-facilitated FC efflux, the identified
mechanism seemed to promote a unidirectional FC flux

to HDL-apolipoprotein acceptors and mobilize the intra-
cellular cholesterol pool. Unfortunately, identification of
the physiological HDL-binding proteins, other than SR-
BI, was not conclusive. A new approach for this issue has
been initiated by Hara and colleagues [111, 112], who ob-
served that helical lipid-free apolipoproteins of HDL
such as apoA-I, A-II and E were able to induce phospho-
lipid and cholesterol release from cells to generate
nascent HDL particles with physical and biochemical
characteristics of pre-b-HDL. In humans, the average
plasma concentration of free apoA-I and lipid poor pre b-
HDL has been estimated to be 60–120 µg/ml [113–115],
indicating that lipid-free apoA-I might be a physiological
acceptor involved in phospholipid and cholesterol efflux
from cells. This process of lipid-free apolipoprotein-me-
diated lipid efflux was an active temperature-sensitive
cellular process, mobilizing intracellular cholesteryl es-
ters pools [112, 116], therefore confirming a mechanism
distinct from passive aqueous diffusion or SR-BI-facili-
tated FC efflux. Synthetic peptides with an amphipathic
a-helix structure were also able to promote lipid efflux to
an extent similar to lipid-free apoA-I, suggesting that
such structures, which are found in repeat motifs in heli-
cal apolipoproteins, are necessary and sufficient for the
process [112, 117]. Helical apolipoprotein binding and
mediated lipid efflux were abolished by proteolytic treat-
ment of cells, which strongly suggested that a membrane
‘receptor’ is involved in this process [118]. Subsequently,
Smith and colleagues [119] found that treatment of
mouse macrophage RAW cells with 8-bromo-cAMP
(cAMP) stimulated cholesterol efflux to apoA-I and
apoE. They proposed a model in which cAMP induces
expression of a membrane receptor for apolipoproteins
that transfers both cholesterol and phospholipids to
apolipoproteins acceptor, resulting in net cholesterol ef-
flux from cells. This hypothesis has been supported by
the identification in 1999 of a 200-kDa plasma protein in-
duced by cAMP and that binds apoA-I [120]. However,
on the basis of physicochemical properties of the amphi-
pathic helix [121], an alternative mechanism has been
suggested, consisting of the insertion of the helical
apolipoprotein into the membrane in the absence of spe-
cific receptors. In this mechanism, apoA-I might sponta-
neously insert into the membrane bilayer, acting as a pro-
tein detergent and leading, by membrane microsolubi-
lization, to phospholipids and cholesterol efflux [122]. 

ABCA1 and efflux
A breakthrough in this area has been the discovery by dif-
ferent groups that the apoA-I-mediated specific phos-
pholipids and cholesterol efflux from the cell is critically
dependent on the function of ABCA1, a member of the
ABC transporter family of proteins, which is defective in
Tangier disease [123–126]. This major discovery led to
the idea that the ABCA1 transporter could be an apoA-I
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receptor. The binding of apoA-I to fibroblasts from Tan-
gier patients has been reported to be abnormal in some
studies [127–129] but not in others [130]. Heterogeneity
of ABCA1 mutations and therefore the different bio-
chemical bases for Tangier disease could explain these
different findings. This is consistent with the recent iden-
tification from Tangier disease patients of an ABCA1
mutation (W590S) characterized by a moderate increase
in apoA-I binding but defective lipid efflux, whereas
other mutations (Q597R, C1477R and S1506L) failed to
interact with apoA-I and to promote lipid efflux [131].

