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Abstract Numerous studies using a variety of cell/accep-
tor combinations have demonstrated differences in cho-
lesterol efflux among cells. These studies also show that dif-
ferent acceptors, ranging from simple molecules like
cyclodextrins to serum, stimulate efflux through a variety of
mechanisms. By combining early observations with data de-
rived from recent studies, it is now possible to formulate a
model for cell cholesterol efflux which proposes that an ar-
ray of different mechanisms, including aqueous diffusion,
lipid-free apolipoprotein membrane microsolubilization,
and SR-BI-mediated cholesterol exchange contribute to
cholesterol flux. In this model the relative importance of
each mechanism would be determined both by the cell type
and the nature of the extracellular cholesterol acceptor.

 

—
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More than 30 years ago it was established that choles-
terol molecules can be readily removed from cells by ex-

 

posing them to serum, and more specifically, to the 

 

a

 

-lipo-
proteins (high density lipoprotein, HDL) fraction of
serum (1). Glomset (2) coupled this early observation on
cell cholesterol efflux to his studies on the esterification
of cholesterol by lecithin:cholesterol acyltransferase
(LCAT), and formulated the concept of “reverse choles-
terol transport” (RCT). In the subsequent years a major
research effort has been focused on developing this con-
cept, and specifically, on the steps involved in the move-
ment of cholesterol molecules from cells to extracellular
acceptors. Even after this long period of investigation and
concentrated research effort, our knowledge of the exact
mechanisms involved in the efflux of cell cholesterol re-
mains both fragmentary and controversial. As yet we do
not clearly understand the role played by RCT either in

cell cholesterol homeostasis or in the pathological deposi-
tion of cholesterol in the walls of blood vessels. Knowl-
edge of the influx and subsequent metabolism of LDL
cholesterol has progressed at a much more rapid pace
than our understanding of HDL-mediated cholesterol ef-
flux, the first step in RCT.

In this review we will summarize some of the insights
obtained from studies on cholesterol efflux done over a
number of years and then use this information to formu-
late a broadly based model that could serve to stimulate
future investigations. This model will focus only on the
steps thought to be involved in the movement of free cho-
lesterol (FC) molecules between the plasma membrane
and extracellular acceptors. The movement of cholesterol
between intracellular sites and the plasma membrane will
not be addressed in any detail, and the reader is referred
to a number of recent reviews on this important subject
(3, 4).

 

BI-DIRECTIONAL FLUX AND NET FLUX

Most studies on cholesterol flux have focused on the
movement of FC between serum lipoproteins and cells.
These studies have used in vitro tissue culture cell models
to formulate mechanisms that are likely to operate in vivo.
With the exception of tissues such as liver, intestine, and
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endocrine glands in which cholesterol can be released as
components of nascent lipoproteins or metabolized to
bile acids or steroid hormones, the efflux of FC from cells
to lipoproteins is the only mechanism for the removal of
cellular cholesterol. This movement of FC molecules
between cells and lipoproteins is usually a bi-directional
process, with the extent and direction of net movement
dependent on the ratio of influx to efflux (5–7) and de-
termined by both cell and acceptor properties (5–7).

CHOLESTEROL ACCEPTORS

A wide variety of extracellular cholesterol acceptors
have been used in cholesterol flux studies. These accep-
tors differ in complexity and in the extent to which they
contribute to either unidirectional or bi-directional flux.

 

Cyclodextrins

 

Cyclodextrins are the simplest of the extracellular cho-
lesterol acceptors. 

 

b

 

-Cyclodextrins, cyclic oligosaccharides
consisting of 7 

 

b

 

(1–4)-glucopyranose units, are water-soluble
compounds with a hydrophobic cavity capable of enhanc-
ing the solubility of non-polar compounds in aqueous so-
lutions (8, 9). 

 

b

 

-Cyclodextrins have been found to be par-
ticularly efficient in solubilizing cholesterol. The high
affinity of some cyclodextrins for cholesterol has made
them valuable tools for the study of cholesterol flux and
for the rapid and extensive manipulation of cell choles-
terol content (10). Cyclodextrins, when present at high
concentrations (5–100 m

 

m

 

), can remove cell cholesterol at
phenomenal rates (300–400%/hour) (11–13). At lower
concentrations, cyclodextrins can serve as cholesterol shut-
tles, transporting cell membrane cholesterol to serum lipo-
proteins (see below) (14). Although cyclodextrins have
been used most extensively when they are free of choles-
terol, they can be complexed with varying amounts of cho-
lesterol and, when so employed, participate in bi-direc-
tional cholesterol flux (10).

 

Phospholipid vesicles

 

Another type of cholesterol acceptor that has been exten-
sively used in cholesterol flux studies is phospholipid vesi-
cles. A wide assortment of acceptors having a general vesicu-
lar structure can be prepared, including small unilamellar
vesicles (SUV), large unilamellar vesicles (LUV), and multi-
lamellar vesicles (MLV). These structures can be made cho-
lesterol-free or can be prepared with varying amounts of FC.
Exposure of cells to pure phospholipid vesicles results in es-
sentially unidirectional movement of cell cholesterol to the
vesicles. Thus conditions can be established in which the ef-
flux of radiolabeled cell cholesterol closely predicts the net
reduction of cell cholesterol mass (5–7). If, however, the ves-
icles contain FC, conditions for bi-directional flux are estab-
lished and efflux of labeled cell cholesterol does not predict
changes in cell cholesterol mass.

 

Lipid-free/lipid-poor apolipoproteins

 

Considerable interest has been focused recently on the
ability of lipid-free or lipid-poor apolipoproteins to partic-

ipate in the process of cell cholesterol efflux (3, 15, 16).
Studies have demonstrated the presence of essentially
lipid-free apolipoproteins in serum (17–19). In addition,
small, protein-rich particles containing apoA-I, apoA-IV,
or apoE are present in plasma and lymph and contribute
to cholesterol efflux in vitro (20) and possibly in vivo (21,
22). In general such particles would be relatively depleted
of FC, and thus could contribute to the net efflux of cell
cholesterol. At this time a precise characterization of
these small HDL particles has not been achieved, and at-
tempts to re-constitute lipoproteins having the size, com-
position, and charge of the native particles have not been en-
tirely successful. Thus, a spectrum of structures including
native and reconstituted apolipoprotein/phospholipid com-
plexes with pre

 

b

 

-mobility (23–25) and a variety of native apo-
lipoproteins (15, 26, 27) or synthetic peptides containing
amphipathic helical structures (28, 29) have been studied.

