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Abstract It is widely believed that high density lipoprotein 
(HDL) protects against cardiovascular disexse by removing ex- 
cess cholesterol from cells of the artery wall. Recent cell cul- 
ture studies have provided evidence that a major pathway for 
removing cholesterol and  phospholipids from cells is medi- 
ated by the direct interactions of HDL apolipoproteins (apo) 
with plasma membrane domains. These interactions cffi- 
cientlv clear cells of excess sterol by targeting for removal 
pools of cholesterol that feed into the cholesteryl ester cycle. 
The  precursors for this pathway in vivo are likelv to be lipid- 
free or lipid-poor apolipoproteins generated either by dissoci- 
ation from the surface of HDL particles or by d e  novo synthe- 
sis. Fibroblasts from subjects with a severe HDL deficiency syn- 
drome called Tangier disease have a cellular defect that 
prevent.. apolipoproteins from removing both cholesterol and 
phospholipids from cells. This defect is associated with a near 
absence of plasma HDL, markedly below normal low density 
lipoprotein (LDL) levels. and the appearance of macrophage 
foam cells in tissues. Thus, a n  inability of nascent apoA-I to 
acquire cellular lipids results in a rapid clearance of apoA-I 
from the plasma, decreased production and increased clear- 
ance of LDL, and sterol deposition in tissue macrophages. Al- 
though the molecular properties of this pathway are  still 
poorly understood, these studies imply that the apolipopro- 
tein-mediated pathway for removal of cellular lipids is a ma- 
j o r  source of plasma cholesterol and phospholipids and plays 
a n  important role in clearing excess cholesterol from mac- 
rophages in vivo.-Oram, J.F., and S. Yokoyama. Apolip- 
protein-mediated remoml of  cellular cholesterol and phos- 
pholipids. J. Lipid Rps. 1996. 37: 2473-249 1. 
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Numerous population s tdies  have shown an inverse 
correlation between risk for cardiovascular disease and 
plasma HDL levels (1, 2). leading to the widely held 
view that HDL protects against atherogenesis. This pro- 
tection may be related to the role HDL plays in "reverse 
cholesterol transport", a pathway by which cholesterol 
is transported from extrahepatic cells to the liver for 

excretion from the body (3). It is believed that HDL 
retards formation of sterol-rich lesions in the artery wall 
by removing excess cholesterol from cells (4), the first 
and presumed rate-limiting step of reverse cholesterol 
transport. 

This simple concept for the anti-atherogenic effects 
of HDL has come under question lately, largely because 
some human subjects and animal models with a virtual 
absence of HDL show no symptoms of atherosclerosis 
(5.6) while others with above normal plasma HDL lev- 
els appear to have enhanced atherogenesis (7, 8). Re- 
cent cell culture studies are beginning to shed light on 
cellular mechanisms that may account for these appar- 
ent discrepancies and are generating important new 
insights into the relevance of HDLmediated lipid 
transport to lipoprotein metabolism and atherogene- 
sis. These studies have provided evidence that major 
precursors for mobilizing cholesterol from cells are 
HDL apolipoproteins associated with no or very little 
lipid. 

HDGmediated cholesterol efflux from cells 
Many studies have shown that HDL stimulates choles- 

terol efflux from cultured cells, but how this occurs has 
been disputed. Aqueous diffiision and apolipoprotein 
binding models have been proposed as mechanisms by 

Abhreviations: HDL. high density lipoprotein; LDL. low density 
lipoprotein; apo. apolipoprotein; 1.CXT. lecithin:cholesteroI acyl- 
transferase; AC'AT, acyl-CoAcliolesterol acyltransferase; ER, end- 
plasmic reticuliim; HRP. high densitv lipoprotein hinding protein: 
SR-131, scavenger receptor-131; NCEH, neutral cholesteryl ester hv- 
drolase; PKC, protein h a w  C TI), Tangier disease; CETP, choles- 
teryl ester transfer protein; <XD. cardiowscular disease; LpA-I. HI)L 
containing apoA-I withotit apoA-II; LpA-I:hll, HDL containing both 
apoA-I and apoA-11; LpA-N. HDL containing only apoA-n' as protein; 
yI.pE, HDI. containing only apoE as protein; PLTP. phospholipid 
transfer protein: LPL, lipoprotein lipase. 
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which HDL removes cellular cholesterol. 'The aqueous 
diffusion model is based on studies showing that the 
phospholipid surface of HDL particles reabsorbs clio- 
lesterol that spontaneously desorbs froni the plasiiia 
rnenibranc of cclls and diffuses through the aqueous 
layer surrounding the cell (9, 10). The apolipoprotein 
binding model proposes that HDL reniovrs cellular 
cholesterol through the interaction of HDL apolipo- 
proteins with c-ell-surface binding sites o r  receptors 
(1 1-17). I t  is n o w  apparent that HDL can remove cellu- 
lar cholesterol by both mechanisms, dcpcnding on the 
experimental conditions. 

The aqueous diffusion mechanism operates in both 
directions so that cholesterol molecules are exchanged 
between cell membranes and HDI, particles (9, 10, 18). 
For net reinoval of cellular cholesterol to occur, a physi- 
cochemical gradient must be cstablished between the 
cell sur fxe  and HDL particles so that more cholesterol 
molecules are transferred to HDL than in the opposite 
direction. This gradient depends on thc properties of 
both the cell membrane and cholesterol acceptor parti- 
cles (9, 18-25). When an acceptor particle has a large 
capacity to absorb cholesterol, the rate-limiting step for 
cholesterol removal by this mechanism is desorption 
from the plasma membrane (9). The cholesterol ab- 
sorption capacity of HDL,, however, can saturate and be- 
come rate limiting, especially in the presence o f  a large 
source of cell membrane cholesterol. Under these c o n  
ditions, the addition of the plasma enzyme 1ecithin:cho- 
lesterol acyltransferase (LCAT) improves the acceptor 
properties of HDL, and increases its ability to remove 
cholesterol from cells (26, 27) ,  presumably because the 
esterification of cholesterol on the particle surfiacc dis- 
places it into the core and allows surfact: phospholipids 
to incorporate more free cholesterol. With many cell 
types in culture, the rate of desorption of cholesterol 
from the plasma membrane is relatively slow ( t i  > 12 
h )  (9, 19, 21, 2H), and the aqueous diffusion mechanism 
can be inefficient even in the presence of LCAT at clear- 
ing cellular pools of excess cholesterol that arc con- 
verted to and stored as cytosolic cholesteryl esters ( I S ,  
16, 17, 26, 27, 29). 

The second mechanism by which HDL promotes cho- 
lesterol efflux from cells is mediated largely by its major 
apolipoprotein, apoA-I, probably after i t  dissociates 
from the surface of HDI, particles ( 13-1 7 ,  30). 
Through reversible interactions with cell-surface bind- 
ing sites, apoA-I not only removes cholesterol and phos- 
pholipids directly from the plasma membrane (13-17, 
26-35), it also appears to stimulate mobilization o f  
pools of cholesterol that are readily accessible to esteri- 
fication by acyl-CoA:cholesterol acyltransferase (ACAT) 
(13, 17, 29, 30, 36, 37) ,  a ~ i  enzyme localized to the 
rough endoplasmic reticulum (ER) . This process allows 

HDL, to rapidly and efficiently remove excess choies- 
lei-01 that would otherwise he stored as c1ioleste1)il 
esters. 

Apolipoprotein-mediated cholesterol and 
phospholipid efflux from cells 

Early studies with cultured fibroblasts provided the 
first hint that HDL could stimulate cholesterol efflux 
from cells by more than one mechanism. Exposure of 
fibroblasts to HDL was shown to rapidly deplete cells of 
cholesterol pools that repressed synthesis of LDL recep- 
tors and steroidogenic enzymes and that were accessible 
to esterification by ACAT (36,38) .  These depletions sat- 
urated at earlier timepoints and lower HDL concentra- 
tions than efflux of radiolabeled cholesterol (Xi), sug- 
gesting that they reflected a process distinct from total 
cholesterol efflux. Later it was shown that treatment of 
HDL, with proteolytic enzymes such as trypsin to par- 
tially digest apolipoproteins completely abolished the 
ability of HDL to rapidly deplete cells of ACAT-accessi- 
ble cholesterol but had little effect on HDL-mediated 
efflux of plasma membrane cholesterol (13, 29, 37). 
These studies demonstrated that, while HDL lipids stim- 
ulate cholesterol efflux from the plasma membrane of 
fibroblasts, depletion of ACAT-accessible cholesterol is 
mediated by trypsin-labile HDL apolipoproteins. 

Studies with purified apolipoproteins and synthetic 
peptides have produced direct evidence for a specific 
apolipoprotein-inediated cholesterol removal pathway 
in cells. Purified human apoA-I, apoA-I1 (disulfide- 
linked homodimer) , apoA-IV, and apoE were shown to 
stimulate cholesterol and phospholipid efflux from a 
variety of cultured cells, including macrophages, fibro- 
blasts, endothelial cells, and smooth muscle cells ( I  4- 
17, 26-35, 37, 39-42). This occurs by a saturable pro- 
cess with half'-maximal values similar for each of these 
apolipoproteins (10- i- 1 0 P ~ )  ( 14-1 7,29,34,39). Stim- 
ulation of  cholesterol and phospholipid efflux by apoli- 
poproteins depletes cells of excess cholesteryl esters arid 
forms HDL-like particles in the culture medium ( 14, 15, 

Removal of cellular lipids has a broad specificity tor 
different exchangeable HDL apolipoproteins. Even 
apolipophorin 111, an insect apolipoprotein, can medi- 
ate cholesterol and phospholipid efflux from macro- 
phages (40). Not all apolipoproteins, however, appear 
to have these lipid transport-stimulating properties, as 
some of the apoCs and monomeric human apoA-I1 have 
little or  no activity (14, 28, 39, 40). Based on compari- 
sons among different apolipoproteins, Hara et  al. (40) 
concluded that apolipoproteins require at least four 
amphipathic helical segments per molecule to stimulate 
cholesterol efflux from macrophages. 

Two separate studies have shown that efflux of both 

28, 29, 31-34, 40-42). 
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cholesterol and phospholipids from fibroblasts and 
macrophages is stimulated by synthetic peptides con- 
taining 18 amino-acid amphipathic helices of the type 
found in HDL apolipoproteins (class A helices) (43). 
In the study by Mendez et al. (17), peptides containing 
only one class A helix were almost completely inactive 
in promoting cholesterol and phospholipid efflux from 
cells at concentrations below lo-”. In contrast, pep- 
tides containing two tandem repeats of these helices 
were able to stimulate cholesterol and phospholipid ef- 
flux at concentrations below 1 0 - h ~ .  Yancey et al. (35) 
found that peptides containing one or two amphipathic 
helices stimulated as much cholesterol efflux from cells 
as apoA-I, but the half-maximal concentrations re- 
quired for the single-helix peptides were at least 5- and 
20-fold higher than those for the 2-helix peptide and 
apoA-I, respectively. Despite some differences in appar- 
ent efficacies, these studies support the concept that 
cooperativity between class A amphipathic helices is an 
important factor in determining the lipid efflux-stimu- 
lating activities of apolipoproteins. 

Cell-surface apolipoprotein binding sites 

Studies from many laboratories have shown that HDL 
binds with saturable kinetics to the surface of multiple 
types of cultured cells. The number of these binding 
sites on fibroblasts, smooth muscle cells, macrophages, 
and aortic endothelial cells was shown to increase when 
cells were loaded with cholesterol, leading to the hy- 
pothesis that these binding sites may be receptors for 
HDL that function to facilitate removal of excess cellu- 
lar cholesterol (1 1, 12, 44). Crosscompetition studies 
revealed that HDL binding sites on cholesterol-loaded 
fibroblasts interact with purified apoA-I and synthetic 
peptides containing two tandem repeats of class A am- 
phipathic helices (17). In contrast, these binding sites 
do not interact with HDL particles that have been modi- 
fied by treatment with tetranitromethane (45) or prote- 
ases (13) and interact poorly with peptides containing 
only one amphipathic helix (17). Studies with mono- 
clonal antibodies for apoA-I also suggested that amphi- 
pathic helical repeats in apoA-I are responsible for bind- 
ing of HDL to hepatoma cells (46). Thus, as with lipid 
efflux, cooperativity between class A amphipathic heli- 
ces in apolipoproteins is an important factor for estab- 
lishing high-affinity interactions of HDL with cell-sur- 
face binding sites. Because these sites recognize HDL 
apolipoproteins, they are herein referred to as apolipo- 
protein binding sites. 

Several lines of evidence suggest that the interac- 
tion of apolipoprotein with these cholesterol-regulated 
binding sites is responsible for the removal of cellular 
lipids by apolipoproteins. First, these sites have similar 
K,, values for apolipoprotein binding ( -  1 0 - ’ ~ )  as half- 

maximal values for stimulation of lipid efflux by apoli- 
poproteins (17,29). Second, cholesterol loading of cells 
increases the number of these binding sites (1 1, 12,30) 
in association with increased apolipoprotein-mediated 
cholesterol and phospholipid efflux (1 1,19,34). Third, 
treatment of macrophages with the antioxidant drug 
probucol reduces both cell-surface apoA-I binding and 
apoA-I-mediated cholesterol efflux (47). Fourth, bind- 
ing of peptides or apolipoproteins to these sites corre- 
lates with removal of lipids from cells (1 7, 39). 