ABCA1 and apoA-I interactions
To elucidate the molecular interaction between apoA-I
and ABCA1 at the cell surface, a large number of studies
have been performed. Early studies have confirmed that
ABCA1 was the cAMP-inductible apolipoprotein recep-
tor [132], and a direct molecular interaction between
ABCA1 and apoA-I at the cell surface has been proposed
on the basis of chemical cross-linking experiments [132,
133]. Moreover, ABCA1 expression was directly corre-
lated both with lipid efflux and with an increase in lipid-
free apoA-I binding, but not with any increase in HDL
binding [133]. The ability of lipid-free apoA-I to bind
ABCA1 has been confirmed by many independent 
studies performed on different cell types [131, 134–139].
These studies allowed the determination of apoA-I bind-
ing parameters to ABCA1 (table 1). As expected, the
binding capacity (Bmax) for apoA-I increased upon
ABCA1 overexpression by agonists such as 8-Br-cAMP
[134] or 9cisRA/22R-OH [139] and decreased upon
ABCA1 inhibition by the sulfonylurea derivative glyben-
clamide [136]. Variations in the Bmax for apoA-I were
observed according to cell type, which probably reflected
different levels of ABCA1 protein expression between
cell lines [140]. However, the high variability in binding
affinity (Kd) observed in the different experiments (table
1) is somewhat surprising. Indeed, the presence of more
ABCA1 in the plasma membrane should not change
binding affinity of apoA-I to ABCA1. However, the nu-
merous binding experiments on ABCA1 (table 1), have
mainly been performed without Scatchard representa-
tions [85], and reports of kinetic assays (association and
dissociation experiments) have been poorly documented.
These data are, however, crucial to predict whether
ABCA1 might function as a significant receptor for
apoA-I [141]. For example, the calculated Kd obtained by
different approaches, such as kinetics and Scatchard ex-
periments, should be comparable in order to conclude to
a classical protein-protein interaction excluding any lat-
tice effects [80, 142]. In a recent study performed on
HEK 293 transfected cells, Fitzgerald and colleagues
[143] reported that cell association measurements of 125I-
apoA-I binding had a nearly 20-fold lower affinity than
that measured for the specific cross-linking of apoA-I to

ABCA1 (Kd = 3.836 mg/ml vs. Kd = 0.196 mg/ml, respec-
tively). Moreover, the authors observed that cross-linking
experiments were saturable (0.75 mg/ml apoA-I), while
association experiments did not clearly saturate at the
highest apoA-I concentration tested (20 µg/ml apoA-I).
This discrepancy between data obtained from cross-link-
ing and association experiments might reflect an interac-
tion that differs from the classic protein-protein interac-
tion. ApoA-I affinity to ABCA1 is significantly increased
at 37°C (table1), apoA-I dissociation from ABCA1 is al-
most completely inhibited at 4°C or 15°C [139] and no
cross-linking apoA-I/ABCA1 complex has been identi-
fied when the initial apoA-I cell binding assay is carried
out at 4°C [143]. These results suggest that temperature
might alter plasma membrane conformation, affecting
apoA-I cell association, or alternatively, that apoA-I bind-
ing to ABCA1 might be controlled by an energy-depen-
dent process, such as ABCA1 ATPase activity. This
proposition is consistent with two independent studies
that showed that ATPase-deficient forms of ABCA1
failed to elicit a specific cell association of apoA-I [135,
136]. One hypothesis is that the ATPase activity could in-
duce conformational change in ABCA1, which would in-
crease the affinity of the transporter for apoA-I. This hy-
pothesis is compatible with other models of ABC trans-
porters such as the bacterial lipid A transporter, MsbA,
and the multidrug transporter P-glycoprotein, in which
the conformational changes in the transporter induced by
ATPase activity seem to regulate substrate interactions
[144, 145]. The strict energy dependence of apoA-I bind-
ing to ABCA1, together with the binding affinity (Kd)
variability and the fact that ABCA1 has been shown to
bind other helical apolipoproteins such as apoA-II, 
apoA-IV, apoC-I, apoC-II, apoC-III, apoE and also am-
phipathic helical motifs [143, 146], challenged the classi-
cal view of a sequence-based interaction.