 

Reconstituted and native HDL

 

Because of the generally accepted belief that HDL par-
ticipates in the first steps of reverse cholesterol transport,
the use of isolated or reconstituted lipoproteins for cho-
lesterol flux studies has focused on HDL. A variety of HDL
subclasses have been studied, including HDL particles iso-
lated either on the basis of density by centrifugation or on
the basis of apolipoprotein content by immunoaffinity
chromatography (30–36). In addition, the ability to incor-
porate a variety of apolipoproteins into phospholipid
structures, and thus synthesize HDL-like particles of vari-
ous sizes and compositions, has provided a powerful tool
for cholesterol flux studies. Precise control of parameters
such as particle size, phospholipid composition, apolipo-
protein composition, particle charge, and cholesterol con-
tent has permitted detailed analysis of the relative impor-
tance of each of these parameters on cell cholesterol flux
(37–40). In addition, the ability to assemble particles
whose composition ranges from cholesterol-free to choles-
terol-rich has been used to assess the relative movement of
cholesterol under conditions of bi-directional flux (5, 41).

 

Whole serum

 

Perhaps the most complex and yet most physiological
cholesterol acceptor is serum or plasma. The wide spec-
trum of lipoproteins and apolipoproteins present in se-
rum is accompanied by other factors such as LCAT, phos-
pholipid transfer protein (PLTP), and cholesteryl ester
transfer protein (CETP). All these proteins play important
roles in RCT, and their presence in varying relative con-
centrations affects the bi-directional flux of cholesterol.
The bi-directional flux of cholesterol between cells and
serum is particularly complex. Influx can result from the
cellular uptake of both free and esterified cholesterol, and
occurs by both receptor-mediated and physical/chemical
exchange processes. In addition, efflux of cell cholesterol
to serum also involves a number of different mechanisms,
which are detailed in subsequent sections. However, in
spite of the complexities of using serum or plasma for the
study of cell cholesterol flux, the potential benefits are
large, particularly when the data gathered from serum
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studies are integrated with information gathered utilizing
isolated serum components or artificial acceptors.

OVERVIEW OF OUR CURRENT UNDERSTANDING 
OF EFFLUX

In the following sections we have attempted to integrate
a large number of observations on cell cholesterol efflux
collected using a variety of cell types and the various ac-
ceptors briefly described. We believe that many of the past
studies, yielding divergent data which suggested contra-
dictory mechanisms, can be integrated into a model of
cell cholesterol efflux proposing that cells can use multi-
ple mechanisms depending on which cellular properties
are best linked to the type of acceptor available.

 

Observation 1: Different cell types exhibit large 
differences in the rate of cholesterol release to
phospholipid-containing acceptors

 

This fundamental observation was made early during
the initial investigations of cholesterol efflux (42) and is il-
lustrated by the data presented in 

 

Fig. 1

 

 in which the half-
times (t

 

½

 

) for the rate of cholesterol efflux from a variety
of cells to a common acceptor are presented. In this ex-
ample, t

 

½

 

 values range from a few hours with the fastest
cells, Fu5AH rat hepatoma, to greater than 1 day for a
number of slow cells. These relative differences between
cell types persist as long as the acceptor contains phospho-
lipid even though the efflux efficiencies of acceptor differ.
This is illustrated in 

 

Fig. 2

 

 which correlates the rate of re-

 

lease of cholesterol from several different cells exposed to
5% human serum to the efflux rate observed when the
cells are incubated with HDL

 

3

 

 (panel A) or palmitoyl-ole-
oyl phosphatidylcholine (POPC-SUV) (panel B) (42, 43).
The excellent correlations between efflux to the different
acceptors demonstrate that although the absolute rate of
cholesterol efflux is modulated by the type and concentra-
tion of acceptor, the rank order of efflux efficiency among
cell types is maintained as long as the acceptor contains
phospholipid.

 

Observation 2: The efflux efficiency of sera is closely
associated with HDL-phospholipid levels

 

This observation arises from investigations in which se-
rum was used as the cholesterol acceptor and Fu5AH
hepatoma served as the cell cholesterol donor. Two gen-
eral approaches can be used to identify and compare vari-
ous lipoprotein subclasses for their efflux-promoting effi-
ciency. The first directly compares isolated lipoprotein
fractions, whereas the second uses a series of serum or
plasma specimens to stimulate efflux and then correlates
efflux to the level of the various lipoproteins, apolipopro-
teins, or lipids in the specimens. The experimental ap-
proach using serum has yielded the type of data illustrated
in 

 

Fig. 3

 

. Specimens of human serum diluted to 5% were
incubated with cholesterol-labeled Fu5AH cells, L-cells, or
mouse peritoneal macrophages, and the efflux rate of the

Fig. 1. Comparison of the half-times for the rate of cholesterol ef-
flux from different cell types. Cells were prelabeled with [3H]cho-
lesterol and exposed to apoHDL/egg PC acceptor particles (1 mg/
mL PC) for 6 h. Adapted from reference (42).

Fig. 2. Correlations between the rate of [3H]cholesterol efflux
from various cell types to human serum (5%), HDL3 (75 mg pro-
tein/mL) or POPC-SUV (1 mg/mL). The rate constant for efflux
was calculated from a time-course of the release of cell cholesterol
during an 8-h incubation. Panel A: relationship between choles-
terol efflux to 5% serum and HDL. Panel B: relationship between
efflux to serum and SUV. Figure is adapted from reference 50.

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


 

784 Journal of Lipid Research

 

Volume 40, 1999

 

labeled cholesterol was then correlated with the level of
lipoproteins and apolipoproteins in each serum. As can
be seen from this figure, efflux from both Fu5AH cells
and L-cells correlated with HDL. However, there is no one
HDL subclass that is clearly superior (44) and the patterns
of correlations between efflux and HDL subclasses appear
to be different and depend on the donor cells (Fig. 3). In-
terestingly, efflux from macrophages correlated only with
the apoA-I concentration of each serum (Fig. 3), again
emphasizing the importance of cell-associated factors in
cholesterol efflux.

The need for phospholipid in the solubilization of se-
rum cholesterol has long been understood. Early studies
of Friedman and Byers (45) demonstrated the impor-
tance of phospholipid in RCT by showing that the injec-
tion of phospholipid into animals could shift tissue cho-
lesterol into the plasma compartment (see review by
Williams, Werth, and Wolff (46)). The relationship be-
tween HDL-phospholipid and efflux was well illustrated
in studies using Fu5AH cells as cholesterol donors and
sera from control rats and rats transgenic for human
apoA-I as cholesterol acceptors (47). In these transgenic
rats, as the expression of human apoA-I increases, the re-
sultant HDL particles become relatively depleted in
phospholipid. 