Additional evidence suggests that depletion of A U T -  
accessible cholesterol from fibroblasts by HDL may ac- 
tually be mediated by apolipoproteins that dissociate 
from HDL particles. Treatment of HDL with increasing 
concentrations of trypsin abolished the ability of HDL 
to interact with cell-surface binding sites and to deplete 
AUT-accessible cholesterol when less than 20% of its 
apolipoprotein content was degraded (Ad. Mendez and 
J.F. Oram, unpublished results), indicating that a small 
fraction of the most trypsin-labile apolipoproteins in 
HDL mediate both of these processes. The apoA-I mole- 
cules on HDL most sensitive to proteolysis are likely to 
be less tightly bound to phospholipids (48,49) and thus 
more easily dissociable from the particles. This dissocia- 
tion hypothesis is further supported by studies showing 
that, after exposing cholesterol-loaded fibroblasts to 
HDL, the particles that bind reversibly to the cell sur- 
face have a several-fold higher ratio of apoA-I to apo A- 
I1 than the initial HDL particles (30). As apoA-I is more 
exchangeable than apoA-11, these results suggest that 
apoA-I is selectively transferred from HDL particles to 
cell-surface binding sites. This transfer may be driven 
by the relative high-affinity of the cell-surface binding 
sites for apolipoproteins which is at least one order of 
magnitude higher than that for phospholipid surfaces 
(50, 51). Because the highest affinity interactions de- 
pend on cooperativity between amphipathic helical re- 
peats, these binding sites may be specific for apolipo- 
proteins containing no or very little lipid to block 
tandem repeats of amphipathic helices. Additional 
studies are needed to confirm this hypothesis, as i t  has 
not been established yet that free apoA-I transfers from 
HDL to cell-surface binding sites. The above results are 
also consistent with the possibility that these binding 
sites preferentially interact with protease-sensitive sub- 
fractions of HDL particles enriched with apoA-I. 

Not all lipid efflux processes are associated with cell- 
surface binding of particles or apolipoproteins. Trypsin- 
ized HDL, phospholipid vesicles, and phospholipid/ tri- 
glyceride emulsions stimulate cholesterol efflux from 
cells despite their lack of interaction with these binding 
sites (9, 10, 13, 16-26, 28, 29), presumably because 
these phospholipid-rich particles act as acceptors for 
cholesterol that desorbs from the plasma membrane. 
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Fig. 1. A model for nvo mechanisms of HDL-medi- 
ared cholesterol efflux from cell\. Ahhreviations arc: 
C ,  unestcrified cholcsterol; CE, esterified cholesterol; , PI., phospholipids. 

I 

Apolipoproteins and phospholipidcontaining parti- 
cles, however, appear to remove distinct pools of cellu- 
lar cholesterol when initially incubated with cultured 
cells. When fibroblasts were exposed to phospholipid 
vesicles, trypsinized HDL, lipid-free apoA-I, o r  a peptide 
containing two amphipathic helices under conditions 
that caused equivalent amounts of cholesterol efflux, 
only apoA-I and the synthetic peptide depleted cells of 
cholesterol available for esterification by ACAT (1 3, 
17). Although free apolipoproteins may promote cho- 
lesterol efflux from cells by the aqueous diffusion mech- 
anism after they first pick up  cellular phospholipids and 
become cholesterol acceptors (31, 34, 35) ,  this simple 
two-step mechanism cannot account for all the choles- 
terol removed by apolipoprotein-cell interactions. For 
example, a rat aortic smooth muscle cell line was shown 
to release very little cholesterol in the presence of apoli- 
poproteins, despite substantial phospholipid efflux to 
apolipoproteins and cholesterol efflux to HDL particles 
and phospholipid-triglyceride microemulsions (1 5, 16, 
41). Apolipoproteins appear not to have access to cho- 
lesterol in these cells, even though phospholipids are 
available for removal by apolipoproteins and choles- 
terol efflux occurs by aqueous diffusion. Therefore, 
apolipoproteins are targeted to different pools of cellu- 
lar cholesterol than those desorbing from the plasma 
membrane and diffusing to phospholipidcontaining 
particles. 

Rased on these studies, we propose the following 
model for the two mechanisms of' cholesterol efflux 
from cells (Fig. 1). Removal of both cholesterol and 
phospholipids from cells by purified apolipoproteins is 
mediated by their interactions with high-affinity bind- 

ing sites on the cell surface. The cholesterol removed 
by this process is either the substrate pool for ACAT 
or  is in rapid equilibrium with this pool, thus allowing 
apolipoproteins to selectively deplete cholesterol avail- 
able to ACAT and mobilize cholesterol from the 
cholesteryl ester cycle. HDL particles, however, can re- 
move cholesterol from cells by two mechanisms. First, 
apolipoproteins can dissociate from HDL particles and 
interact with cell-surface binding sites, stimulating cho- 
lesterol and phospholipid efflux by the same mecha- 
nism described above. Second, because HDL contains 
phospholipids, it is also a good acceptor of cholesterol 
that desorbs from the plasma membrane and thus can 
stimulate cholesterol efflux by the aqueous diffusion 
mechanism. Once apolipoproteins acquire phospho- 
lipid, they also may become acceptors for cholesterol 
that diffuses from the plasma membrane. The aqueous 
diffusion mechanism can also clear cells of excess cho- 
lesterol, although most of the cholesterol initially re- 
moved by this mechanism does not appear to be in 
rapid equilibrium with cholesterol that is substrate for 
ACAT (13, 17, 29). 

The relative contribution of the two mechanisms to 
HDL-mediated cholesterol efflux depends on the cho- 
lesterol and growth state of cells. With cholesterol- 
depleted and rapidly proliferating cells, the number of 
apolipoprotein binding sites is at a minimum (1 1-13, 
30) and apolipoprotein-mediated phospholipid and 
cholesterol efflux is relatively low (1 3, 34, 52), presum- 
ably to limit removal of lipid needed for continual mem- 
brane synthesis. Arresting the growth of cells and load- 
ing them with cholesterol increases the number of 
apolipoprotein binding sites and enhances apolipopro- 
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tein-mediated cholesterol and phospholipid efflux (1 1- 
13,34). Thus, with proliferating cells grown in the pres- 
ence of serum, the aqueous diffusion mechanism ac- 
counts for most of the cholesterol efflux that occurs in 
the presence of HDL, especially at high concentrations 
(Ad. Mendez and J.F. Oram, unpublished results). With 
quiescent and differentiated cells, however, the apolipo- 
protein-mediated mechanism contributes significantly 
to the total HDL-mediated cholesterol efflux and may 
be the major process for clearing cholesteryl esters from 
cells (29). 

The molecular properties of the apolipoprotein bind- 
ing sites involved in lipid removal are still unknown. Al- 
though these sites have features of receptors, it has yet 
to be shown that receptor proteins are involved in facili- 
tating lipid transport to apolipoproteins. Apolipopro- 
tein-mediated cholesterol efflux is abolished by treat- 
ment of macrophages with trypsin and is absent in 
erythrocytes (27, 53), suggesting that endogenously 
produced membrane proteins are involved either in 
promoting apolipoprotein interactions or in other steps 
of the lipid transport process. Several cell membrane- 
associated HDL binding proteins have been identified 
that are candidates for apolipoprotein receptors (54- 
5 8 ) ,  but their actual functions have not been defined. 
One of these proteins, called HBP, has been cloned and 
sequenced (59). Its expression is increased by choles- 
terol loading of cells and its overexpression in cultured 
cells enhances HDL binding, suggesting that it may 
function to remove excess cholesterol from cells. How- 
ever, HBP lacks the classic signal peptides and mem- 
brane spanning regions that typify plasma membrane 
receptors. Recently it was shown that a class of scavenger 
receptors called SR-BI binds HDL and promotes cellu- 
lar uptake of HDL lipids (60). As this receptor binds 
phospholipids and is expressed largely in steroidogenic 
tissues and the liver, it is more likely that it functions 
to deliver lipoprotein sterol to tissues rather than to re- 
move lipids from cells through apolipoprotein interac- 
tions. 

The high-affinity apolipoprotein binding sites on fi- 
broblasts have different properties than apolipoprotein 
interactions with phospholipids. Studies comparing cel- 
lular interactions of apolipoproteins and amphipathic 
helical peptides have shown that the specificity of cell- 
surface apolipoprotein binding sites is not a simple 
function of lipid affinity (17,61). Yancey et al. (35)  also 
concluded that the total lipid efflux-stimulating activity 
of apoA-I and amphipathic helical peptides could not 
be explained by lipid affinity alone, although the ability 
of synthetic peptides to stimulate cholesterol efflux was 
in the order of their lipid affinity. Therefore, it is likely 
that the interaction of amphipathic helices with plasma 
membrane phospholipids plays some role in apolipo- 

protein binding, perhaps by “presenting” apolipopro- 
teins in a proper conformation for binding to plasma 
membrane proteins or receptors. Such interactions at 
the lipid-protein interface have been postulated for the 
binding of lipophilic compounds to the multi-drug 
transporter (62). It is also possible that the binding sites 
for apolipoproteins are microdomains of the plasma 
membrane that, because of a unique composition of lip- 
ids and proteins, bind apolipoproteins with a higher af- 
finity and different specificity than the bulk of the 
plasma membrane. Consistent with this idea is a report 
by Fielding and Fielding (63) that HDL stimulates cho- 
lesterol efflux from cellular membrane structures with 
properties of caveolae, sphingomyelin- and cholesterol- 
rich invaginations of the plasma membrane containing 
proteins involved in transmembrane transport and sig- 
naling (64). Whether caveolae or other related plasma 
membrane structures mediate apolipoprotein interac- 
tions with cells remains to be determined. 

Apolipoprotein-stated cholesterol 
excretory pathway 

Exposure of cholesterol-loaded cells to apolipopro- 
teins stimulates efflux of sterols derived from intracellu- 
lar pools as well as from the plasma membrane (13, 37, 
65-71). As a result, stored cholesteryl esters are cleared 
efficiently from cells (13, 14, 29). This appears to occur 
because apolipoprotein-cell interactions mobilize free 
cholesterol away from the cholesteryl ester cycle. Thus 
cholesteryl esters are hydrolyzed by neutral cholesteryl 
ester hydrolase (NCEH) but the liberated free choles- 
terol is no longer available for re-esterification by 
ACAT, causing a net depletion of cholesteryl esters. 
Apolipoproteins appear not to have any direct effects 
on the activities of the ACAT and NCEH enzymes (29, 
72). 

The mechanisms by which apolipoproteins divert 
free cholesterol from the cholesteryl ester cycle are 
unknown. In addition to removing cholesterol from 
plasma membrane domains that feed into the choles- 
teryl ester cycle, the interaction of apolipoproteins with 
cell-surface binding sites may also stimulate steps in the 
pathway that mobilize sterols from the ER to the plasma 
membrane. When sterols in cholesterol-loaded cells are 
radiolabeled with the biosynthetic precursor mevalono- 
lactone, exposure of cells to HDL or apoA-I causes a 
transient increase in the amount of radiolabeled sterols 
accessible to cholesterol oxidase treatment of cells (13, 
65-68), a procedure that presumably oxidizes cell-sur- 
face sterols (73). It has also been shown that efflux of 
biosynthetically labeled sterols is mediated by plasma 
apoA-I-containing particles when plasma is added to 
hepatoma cells (70, 71). As this radiolabeling proce- 
dure selectively introduces sterol into the ER, these 
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Fig. 2. A model for thc intracellular cholesterol transport pathway involved in apolipoprotein-mediated lipid 
reinoval. Ahhreviations are: C, unesterified cholesterol, CE, esterified cholcstcrol; 1’1,. phospholipids; ER, endo- 
plasmic reticiilrim: ac, acetyl units. 

studies suggest that apolipoprotein interactions with 
cells stimulate sterol translocation from the ER to the 
plasma membrane where the sterol becomes accessible 
for removal by apolipoproteins. 

Cholesterol is recycled between the ER and the 
plasma membrane by transport pathways that are still 
poorly understood (74-78). Figure 2 illustrates a hypo- 
thetical model for the transport cycle involved in apoli- 
poprotein-mediated lipid removal. Both the cholesterol 
and phospholipids removed from cells by long-term 
(>6 h) incubations with apoA-I appear to pass through 
the Golgi apparatus, as treatment of cells with inhibitors 
of Golgi transport (Brefeldin A monensin) blocks the 
ability of apolipoproteins to stimulate efflux of these 
lipids from cholesterol-loaded fibroblasts and macro- 
phages (79, 80). It is possible that free cholesterol is 
transported from the ER and/or  lysosomes to the Golgi 
and assembled in phospholipid-rich vesicles that are 
subsequently transported to the cell surface. Upon fu- 
sion with the plasma membrane, these vesicles may 
form discrete membrane domains with unique compo- 
sitions of lipids and proteins, similar to what has been 
described for caveolae (81). These domains may have 
only a transient existence in the plasma membrane, and 
their cholesterol molecules may be recycled back to the 
ER where they are either esterified by ACAT or re- 
enter the vesicle transport cycle for additional rounds 
of transport. 

The relative rates of the different branches of this 
pathway may be tightly regulated according to the cellu- 
lar growth state and cholesterol content. Thus, as cells 
accumulate cholesterol in excess of that needed for 
membrane synthesis, the plasma membrane becomes 
saturated with sterol and more cholesterol is diverted 
into the ER for esterification, consistent with the 
“threshold effect” of cholesterol loading observed in 
macrophages (82). Additional support for this concept 
stems from studies showing that, as cells are growth ar- 
rested and overloaded with cholesterol, a greater frac- 
tion of newly synthesized sterols accumulates within cel- 
lular compartments accessible to ACAT and resistant to 
treatment of cells with cholesterol oxidase (13, 67). 
Cholesterol loading of cells may also alter the proper- 
ties of transport vesicles so that they bind more apolipo- 
proteins after fusion with the plasma membrane. This 
would directly target apolipoproteins to pools of free 
cholesterol that would otherwise be recycled back to the 
ER for esterification. Thus the reversible binding of 
apolipoproteins to these membrane domains would 
add an excretory component to this transport cycle. 