Separation between flippase activity and apoA-I 
binding
The idea that apoA-I binding may not involve a direct
molecular interaction between ABCA1 and apoA-I was
first developed by Chimini and colleagues [135]. They
observed that ABCA1 expression at the cell surface was
not linearly correlated with apoA-I binding. They found
that the lateral mobility of ABCA1 tagged with green flu-
orescent protein in membranes was consistent with the
molecular interaction of apoA-I with rapidly diffusing
lipids rather than with a membrane-anchored receptor
[135]. Considering that ABCA1 promotes the transbi-
layer redistribution of phosphatidylserine (PS) within the
plasma membrane [147], the authors proposed that
ABCA1 might favor the docking of apoA-I at the cell sur-
face by providing a distinctive spatial arrangement of PS
in the exofacial membrane leaflet. However, Smith and
colleagues [148] reported that although ABCA1 ex-
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Table 1. ABCA1 binding parameters.

Cell type Binding (0/4°C) Association (37°C) Ref

HEK293 cells transfected chemical cross-link and incubation time: 1.5 h [133, 136]
by ABCA1 125I-apoA-I binding histogram for 125I-apoA-I = 1 µg/ml,

incubation time: 2 h Bvalue: ~ 12 ng/mg cell protein and 
for 125I-apoA-I = 1 µg/ml, ~ 0 ng/mg cell protein upon glybenclamide
Bvalue: ~ 3 ng/mg cell protein treatment (1 mM)

HEK293 cells chemical cross-link and 125I-apoA-I binding chemical cross-link: [131, 143]
transfected by ABCA1 incubation time: 1 h incubation time: 1 h

125I-apoA-I = 1 µg/ml 125I-apoA-I dose response  0.1 to 6 µg/ml 
no interaction observed between Kd: 0.196 ± 0.05 µg/ml (7.0 ± 1.9 nM)
apoA-I and ABCA1 Bmax ~ 4.5 ng/mg cell protein

half-time dissociation (t1/2): 25 min

125I-apoA-I binding:
incubation time: 1 h
125I-apoA-I dose response  0.1 to 20 µg/ml 
Kd: 3.836 µg/ml (137 nM), 
no binding saturation.

Hela cells incubation time: 1 h [146]
transfected by ABCA1 125I-apoA-I dose response  0.1 to 1.2 µg/ml

Kd = 0.60 µg/ml
Bmax from Scatchard: 7.2 ng/mg cell protein

Baby hamster kidney incubation time: 2 h [138]
(BHK) cells transfected for 125I-apoA-I = 1 µg/ml,
by ABCA1 Bvalue: ~  20 ng/mg cell protein

Murine macrophages incubation time: 1 h incubation time: 3 h [134]
RAW264 for 125I-apoA-I = 3 mg/ml, for 125I-apoA-I = 3 mg/ml,

Bvalue: ~ 2 ng/mg cell protein and  Bvalue: ~ 7.5 ng/mg cell protein and
~ 4.5 ng/mg cell protein upon 16 h with ~ 40 ng/mg cell protein upon 16 h with
8-Br-cAMP treatment (0.3 mM) 8-Br-cAMP treatment (0.3 mM)

Cultured human skin incubation time: 2 h incubation time: 2 h [139]
fibroblasts (HSF) induced 125I-apoA-I: 10 µg/ml 125I-apoA-I dose response  2.5 to 20 µg/ml
with 9cisRA and 22R-OH no binding saturation Kd: 0.65 µg/ml

Kd ~ 0.08 µg/ml Bmax: 0.1 ng/mg cell protein
half-time association  (t1/2) ~ 30 min
half-time dissociation  (t1/2) ~ 80 min 

Human fibroblasts incubation time: 2 h [151]
125I-apoA-I dose response 0.1 to 100 mg/ml
Kd: 19 ± 4 µg/ml (700 nM)
Bmax: 300 ± 100 ng/mg cell protein
Bmax: 700 ± 100 ng/mg cell protein 
upon FC loading

Different cell lines Incubation Time: 2h [137]
for 125I-apoA-I ~ 0.1 µg/ml
no activated (either by 8-Br-cAMP, 
cholesterol loading or 22R-OH/9cisRA)

THP-1 (human Bvalue: ~ 10 ng/mg cell protein
differentiated (~ 400 fmol/mg cell protein)
macrophages)