 

Figure 4

 

 illustrates the relationship be-
tween cholesterol efflux and the level of HDL-choles-
terol (panel A), serum apoA-I (panel B), and HDL-phos-
pholipid (panel C) in sera from control rats and rats
expressing differing amounts of human apoA-I. The sets
of data on HDL-cholesterol (panel A) and serum apoA-I
(panel B) demonstrate a curvilinear relationship, indi-
cating that at the higher concentrations of these two
components, efflux is less efficient. However, there is an

 

excellent linear correlation between efflux from Fu5AH
cells and HDL-phospholipid, consistent with the conclu-
sion that in this cell system, HDL-phospholipid is a major
determinant in cholesterol efflux (47, 48). More recent
studies using similar experimental systems have confirmed
the importance of HDL-phospholipid and demonstrated
that apolipoprotein composition also influences ac-
ceptor efficiency, with apoA-II negatively influencing ef-
flux (49).

 

Observation 3: Addition of phospholipid to serum
enhances cholesterol efflux

 

The importance of phospholipid in modulating choles-
terol efflux was further established from studies in which
phospholipid was directly added to serum. When control

Fig. 3. Relationships between cholesterol efflux from Fu5AH
cells, L-cells, and elicited mouse peritoneal macrophages and the
individual lipid, apolipoprotein, and lipoprotein components of
human serum. Each cell type was incubated with aliquots of speci-
mens of human serum (5%, n 5 29) and the rate of release of
[3H]cholesterol was correlated with the concentration of each indi-
vidual component (i.e., lipid, apolipoprotein, or lipoprotein) in
each specimen. The arrows indicate a significant correlation with
the indicated serum component.

Fig. 4. Relationships between fractional cholesterol efflux from
Fu5AH cells and the concentrations of HDL-cholesterol (A), total
apoA-I (B), and HDL-phospholipid (C) in serum from control rats
(open symbols) and rats expressing human apoA-I (closed sym-
bols). From reference 47.
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and phospholipid-modified sera were then incubated with
Fu5AH cells it was observed that the addition of the phos-
pholipid significantly enhanced the efflux rate (43); how-
ever, the stimulation of efflux with the addition of phos-
pholipid to serum is a cell-specific response (50). As
illustrated in 

 

Fig. 5A

 

, some cells, such as Fu5AH, are
highly responsive, whereas other cells, such as Y-1 adrenal
cells and human skin fibroblasts are resistant. Responsive
cell types exhibit enhanced efflux to both phosphatidyl-
choline and sphingomyelin supplementation (43). Addi-
tion of these phospholipids to serum produces modifica-
tions in essentially all lipoprotein fractions (43), but efflux
studies with lipoproteins isolated from PL-modified serum
point to HDL as being responsible for the effect.

 

Observation 4: By using cyclodextrins at high 
concentrations it can be demonstrated that 

 

a

 

) the 
difference in cholesterol efflux between cell types is 
largely lost, and 

 

b

 

) cells have at least two kinetically 
distinct cholesterol pools

 

As discussed previously, and illustrated in Fig. 1, the rate
of cholesterol release varies widely among cell types when

 

the acceptor contains phospholipid. However, these differ-
ences among cells are reduced or eliminated if cyclodex-
trins at concentrations 

 

.

 

5 m

 

m

 

 are used as acceptors. 

 

Figure
6

 

 presents estimates of apparent 

 

V

 

m

 

ax

 

 values for Fu5AH,
L-cells, and fibroblasts exposed to HDL or two different
cyclodextrins (11). Two points become obvious: 

 

1

 

) the cell-
dependent differences between cell types exposed to
phospholipid-containing acceptors are not apparent when
cyclodextrin acceptors are used, and 

 

2

 

) the efflux-stimulating
potential of cyclodextrins is far greater than that of HDL.
In addition, because of the ability of cyclodextrins to re-
move cell cholesterol rapidly, it is possible to use these ac-
ceptors to obtain reliable estimates of the kinetics of efflux
under conditions where the rate-limiting step for efflux is
the movement of cholesterol molecules out of the plasma
membrane. Previous attempts to study the detailed kinetics
of efflux utilized high concentrations of phospholipid-
containing acceptors (51) or followed the release of fluo-
rescent analogs of cholesterol (52). Both of these ap-
proaches yielded evidence of multiple kinetic pools, but,
depending on the cell-acceptor combination, estimates of
these pools varied considerably in terms of pool size and
t

 

½

 

 (53). More recent studies on the kinetics of cholesterol
efflux using high concentrations of cyclodextrins have
demonstrated the presence of two kinetic pools of choles-
terol in a number of cell types, and provided values dem-
onstrating a fast pool with t

 

½

 

 values of approximately 30
sec and a slow pool having t

 

½

 

 ranging from 25 to 35 min
(13). The size of these pools varies somewhat depending
on cell type, generally falling into a range from 30% fast
to 70% fast (see Fig. 13B as an example). Whether these
pools represent cholesterol in the inner or outer leaflet of
the membrane or are laterally separated lipid domains re-
mains to be resolved.

 

Observation 5: Cyclodextrins at low concentrations can 
act as cholesterol shuttles facilitating the movement
of cholesterol between plasma membranes 
and extracellular cholesterol acceptors

 

The addition of low concentrations of cyclodextrins
(

 

,

 

1 m

 

m

 

) to tissue culture medium does not produce sig-

Fig. 5. Panel A: The stimulation of cholesterol efflux from vari-
ous cell types produced by the supplementation of human serum
with phosphatidylcholine. The method of addition of the phospho-
lipid to the serum, the incubation conditions and the calculation of
efflux values are as described in reference 43. Panel B: The stimula-
tion of cholesterol efflux from various cell types by the addition of
low concentrations of cyclodextrins to serum. Percent stimulation
represents the difference in efflux rates obtained between cultures
incubated with 5% human serum and with the same serum after
supplementation with 0.05 mm methyl-b-cyclodextrin. Rate con-
stants for efflux were determined from data collected during an 8-h
incubation. Values are the average of 3 determinations 6 SD.