This model for a regulated lipid transport cycle is 
consistent with data showing that cellular binding of 
HDL apolipoproteins only transiently increases accessi- 
bility of pulse-labeled sterols to extracellular cholesterol 
oxidase (65-68). Although regulation by HDL and its 
apolipoproteins was not examined, a similar cytoskele- 
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ton- and Golgi-dependent sterol transport pathway was 
identified in fibroblasts lacking sterol carrier protein-2 
(83).  It should be noted, however, that apolipoprotein- 
induced alterations of the plasma membrane can ex- 
plain much of the existing data, including enhanced 
accessibility of sterols to cholesterol oxidase. Also, Golgi 
transport inhibitors may suppress apolipoprotein-medi- 
ated removal of cellular lipids by blocking translocation 
of proteins that promote cell-surface binding of apoli- 
poproteins or release of plasma membrane lipids, or 
they may perturb the plasma membrane in other ways. 
Clearly, additional studies are needed to localize and 
characterize the cellular compartments involved in the 
apolipoprotein-mediated lipid removal pathway. 

Role of intracellular signals in apolipoprotein- 
mediated lipid excretion 

The interaction of apoA-I with cells activates protein 
kinase C (PKC) , and this is associated with stimulation 
of protein secretion (84-86) or lipid efflux (37,41,87- 
go), depending on the cell type. With fibroblasts and 
smooth muscle cells, activation of PKC by acute phorbol 
ester treatment mimics apoA-I in stimulating transloca- 
tion of biosynthetically labeled sterol to the plasma 
membrane (37, 88). Chronic treatment of fibroblasts 
with phorbol esters, which abolishes PKC activity, elimi- 
nates the ability of HDL to stimulate efflux of sterols 
(37). Li and Yokoyama (41) showed that rat vascular 
smooth muscle cells had virtually no apoA-I-mediated 
cholesterol efflux unless activated by treatment with 
growth factors and phorbol esters. This enhanced cho- 
lesterol efflux to apoA-I was reversed by PKC inhibitors 
and was associated with no changes in cholesterol efflux 
occurring by aqueous diffusion. These studies suggest 
that activation of PKC plays a role in the apolipoprotein- 
mediated cholesterol excretory pathway. Another study, 
however, showed that down-regulation of PKC by 
chronic phorbol ester treatment of cholesterol-loaded 
fibroblasts failed to suppress apoA-I-mediated choles- 
terol efflux and depletion of ACAT substrate even 
though efflux of biosynthetically labeled sterol was in- 
hibited (A.J. Mendez, personal communication). Thus 
PKC may be involved in modulating discrete steps of 
apolipoprotein-mediated sterol efflux, such as transport 
of sterols from the ER to the Golgi, or it may play a 
unique role in modulating transport of biosynthetic ste- 
rols in some cell types. 

The interaction of HDL with fibroblasts elicits multi- 
ple signaling responses that likely involve different ago- 
nists within HDL particles. HDL has been shown to 
stimulate intracellular calcium release (91, 92) and to 
activate phosphoinositide- and phosphatidylcholine- 
specific phospholipase C as well as phosphatidylcholine- 
specific phospholipase D (93). Activation of phospho- 
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inositide-specific phospholipase C has been linked to 
stimulation of PKC, and PKC, isoforms (92). Activation 
of phosphatidylcholine-specific phospholipase C may 
be a secondary response to PKC stimulation (93). Acute 
activation of phospholipase D was most closely associ- 
ated with apolipoprotein-mediated cholesterol efflux, 
in that it was increased upon cholesterol loading of 
cells, it saturated at HDL concentrations similar to those 
producing near maximum depletion of ACAT-accessi- 
ble cholesterol, and it also was observed when cells were 
exposed to apoA-I proteoliposomes (93). These studies 
indicate that signaling responses to HDL interactions 
with cells are complex and that additional studies are 
needed to establish their involvement in lipid transport. 

Physiologic relevance of apolipoprotein-mediated 
lipid removal from cells: lessons from 
Tangier disease 

The best support for the physiologic significance of 
apolipoprotein-mediated cellular lipid removal comes 
from studies with fibroblasts from subjects with a ge- 
netic HDL deficiency called Tangier disease (TD) . Ho- 
mozygous TD is characterized by a near complete ab- 
sence of plasma HDL and apoA-I and by massive 
deposition of cholesteryl esters in tissue macrophages 
(94-96). The low plasma HDL levels are caused by a 
rapid clearance of apoA-I and HDL particles (96, 
97). The molecular structure and production rates of 
apoA-I are normal in this disease (98, 99). Recently, 
Francis Knopp, and Oram (29) reported that fibroblast 
lines from two unrelated subjects with homozygous TD 
had a defect in the apolipoprotein-mediated lipid re- 
moval pathway. Lipid-poor apoA-I from normal subjects 
almost completely lacked the ability to remove choles- 
terol and phospholipids from these TD cells which was 
associated with a below normal interaction of apoA-I 
with cell-surface binding sites. In contrast, efflux of ra- 
diolabeled cholesterol to trypsinized HDL and efflux of 
both cholesterol and phospholipids into albumin-con- 
taining medium were normal for TD cells, indicating 
that aqueous diffusion mechanisms of lipid efflux are 
unimpaired in these cells. 

The same lipid transport defect has now been found 
in at least eight fibroblast lines from unrelated TD ho- 
mozygotes (29, 100, J.F. Oram, unpublished results) 
and was shown to occur for other apolipoproteins, in- 
cluding A-11, C-111, and E (100). Moreover, the dimeric 
amphipathic helical peptide 37pA, which mimics 
apolipoproteins in stimulating cholesterol efflux and 
depleting ACAT-accessible cholesterol from normal fi- 
broblasts (1 7), has almost no effect on these lipid trans- 
port processes when the cells are from a homozygous 
TD patient (Fig. 3). These results indicate that the de- 
fect in TD cells resides in the apolipoprotein-mediated 
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Fig. 3. Effects of synthetic peptide 37pA on cholesterol efflux arid esterification by fibroblasts from a nortnal 
subject and a patient with homozygous Tangier disease. Fibroblasts were incubated for 72 h with rnediuin 
containing 10% fetal bovine serum plus ['HI cholesterol to radiolabel cellular pools to equilibrium. Cells were 
then cholesterol loaded by incubation fbr 48 h with serum-free medium containing 2 nig/ml albumin plus 
30 pg/ml cholesterol. After an overnight equilibrium in serum-free medium containing albumin, cells werr 
incubated with medium containing albumin plus the indicated concentrations of synthetic peptide 37pA 
([DWLKAFYDKVMKI,KEAF]?P). After 6 h, the medium was collected, cells were pulsed for I h at 37°C: with 
[ "C] oleate, and medium radioactivity and cellular [W]cholesterol, ["H]cholesteryl esters, and cholesteryl 
["(:[oleate were measured. Efflux represents the fraction of total (medium plus cell) ['Hlcholesterol appeal-ing 
i n  the medium and esterification represent incorpoi-ation of ['4C]oleate iiito cholrsteryl estei-s. Each value is 
the mean +SD of triplicates. 

lipid removal pathway described above. Although differ- 
ent genes may be involved, the defective gene in each 
TD kindred appears to encode a structural or regulatory 
protein essential for this lipid removal pathway. 

A comparison of different TD and normal fibroblasts 
lines showed that HDL stimulated cholesterol efflux 
from growth-arrested, cholesterol-loaded TD fibroblasts 
to levels 50-70% of normal (28). This is consistent with 
other studies showing that at least 50% of the HDL-me- 
diated cholesterol efflux from normal fibroblasts occurs 
by the aqueous diffusion mechanism (13, 28, 29). Both 
HDL and purified apoA-I were shown to stimulate clear- 
ance of cholesteryl esters from growth-arrested, choles- 
terol-loaded normal fibroblasts. Yet despite significant 
cholesterol efflux in the presence of HDL, neither HDL 
nor apoA-I were able to clear cholesteryl esters from TD 
fibroblasts (29). These findings support the concept 
that apolipoprotein-mediated lipid removal is much 
more effective than aqueous diffusion mechanisms in 
clearing excess cellular cholesterol that feeds into the 
cholesteryl ester cycle. 

Walter et al. (68) and Rogler et a1.(69) reported par- 
tial defects in the ability of HDL or apoA-I-containing 

phospholipid vesicles to stimulate efflux of newly syn- 
thesized sterols from fibroblast lines obtained from two 
homozygous TD siblings. In contrast, they found no sig- 
nificant differences between normal and TD fibroblasts 
in HDL- or vesicle-mediated efflux of cholesterol either 
associated with the plasma membrane or derived from 
lysosomal hydrolysis of LDL. Francis, Knopp, and Orain 
(29) reported, however, that lipid-free apoA-I was un- 
able to remove cellular cholesterol from TD fibroblasts 
whether the cholesterol tracer was added directly to the 
plasma membrane or  introduced through lysosomal hy- 
drolysis. Although it  is possible that these apparent dis- 
crepancies reflect different cellular defects in lipid 
transport among TD patients, they may be related t o  
differences in methodology. Walter, Rogler, and col- 
leagues (68, 69) used phospholid-containing particles 
that would stimulate radiolabeled cholesterol efflux 
mostly by the aqueous diffusion mechanism, particu- 
larly when the cholesterol tracer is initially associated 
with the plasma membrane. Efflux of biosyntheticallv 
labeled sterol, however, may be more dependent o n  
apolipoprotein-cell interactions, as much of this label 
originates in the ER. Thus, when cells are exposed to  
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HDL or apolipoprotein-phospholipid vesicles, the de- 
fect in apolipoprotein-mediated sterol removal from 
TD cells may be more apparent with cells containing 
biosynthetically labeled sterols. Taken together, all stud- 
ies with TD fibroblasts so far reported support the con- 
cept that the apolipoprotein-mediated lipid removal 
pathway is defective in TD fibroblasts while the aqueous 
diffusion mechanism is normal. 

Apolipoprotein-mediated lipid transport in vivo 

The studies with fibroblasts from TD patients have 
important implications about the contribution of apoli- 
poprotein-mediated removal of cellular lipids to whole 
body lipoprotein metabolism. Apparently, a cellular de- 
fect that prevents apolipoproteins from removing phos- 
pholipids and cholesterol from cells leads to a rapid 
turnover of apoA-I produced by the liver and a near 
absence of plasma HDL (94-99), This implies that the 
apolipoprotein-mediated lipid removal pathway is an 
absolute requirement for generating even low levels of 
HDL particles in the blood. This lack of HDL produc- 
tion also appears to have an impact on the LDL path- 
way, as homozygous TD patients have plasma LDL levels 
averagng less than 40% normal. 

The cell culture studies also imply that apolipopro- 
teins containing very little or no lipid are the precursors 
for this lipid transport pathway in vivo. The broad speci- 
ficity of apolipoprotein-mediated lipid removal from 
cultured cells suggests that more than one exchange- 
able apolipoprotein may participate in this pathway. As 
this lipid removal process saturates at apolipoprotein 
concentrations of ~O-‘M, less than 1% of the total 
plasma supply of exchangeable apolipoproteins, only 
trace amounts of lipid-free or lipid-poor apolipopro- 
teins would be required to stimulate this pathway maxi- 
mally in vivo, provided they could be regenerated con- 
tinuously. 

Although apolipoproteins completely free of lipid 
have not been identified in vivo, those containing a rela- 
tively small amount of phospholipids (10-40% total 
weight) are present in plasma and lymph. The best char- 
acterized of these is prep1 HDL, a small particle con- 
taining only apoA-I and some phospholipid (101). This 
particle has been called “lipid-poor apoA-I” to distin- 
guish it from more phospholipid-rich apoA-I discs and 
spherical HDL particles containing core lipids. Anti- 
body studies have shown that the apoA-I in prep1 parti- 
cles have different epitopes exposed than apoA-I in 
HDL discs and spherical particles (102), indicating that 
these lipid-poor apolipoproteins have a different con- 
formation than those associated with more lipid-rich 
particles. Lipid-poor apoA-I comprises 5 4 %  of the 
plasma apoA-I but is more abundant in the lymph and 
interstitium (1 01, 103- 107). 

When plasma is added to cultured fibroblasts, a large 
fraction of the cholesterol initially released from cells 
is associated with lipid-poor apoA-I (101). Based on the 
model for HDLmediated lipid removal shown in Fig. 
1, there are three mechanisms that may account for the 
selective transfer of cellular cholesterol into plasma 
prep1 HDL. First, cholesterol may be transported to 
the apoA-I-phospholipid complexes by the aqueous dif- 
fusion mechanism. For this to occur, these minor lipo- 
protein components would need to have properties that 
make them much greater acceptors of cholesterol than 
the bulk of the plasma HDL particles. Second, lipid-free 
apoA-I may dissociate from the surface of other plasma 
HDL particles, bind to cellsurface binding sites, and 
pick up cellular cholesterol and phospholipids to be- 
come prep1 HDL. This mechanism is supported by 
studies showing that prep1 HDL disappears from 
plasma with time of incubation in the absence of cells 
but is retained when fibroblasts are present (108), con- 
sistent with cell-mediated regeneration of these parti- 
cles from other lipoproteins. Moreover, incubation of 
macrophages with purified apolipoproteins generates 
particles with properties of prep-1 HDL (14, 15, 26, 28, 
31, 32, 34, 40). Third, prep1 HDL may interact directly 
with cells and remove lipids. At least some of this lipid- 
poor apoA-I may not contain enough phospholipid to 
interfere with cellular interactions of amphipathic heli- 
cal repeats that facilitate lipid removal. The possible 
involvement of either or both of the last two mecha- 
nisms is supported by studies showing that stimulation 
of cholesterol efflux from cells by purified apoA-I and 
plasma prep1 HDL have some similarities, in that trans- 
port of cell-derived cholesterol to both of these forms 
of apoA-I is reduced when cells are pretreated with pro- 
teases and is absent when the cholesterol donors are 
red blood cells (27, 53, 109). 

It is noteworthy that, despite the absence of aHDL, 
the plasma of TD patients contains lipid-poor prep-1 
HDL particles that can stimulate cholesterol efflux from 
fibroblasts (1 10, 11 1). Some of these particles may have 
only apoA-I1 as their major protein (110). As apolipo- 
protein-mediated removal of cellular lipids is severely 
impaired in these patients, these findings suggest that 
a fraction of HDL apolipoproteins can acquire lipids 
from some other source, presumably circulating lipo- 
proteins. 