J774 (mouse Bvalue: ~  25 ng/mg cell protein
macrophages) (~ 900 fmol/mg cell protein)

U-937 (human Bvalue:  3 ng/mg cell protein
differentiated ( 100 fmol/mg cell protein)
macrophages)

human skin Bvalue:  0.6 ng/mg cell protein
fibroblasts (20 fmol/mg cell protein)



pression increased PS levels on the exofacial leaflet, the
increased PS was not sufficient to mediate cellular apoA-
I binding and lipid efflux because annexin V, a PS-bind-
ing protein, did not compete with ABCA1-mediated lipid
efflux to apoA-I [136, 148]. Although this result sug-
gested a less direct apoA-I/PS interaction, it is also possi-
ble that annexin V and apoA-I bind to noncompeting
sites. An elegant study by Genest and colleagues [139]
demonstrated that treatment of intact human fibroblasts
with either phosphatidycholine-specific phospholipase C
or sphingomyelinase affected neither apoA-I/ABCA1
cross-linking nor apoA-I association at 37°C. Mendez
and colleagues [149] also documented that cholesterol
and sphingomyelin-rich membrane rafts did not provide
lipids for efflux promoted by apolipoproteins through the
ABCA1-mediated lipid secretory pathway and that
ABCA1 is not associated with these domains. Altogether,
these results suggested that the physical interaction be-
tween apoA-I and ABCA1 does not depend on either the
flippase activity of the transporter or on the membrane PL
composition. This idea is consistent with a subsequent
study by Chimini and colleagues [150] providing evi-
dence that a mutant form of ABCA1 (W590S) that avidly
binds apoA-I but fails to promote cholesterol efflux [131]
does not stimulate the translocation of phosphatidylserine
to the outer leaflet of the plasma membrane. This result
ruled out the initial idea that ABCA1 might favor the as-
sociation of apoA-I by providing more PS in the exofacial
leaflet of the plasma membrane [135] but established that
ABCA1 flippase activity and apoA-I association are 
separated events which are both required to mediate lipid
efflux to apoA-I.

Binding and efflux are separated but concomitant 
events
The high difference between the Kd for apoA-I cellular
binding and the rate constant Km for cholesterol efflux
(Kd = 19 ± 4 vs. Km = 0.7 ± 0.2 µg of apoA-I/ml) mea-
sured on human fibroblasts [151] indicates that maximal
binding of apoA-I is not required to achieve the maximal
rate of removal of FC by apoA-I. Furthermore, the fact
that the W590S mutant defective in cholesterol efflux
was able to release apoA-I in a normal manner as com-
pared to the wild-type ABCA1 (t1/2 dissociation 30 vs.
25 min, respectively) also revealed that cellular release
of apoA-I and transfer of PL and cholesterol are separa-
ble events, and thus are probably distinct steps in the ef-
flux mechanism [143]. These results confirm that 
apoA-I interaction is not by itself sufficient to drive lipid 
loading of apolipoproteins, which also requires the
membrane destabilization characterized by the outward
PS flip. A recent study from Vaughan and Oram [138]
showed that ABCA1 overexpression in baby hamster
kidney cells resulted in a redistribution of membrane
cholesterol to cell-surface domains accessible to treat-