Fig. 6. Vmax values for the rate of cholesterol efflux from Fu5AH
cells, L-cells, and human skin fibroblasts. Efflux assays and Vmax val-
ues were calculated as described in reference 11; h, methyl-b-cyclo-
dextrin; , 2-hydroxypropyl-b-cyclodextrin; j, HDL3.
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nificant release of cholesterol from cells; however, if this
concentration of cyclodextrin is added together with se-
rum, the rate of cholesterol release is greater than that
with serum alone (14). This is illustrated by the data pre-
sented in 

 

Fig. 7A

 

 showing that the fractional release of ra-
diolabeled cholesterol from J774 cells incubated with 5%
human serum is greatly enhanced after supplementation
of the serum with 1 m

 

m

 

 hydroxypropyl-

 

b

 

-cyclodextrin.
This movement of labeled cholesterol is not accompanied
by a significant change in cell cholesterol mass (Fig. 7B).
However, when phospholipid vesicles are added to the se-
rum/cyclodextrin mixture, the efflux of labeled choles-
terol is accompanied by a net depletion of cell cholesterol

mass (Fig. 7B). The model depicted in 

 

Fig. 8

 

 can explain
these results. As discussed earlier, the movement of choles-
terol between cells and serum lipoproteins is a bi-directional
process (Fig. 8A). At low concentrations cyclodextrins can
act as cholesterol shuttles, catalyzing the bi-directional
movement of cholesterol molecules between the plasma
membrane and lipoproteins. As both influx and efflux are
equally stimulated, there is then increased turnover of
radiolabeled cholesterol without a change in cell choles-
terol mass (Fig. 8B). However, as illustrated in Fig. 8C, the
addition of phospholipid vesicles together with cyclodex-
trins results in the net efflux of cell cholesterol because
the phospholipid vesicles act as extracellular cholesterol

Fig. 7. Efflux of cholesterol from J774 cells exposed to combinations of human serum, LUV, and 2-hydrox-
ypropyl-b-cyclodextrin. Isotope represents the fractional efflux of [3H]cholesterol released to the indicated
acceptors in a 2-h incubation. Mass is the reduction in cell FC mass during the 2-h incubation. Data are from
reference 14.

Fig. 8. The shuttle and sink model for cellular cholesterol efflux. (A) The movement of cholesterol mole-
cules between the cell plasma membrane and a lipoprotein such as HDL is a bi-directional process with in-
flux and efflux being separate processes. Under many conditions, FC in the membrane is in equilibrium with
FC in the lipoproteins, thus there is turnover of cholesterol molecules without changes in cholesterol mass in
either cell or medium compartments. When low concentrations of cyclodextrins are added to the serum (B),
the rates of influx and efflux increase, but the equilibrium is not changed. Thus, cholesterol molecules turn
over at a faster rate but there is no net change in cholesterol content in cells or medium. When both PL vesi-
cles and cyclodextrins are added to the medium (C), the vesicles act as a sink for extracellular cholesterol,
thus shifting the equilibrium to favor net efflux. From reference 14.
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sinks. As shown in this figure, efflux rate is enhanced by
the cyclodextrins, while the rate of influx is reduced be-
cause of the trapping of extracellular cholesterol in the
phospholipid vesicles. The ability of low concentrations of
cyclodextrins to act as cholesterol shuttles and enhance
cell cholesterol efflux to serum lipoproteins is not a uni-
form characteristic of all cell types, as a shown in Fig. 5B.
Thus, some cells are highly responsive to the presence of
cyclodextrin shuttles, whereas this shuttling effect is re-
duced or absent with other cell types. Interestingly, those
cell lines that were the most responsive to phospholipid
supplementation of serum (Fig. 5A) tend to be the least re-
sponsive to the shuttling capabilities of cyclodextrins (50).

The studies that demonstrated the ability of cyclodex-
trins to act as cholesterol shuttles, and which also demon-
strated that phospholipid vesicles can serve as cholesterol
sinks, reinforced the hypothesis that serum lipoproteins
could perform similar functions in the process of RCT
(54, 55). Thus, some lipoprotein particles may participate
in the initial movement of FC from the plasma membrane
and then transport this cholesterol to larger lipoprotein
particles that act as cholesterol sinks (14). Lipoprotein
particles that function as initial cholesterol transporters
would be expected to be small and have a high efficiency
for acquiring cholesterol, but have a low capacity to hold
cholesterol. Pre

 

b

 

-HDL (23, 54, 56) or small 

 

a

 

-migrating
HDL (57, 58) would have the properties necessary to be
an efficient cholesterol shuttle or transporter. In contrast
to the cyclodextrins that act catalytically, it is probable that
physiological shuttles or transporters undergo a series of
metabolic changes mediated by LCAT, CETP, and PLPT as
the cell-derived cholesterol traverses the route from cell
membrane to lipoprotein sink (23, 54, 56). In contrast,
lipoprotein particles that serve as cholesterol sinks would
be large and relatively inefficient in acquiring cholesterol

 

directly from cells, but would have a high capacity to hold
cholesterol. The chylomicrons and very low density lipo-
proteins (VLDL) have been shown to serve as cholesterol
sinks by acquiring cell-derived cholesterol after esterifica-
tion by LCAT and transfer by CETP (59).

 

Observation 6: Lipid-free apolipoproteins can stimulate 
the efflux of cellular cholesterol and phospholipid

 

It has been demonstrated that both apoA-I and apoA-IV
can be isolated from serum or plasma in a lipid-free/lipid-
poor state (17, 20, 60, 61). Investigations conducted in a
number of different laboratories have shown that such
apolipoproteins can participate in the efflux of cellular
lipids, and this may represent initial steps in RCT. The ex-
tent to which a cell will release cholesterol or phospholipid
to lipid-free apolipoproteins depends both on the cell type
and on the metabolic status of the cell. Among the most re-
sponsive cells are macrophages (29, 62) whereas smooth
muscle cells are among the most resistant cells (63). Thus,
exposure of macrophages, CHO cells, L-cells, and fibro-
blasts to apoA-I, apoA-II, apoE, or apoA-IV results in the re-
lease of both cellular cholesterol and cellular phospholipid
(3, 27, 29, 64). In most systems the efflux of cell cholesterol
is closely paralleled by the release of phospholipid. As illus-
trated in 

 

Fig. 9

 

, the EC

 

50

 

 values for release of these two
membrane lipids from fibroblasts to either apoA-I or
apoA-IV are similar (65). As a series of synthetic peptides
exhibiting amphipathic helical structures have the ability
to promote cellular lipid release to the same extent as na-
tive apolipoproteins (28, 29), it is obvious that specific
amino acid sequences are not required for lipid efflux. Al-
though some investigators have reported the need for
multiple helices in order to obtain efflux (27, 28), other
investigations have demonstrated efflux with apolipopro-
teins or peptides having a single helical structure (29).