Although lipid-poor apoA-I may acquire lipids by 
multiple mechanisms, it is reasonable to assume that 
many of these particles in plasma and interstitium are 
the immediate precursors or products of the cellular 
apolipoprotein-mediated lipid removal pathway. Sev- 
eral studies have provided evidence that most of this 
apoA-I is generated initially by dissociating from the sur- 
face of circulating spherical HDL particles (1 12-1 14), 
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a process that may be facilitated by plasina lipid trarisfcr. 
proteins and enzymes (1 15- 1 18). Soiiie of' tlie plasma 
and interstitial lipid-poor apoA-I may represcnt apolipo- 
proteins newly synthesized by the liver and/or  intestine. 
Organ perfusion arid cell culture studies, howevet-. have 
shown that most apoA-I secreted by tiepatocytcs is asso- 
ciated with significant amounts of phospholipid and ap- 
pears as discs o r  small spherical particlcs (1  19-125). 
This suggests that newly synthesized apoA-I quickly 
forms phospholipid complexes while within cells and/  
or  after secretion. In the latter case, secreted apoA-I 
may interact immediately with liiidirig sites on h e r  
cells to pick up lipid by the apolipoprotein-meciated 
pathway described above. This process may rapidly con- 
vert apoA-I secreted by the liver iiito tli 
further- interactions with lipid-removing cell-surface 
binding sites. Although there are no data characterizing 
the effects of' phospholipid acquisition by apoA-I 0 1 1  its 
cellular interactions, studies have shown that tlisc- 
shaped prep-:! HDL particles i n  plasma are not initial 
acceptors of cellular cholesterol when plasma is added 
to cultured cells (1011, suggesting that these particles 
do  not mediate removal of cellular lipids. The choles- 
terol in HDL discs may be the preferred substrate for 
LCAT, making these particles the immediate precursors 
for spherical HDL. Therefore, b y  tlic timc a free apoX- 
I molecule reaches most peripheral cclls, i t  m a y  havc 
already undergone one or more cycles of' maturation t o  
spherical HDL and dissociation from the particle stit-  

face. 
I n  addition to those containing apoA-I, lipid-poor 

particles containing apoE (yLpE) (1 11, 126) and apoA- 
I V  (LpA-IV) (127) have been found in plasma arid 
shown to contribute to tlie early removal of cellular cho- 
lesterol. Little is known about their metabolic pathways, 
but it is likely that at least some of these particles are 
also immediate precursors or products o f  the apolipo- 
protein-mediated lipid renioval pathway. X unique fea- 
ture of apoE is that it is produced by tissw inacrophages 
as well as the liver (128) and thus c;in mobilize choles- 
terol from macrophage-rich tissues without first en ter- 
ing the plasma compartment. 

Figure 4A illustrates a possible model for apoA-I-me- 
diated lipid transport between the liver and peripheral 
tissue. Newly synthesized apoA-I may be secreted by  he- 
patocytes as a lipid-free or  lipid-poot- apolipoprotein 
(Step 1).  Most of these apoA-I molecules may iiiteracl 
directly with apolipoprotein binding sites o n  liver cells 
(Step 2) ,  but some m a y  circulate to peripheral tissues 
and accumulate in interstitial fluids (Step 3 ) .  Through 
reversible interactions with cell-surface binding sites, 
lipid-poor apoA-I removes cellular- phospholipids and 
free cholesterol to become disc-shaped particles (Steps 
2 and 4). AI this stage, amphipathic helices may becorne 

masked by lipid interactions, and the discs may losc. 
their ability t o  interact with cell-surface bindiiig situs, 
although thev are likely to acquire additional trce clio- 
lesterol that desorbs from the stirfaces of cells and lipo- 
proteins. These particles are now committed t o  rhe 
HDI, maturation cascade, aiid the free cholesterol is es- 
terified by LCAT to form the core cliolesteiyl c'sters of  
spherical HDL particles (Step 5). Some of these choles- 
teryl esters tlien are transferred t o  \.?,DL aiitl I,DL b y  
the action of cholesteiyl ester transfer protein (CETP) 
(129) (Step 6) while others are transferred selectivcly t o  
the liver (Step 7) or steroidogenic tissues (not shown) 
(130), perhaps after interacting with a receptor specific 
for these tissues, such as SR-BI (60). The I-enioval of  
core lipids shrinks the particle and promotes the disso- 
ciation of' apolipoproteins from tlie particle surface, 
generating new precursors for tlie apolipoprotein-me- 
diated lipid removal pathway (Step 8). A fraction of'the 
lipid-poor apolipoprotcins \.yould be cleared from the 
plasma, probably by the kidney (Step 9). 

This niodel conforms to data from several tracer ki- 
netic studics. Schwiirtz et al. (132) rrported that most 
of the initial hepatic output of newly synthesized choles- 
terol in l iu~nans appears as free cholesterol associated 
with plasma HDL, a process that iriay be facilitated by 
apolipoprotein interactions with liver cells. Dietscliy, 
Turley, aiid Spady (1 33)  proposed that biosynthesis of  
cholesterol by extrahepatic cells accounts for most of  
the daily supply of cholesterol in humans (- 1 0  nig/ kg 
body weight). To maintain constant amounts of choles- 
terol i n  tissues, this cholesterol must be excreted by cells 
and transported to tlie liver by the reverse cholestet-ol 
transport pathway. Although aqueous diffusion rnccha- 
nisrns may account for some of this transport, i t  is likely 
that lipid-poor apolipoproteins play a major role. If' the 
prirnarv source of whole body cholesterol is peripheral 
tissue, more cholesterol must he transported froin [ax- 
trahepatic tissues to the liver than in the opposite direc- 
tion. This directional transport inay occur because 
newly syrithesized apoA-I molecules are recycled hc- 
tween their free and lipid-bound fbrms and are used 
multiple times to mobilize lipids from tissues before be- 
ing cleared from the plasma. This pathway ~ o ~ i l d  also 
be predicted to modulate plasma LDL levels. In addi- 
tion to increased LD12 production by CETP-niediated 
transfix. ofHDL cholestetyl esters (Step 6, Fig. 4A), 1he 
deliveiy of' HDI, sterols to the liver would act to down- 
regulate hepatic LDL, receptors (Step 7 )  (1 34), tlecrcas- 
iiig LDL clearance from the plasma (Step 10). T ~ U S  the 
apolipo;)rotein-Inediated lipid transport pathway would 
tend to raise plasma LDL levels. 

This model provides a plausible explanation 101. the 
clinical featiircs of TD. TD patients produce apoA-1 at 
normal rates, hut these inoleculcs are tiiiablc to pick up 
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A. NORMAL 

LDL - 

B. TANGIER DISEASE y kidney? 

Liver f' Peripheral 
Tissue 

Fig. 4. Model for the apoA-I-mediated cholesterol transport in normal subjects (A) and patients with Tangier 
disease ( R ) .  Abhreviations are: C,  iinesterified cholesterol; CE, esterified cholesterol. Numbers refer to steps 
in the pathway discussed in the tcxt. 

phospholipid and cholesterol from tissues because of a 
cellular defect in this process (Fig. 4R) .  Thus lipid-poor 
apoA-I is unable to mature into HDL discs and spherical 
particles and thus is rapidly cleared from the plasma. A 
faster-than-normal turnover of HDL and its apolipo- 
proteins occurs even when HDL from normal subjects 
is injected into TD patients (96, 97), probably because 
the free apoA-I dissociating from these particles cannot 
pick up tissue lipids to regenerate mature HDL. The 
one-third normal plasma LDL levels in these patients 
may reflect both a lack of transfer of HDL sterols to 
LDL and an inability of the apolipoprotein-mediated 

lipid transport pathway to deliver tissuederived choles- 
terol to the liver and suppress LDL receptors, leading 
to a greater LDL clearance. 

Although cholesterol efflux from all cells would be 
markedly reduced, the cholesterol content of most cells 
of the body would be unaffected by a defect in apolipo- 
protein-mediated lipid removal because it is regulated 
almost exclusively by the two major sterol delivery path- 
ways: cholesterol biosynthesis and LDL receptor-medi- 
ated endocytosis (134). Feedback repression of these 
pathways limit5 the amount of cholesterol that accumu- 
lates in cells. Also, the aqueous diffusion mechanism of 
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cholesterol efflux, which is normal in T D  cells, may help 
prevent overaccumulation of cellular cholesterol. Mac- 
rophages, however, internalize cholesterol-rich lipopro- 
teins and cell debris by receptor and phagocytotic path- 
ways that are not repressed when cells amass excess 
cholesterol (135, 136), making these cells dependent 
on apolipoprotein-mediated cholesterol removal mech- 
anisms to prevent deposition of sterols. This would ex- 
plain why TD patients accumulate excess sterol in mac- 
rophage-rich tissues (96). 

Apolipoprotein-mediated lipid transport and 
cardiovascular disease 

Epidemiology studies have shown a strong inverse 
correlation between plasma HDL levels and risk for car- 
diovascular disease (CVD) (1, 2) ,  consistent with the 
concept that HDL protects against atherogenesis. Indi- 
vidual case reports, however, have indicated that not all 
severe HDL deficiency syndromes are associated with 
CVD (5), implying that a marked impairment of-HIlL- 
mediated cholesterol transport does not necessarily pre- 
dispose an individual to premature atherosclerosis. 
These apparent discrepancies can be explained by the 
concept that apolipoprotein-mediated removal of cellu- 
lar lipids protects against C W ,  but only when athero- 
genesis is initiated and propagated by other factors. Of 
particular relevance would be factors that recruit mono- 
cytes into the artery wall, induce their differentiation 
into macrophages, and promote deposition of choles- 
teryl esters in these and other artery wall cells. hccurnu- 
lation of sterol-rich lipoproteins such as LDL in the ar- 
tery wall plays an important role in these atherogenic 
processes because these particles Ixcorne both in- 
flammatory signals for monocyte recruitment and 
sources for excess sterol taken up b y  macrophages 
(137). 

This concept may also explain why some patients with 
severe HDL deficiencies have massive deposition OF ste- 
rols in macrophages of various tissues but do not have 
symptoms of CVD (5). Macrophages of the reticuloen- 
dothelial system probably function largely as compo- 
nents of apoptic pathways for clearing dying and senes- 
cent cells and may be responsive to different signals 
than those involved in atherogenesis. Most of the sterol 
ingested by these tissue macrophages would be derived 
from cell membranes rather than circulating hpopro- 
teins. Thus an impaired apolipoprotein-mediated lipid 
removal pathway could lead to accumulation of choles- 
terol in tissue macrophages independent of susceptibil- 
ity to atherosclerosis. 

Once atherosclerotic lesion formation is initiated, 
there are two major aspects of this lipid-transport path- 
way that could influence lesion progression: I )  the 
availability or efficacy of lipid-poor apolipoproteins 

and 2) the activity of the cellular pathway for apolipo- 
protein-mediated lipid removal. 

Auailubi1i.t~ or cflLr;,.ocy o j  lipi&poor u~oli~op~-otr.ins. hf ost 
rare genetic HDL deficiencies caused by a lack of' he- 
patic apolipoprotein production are associated with 
premature atherosclerosis, consistent with the conccp 
that a lack of HDL apolipoproteins is atherogenic. This 
is particularly true for patients with impaired prodric- 
tion of more than one apolipoprotein, such as those 
with apoh-I/C-111 or apoA-I/CXI/A-n' deficiency syn- 
dromes ( 5 ,  138). However, some patients with apoA-I 
deficiency syndromes have no symptoms of CVD ( 3 ) .  
Moreover-, disruption of the apoA-I gene in  mice does 
not increase atherosclerotic lesion development (6). 
One hypothesis proposed to explain these findings is 
based on the apparent redundancy in apolipoprotein- 
mediated cholesterol removal from cells ( 11 I ,  126, 
127), in that the complete absence of more than one 
lipid-poor apolipoprotein may be necessary to markedly 
impair clearance of cholesterol from arterial cells. tn- 
deed, it has been shown that both human arid mouse 
plasma lacking apo,4-I-containitig particles can still stim- 
ulate cholesterol efflux from cultured cells, but in this 
case most of the cholesterol initially released is associ- 
ated with yLpE (1 11, 126). This apolipoprotein redun- 
dancy hypothesis may explain the lack of atherosclerosis 
in some animal and human apoA-I deficiencies, hut i t  
is unclear why the absence of both apoA-I and apoC-111 
in humans would be more atherogenic than the ab- 
sence of apoA-1 alone, when there should be sufficient 
apoA-I\' and apoE to act as back-up removers of cellular 
cholesterol in both cases. It is just as feasible to assiinie 
that the lack of CVD in some of these rare cases of ge- 
netic HDL deficiencies reflects resistance t o  other ath- 
erogenic factors in these individuals. Despitc thc excep- 
tions, these case reports support the conclusion that ;I 

reduced availability of apoA-I increases risk for CVD. 
In contrast to most other HDL deficiencies, f;iniily 

members with a genetic disorder called apoA-I,,,,,,,,,,, have 
a remarkable absence of CVD despite low plasma HDL 
levels ( 139). This disorder is caused b y  a mutation in 
the apoh-I gene that leads to a substitution of c 
for arginine (140). The resulting covalent dime 
of apoil-I on HDI, particles has several metabolic come- 
quences, including an increased dissociation of  dimeric 
and monomeric apoA-I from HDL, particles and a 
slower turnover of the dimeric molecules (141). Could 
the protective effect of apoA-I,,,,,,,,,, be related to an in- 
creased generation of lipid-free apoh-I? 