ment with enzyme cholesterol oxidase, independently of
apolipoprotein interactions. Thus, it is likely that the re-
distribution of membrane PS and cholesterol induced by
ABCA1 activity, when combined with the tethering of
apoA-I at the cell surface, might enable phospholipids
and cholesterol efflux to apoA-I. Whether ABCA1 di-
rectly promotes both phospholipids and cholesterol 
efflux to apoA-I, or mediates only phospholipid efflux to
apoA-I with a subsequent release of cholesterol by the
apoA-I/phospholipid complex in an ABCA1-indepen-
dent fashion, is still not clear and is under investigation
[136, 152, 153].
New insights into the controversy concerning the interac-
tion between apoA-I and ABCA1 has been provided by a
recent study from Panagotopulos and colleagues [154]
using apoA-I truncation mutants.  The authors noted a
strong positive correlation between cholesterol efflux and
the lipid-binding characteristics of apoA-I when muta-
tions were made in helix 10 (deletion of residues
221–243). These findings led to a composite model to
explain the interaction between apoA-I and ABCA1:  he-
lix 10 of apoA-I tethers the lipid free apolipoprotein to
the ABCA1-generated lipid domain and then diffuses
within the plane of the membrane until it comes in con-
tact with ABCA1. This model could explain the variabil-
ity in the calculated binding affinity (Kd) values and the
reduced Kd at a temperature below one which allows
apolipoprotein to diffuse in the membrane (table 1). How-
ever, the data do not reveal whether apoA-I/lipid binding
precedes the interaction of apoA-I with ABCA1 or the
other way around.

As a matter of conclusion
The ability of both SR-BI and ABCA1 to bind a large
number of ligands challenged the classical view of a se-
quence-based interaction. The inverse ability of ABCA1
and SR-BI to respectively bind apoA-I and HDL may
have implications for their physiological roles in vivo. For
example, the remodeling of lipoproteins by serum en-
zymes and lipid transfer proteins may influence the rela-
tive efficiency of ABCA1 and SR-BI cellular efflux, with
ABCA1-mediated efflux being enhanced by dissociation
of apolipoproteins from lipoprotein particles [155].
ABCA1 is clearly involved in the production of HDL and
therefore in the elimination of excess cholesterol from
cells. The physiological contribution of passive aqueous
diffusion and SR-BI-facilitated diffusion in cellular cho-
lesterol efflux to HDL particles remain to be established,
because both pathways promote a bidirectional move-
ment of cholesterol between HDL and plasma membrane.
Furthermore, the idea that passive aqueous diffusion as-
similates the plasma membrane as a homogeneous lipid
bilayer and recent discovery have denied this textbook
view by demonstrating that the plasma membrane could
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contain organized lipid domains. The contribution of SR-
BI to cholesterol efflux may depend on the tissue and cell
type. So, SR-BI could favor CE selective uptake from
lipoproteins in hepatocytes, in contrast to peripheral 
tissues where SR-BI promotes a major efflux of FC to
lipoproteins. However, macrophages, in which the accu-
mulation of cholesterol is critical for the development of
atherosclerosis, poorly expressed SR-BI [17, 156]. More-
over, there is no difference in cholesterol efflux to HDL
between wild-type and SR-BI knockout macrophages
[157]. Altogether, these results suggest that the major
mechanism for cholesterol efflux from macrophages is
non-SR-BI dependent, but is probably due to ABCA1 or
passive diffusion.
After the discovery of the ABCA1 function in apo-
lipoprotein-mediated lipid release, the idea emerged that
nascent HDL particles produced from the ABCA1-medi-
ated cholesterol efflux to apoA-I might serve as an ac-
ceptor for SR-BI facilitated cholesterol efflux. However,
contrary to this hypothesis, Tall and colleagues [156]
found that in SR-BI-transfected RAW cells, ABCA1-me-
diated cholesterol efflux was inhibited by SR-BI. This
work suggest that, at least in macrophages, SR-BI could
promote cellular re-uptake of cholesterol actively ef-
fluxed by ABCA1 and also question the physiological
role of SR-BI in macrophages cholesterol efflux.