Fig. 9. Dependence of cholesterol and phospholipid efflux from cholesterol-enriched human fibroblasts
on apoA-I and A-IV concentrations. Cells were labeled with [3H]cholesterol and [32P]phosphate, and en-
riched with cholesterol as described in reference 65. Increasing amounts of apolipoproteins were added to
medium and incubated with cells for 24 h. Values are means 6 SD, n 5 3. Figure from reference 65.
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Two metabolic manipulations of the cells have been
shown to result in an enhancement of lipid release to
lipid-poor apolipoproteins. The first treatment is the en-
richment of cells with FC, and a number of different cell
types have been shown to exhibit increased lipid release
after cellular cholesterol loading (65). The second meta-
bolic manipulation that enhances lipid release to lipid-
free apolipoproteins is the treatment of cells with cAMP.
Transformed macrophages such as J774 and RAW appear
to be particularly sensitive to cAMP treatment, and efflux
of cholesterol to apoA-I can be stimulated up to 5-fold
above that of control cells after exposure to cAMP (66,
67). Of particular interest are recent studies demonstrat-
ing that after cAMP treatment of either RAW or J774 mac-
rophages there is increased specific binding of lipid-free
apolipoproteins to the cells which parallels the enhanced
efflux of cellular lipids (

 

Table 1

 

). These results, together
with a variety of other reports (3, 68–70), indicate that at
least in some cell systems the efflux of cell lipids to lipid-
free apolipoproteins involves the interaction of the apoli-
poprotein with cell membrane binding sites. Not all cells
respond to cAMP exposure by up-regulating lipid efflux to
apolipoproteins (67), and it is not yet definitely established
whether such cells are refractive to cAMP because they can-
not produce this putative receptor, or because they are con-
stitutively expressing maximum levels of the receptor.

A number of different mechanisms may be involved in
the release of cellular lipids to lipid-free apolipoproteins,
and these mechanisms may operate simultaneously, yet in-
dependently. Studies have demonstrated that a portion of
the cholesterol and phospholipid released from cells is
present in the culture medium associated with the apo-
lipoproteins in the form of small pre

 

b

 

-HDL-like particles
(16, 71, 72) and 

 

a

 

-migrating HDL (57). The type of HDL
particle, pre

 

b

 

- or 

 

a

 

-HDL, appears to be a function of
the concentration of lipid-free apolipoprotein present in
the medium (58). In addition to the small HDL particles,
large vesicular structures containing cholesterol and phos-
pholipid can also be recovered in the culture medium
after cells are exposed to apolipoproteins (29, 72). It is
likely that the small particles and large vesicles are pro-
duced by different mechanisms. Two general mechanisms
have been proposed for the release of cell membrane lip-

ids to lipid-free apolipoproteins. The first mechanism
would involve the interaction of the apolipoprotein with
the cell membrane where it would acquire both phospho-
lipid and cholesterol. This process can result in the simul-
taneous release of both lipids (64); this process of mem-
brane microsolubilization is the mechanism by which
incompletely lipidated apoA-I molecules or pre

 

b

 

-HDL in-
duce cellular cholesterol efflux. Alternatively, there is evi-
dence for the sequential release of phospholipid followed
by the acquisition by apolipoprotein/phospholipid com-
plexes of membrane cholesterol (29, 72). Either series of
events could result in the formation of the pre

 

b

 

-HDL-like
particles that have been isolated from culture medium
(15, 62). Another mechanism for apolipoprotein-medi-
ated cell lipid efflux could involve the vesiculation of the
plasma membrane followed by the release of these vesicles
into the culture media, and large amorphous structures
have been observed by electron microscopy in the culture
medium of apoA-I-treated cells (29, 72).

 

Observation 7: The rate of cell cholesterol release and the 
extent of stimulation by phospholipid supplementation 
of serum correlates with the expression level 
of SR-BI protein on cells

Many of the previously discussed observations on cell
cholesterol efflux can now be explained by recent obser-
vations linking cholesterol efflux to the scavenger recep-
tor class B, type I (SR-BI). This receptor has been shown
to bind HDL with high affinity (73, 74). SR-BI can also
bind many other ligands, such as native LDL, modified
proteins (acetylated LDL, oxidized LDL), anionic phos-
pholipid vesicles (75), and lipid-free apolipoproteins (76).
Unlike other scavenger receptors, such as those which
bind and internalize the whole particle (77), SR-BI can
bind HDL reversibly and mediate selective cholesteryl es-
ter (CE) uptake (78). When a number of cell types were
screened for the expression level of SR-BI, a large differ-
ence between cells was observed (79). Among all of the
cells tested, Fu5AH hepatoma cells expressed the most re-
ceptor protein, while other cell lines exhibited a range of
lower expression levels (79). As can be seen from Fig. 10,
there is a direct relationship between the efflux rate of
cholesterol to HDL or SUV and the level of SR-BI in sev-
eral different cell lines. With all phospholipid-containing
acceptors the rate of cholesterol release is most sensitive
to SR-BI levels at the low concentrations of SR-BI, al-
though the rate is not proportional to the amount of SR-
BI (50). Further confirmation of the importance of SR-BI
in modulating the efflux of cell cholesterol is illustrated
by Fig. 11 which shows the efflux values to serum, HDL,
and SUV from vector-transfected COS-7 cells (control)
and cells transiently transfected with SR-BI. SR-BI expres-
sion markedly increases efflux to each acceptor. It is note-
worthy that the efflux to apolipoprotein-free phospho-
lipid vesicles correlates with the SR-BI level even though it
has been found that phosphatidylcholine or sphingomye-
lin liposomes cannot compete with anionic PL for binding
to the receptor (75). In studies with stably transfected
CHO cells or transiently transfected COS cells, it was dem-

TABLE 1. Effect of cAMP on lipid-free apoA-I-mediated 
cholesterol efflux and apoA-I binding to J774 mouse macrophages

Control Cells
cAMP-treated

Cellsa

Efflux
Max efflux (%/2 h) 0.20 6 0.01 0.56 6 0.07c

EC50 (mg apoA-I/mL) 3.4 6 1.9 2.3 6 1.9

Specific bindingb

Bmax (ng apoA-I/mg cell protein) 53 6 18 88 6 13c

Kd (mg apoA-I/mL) 22 6 15 11 6 5

a J774 monolayers were treated with 0.3 mm CPT-cAMP for 8 h
prior to incubation with lipid-free human apoA-I.

b Binding of 125I-labeled apoA-I was conducted at 48C for 1 h. Ef-
flux assay at 378C for 2 h.

c Control vs. cAMP-treated, P , 0.05.
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onstrated that the expression of SR-BI stimulates both the
efflux of cell cholesterol and influx of HDL cholesterol
(Table 2); thus, SR-BI creates an environment in which
the bi-directional flux of FC is increased (80). However,
the expression of SR-BI does not increase the efflux of cell
cholesterol to lipid-free apoA-I, even though the apolipo-
protein is bound to the receptor (79, 80). Thus, the efflux
of cholesterol to lipid-free apolipoproteins and the efflux
to phospholipid-containing acceptors are two indepen-
dent processes.