These rare genetic HDL deficiencies do not contrib- 
ute significantly to the large population of subjects with 
low HDL levels and premature atherosclerosis. hleta- 
bolic factors that influence production or regeneration 
of lipid-poor apolipoproteins, however, may be more 
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common. It is possible that distinct subpopulations of 
mature HDL particles may be major sources of lipid- 
poor apoA-I that dissociate from the particle surface. 
Candidate particles having this property are large apoA- 
I-containing particles lacking apoA-I1 (LpA-I) that ap- 
pear in the HDL:, subfraction (142). LpA-I particles 
have a larger fraction of exchangeable apoA-I than par- 
ticles containing both apoA-I and apoA-I1 (LpA-I : A-11) 
(143), and plasma levels of HDLp (144) and LpA-I (145, 
146) are correlated better with protection against CVD 
than are other HDL particles. A reduced availability of 
lipid-poor apoA-I may explain the increased formation 
of atherosclerotic lesions in transgenic mice overex- 
pressing apoA-I1 (8, 14’7). Other metabolic factors may 
play important roles in regenerating lipid-free apolipo- 
proteins, including plasma enzymes and transfer pro- 
teins (e.g., LCAT, CETP, PLTP, LPL) and down-stream 
receptors (e.g., SR-BI). Subjects with a CETP deficiency 
have been reported to have CVD despite higher levels 
of HDL (7) ,  perhaps because the lack of ability to trans- 
fer sterol from HDL reduces production of lipid-free 
apoA-I (Steps 6 and 8, Fig. 4A). 

Additional support for the antiatherogenic effects of 
apoA-I comes from animal model studies showing that 
an increased availability of apoA-I decreases atherogen- 
esis. Injection of apoA-I into cholesterol-fed rabbits was 
reported to decrease the number of arterial lesions 
(148), and transferring a human apoA-I transgene onto 
several genetic atherogenic backgrounds in mice was 
shown to reduce lesion formation (149-152). Expres- 
sion of human apoA-IV in mice was also shown to pro- 
tect against atherogenesis (153). 

Because apoE is produced by tissue macrophages as 
well as the liver (128), lipid-free apoE may play a unique 
role in protecting against atherogenesis. Overexpres- 
sion of apoE in macrophages in transgenic mice has 
been shown to reduce atherosclerotic lesion formation 
even with persistent hypercholesterolemia (154, 155). 
Thus apoE has the potential of playing an autocrine/ 
paracrine role in mobilizing cholesterol from choles- 
terol-loaded cells in the artery wall. In this fashion, 
more apoE would be synthesized and secreted by mac- 
rophages as they become loaded with cholesterol (156- 
158). The secreted apoE would then be available to in- 
teract with lipid efflux-stimulating binding sites on the 
cell surface which also increase in number when cells 
become cholesterol loaded (1 1, 12). Although this type 
of secretion/recapture process has not been demon- 
strated, it would provide a very efficient mechanism for 
macrophages to regulate excretion of excess cellular 
cholesterol. Local factors that modulate macrophage 
apoE production and availability may have important 
influences on this lipid removal pathway and atherc- 
genesis. 

It is also possible that some instances of premature 
atherosclerosis are caused by alterations in the struc- 
tural properties of apolipoproteins so as to reduce their 
efficacy in removing lipids from cells. Both glycation 
(159, 160) and oxidation (161, 162) of HDL have been 
shown to markedly reduce the ability of HDL to remove 
cellular cholesterol, implying that these modifications 
alter the properties of HDL apolipoproteins so that they 
lose their cellular lipid transport-stimulating activity. 
Glycated HDL apolipoproteins have been demon- 
strated to be present in the plasma of poorly controlled 
diabetics (163). Could decreased apolipoprotein-medi- 
ated lipid removal from tissues contribute to the in- 
creased CVD associated with diabetes? 

Actiuity of the cellular apolipopotein-mediated lipid removal 
pathway. Studies with TD fibroblasts raise the possibility 
that many subjects with low plasma HDL levels and CVD 
have acquired or genetic defects in the cellular pathway 
involved in apolipoprotein-mediated lipid removal. In 
these cases, the HDL deficiency would be secondary to 
an increased turnover of lipid-poor apoA-I because of 
its inability to pick up cellular lipids, and the premature 
atherosclerosis would stem from an impaired choles- 
terol excretory pathway in artery wall cells. These de- 
fects would be atherogenic even with high rates of apoli- 
poprotein production. Slightly less than half of the 
reported cases of homozygous TD between the ages of 
35 and 65 have symptoms of CVD, indicating that TD 
patients have a higher prevalence of CVD than age- 
matched normolipidemic subjects (164). These find- 
ings suggest that the cellular defect in TD, which almost 
completely abolishes the ability of apoA-I to remove cel- 
lular lipids, increases risk for CVD, but only modestly. 
The lower-than-expected risk for CVD in TD can be ex- 
plained by the markedly low levels of plasma LDL in 
these patients (96, 164). As discussed above, LDL may 
be a potent factor for initiating and propagating lesion 
formation, conditions required for apoA-I to be anti- 
atherogenic. Considering their very low plasma LDL 
levels, it is remarkable that nearly half of reported 35- 
to 65-year-old TD patients have CVD. 

In summary, these findings support the hypothesis 
that apolipoprotein-mediated lipid transport protects 
against atherogenesis. This protective effect, however, 
is likely to operate only when atherogenesis is initiated 
and propagated by other factors. The influence of this 
pathway on atherogenesis may operate over a wide 
range of activities. Thus individuals with only a partial 
impairment of this pathway may have a risk for devel- 
oping atherosclerosis similar to those with a complete 
defect because they have higher levels of atherogenic 
lipoproteins. Thus apolipoprotein-mediated lipid trans- 
port would be expected to be a powerful protective fac- 
tor for CVD among those individuals highly susceptible 
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to macrophage foam-cell formation in the artrry wall. 
This underscores the  importance of characteriz,ing the  
molecular properties of the  apolipoprotein-mediated 
lipid removal pathway in cells. Identification of the cel- 
lular proteins involved would not  only lead to the dis- 
covery of possible genetic defects that may impair cho- 
lesterol transport from cells a n d  enhance atherogenesis 
bu t  would also pinpoint key steps in the  regulation of 
this pathway. Although more  work is needed  to confirm 
the  models proposed in this review, the apolipoprotein- 
mediated lipid removal pathwav in cells likely will be an 
important target for future therapies drsigned to prc- 
vent W D . ~  

This work has been supported by NIH grants HI,-31194, HL- 
18645, HL-50367, and DK-02456 (J.O.), the Alberta Heritage 
Foundation for Medical Research (S.Y.), MRC of Ganada Op- 
eration grant MT 11764 (S.Y.), a grant-in-aid from the Heart 
and Stroke Foundation of Alberta (S.Y.), and research funds 
provided by Bristol-Myers Squibb (J.O.), Sanhyo Co. Ltd. 
(S.Y.), and Dai-ichi Pharmaceutical Go. Ltd. (S.Y.). .John 
Oram thanks Dr. Armando Mendez for his valuable contribu- 
tion to this work and is extremely grateful for the mentorship, 
scientific collaboration, and friendship of the late 111. Edwin 
Bierman. ShinjiYokoyania thanks Dr. Hitoshi Hara for his de- 
voted contribution to this work, including his initial discovery 
of free apolipoprotein-mediated cellular lipid efflux. 
M n 1 2 n s c r i p  rvrezwd 15./ul3 1996 and in r rv iw!  /o)m 16 Srptrmbm 1996 

REFERENCES 

1. 

2. 

3. 

4. 

5. 

6. 

7 .  

Gordon, D. J., J. h o k e ,  J. L. Probstfield, R. Superko, and 
H. A. Tyroler. 1986. High-density lipoprotein cholesterol 
and coronary artery disease in hypercholesterolemic 
men: the Lipid Research Clinics Coronary Primary Pre- 
vention Trial. Circulation. 73: 1217-1225. 
Stampfer, M. J., F. M. Sacks, S. Salvini, W. C;. M'illett, and 
C. H. Hennekens. 1991. A prospective study of choles- 
terol, apolipoproteins, and the risk of myocardial in- 
farction. N. Engl. J. Med. 3 2 5  373-381. 
Glomset, J. A. 1968. The plasma 1ecithin:cholesterol acyl- 
transferase reaction. J. Lipid Res. 9: 155-167. 
Miller, G. J.. and N. E. Miller. 1974. Plasma high density 
lipoprotein concentration and development of ischae- 
mic heart disease. I,nncet. 1: 16-20. 
Assmann, G., A. von Eckardstein, and H. Funke. 1993. 
High density lipoproteins, reverse transport of choles- 
terol, and coronary artery disease. Insights from muta- 
tions. Circuldion. 87: 11 128- 11 134. 
Li, H., R. L. Reddick, and N. Maeda. 1993. Lack ofapoA- 
I is not associated with increased susceptibility to athero- 
sclerosis in mice. Afimiosclcr. Thromh. 13: 18 14- 1821. 
Hirano, K., S. Yamashita, Y. Kuga, N. Sakai, S. Nozaki, 
S. Kihara, T. Arai, K. Yanagi, S. Takami, M. Menju, M. 
Ishigami, Y. Yoshida, K. Kameda-Takemura, K. Hayashi, 
and Y .  Matsuzawa. 1995. Atherosclerotic disease in 
marked hyperalphalipoproteinemia. Combined reduc- 

tion of ctiolestrr? I cstei- tr;msfcr proteiii and Iicl)atic t I I -  

glyceride lipase. , . I~ /P~?ovc.~Pv.  ' / ' h ? - f J J T ? / ) .  \'o,w. /$io/. 15: 1 N<)-- 
I8M. 

8. \Varden, (:. H., (:, (:. Hetlrick, J .  H. Qiiao, I ,. \I 
<hsLcllarii, and A. J.  Ltisis. lf193. Atherosc-lcr-osis i i r  

transgenic mice overexpressing ;ipolipoprotcin i\-II. .% / 
u i w .  261: 469-472. 

9. Johnson, W. J., F. H. Mahlberg, C;.  H. Kothl ) lat ,  ancl 
M. C;. Phillitx. 1991. Cholesterol transDort bctweeii cell.; 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

and high-density lipoproteins. Hioc./iirn. B i o / ~ h ~ > .  .+IC/(/. 
1085: 273-298. 
Rothhlat, G. H., F. H. Mahlberg, W.,j.,]ohnsori, and M. (:. 
Phillips. 1992. Apolipoproteins, membrane cholesterol 
domains, and the regulation o f  cholesterol efflux. ,/. 
/,i()id Krs. 33: 1091-1098. 
Oram,J. F., E. A. Brinton, and E. 1,. Bierman. 1985. Keg- 
ulation of HULL 1-eccptor activity i n  cultured human skill 
tibroblasts and human arterial smooth muscle c-ells. ,/. 
C/ir/. I n w t .  72: L611-l621. 
Schmitz, (A, R. Niemann, B. Brennhausen, K. M. Krauss, 
and G. hsmann.  1985. Regulation of high tlcnsiry lipo- 
protein receptors in cultured macrophages: role of acyl 

holesterol acyltransferasc. I:MBO,]. 4: 2773-2779. 
O r a m , J .  F.. A.,J. Mendel., J .  P. Slotte, and T. F.Johrisoii. 
199 1. High density lipoprotein apolipoproteins mediate 
I-ernoval of' sterol from intracellular pools but not frorii 
plasma membranes of cholester~~l-loaded fibroblasts. A I -  

/(vio,~clm. 7%rornb. l l :  403-4 14. 
Hara, H., and S. Yokoyarna. 1991. Interactioii of' free 
apolipoproteins with macrophages: formation of high 
density lipoprotein-like lipoproteins and reduction of 
cellular cholesterol. J.  Biol. O'hrm. 266: 3080-308(i. 
Komaba, A,,  Q. Li, H. Ham, and S. Yokopnia. 1992. Kc- 
sistance of smooth musclc cclls to assembly of high d e i i -  

sit? lipoproteins with extr-acell~ilar free apolipoprotcins 
and to 1-eduction of intracellularly accumulated cholcs- 
terol. ,/. Niol. O ' h m .  267: 17560-1 7566. 
1.i. Q., A. Iioinaba, and s. Yokoyama. 19!)3. <:hokstei-ol 
is poorly a\ailalilc for free apolipoprotein-riiediated cel- 
lular lipid efflux from smooth ~ i i ~ i s c l e  cells. Hioc/wrni\/ry. 
32: 4597-4603. 
Mendez, A. J.,  G. 14. Anaiitharaniaiah,J. 1'. Segresr, and 
J. F. Oram. 1994. Synthetic amphipathic helical peptides 
that mimic apolipoprotein A-I in clearing cellular choles- 

Johnsoil, W.J . ,  M.J. Bamberger, R. 11. Latta, 1'. E. h p p ,  
M. C .  Phillips, and C;. H. Rothblat. 1986. The bidircc- 
tional flux of cholesterol between cells anti lipoproteins: 
effects of phospholipid depletion of high density lipo- 
protein. ,/. ljiol. <,'hem. 261: 5766-5776. 
Johnson, W.J. ,  F. H. Mahlberg, G. K. Chacko, M. (:. Phil- 
lips, and G. H. Rothblat. 1988. The influence of cellular 
and lipoprotein cholesterol contents on the flux o f  cho- 
lesterol between fibroblasts and high density lipopro- 
teins. ,/. Hiol. Chum.  263: 14099-14106. 
DeLaniatre, J., G. M:olkauer, M. C:. Phillips, and G. H. 
Rothblai. 1986. Role of apolipoproteins in cellular cho- 
lesterol efflux. Iliochim. f3iojIhy.r. Acta. 875: 419-428. 
Mahlberg, F. H., J. M. [;lick, S. Lund-Katz, and G. H. 
Kothhlat. 1991. Inflriencc of apolipoproteins AI, AII, 
and C s  on the metabolisni o f  membrane arid lysosomal 
cholester-ol in macrophages. ,/. Biol. ( h m .  266: 19930- 
19937. 
Mahlberg, F. H., and G. H .  liothblat. 1992. C:ellular cho- 
lesterol efflux. Role of cell membrane kinetic pools and 

terol. ,/. C h .  In-cJr.5t. 94: 1698-1705. 