Physiopathologic relevance

To determine the role of SR-BI in humans, the human
SRB1 gene has been characterized and its genetic varia-
tions investigated [158]. In a Caucasian population, three
variants at exons 1, 8 and intron 5, with allele frequencies
> 0.1, have been identified; exon 1 variant (G-A) was as-
sociated with anti-atherogenic lipid profiles, i.e. in-
creased C-HDL and lower C-LDL values, in men [158].
Further studies on the influence of the allele distribution
of the exon 1 variant on lipoprotein profile during fasting
diets have shown a slight but significant effect on C-LDL
as opposed to the unchanged C-HDL content [159]. In
contrast, in populations with plant stanol consumption,
the exon 1 allele distribution tended to present lower 
C-HDL and C-LDL concentrations for heterozygous as
compared to homozygous polymorphisms [160]. In the
context of the Framingham study, the SR-BI exon 1 geno-
type was significantly associated with type 2 diabetes, in-
dicating that diabetic subjects with the less common 
allele have lower lipid concentrations (i. e. C-LDL) [161].
The exon 8 variant (C-T) was associated with lower LDL-
C concentrations as compared with homozygous normal
allele carriers, and, more recently, with an increase in 
C-HDL. It has been reported that women carriers of the
intron 5 variant (C-T) presented a higher body mass index
than those women homozygous for the normal allele

[162]. The associations found between those mutations
and both LDL and C-HDL suggest that SR-BI may play a
role in the metabolism of both lipoprotein classes in hu-
mans. Interestingly, in a genetic analysis of familial hy-
percholesterolemia (FH) within a Japanese population,
the author described a minor effect of SR-BI polymor-
phisms (among other polymorphisms) on the lipid and
lipoprotein profile [163]. Finally, two new mutations in
the SR-BI gene promoter region have been described in a
Chinese population with a direct influence on the tran-
scriptional activity of the gene in HepG2 cells [164].
Deleterious mutations in the ABCA1 gene have been
found to be the cause of Tangier disease, which is charac-
terized by an almost complete absence of serum choles-
terol HDL. [125,165,166]. Mutations in the ABCA1 gene
have also been found to be the cause of familial hypo-
alphalipoproteinemia (150–350 mg/l C-HDL) [167].
Many different mutations have already been described.
However, when the prevalence of seven different muta-
tions was evaluated among subjects with low C-HDL
taken from the general population, the frequency was
zero for all these mutations [168]. This was indirectly
confirmed by scanning genes using anonymous markers,
which has not shown a significant linkage between C-
HDL and the region (9q22-31) where the ABCA1 gene
has been mapped [169–171].
Altogether, we could speculate that the genetic influence
on the C-HDL levels might result from the combined
contributions of polymorphisms and rare mutations, pre-
sent for instance in the ABCA1 gene as well as SR-BI and
numerous other genes coding for proteins involved in
HDL metabolism, such as CETP, LPL, HL, apolipopro-
teins and so on.
What are the actual roles of ABCA1, SR-BI or of the ec-
topic ATP synthase in human HDL metabolism? ABCA1
is clearly involved in Tangier disease. Human SR-BI has
retained mainly the cellular futures of its rodent homolog,
but its role in the metabolism of human lipoproteins,
which is considerably different from rodents, needs fur-
ther investigation. It is likely that SR-BI exhibits a
broader spectrum of functions than its involvement in
cholesterol metabolism. The ectopic ATP synthase may
open a new field of approaches to understand the interac-
tion of HDL with human hepatocytes. Nevertheless, we
have to keep in mind that all the proteins described above
are part of a very complex process, cholesterol metabo-
lism, in which each participant plays an important role,
but in coordination with the others, like the instruments
in a symphonic orchestra. Consequently, the future of
therapeutic interventions involving HDL will need to
take into account the modulation of different targets at the
same time. For instance, one therapeutic approach could
be to stimulate cholesterol efflux from peripheral cells by
increasing ABCA1 expression (perhaps using the LXR or
RXR activators; [172]), and to simultaneously stimulate

2354 L. O. Martinez et al. HDL particle-cell interactions



CE-HDL uptake by the liver through positive modulation
of SR-BI and/or cell surface ATP-synthase pathways to
increase CE uptake. Even more, blocking intestinal reab-
sorption of the bile acids and cholesterol could also be
beneficial. As an illustration, the recent clinical use of
Ezetimibe as an intestinal cholesterol absorption block-
ing agent associated with a very low level of statins (thus
with fewer potential side effects of the statins) to decrease
the level of LDL cholesterol may open the way to a new
strategic therapeutic approach, better adapted specifi-
cally to the case of more complicated HDL, as compare
with the LDL metabolism pathway.
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