The observation that SR-BI expression stimulates the ef-
flux of cholesterol to PL vesicles that do not bind to the re-
ceptor provided the first evidence that binding was not the
primary event that increased the flux of FC between cells
and HDL. To test the importance of binding, rate of choles-
terol efflux was measured using COS cells expressing either
SR-BI or the closely related scavenger receptor CD36 (81).
As is illustrated in Fig. 12, both receptors bind HDL but
marked enhancement of FC efflux is obtained only with SR-
BI. Additional recent experiments have demonstrated that
the expression of SR-BI in COS cells results in the reorgani-

zation of lipid domains in the cell membrane as measured
by an increased sensitivity of membrane cholesterol to cho-
lesterol oxidase (80) (Fig. 13A) and a change in the kinet-
ics of cholesterol efflux to cyclodextrins (Fig. 13B) (G. Wei-
bel, unpublished observation). Thus, SR-BI expression plays
an important role in FC flux, and can promote FC flux by a
mechanism where cell surface binding of the acceptor is
not a major component. Rather, the effect of SR-BI is more
subtle and involves significant shifts in the distribution of
plasma membrane cholesterol pools.

A THREE-COMPONENT MODEL FOR CELLULAR 
CHOLESTEROL EFFLUX

The various observations presented above can be recon-
ciled in a hypothetical model in which it is proposed that
there are three basic mechanisms involved in the efflux of
cellular cholesterol (Fig. 14). The extent to which each of
these mechanisms participates is governed by factors such
as cell type, metabolic state of the cell, and nature of the
extracellular acceptor. The mechanisms depicted in pan-
els 1 and 2 operate in all cell types, whereas those illus-

Fig. 10. Relationship between cellular cholesterol efflux rates and
the expression level of SR-BI protein in different cell types. SR-BI
levels were determined by Western blotting of cell membrane prepa-
rations and densitometric quantitation as described in reference 77.
Panel A: Efflux of [3H]cholesterol to 75 mg/mL HDL3 protein.
Panel B: Efflux of [3H]cholesterol to 1 mg/mL 1-palmitoyl-2-ole-
oylphosphatidylcholine SUV. Data taken from references 50, 79.

Fig. 11. Effect of SR-BI expression on cholesterol efflux to hu-
man serum, HDL, or SUV. COS-7 cells were transfected to express
SR-BI or vector DNA as a control. Cells were incubated with the in-
dicated acceptors 48 h post-transfection. Efflux of [3H]cholesterol
was measured after a 2-h incubation. From reference 80.

TABLE 2. Effect of expression of SR-BI on the bi-directional
flux of free cholesterol between cells and HDL

Efflux Influx Net Flux to HDL

mg FC/h/mg 
protein

mg FC/h/mg 
protein

mg FC/h/mg
protein

CHO cells
Control 0.8 0.5 0.3
SR-BI 1.3 0.9 0.4

COS-7 cells
Control 0.8 2.3 21.5
SR-BI 2.1 3.4 21.3

Influx and efflux values were calculated from non-linear regres-
sion fits of 24 h time courses. CHO cells were incubated with 75 mg/
mL HDL3. COS-7 cells were incubated with 250 mg/mL HDL3.
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trated in panels 3 and 4 are dependent on receptors only
expressed in some cells.

Mechanism 1: Desorption of cholesterol molecules out
of the plasma membrane and diffusion through the 
aqueous phase to phospholipid-containing 
lipoproteins (Fig. 14, panel 1)

The simplest and most basic mechanism responsible for
cellular cholesterol efflux is the process in which individual
cholesterol molecules desorb from the plasma membrane,
diffuse through the aqueous phase, and are subsequently
incorporated into PL-containing acceptor particles; this
process involving diffusion of cholesterol down a concen-
tration gradient has been extensively reviewed (6, 7, 36).
The rate of cholesterol release by aqueous diffusion is in-
fluenced by both cell and acceptor properties. The des-
orption step has a high activation energy (7, 13). The rate
of cholesterol desorption can be modulated by the distri-
bution of lipids between membrane domains. Cholesterol
efflux kinetics show fast and slow pools, most convincingly
demonstrated using fluorescent sterol analogs (82) or cy-
clodextrin acceptors (13) that reflect the distribution of

cholesterol in such membrane domains. It has been estab-
lished that cholesterol within the slow pool can replenish
the fast pool with half times ranging between 20–35 min
(13). As this rate is faster than the t½ for cholesterol efflux
to any phospholipid-containing acceptor, it can be con-
cluded that the movement of cholesterol from slow to fast
pool is not a rate-limiting step. It has, however, been estab-
lished that the relative distribution of cholesterol among
fast and slow pools varies among different cell types, and
that there is a general correlation between the relative size
of the fast pool and the rate of cholesterol efflux from dif-
ferent cell types (13, 51). The organization of cholesterol
in plasma membrane domains can be expected to change
depending on the amount of cholesterol in the mem-
brane (83, 84), and membrane cholesterol content can
therefore influence the rate of release. (Fig. 14, panel 1).

Rates of cholesterol release mediated by a pure aqueous
diffusion process are significantly influenced by acceptor

Fig. 12. Relationships between the efflux of cell cholesterol and
the specific binding of HDL to SR-BI and CD36. Transfected COS-7
cells expressing SR-BI, CD36, or vector DNA were labeled with
[3H]cholesterol. Panel A: Efflux of cellular cholesterol to HDL (25
mg protein/mL) was measured after a 2-h incubation. Panel B:
Total HDL binding and non-specific binding (plus a 20-fold excess
unlabeled ligand) were measured at 48C in parallel dishes. Specific
binding was determined as difference between total and non-
specific binding. Data taken from reference 80.