2486 Journal of Lipid Research Volume 37, 1996 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


interaction with apolipoproteins AI, MI, and Cs. J. Biol. 
Chem. 267: 4541-4550. 

23. Davidson, W. S., S. Lund-Katz, W. J. Johnson, G. M. 
Anantharamaiah, M. N. Palgunachari, J. P. Segrest, G. H. 
Rothblat, and M. C. Phillips. 1994. The influence of 
apolipoprotein structure on the efflux of cellular free 
cholesterol to high density lipoprotein. J. Biol. Chem. 269: 
22975-22982. 

24. Davidson, W. S., K. L. Gillotte, S. Lund-Katz, W. J. John- 
son, G. H. Rothblat, and M. C. Phillips. 1995. The effect 
of high density lipoprotein phospholipid acyl chain com- 
position on the efflux of cellular free cholesterol. J. Biol. 
Chem. 270: 5882-5890. 

25. Davidson, W. S., W. V. Rodrigueza, S. Lund-Katz, W. J. 
Johnson, G. H. Rothblat, and M. C. Phillips. 1995. Effects 
of acceptor particle size on the efflux of cellular free cho- 
lesterol. J. Biol. Chem. 270: 17106-17113. 

26. Czarnecka, H., and S. Yokoyama. 1995. Lecithin:choles- 
terol acyltransferase reaction on cellular lipid released 
by free apolipoprotein-mediated efflux. Biochemistry 3 4  

27. Czarnecka, H., and S. Yokoyama. 1996. Regulation ofcel- 
lular cholesterol efflux by 1ecithin:cholesterol acyltrans- 
ferase reaction through nonspecific lipid excange. J. 
Biol. Chem. 271: 2023-2028. 

28. Hara, H., and S.Yokoyama. 1992. Role ofapolipoproteins 
in cholesterol efflux from macrophages to lipid microe- 
mulsion: proposal of a putative model for the pre-P high 
density lipoprotein pathway. Biochemistry. 31: 2040-2046. 

29. Francis, G. A., R. H. Knopp, and J. F. Oram. 1995. Defec- 
tive removal of cellular cholesterol and phospholipids by 
apolipoprotein A-I in Tangier disease. J. Clin. Invest. 96: 

30. Oram, J. F., C. J. Johnson, and T. A. Brown. 1987. Inter- 
action of' high density lipoprotein with its receptor on 
cultured fibroblasts and macrophages: evidence for re- 
versible binding at the cell surface without internaliza- 
tion. J. Biol. Chem. 262: 2405-2410. 

31. Forte, T. M., R. Goth-Goldstein, R. W. Nordhausen, and 
M. R. McCall. 1993. Apolipoprotein A-I cell membrane 
interaction: extracellular assembly of heterogeneous na- 
scent HDL particles. J.  Lipid Res. 3 4  31 7-324. 

32. Forte, T. M., J. K. Bielicki, L. Knoff, and M. R. McCall. 
1996. Structural relationships between nascent apoA-1- 
containing particles that are extracellularly assembled in 
cell culture. J. I,ipid Res. 37: 1076-1085. 

33. Bielicki, J. K., U'. J. Johnson, J. M. Click, and G. H. Roth- 
blat. 1991. Efflux of phospholipid from fibroblasts with 
normal and elevated levels of cholesterol. Biochim. Bio 
phys. Acta. 1085: 7-14. 

34. Bielicki, J. K., W. J. Johnson, R. B. Weinberg, J. M. Click, 
and G. H. Rothblat. 1992. Efflux of lipid from fibroblasts 
to apolipoproteins: dependence on elevated levels of cel- 
lular unesterified cholesterol. J.  Lipid Res. 3 3  1699- 
1709. 

35. Yancey, P. G., J. K. Bielicki, W. J. Johnson, S. Lund-Katz, 
M. N. Palgunachari, G. M. Anantharamaiah, J. P. Segrest, 
M. C. Phillips, and G. H. Rothblat. 1995. Efflux of cellu- 
lar cholesterol and phospholipid to lipid-free apolipo- 
proteins and class A amphipathic peptides. Biochemistry. 

36. Oram, J. F. 1983. The effects of HDL subfractions on 
cholesterol homeostasis in human fibroblasts and arte- 
rial smooth muscle cells. Arteriosclerosis. 3: 420-432. 

37. Mender., A. J., J. F. Oram, and E. L. Bierman. 1991. Pro- 

4385-4392. 

78-87. 

34: 7955-7965. 

tein kinase C as a mediator of high density lipoprotein 
receptordependent efflux of intracellular cholesterol. J. 
Bid. Chem. 266 10104-10111. 

38. Oram, J. F., J. J. Albers, M. C. Cheung, and E. L. Bier- 
man. 1981. The effects of subfraction of high density 
lipoprotein on cholesterol emux from fibroblasts. Regu- 
lation of low density lipoprotein receptor activity. J. Biol. 

39. Savion, N., and S. Kotev-Emeth. 1993. Role of apolipe 
proteins A-I, A-I1 and C-I in cholesterol efflux from endo- 
thelial and smooth muscle cells. Eur. HeartJ. 14: 930- 
935. 

40. Hara, H., H. Hara, A. Komaba, and S. Yokoyama. 1992. 
a-Helical requirements for free apolipoproteins to gen- 
erate HDL and to induce cellular lipid efflux. Lipids. 27: 

41. Li, Q., and S. Yokoyama. 1995. Independent regulation 
of cholesterol incorporation into free apolipoprotein- 
mediated cellular lipid efflux in rat vascular smooth 
muscle cells. J.  Bid. C h .  270: 26216-26223. 

42. Forte, T. M., J. K. Bielicki, R. Goth-Goldstein, J. Selmek, 
and M. R. McCall. 1995. Recruitment of cell phospholip- 
ids and cholesterol by apolipoproteins A-I1 and A-I: for- 
mation of nascent apolipoprotein-specific HDL that dif- 
fer in size, phospholipid composition, and reactivity with 
LCAT. J. Lipid Res. 36: 148-157. 

43. Segrest, J, P., M. K Jones, H. DeLoof, C. G. Brouillette, 
Y. V. Venkatachalapathi, and G. M. Anantharamaiah. 
1992. The amphipathic helix in the exchangeable apoli- 
poproteins: a review of secondary structure and func- 
tion. J.  Lipid Res. 33: 141-166. 

44. Brinton, E. A., R. Kenagy, J. F. Oram, and E. L. Bier- 
man. 1985. Regulation of high density lipoprotein bind- 
ing activity of aortic endothelial cells by treatment with 
acetylated low density lipoprotein. Arteriosclerosis. 5: 329- 
335. 

45. Brinton, E. A,, J. F. Oram, C. H. Chen, J. J. Albers, and 
E. L. Bierman. 1986. Binding of high density lipoprotein 
cultured fibroblasts after chemical alteration of apopro- 
tein amino acid residues. J.  Biol. Chem. 261: 495- 
503. 

46. Leblond, L., and Y. L. Marcel. 1991. The amphipathic 
alpha-helical repeats of apolipoprotein A-I are responsi- 
ble for binding of high density lipoproteins to HepG2 
cells. J. Bid. Chem. 266: 6058-6067. 

47. Tsujita, M., and S. Yokoyama. 1996. Selective inhibition 
of free apolipoprotein-mediated cellular lipid efflux by 
probucol. Biochemistry. 40: 1301 1-13020. 

48. Swaney, J. B. 1983. Selective proteolytic digestion as a 
method for the modification of human HDL3 structure. 
J.  Lipid Res. 2 4  245-252. 

49. Kunitake, S. T., G. C. Chen, S.-F. Kung, J. W. Schilling, 
D. A. Hardman, and J. P. Kane. 1990. Pre-beta high den- 
sity lipoprotein. Unique disposition of apolipoprotein A- 
I increases susceptibility to proteolysis. Arteriosclerosis. 10: 

50. Tajima, S., S. Yokoyama, and A. Yamamoto. 1983. Effect 
of lipid particle size on association of apolipoproteins 
with lipid. J. Biol. Chem. 258: 10073-10082. 

51. Yokoyama, S., U. Kawai, S. Tajima, and A. Yamamoto. 
1985. Behavior of apolipoprotein E in aqueous solutions 
and at interfaces. J. Biol. Chem. 260 16375-16382. 

52. Mazzone, T., and L. Pustelnikas. 1990. Growth-related 
modulation of human skin fibroblast cholesterol distribu- 
tion and metabolism. Biochim. Biophys. Acta 1047: 180-186. 

Chem. 256: 8348-8356. 

302-304. 

25-31. 

Oram and Yokovama , ~ Removal of cellular cholesterol and phospholipids 2487 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


53. Li, Q., H.  Czarnecka, and S. Yokoyarna. 1995. Involvc- 
nlent o f a  cellular  surface factor(s) in lipid-f1-w apolipo- 
protein-mediated  cellular  cholesterol rfflux. f h r h i n r .  
1Jiophys. Acta. 1259: 227-234. 

54. Graham, D.  L., andJ. F. Oram. 1987. Identification and 
characterization of a  high density lipoprotein-binding 
protein in cell membrane by ligand  blotting. ,I. B i o l .  
(:ham. 262: 7439-7442. 

55. Hokland, B. M.,  A. J. Mendez, and J. F. Oram. 1992. (:el- 
Mar  localization and characterization of proteins  that 
bind high density lipoprotein. J. 1,ipid 1PS. 33: 133.5- 
1342. 

56. Hidaka, H., and N. H. Fidge. 1992. Atfinity purification 
of the hepatic high-density lipoprotein receptor. identi- 
ties two acidic glycoproteins and enables further charac- 
terization of their  binding  properties. Biochrm. ,I. 284: 
161-167. 

57. Bond, H. M.,  G. Morrone, S. Venuta,  and K. E. Howell. 
1991. Characterization and purification of proteins 
which bind high-density lipoprotein. Riochrm. ,/. 279: 

58. de  Crom, R. P., R. van Haperen, P. Visser, R. Willemsen, 
and A. W. van der Kamp. 1994. Structural  relation be- 
tween HDL-binding proteins in porcine liver. Artrriosckw. 
Thromb. 14: 305-312. 

59. McKnight, G.  L., J. Reasoner, T. Gilbert, K. 0. Sund- 
quist, B. M. Hokland, P.  A. McKernan, J .  Champagne, 
C;. J. Johnson, M. C. Bailey, R. Holly, P. J .  O'Hara,  and 
J. F. Oram. 1992. Cloning  and expression of a cellular 
high density lipoprotein-binding  protein  that is up-regu- 
lated by cholesterol loading of cells. ,/. Biol. (:hpvn. 267: 

60. Acton, S., A. Rigotti, K. T. Landschulz, S. Xu, H. H. 
Hobbs, and M. Krieger. 1996. Identification ofscavenger 
receptor SR-B1  as a  high density lipoprotein  receptor. 
Srirncr. 271: 518-520. 

61. Blackburn, W. D., J. G. Dohlman, Y. V. Venkatachala- 
pathi, D. J .  Pillion, Mr. J. Koopman, J .  P. Segrest, and 
G. M. Anantharamaiah. 1991. Apolipoprotein A-I de- 
creases neutrophil  degranulation  and  superoxide pro- 

62. Higgins, C .  F., and M. M. Gottesman. I9!)2. Is the multi- 
drug  transporter a  flippase? Trends Biochrm. Sci. 17: 18- 
21. 

63. Fielding, P. E., and C:. J. Fielding. 199.5. Plasma mrm- 
brane caveolae mediate  the efflux of cellular free choles- 
terol. Biochemistry. 34: 14288-14292. 

64. Anderson, R. G. UT. 1993. Caveolae: where incoming  and 
outgoing messengers  meet  (review). t'roc. Natl. Amd. Sri.  
USA. 90: 10909-10913. 

65. Slotte,J.  P.,,J. F. Oram,  and E. 1,. Biernlan. 1987. Binding 
of high density lipoprotein to cell receptors  promotes 
translocation of cholesterol  from  intracellular  menl- 
hranes to the cell surface. ,/. Rid. Cham. 262: 12904- 
12907. 

66. Aviram, M., E. L. Bierman, and J .  F. Oram. 1989. High 
density lipoprotein stimulates  sterol  translocation be- 
tween intracellular and plasma membrane pools in hu- 
man monocyte-derived macrophages. ,I. f i p i d  &.s. 30: 

67. Hokland, B. M., J .  P. Slotte, E. L. Bierman, and J. F. 
Oram. 1993. Cyclic AMP stimulates efflux of intracellu- 
lar  sterol from cholesterol-loaded cells.,/. Hid. Chrm. 268: 

68. Walter, M., U. Gerdes, U. Seedorf,  and G .  Assmann. 

633-641. 

12131-12141. 

ductio11. ,]. f,ipid &.?. 32: 1911-1918. 

65-76. 

25343-2.5349. 

1994. 'The high density lipoprotein apoIipopl.oteirt 11-1- 
induced  mobilizatio~~ of crllrllar cholesterol is ilr1pairc.d 
in fibroblasts from  Tangier disease subjects. f3iorh~tn. Ijin 
p / q . \ .  Rr,. O'omrnun. 205: 8.50-856. 

69. Roglel-, G., 11. Trumbach, R. Hima, I(. J .  Lxhncr ,  a n t 1  

G. Schmitz. 1995. High density lipoprotein-mc.diatrcl VI- 
flux o f '  newly synthesized cholcsterol is impaired in fi- 
broblasts from  Tangier paticnts while metnbrane dc- 
sorption  and efflux of lysosomal cholesterol are normal. 
A r t m ' m e h .  Throtnh. Vasr. Bid. 15: 683-6!10. 

70. Sviridov, D., and N. Fidge. 19'35. Efflux of intraccllulx 
versus plasma membrane cholesterol in HepG2 cells: dit- 
ferent availability and regulation by apolipoprotein A-I .  

71. Sviridov, D., LA. I'yle, and N. Fidge. 1996. Identification 
of a scquence of apoIipoprotein~A-I associated with the 
efflux 01' intracellular  cholesterol to human swum and 
apolipoprotein A-I-containing particles. Biochvm/st?y. 35: 
189-196. 