Fig. 13. Effect of expression of SR-BI on the organization of cho-
lesterol in the plasma membrane. Transfected COS-7 cells express-
ing SR-BI, CD36, or vector DNA were prepared and labeled with
[3H]cholesterol. Panel A: Cholesterol oxidation assay. Labeled cell
monolayers were fixed with 1% glutaraldehyde for 10 min and in-
cubated with cholesterol oxidase for 30 min at 378C as described by
Slotte and Bierman (93). After separation by thin-layer chromatog-
raphy, radioactive cholesterol and cholestanone were quantitated.
Data taken from reference 78. Panel B: Efflux of cell cholesterol to
50 mm 2-hydroxypropyl-b-cyclodextrin. Labeled cells were placed in
suspension and efflux to the cyclodextrin was measured at the indi-
cated times; s, control cells; h, CD36 transfected cells; j, SR-BI
transfected cells. Details for the measurement of efflux and the cal-
culation of efflux values are as described in reference 13. (G. Wei-
bel and G. H. Rothblat, unpublished data).
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Fig. 14. Mechanisms participating in the efflux of cellular plasma membrane cholesterol. Mechanisms 1 and 2 operate in all cells types,
whereas mechanisms 3 and 4 promote cell cholesterol efflux under some conditions in some cells. Panel 1: Unmediated aqueous diffusion.
Cholesterol molecules desorb from the plasma membrane into the aqueous phase and are subsequently incorporated into PL-containing ac-
ceptors. Diffusion and mixing of cholesterol molecules in the aqueous phase is limited by the unstirred water layer, and access to the cell sur-
face is reduced as acceptor size is increased. The rate of desorption is influenced by the cholesterol/PL domain structure in the membrane and
enrichment of the plasma membrane with cholesterol changes these domains and increases efflux rates. Efflux by simple diffusion is a relatively
inefficient process. Panel 2: Lipid-free and lipid-poor apolipoprotein interactions with plasma membrane lipid domains. Lipid-free or unassoci-
ated apolipoproteins, indicated here as shuttles, interact through their amphipathic domains with lipid domains within the plasma membrane
and acquire both PL and cholesterol in a membrane microsolubilization process. These newly lipidated particles participate in the transfer of
membrane cholesterol to larger particles that serve as cholesterol sinks. This transfer of cholesterol can occur through the modification of the
initial acceptor, or by transfer of FC or CE, in part mediated by LCAT and CETP. Apolipoprotein/membrane interactions occur with all cells,
and removal of cholesterol and phospholipid is increased upon enrichment of the membrane with cholesterol. Panel 3: Membrane microsolu-
bilization mediated by apolipoprotein interactions with plasma membrane receptors. As in panel 2, lipid-free apolipoproteins interact with cell
plasma membrane to acquire both PL and FC; however, in this case there is a protein/protein interaction between the apolipoprotein and spe-
cific receptors (?, putative receptor) in the membrane. In addition to binding the apolipoprotein, the expression of the receptor may organize
lipid domain structure within the membrane to enhance PL and FC transfer to the apolipoprotein. The presence of the receptor increases the
rate of transfer of membrane lipids to the apolipoprotein shuttle. Panel 4: SR-BI-mediated efflux. SR-BI expressed on the plasma membrane
both binds acceptors and changes the lipid domain organization within the membrane. The binding of the lipoprotein results in an increase in
the efflux rate of membrane cholesterol; however, the additional effects of SR-BI are likely to result from the membrane reorganization that in-
creases the rate of exchange of FC between cells and PL-containing acceptors. This latter effect will be particularly significant at acceptor con-
centrations where SR-BI is saturated. Because this is an efficient process in which FC molecules move directly between larger acceptors and
plasma membrane, there is a reduced need for efflux mediated by lipid-free or lipid-poor apolipoproteins serving as shuttles.

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


792 Journal of Lipid Research Volume 40, 1999

properties (6, 7, 39). Acceptor size is an important factor
as diffusional considerations and the presence of extracel-
lular matrix limit the access to the cell surface. Thus,
small phospholipid-containing particles can more readily
approach the cell surface, reducing the thickness of the
aqueous layer that desorbed cholesterol molecules have to
traverse. However, it has been estimated that even small
phospholipid-containing particles cannot directly contact
the plasma membrane because of phospholipid to phos-
pholipid repulsion factors (85), and therefore an aqueous
layer would always restrict cholesterol movement medi-
ated by this process. Thus, desorption and aqueous diffu-
sion can be viewed as a relatively inefficient mechanism
that operates in all cell types. Its relative contribution to
cellular cholesterol efflux varies among cell types, de-
pending on the availability of additional mechanisms that
can enhance cholesterol efflux efficiency.

Mechanism 2: Efflux of membrane cholesterol and
phospholipid to lipid-free or lipid-poor apolipoproteins 
(Fig. 14, panels 2 and 3)

The second mechanism for cellular cholesterol efflux
involves lipid-depleted apolipoproteins as cholesterol ac-
ceptors. The extent to which the membrane microsolubi-
lization process (64) contributes to overall efflux depends
on cell type. In this mechanism the apolipoproteins di-
rectly interact with the plasma membrane, during which
time they remove membrane lipid and thus serve as trans-
porters to move cholesterol away from the cell surface. In
this manner unassociated apolipoproteins form small
HDL particles and can function as cholesterol transport-
ers, or shuttles, by acting as the initial acceptors of plasma
membrane cholesterol. These initial acceptors subse-
quently transport this cholesterol to larger lipoproteins
that serve as cholesterol sinks (23, 56, 59, 86). However,
unlike cyclodextrin shuttles that act catalytically as they ac-
quire membrane cholesterol, unassociated apolipopro-
teins probably undergo metabolic transformations medi-
ated by CETP, PLTP, and LCAT as the cholesterol moves
from initial acceptors to sinks (15, 59, 64).

The release of cholesterol to lipid-free apolipoproteins
is linked to the release of cell membrane phospholipid
(Fig. 14, panel 2). The magnitude of the response varies
among cells (63, 71), and is also a function of the meta-
bolic status of the cells. The two metabolic manipulations
of cells that have been shown to enhance apolipoprotein-
mediated lipid efflux are cholesterol enrichment (Fig.
14, panel 2) and cAMP treatment (Fig. 14, panel 3) (66).
These two treatments appear to operate by different
mechanisms as the stimulation of efflux appears to be ad-
ditive when FC-enriched cells are exposed to cAMP (67).
It has been proposed that the cholesterol enrichment
modifies the membrane lipid domain structure, resulting
in a greater interaction between the lipid-free apolipo-
proteins and membrane lipid domains. The nature of
these membrane domains remains to be resolved, but it is
probable that they are associated with the caveolae and
detergent-resistant membranes (DRMs) that have been

implicated as structures that play an important role in
cell cholesterol flux (84, 87–89). The mechanism under-
lying the action of cAMP involves the induction of apoli-
poprotein binding sites on the cell surface (66, 67) (Fig.
14, panel 3).The observation that apoA-I specific binding
is increased in parallel to the increased efflux upon treat-
ment of cells with cAMP (Table 1) indicates that the re-
lease of cholesterol to lipid-free apolipoproteins is linked
to the binding of the apolipoprotein to receptors on the
cell membrane. However, the fact that the EC50 for efflux
to apoA-I is considerably lower than the Kd for apoA-I
binding suggests that only a subset of the binding sites is
involved in efflux, perhaps because they are in a particu-
lar membrane domain.

Mechanism 3: Exchange of free cholesterol mediated 
by SR-BI (Fig. 14, panel 4)

The third mechanism that participates in the move-
ment of cholesterol between cell plasma membranes and
lipoproteins occurs in those cells expressing the SR-BI re-
ceptor (50, 79). As discussed earlier, the efficiency of ef-
flux of cellular cholesterol to PL-containing acceptors is
enhanced by the expression level of SR-BI protein on the
surface of donor cells. In addition, the ability of PL sup-
plementation of serum or HDL to enhance the rate of
cholesterol efflux is also improved by SR-BI expression.
This increase in cholesterol flux is not entirely accom-
plished by the tethering of the acceptor particle to the mem-
brane, but rather it is largely due to changes in the organi-
zation of the lipids in the plasma membrane (80). Because
at least some of the SR-BI tends to locate in caveolae (78,
90) it is likely that the SR-BI-induced changes in plasma
membrane organization involve caveolae and/or lipid
rafts (84, 91).