72. Francis, G. A,,  A. J. Mendez, F,. 1,. Bierman, and , J .  M'. 
Hrinecke. 1993. Oxidative tyrosylation of high density 
lipoprotein by peroxidase enhances cholesterol removal 
from cultured fibroblasts and  macrophage foam cclls. 
I'ror. Null. Arad. Sri. USA. 90: 6631 -6635. 

73. Lange, Y. 1992. Tracking cell cholesterol w i t h  cholcs- 
terol  0xidase.J. f i p i d  I&. 33: 315-322. 

74. L,ange, Y., and J. I,. Steck. 1985. Cholesterol-rich intracel- 
lular membranes: a precursor  to  the plasma membrane. 
/. H i d .  Chrrn. 260: 15592-15.596. 

75. 'Lange, Y. 1991. Disposition of intracellular  cholesterol 
in human fibroblasts. ,/. Lipid l k .  32: 329-339. 

76. Lange, Y. 1!194. Cholesterol  movement  from plasma 
rnc~mbrane to  rough  endoplasmic  reticulum.  Inhi- 
bition by progesterone. ,/. fliol. Chrm. 269: 341 1- 
34 1 4. 

77. Liscrtrn, L., and N. K. Dahl. 1!)92. Intracellr~lar choles- 
terol transport. J.  Lipid KrJ. 33: 1259- 1254. 

78. Liscum, L., and K. W. Underwood. 1995. Intracellular 
cholesterol transport  and  compartmentation. ,/. Biol. 
Chrm. 270: 15443-15446. 

79. MendeL, A. J .  1995. Mollensin and Brefeldin A inhibit 
high density lipoprotein-mediated  cholesterol efflux 
from cholesterol-enriched cells. Implications for intra- 
cellular cholestet-ol transport. ,/. Bid. (,'hem. 270: 5891- 
5900. 

80. Menclez, A. J., and L. Uint. 1996. Apolipoprotein-medi- 
ated cellular  cholesterol and  phospholipid efflux de- 
pend on a hnctional Golgi apparatus. ,/. I2zpid &.\. 37: 
25 10-2524. 

81. (hnrad, 1'. X., E. J., Smart, Y. S. Ying, K. G .  Anderson, 
and G. S. Bloom. 1995. Caveolin cycles between plasma 
membrane caveolae and  the Golgi complex by microtu- 
bule-dependent  and  microtubule-independent steps. ./. 
(,dl Bid. 131: 1421-1433. 

82. Xu, X. X., and I .  Tabas. 1991. Iipoproteins activate acyl- 
coen7yme A:cholesterol acyltransferase in macrophages 
o n l y  after  cellular  cholesterol pools are  expanded t o  
a critical threshold level. ,/. f3iol. (,'hem. 266: 17040- 
17048. 

83. Puglielli, I>., A. Rigotti, A. V. (;reco, M. J. Santos, and F. 
Nrrvi. 1995. Sterol carrier protein-:!  is involved in choles- 
terol transfer from  the endoplasmic  reticulum  to the 
plasma membrane i n  human fibroblasts. ,I. Bid.  ~ ~ h P t 7 2 .  

270: 18723-18726. 
84. Hu, R. M . ,  M. Y. Chuang, B. PI-ins, M. I,. kshyap ,   H.J .  

J. l,i/id I%. 36: 1887-1896. 

2488 Journal of Lipid Research Volume 57, 1996 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


Frank, A. Pedram, and E. R. Levin. 1994. High density 
lipoproteins stimulate production and secretion of en- 
dothelin-1 from cultured bovine aortic endothelial cells. 
J. Clin. Invest. 93: 1056-1062. 

85. Ong, A. C., T. P. Jowett, J. F. Moorhead, and J. S. Owen. 
1994. Human high density lipoproteins stimulate endc- 
thelin-1 release by cultured human renal proximal tubu- 
lar cells. Kidnq, Int. 46: 1315-1321. 

86. Wu, Y. Q, and S. Handwerger. 1992. High density lipo- 
proteins stimulate molecular weight 80 K protein phos- 
phorylation in human trophoblast cells: evidence for a 
protein kinase-Cdependent pathway in human placen- 
tal lactogen release. Endocrinology. 131: 2935- 
2940. 

87. Theret, N., C. Delbart, G. Aguie, J. D. Fruchart, G. Vas- 
saux, and G. Ailhaud. 1990. Cholesterol efflux from adi- 
pose cells is coupled to diacylglycerol production and 
protein kinase C activation. Biocha. Biophys. Res. Com- 
mun. 173: 1361-1368. 

88. Dusserre, E., T. Pulcini, M. C. Bourdillon, and F. Ber- 
thezene. 1994. High-density lipoprotein 3 stimulates 
phosphatidylcholine breakdown and sterol transloca- 
tion in rat aortic smooth muscle cells by a phospholipase 
C/protein kinase Gdependent process. Biochem. Med. 
Metab. Biol. 52: 45-52. 

89. Drobnik, W., C. Mollers, T. Resink, and G. Schmitz. 
1995. Activation of phosphatidylinositol-specific phos- 
pholipase C in response to HDLS and LDL is markedly 
reduced in cultured fibroblasts from Tangier patients. 
Artm'oscter. Thromb. Vasc. Biol. 15: 1369-1377. 

90. Voyno-Yasenetskaya, T. A., L. G. Dobbs, S. K. Erickson, 
and R. L. Hamilton. 1993. Low density lipoprotein and 
high density lipoprotein-mediated signal transduction 
and exocytosis in alveolar type I1 cells. Proc. Natl. Acad. 
Sei. USA. 90: 4256-4260. 

91. Porn, M. I., K. E. 0. Ackerman, and J. P. Slotte. 1991. 
High-density lipoprotein induces a rapid and transient 
release of Ca2+ in cultured fibroblasts. Biochem. J. 279: 

92. Mollers, C., W. Drobnik, T. Resink, and G. Schmitz. 
1995. Highdensity lipoprotein and lowdensity lipoprc- 
tein-mediated signal transduction in cultured human 
skin fibroblasts. Cell Signal. 7: 695-707. 

93. Walter, M., H. Reinecke, J-R. Nofer, U. Seedorf, and G. 
Assmann. 1995. HDL3 stimulates multiple signaling 
pathways in human skin fibroblasts. Artm'oscler. Thromb. 

94. Fredrickson, D. S., P. H. Altrocchi, L. V. Avioli, D. S. 
Goodman, and H. C. Goodman. 1961. Tangier disease: 
combined clinical staff conference at the National Insti- 
tute of Health. Ann. Intern. Med. 55: 1016-1031. 

95. Fredrickson, D. S. 1964. The inheritance of high density 
lipoprotein deficiency (Tangier disease). J.  Clin. Invest. 

96. Assmann, G. A., A. von Eckardstein, and H. B. Brewer. 
1995. Familial HDL deficiency: Tangier disease. In  The 
Metabolic Basis of Inherited Disease. C. R. Scriver, A. L. 
Beaudet, W. S. Sly and D. Valle, editors. McGraw-Hill 
Book Co. New York. 2053-2072. 

97. Bojanovski, D., R. E. Gregg, L. A. Zech, M. S. Meng, C. 
Bishop, R. Ronan, and H. B. Brewer, Jr. 1987. In vivo 
metabolism of proapolipoprotein A-I in Tangier disease. 

J.  Clin. Invest. 80: 1042-1047. 
98. Brewer, H. B., T. Fairwell, M. S. Meng, L. Kay, and R. 

Ronan. 1983. Human proapo A-I,,,,,,: Isolation of pro- 

29-33. 

Vas<. Bioi. 15: 1975-1986. 

43: 228-236. 

Oram and Yokovama 

apo A-ITanger and the amino acid sequence of the propep 
tide. Biochem. Biophys. Res. Commun. 113: 934-940. 

99. Law, S. W., and H. B. Brewer, Jr. 1985. Tangier disease: 
the complete amino acid sequence for proapo A-I.J. Biol. 

100. Remaley, A. T., J. A. Stonik, U. K. Schumacher, J. M. 
Hoeg, and H. B. Brewer, Jr. 1995. Defective phospho- 
lipid efflux from Tangier disease fibroblasts. Circulation. 
92: 1-556 Abstract. 

101. Fielding, C. J., and P. E. Fielding. 1995. Molecular physi- 
ology of reverse cholesterol transport. J. Lipid Res. 36: 

102. Fielding, P. E., M. Kawano, A. L. Catapano, A. Zoppo, 
S. Marcovina, and C. J. Fielding. 1994. Unique epitope of 
apolipoprotein A-I expressed in pre-beta-1 highdensity 
lipoprotein and its role in the catalyzed efflux of cellular 
cholesterol. Biochemistly. 33: 6981-6985. 

103. Reichl, D., C. B. Hathaway, J. M. Sterchi, and N. E. 
Miller. 1991. Lipoproteins of human peripheral lymph. 
Apolipoprotein A-Icontaining lipoprotein with alpha-2 
electrophoretic mobility. Eur. J .  CZin. Invest. 21: 631- 
643. 

104. Asztalos, B. F., C. H. Sloop, L. Wong, and P. S. Roheim. 
1993. Comparison of apoA-I-containing subpopulations 
of dog plasma and prenodal peripheral lymph: evidence 
for alteration of subpopulations in the interstitial space. 
Biochim. Biophys. Acta. 1169 301-304. 

105. Wong, L., B. Sivok, E. Kurucz, C. H. Sloop, P. S. Roheim, 
and B. Asztalos. 1995. Lipid composition of HDL sub- 
fractions in dog plasma and lymph. Artm'oscler. Thromb. 
Vasc. Biol. 15: 1875-1881. 

106. Heideman, C. L., and H. F. Hoff. 1982. Lipoproteins 
containing apolipoprotein A-I extracted from human 
aortas. Biochim. Biophys. Acta. 711: 431-444. 

107. Smith, E. B., C. Ashall, and J. E. Walker. 1984. High den- 
sity lipoprotein (HDL) subfractions in interstitial fluid 
from human aortic intima and atherosclerotic lesions. 
Biochem. Soc. Trans. 12: 843-844. 

108. Miida, T., M. Kawano, C. J. Fielding, and P. E. Fielding. 
1992. Regulation of the concentration of pre-beta high- 
density lipoprotein in normal plasma by cell membranes 
and 1ecithin:cholesterol acyltransferase activity. Biochem- 
ist?. 31: 11112-11117. 

109. Kawano, M., T. Miida, C. J. Fielding, and P. E. Fielding. 
1993. Quantitation of pre-PHDLdependent and non- 
specific components of the total efflux of cellular choles- 
terol and phospholipid. Biochemist?. 32: 5025- 
5028. 

110. Cheung, M. C., A. J. Mendez, A. C. Wolf, and R. H. 
Knopp. 1993. Characterization of apolipoprotein A-I- 
and A-11-containing lipoproteins in a new case of high 
density lipoprotein deficiency resembling Tangier dis- 
ease and their effects on intracellular cholesterol efflux. 
J. Clin. Invest. 91: 522-529. 

111. von Eckardstein, A., Y .  Huang, S. Wu, H. Funke, G. 
Noseda, and G. Assmann. 1995. Reverse cholesterol 
transport in plasma of patients with different forms of 
familial HDL deficiency. Artm'oscler. Thromb. Vasc. Riol. 

112. Hennessy, L. K., S. T. Kunitake, and J. P. Kane. 1993. 
Apolipoprotein A-I-containing lipoproteins, with or 
without apolipoprotein A-11, as progenitors of pre-beta 
high-density lipoprotein particles. BiochemistTy. 32: 5759- 
5765. 

113. Kunitake, S. T., C. M. Mendel, and L. K. Hennessy. 1992. 

C h m .  260: 12810-12814. 

21 1-228. 

15: 691-703. 

Removal of cellular cholesterol and ohosoholioidq 2489 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


Interconversion between apolipoproteitl A-I-containing 
lipoproteins of pre-beta and alpha electtophoretic 1110- 
bilities. J. Lipid R E S .  33: 1807-1816. 

114. Asztalos, B. F., and P. S .  Roheirn. 1995. Presence a l l d  

formation of ‘free apolipoprotein A-I-like’ particles i n  
human plasma. Arkriosclw. 7Rmmh.  l ’ns t .  Kiol. 15: 1419- 
1423. 

115. Barrans, A., X. Collet, R. Barbaras, B.,Jaspard, J .  Manent, 
C. Vieu, H. Chap,  and B. Perret. 1994. Hepatic lipase 
induces the  formation of pre-p, high density lipoprotein 
(HDL)  from triacylglycerol-rich HDL?. ,/. Kiol. Chum. 269: 

116. Clay, M. A., H. H. Newnham, T. Ril. Forte,  and P. I .  Bar- 
ter. 1992. Cholesteryl ester transfer protein  and hepatic 
lipase activity promote  shedding of apoA-I ft-om HDL 
and  subsequent  formation of discoidal HDL. Riochirn. 
Hiophys. Arta. 1124: 52-58. 

117. Liang, H., K. Rye, and P. J. Barter. 1995.  (:ycling ofapoli- 
poprotein A-I between lipid-associated and lipid-free 
pools. Biochim. Biophys. Acta. 1257: 31 -37. 

118. Pussinen,  P., M. Jauhiainen, J. Metso, J. Tyymela, C. En- 
holm. 1995. Pig plasma phospholipid transfer protein 
facilities HDL interconversion. ,I. 1,ipid Ru\. 36: 975- 
985. 

119. Hamilton, R. L., L. S .  Guo, T. E. Felker, 1’. S. Chao,  and 
R.J. Havel. 1986. Nascent  high density lipoproteins  from 
liver perfusates of orotic acid-fed rats. ,I. /,+id Rut. 27: 
967-978. 

120. Johnson, F. L., J. Babiak, and L.. L. Rudel. 1986. High 
density lipoprotein accumulation in perfusates of iso- 
lated livers of African green monkeys: effects of satn- 
rated versus polyunsaturated  dietary  fat. ,/. Lipid f k c .  27: 
537-548. 

121. Johnson, F. L., L.  L. Swift, and I,. L. Rudel. 1987. Nascent 
lipoproteins from  recirculating and nonrecircrllating 
liver perfusions and from the hepatic Golgi apparatus of 
African green monkeys. J.  Lipid  f i . ~ .  28: 549-564. 

122. McCall, M. K., T. M. Forte,  and V. G. Shore. 1988. Het- 
erogeneity of nascent high density lipoproteins  secreted 
by the hepatoma-derived cell line, HepG2. ,/. Lipid  h .  
29: 1127-1137. 

123. Forte, T. M., M. K. McCall, B.  B. Knowles, and V .  G .  
Shore. 1989. Isolation and characterization of lipopro- 
teins produced by human hepatoma-derived cell lines 
other  than HepG2. J.  Lipid Kus. 30: 817-829. 

124. Hughes, T. E., W. V. Sasak,J. M. Ordovas, T. M. Forte, 
S. Lamon-Fava, and E.J. Schaefer. 1987. A novel cell line 
(Caco-2) for  the study of intestinal lipoprotein synthesis. 

J.  Biol. Chon. 262: 3762-3767. 
125. Black, D. D., and P. L. Kohwer-Nutter. 1991. Intestinal 

apolipoprotein synthesis in the newborn piglet. Pdinlric 

126. Huang, Y., A. Eckardstein, S.  Wu, N. Maeda, and G .  Ass- 
tnarln. 1994. A plasma lipoprotein  containing only apoli- 
poprotein E and with gamma mobility on electrophore- 
sis releases cholesterol from cells. Proc. LVuLl. Atnd. Sr i .  

127. von Eckardstein, A., Y. Huang, S. Wu, A. S. Sarmadi, S. 
Schwartz, ‘4. Steinmetz, and G. Assmann. 1995. Lipopro- 
teins containing  apolipoprotein A-I\’ but n o t  itpolipo- 
protein A-I take up  and esterify cell-derived cholesterol 
in plasma. z~rlm”o.cr~m, 7’hlmmb. Vcrsr. Bioi. 15: 175.5- 
1763. 

128. Basu, S. K., M. S. Brown, 1’. K. Ho, K. J. Havel, antl 
J. L. Goldstein. 1981. Mouse macrophages synthesize 

11572-1 1577. 

R E S .  29: 32-38. 

CYSA. 91: 1834-1838. 

129. 

130. 

131. 

132. 

183. 

134. 

135. 

136. 

137. 

138. 

139. 

140. 

141. 

142. 

143. 

and secrete a 111-orein 1.esembli11g ;~pol ipol~ t ‘o t (~~~l  li. / + / K  
:V t r l i .  A c c l d .  Sei. ll.%I. 78: 7545-7549. 

tcin. ,/. lipid / k c .  34: 1255-127:l. 
Glass, (;., R. C. I’ittnxul, &I. (liven, and L). Stcinherg. 
198r,. Uptake o f  high-density lipoprotei~l-associatetl apo- 
protein A-I antl cholesterol esters b y  1 6  tissues o f  til(, r a t  
i n  vivo and by adrcltal cells antl hcpatocyrrs i n  vitto, ,/. 
Iliol. ()‘hum. 260: 744-750. 
Horowitz, B. S., ,I. J .  (;oldberg, ,]. Mcrab, 7’. hl .  V a t l n i ,  

K. Ramakrishnan, and H. N. Ginsberg. 1993. Increased 
plasma and I-enal clearance of an rxchangcable pool o f ’  
apolipoprotein .+I i n  subjects with low levels of Iligh 
dcllsity lipoprolcin  cholrstcrol. /. f:/ iu. / n w 5 / .  91: 17-13- 
1752. 
Schwartz, (;. C.,  L. X .  %cch,J. M. VandcnBroek, and 1’. S. 
(;ooper. 1993. Cholesterol kinetics i n  subjects with hilc 
fistula. J. Clin. h 1 m t .  91: 923-938. 
L)ietschy,.I. M., S. D. Turley, and D. K. Spady. 1993. Kolr  
of liver i n  the  maintetlance of cholesterol and low den- 
sity lipoprotein homeostasis in different animal  species, 
including  humans. J.  l i p i d  I+>. 34: 1637- 1659. 
Brown, M. S., andJ.  I,. Goldsteill. 1986. A receptor-medi- 
ated pathway fol- cholesterol homcwstasis. S c i ~ t / c o .  232: 
34-47, 
Brown, M. S., and J.  L. Goldstein. 1983. Lipoproteill me- 
tabolism in the macrophage:  implications  for  cholesterol 
deposition in atherosclerosis. Annu.  / h .  l l ioe/wm. 52: 
2 2 ? ~ 2 6 1 .  
Fadok, V .  A,, D. R. Voelker, P. A. Campbell, J . J .  Cohr11, 
1). I,. Bratton, and P. M. Henson. 1992. Exposurc o f  
phosphatidylserine on the  surhce of apoptotic lympho- 
cytes triggers specific recognition and rernooal b y  macro- 
phages. ,/. /m,mmml. 148: 2207-2216. 
Willianls, K. J . ,  and 1. Tabhas. 1993. Thr response-to- 
retention hypothesis of early atherogenesis. Arfcrimrlw. 

Schaefer, E. ,J. 1984. Clinical, biochemical, and genetic 
fearurcs in familid  disorders of high density lipoprotrin 
dcficiency. ArtPn’osr.lcro.\i,\. 4: 305-322. 
Gu;hndri, V . ,  G Franccschini, C .  R. Sirtori, e. <;ian- 
f’ranceschi, G. B. Orsini, A. Ccrrone, and A .  Menotti. 
1985. AI,,,,,,,,,, apoprotein: identification of the completc 
kindred  and evidence of a dominant genetic transmis- 
sion. A m .  J. Hum. G~net. 37: 1083-1097. 
Weisgrabet-, K. H., S. C. Rall, Jr., T.  P. Bersot, K. W. Mah- 
ley. G. Franceschini, and C. R. Sirtori. 1983. Apolipo- 
ptoteitl AI,,,,,,,,,,.  Detection of‘ normal A I  in affected s u b  
jccts antl evidence for a cysteine f o r  arginine substitution 
i n  the variant A-I. ,/. H i d .  Chum. 258: 2508-2513. 
Roma, P., K. E. Gregg, M. S. Mcng, K. Konan, 1.. A. Zech, 
G. Franceschini, C .  R. Sirtori, and H. B. Brewer,Jr. 1993. 
I n  vivo metabolism ol a mutant fol.tn of apolipoprotein 
> t I ,  apoA-I,,,,,,,,,,, associated with hnilial hypoalphalipo- 
pr-oteincmia. ./. Clin .  /nu&.  91: 1445-1452. 
Cheung. M. C., and J. J. Albers. 1984.  (:haractel-iLatioll 
of-lipoprotein particles isolated bv immunoaffinity chro- 
matography: particles containing A-l and A-I1 and parti- 
cles containing.4-1 but no A-Il.,/. B i o l .  O ’ h ~ r n .  259: 12201- 
12209. 
(:heung, M. (:., A. C:. Wolf, R. H. Knopp, and I). M. Fos- 
ter. 1992. Protein  transfer between A-I-containing lipo- 
protein subpopulations:  evidence of non-transferable 
A-I i n  particles with A-11. Hiockim. / h p h y c .  ,4c / t~ .  1165: 68- 

T a l l ,  A. K. 199:s. Plastna c.holcstel)l cstcr tr.allslil. po- 

‘ / % r ~ d / .  V ~ W .  K i d .  15 551-561. 

” 
I / .  

2490 Journal of Lipid Research Volume 37, 1996 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


144. Gordon, D. J., and B. M. Rifkind. 1989. High-density 
lipoprotein-the clinical implications of recent studies. 
N. Engl. J.  Med. 321: 1311-1316. 

145. Cheung, M. C., B. G. Brown, A. C. Wolf, and J. J. Alberts. 
1991. Altered particle size distribution of apolipoprotein 
A-Icontaining lipoproteins in subjects with coronary ar- 
tery disease. J.  Lipid Res. 32: 383-394. 

146. Fruchart, J-C., C. DeCeteire, B. Delfly, and G. R. Castro. 
1994. Apolipoprotein A-I-containing particles and re- 
verse cholesterol transport: evidence in connection be- 
tween cholesterol efflux and atherosclerosis risk. Athero- 
sclerosis. 110: 35-39. 

147. Schultz, J. R., J. G. Verstuyft, E. L. Gong, A. V. Nichols, 
and E. M. Rubin. 1993. Protein composition determines 
the anti-atherogenic properties of HDL in transgenic 
mice. Nature. 365: 762-764. 

148. Miyazaki, A., S. Sakuma, W. Morikawa, T. Takiue, F. Mi- 
ake, T. Terano, M. Sakai, H. Hakamata,Y. Sakamoto, M. 
Naito, Y. Ruan, K. Takahashi, T. Ohta, and S. Horiuchi. 
1995. Intravenous injection of rabbit apolipoprotein A-I 
inhibits the progression of atherosclerosis in cholesterol- 
fed rabbits. A~teriosckr. Thromb. Vasc. Biol. 1 5  1882-1888. 

149. Rubin, E. M., R. M. Krauss, E. A. Spangler, J. G. Verstuyft, 
and S. M. Clift. 1991. Inhibition of early atherogenesis 
in transgenic mice by human apolipoprotein AI. Nature. 

150. Liu, A. C., R. M. Lawn, J. G. Verstuyft, and E. M. Rubin. 
1994. Human apolipoprotein A-I prevents atherosclero- 
sis associated with apolipoprotein [a] in transgenic mice. 
J. Lipid Res. 35: 2263-2267. 

151. ‘P’aszty, C., N. Maeda, J. Verstuyft, and E. M. Rubin. 1994. 
Apolipoprotein AI transgene corrects apolipoprotein E 
deficiency-induced atherosclerosis in mice.J. Clin. Invest. 

152. Plump, A. S., C. J. Scott, and J. L. Breslow. 1994. Human 
apoliprotein A-I gene expression increases high density 
lipoprotein and suppresses atherosclerosis in the apoli- 
poprotein E-deficient mouse. Proc. Natl. Acad. Sci. USA. 

153. Duverger, N., G. Tremp, J-M. Caillaud, F., Emmanuel, 
G. Castro, J-C. Fruchart, A. Steinmetz, and P. Denefle. 
1996. Protection against atherogenesis in mice mediated 
by human apolipoprotein A-IV. Science. 273 966-968. 

154. Shimano, H., J. Ohsuga, M. Shimada, Y. Namba, T. Go- 
toda, K. Harada, M. Katsuki, Y.  Yazaki, and N. Yamada. 

353: 265-267. 

94: 899-903. 

91: 9607-9611. 

1995. Inhibition of diet-induced atheroma formation in 
transgenic mice expressing apolipoprotein E in the arte- 
rial wall. J. Clin. Invest. 95: 469-476. 

155. Bellosta, S., R. W. Mahley, D. A. Sanan, J. Murata, D. L. 
Newland, J. M. Taylor,. and R. E. Pitas. 1995. Macro- 
phage-specific expression of human apolipoprotein E 
reduces atherosclerosis in hypercholesterolemic apoli- 
poprotein E-null mice. J. CZin. Invest. 96: 2170-2179. 

156. Mazzone, T., and C. Reardon. 1994. Expression of heter- 
ologous human apolipoprotein E by 5774 macrophages 
enhances cholesterol efflux to HDLs. J. Lzpid Res. 35: 

157. Dory, L. 1991. Regulation of apolipoprotein E secretion 
by high density lipoproteins in mouse macrophages. J. 
Lipid Res. 32: 783-792. 

158. Kruth, H. S., S. I. Skarlatos, P. M. Gaynor, and W. Gam- 
ble. 1994. Production of cholesterol-enriched nascent 
high density lipoproteins by human monocytederived 
macrophages is a mechanism that contributes to macro- 
phage cholesterol efflux. J.  Biol. Chem. 269: 24511- 
245 18. 

159. Duell, P. B., J. F. Oram, and E. L. Bierman. 1990. Nonen- 
zymatic glycosylation of HDL resulting in inhibition of 
high-affinity binding to cultured human fibroblasts. Dia- 
betes. 39: 1257-1263. 

160. Duell, P. B., J. F. Oram, and E. L. Bierman. 1991. Nonen- 
zymatic glycosylation of HDL and impaired HDL-recep- 
tor-mediated cholesterol efflux. Diabetes. 40: 377-384. 

161. Nagano, Y., H. Araki, and T. Eta. 1991. High density 
lipoprotein loses its effect to stimulate efflux of choles- 
terol from foam cells after oxidative modification. Roc. 
Natl. Acad. Sci. USA. 88: 6457-6461. 

162. Sakai, M., A. Miyazaki, Y. Sakamoto, M. Shichiri, and S. 
Horiuchi. 1992. Cross-linking of apolipoproteins is in- 
volved in a loss of the ligand activity of high density lipo- 
protein upon Cu2+-mediated oxidation. E B S  Lett. 314: 

163. Curtiss, L. K., and J. L. Witztum. 1985. Plasma apolipc- 
protein A-I, A-11, B, GI and E are glycosylated in hyper- 
glycemic diabetic subjects. Diabetes. 34: 452-461. 

164. Serfaty-Lacroshiere, C., F. Civeira, A. Lanzberg, P. Isaia, 
J. Berg, E. D. Janus, M. P. Smith, Jr., P. H. Pritchard, J. 
Frohlich, R. S. Lee, G. F. Barnard, J. M. Ordovas, and 
E. J. Schaefer. 1994. Homozygous Tangier disease and 
cardiovascular disease. Atherosclerosis. 107: 85-98. 

1345-1353. 

199-202. 

Oram and Yokoyama Removal of cellular cholesterol and phospholipids 2491 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/