The presence of SR-BI on the plasma membrane cre-
ates an environment whereby the rate of exchange of FC
molecules is increased (i.e., the exchange is facilitated).
In such a situation the net movement of FC between cells
and lipoproteins is not influenced by SR-BI. Instead, the
net movement of FC is a reflection of the cholesterol gra-
dient that exists between the lipoproteins (acceptors)
and the cells. Just as in the case of simple aqueous diffu-
sion (Fig. 14, panel 1) (7, 41), these gradients result
from the complex interactions between lipoprotein com-
position, as influenced by such factors as LCAT, CETP,
and PLTP, differences in plasma membrane and accep-
tor PL/cholesterol ratios, and the activity of ACAT within
the cells. When there is increased flux between SR-BI pos-
itive cells and PL-rich HDL, the need for lipid-free/poor
cholesterol shuttles is diminished. Thus, the stimulation
of cholesterol flux by lipid-free apolipoproteins or small,
HDL is probably of greatest importance in those cells that
do not express SR-BI. In addition to increasing the rate of
exchange of FC between HDL and cell membranes, the
presence of SR-BI also promotes the uptake of HDL-CE
(74, 76). It is interesting that in Fu5AH cells, which ex-
press very high levels of the receptor, the influx of HDL-
FC greatly exceeds the uptake of HDL-CE (92).
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FUTURE DIRECTIONS

Understanding the biochemical and morphological nature 
of kinetically distinct cellular cholesterol pools

Studies on the kinetics of cholesterol flux have shown
the occurrence of multiple membrane cholesterol pools.
Although these are typically referred to as slow and fast
pools and may represent lipid rafts or domains in the
membrane, at present there is no information about their
biochemical nature. There is increasing evidence that
structures such as caveolae play an important role in cho-
lesterol flux, but direct evidence linking specific mem-
brane domains or structures to the kinetic pools remains
to be obtained. Thus, an important challenge for future
studies is to identify these pools biochemically and to
learn how alterations in membrane domains influence
cholesterol efflux rates. An initial step will require efflux
studies with artificial membranes in which domain organi-
zation can be systematically altered to elucidate how alter-
ations in membrane domains may influence cholesterol
flux in living cells. It will be more difficult, but important,
to test and extend hypotheses generated with artificial sys-
tems to cholesterol flux in intact cells.

Understanding the mechanism of cholesterol 
efflux to lipid-poor acceptors

Another important issue is the efflux of cell cholesterol
to lipid-free/lipid-poor acceptors. Efflux to such accep-
tors occurs with a number of cell types, but is prominent
in macrophages. These cells play a major role in choles-
terol accumulation, and understanding this mechanism
will provide new ways to enhance cholesterol removal
from arterial lesions. At present we have circumstantial ev-
idence that a membrane receptor(s) is necessary for this
process in macrophages and other cells. However, this re-
ceptor(s) has not been identified. An important focus of
research is to identify and clone the macrophage recep-
tor(s) for lipid-free apolipoproteins and to determine its
tissue distribution. This accomplishment would open the
way for molecular studies on this process, both in cell cul-
ture and in vivo.

Understanding the structure and function of 
SR-BI and its role in lipid flux

SR-BI is the first membrane protein that has been
shown to influence cholesterol flux across the membrane
and to alter the organization of cholesterol within the
membrane. It is expressed most highly in steroidogenic
cells where it mediates the uptake of cholesteryl ester as
well as the flux of free cholesterol. SR-BI is also substan-
tially expressed in the liver and in macrophages where
it may impact on reverse cholesterol transport and ath-
erosclerosis. Studies seeking to understand how SR-BI
works at the molecular level can be expected to provide
key information, not just about this receptor, but also
about fundamental aspects of lipid flux and membrane
domain organization in intact cells. It will be important
to learn how SR-BI works at the molecular level, how it is

organized in membrane domains, and how its expres-
sion is regulated. Such studies will provide fundamental
information as well as new targets for the development of
therapies to influence reverse cholesterol transport and
atherosclerosis.

Understanding how cellular and lipoprotein
phospholipids modulate net cholesterol flux

A new area is the study of the physiological role of phos-
pholipid in the cholesterol efflux process. Although both
the phospholipid composition and organization of the
plasma membrane modulate cellular cholesterol flux,
clearly the concentration and nature of the phospholipid
associated with extracellular acceptors play a fundemental
role in mediating their interaction with cells. Phospholip-
ids establish the cholesterol concentration gradients that
regulate the rate, magnitude, and direction of net choles-
terol movement. Studies in which the amount and type of
phospholipid in reconstituted and native lipoproteins is
manipulated will further elucidate the role of these lipids
in the acceptors. Moreover, elucidation of the origin and
regulation of lipoprotein phospholipids, and specifically
HDL phospholipids, will be important. Manipulating cell
membrane phospholipid composition will be much more
difficult; however, the study of cells expressing mutations
in phospholipid metabolism may provide useful models.

Understanding the physiological components
leading to net cholesterol flux

Finally, a fundamental question that remains is the rela-
tive contribution of the various efflux mechanisms to cho-
lesterol flux. Clearly this will depend on cell type, metabolic
status, and tissue location. Assessment of the contribu-
tions of each mechanism may be achieved by exposing
various cell types to medium containing different mixtures
of acceptors. In addition, sera from transgenic or KO
animals can be used to probe the contribution of serum
components, such as a specific apolipoprotein. However,
a clear understanding of the mechanism of efflux in vivo
will not be possible until new technologies are developed
that lead to a more precise understanding of the lipo-
protein and apolipoprotein composition of interstitial
fluids.

The data from this laboratory that are presented in this review
were obtained with the support of a number of National Insti-
tutes of Health grants including HL22633, HL03522, HL07443,
HL32868 (DLW), HL58012 (DLW), pre- and postdoctoral fel-
lowships from the American Heart Association, and funds from
Pfizer Central Research. Many excellent technicians, graduate
students, and postdoctoral fellows have contributed to the
studies described in this review and the authors thank all of
these investigators for their contributions over the years. The
authors also wish to acknowledge the contributions of Dr. Alan
Tall and colleagues who made the first observations on the role
of SR-BI in free cholesterol flux and whose collaboration con-
tributed greatly to our recent studies.
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