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ABSTRACT. Cholesterol removal from lipid-loaded macrophages is an important, potentially antiatherogenic
process, and we have previously shown that an oxysterol, 7-ketocholesterol (7K), can impair efflux to
lipid-free apoprotein A-1 (apoA-1). This publication investigates whether incorporation of 7K into
membranes could account for this impairment of cholesterol efflux. Cholesterol efflux was studied from
lipoprotein-loaded THP-1 cells, from plasma membrane vesicles obtained from these cells, and from
artificial, protein-free liposomes. Impairment of cholesterol efflux by 7K was observed for all cholesterol
donor systems whether measured as decline in cholesterol removal rates or as the percentage mass of
total cellular cholesterol exported. 7-Ketocholesterol itself was not removed by apoA-1 from any of the
cholesterol donor systems. Increasing membrane cholesterol content increased the rate of cholesterol removal
by apoA-1 (as seen with plasma membrane vesicles), the quantity of cholesterol removed at equilibrium
(liposomes), or both (whole cells). Although the minimum inhibitory 7K concentrations varied between
the cholesterol donor systems, 7K inhibited cholesterol efflux in all systems. It was concluded that 7K
induces alteration in membranes which decreased the efficiency of cholesterol efflux and the quantity of
removed cholesterol induced by apoA-1. As cell membrane proteins are not essential for cholesterol efflux
in these systems, the impairment of such by 7K suggests that its effect on membrane lipid composition
and its structure are key regulatory elements in this efflux process.

High-density lipoproteins (HDLs)1{ 2) and their major diffusion model is therefore a bidirectional transport model
protein component, apolipoprotein A-1 (apoA-1}), are which does not require the acceptor particle to bind or
regarded as antiatherogenic agents. Part of this activity ispenetrate the cellular plasma membrarig8). Lipid-free
probably due to their capacity to remove excess cholesterolHDL proteins, in particular apoA-1, can also remove
from peripheral cells in a cholesterol transport system known cholesterol from lipid-enriched cells, and there is in vivo
as reverse cholesterol transport (RCA). Currently, there evidence for such a lipid-poor apoA-1 pool, suggesting that
are two major hypotheses for the initial step of RCT, the this mechanism might contribute significantly to RCY, (
interaction of lipid-accepting, extracellular particles with 10). In this case, direct interaction between apoA-1 and the
lipid-loaded cells%). When these particles contain substantial plasma membrane to remove both phospholipid and choles-
amounts of lipids, such as in HDL, it is believed that terol seems the most likely mechanism, although the nature
cholesterol can diffuse between cholesterol donor and of this interaction is not yet fully understood.

acceptor along a concentration gradied) (The aqueous A number of receptors for HDL apolipoproteins have been
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microsolubilization hypothesisl@). This suggests that am-
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have been described previousB8J. In brief, plasma from

phipathica-helices of such apolipoproteins can be inserted fasted normolipidemic subjects was collected, anticoagulated
into the plasma membrane, simultaneously solubilizing free with 2 mM EDTA, and incubated with a small volume of

cholesterol and phospholipid®d). Mutation of thea-helices

in apoA-1 decreased cholesterol efflux, while modification
to nonhelical parts of apoA-1 had little effec2l—24).
Furthermore, synthetic amphipathie-helices can also
stimulate efflux from the plasma membrane&5)( and
nonmodified apoA-1 can remove cholesterol from artificial
lipid membranesZ6), lending support to the microsolubi-
lization theory.

We have previously investigated the effect of oxysterols,

an ethanolic solution of 7K (final 7K concentration 2.5 mM,
final ethanol concentration 2% v/v) f& h at 37°C with
gentle shaking. The 7K-enriched LDL (7KLDL) or native
LDL (not incubated with 7K; density 1.0211.055) was
separately isolated by density gradient ultracentrifugation,
dialyzed against deoxygenated PBS containing EDTA (1 g/L)
and chloramphenicol (0.1 g/L), and filter-sterilized (0.45
uM). LDL and 7KLDL were acetylated and analyzed as
described previously3@). EDTA was removed by gel

oxidized forms of cholesterol, on the reverse cholesterol filtration (PD10; Pharmacia) before acetylated LDL (AcLDL)

transport systen2(—29). It was found that 7-ketocholesterol
(cholest-5-en-3-0l-7-one, 7K), the major form of oxidized

and 7KAcLDL were incubated with cells. The lipoprotein
preparations were stored undes & 4 °C in the dark and

cholesterol present in oxidized LDL and atherosclerotic used within 7 days.

lesions, inhibits cholesterol efflux from macrophages to

Prior to incubation with cells, AcLDL and 7KAcLDL were

apoA-1. In this paper, we investigate the hypothesis that it enriched with H]cholesterol. The AcLDL/7KAcLDL prepa-
is the presence of 7K in the plasma membrane which directly rations (final total concentration 0.1 mg of LDL of protein/

inhibits apoA-1-induced cholesterol efflux. Due to the

mL) were incubated with FCS (final concentration 1% v/v),

presence of a keto group on the seventh carbon, 7K is lessone-tenth of the final volume of RPMI, and an ethanolic

efficient in condensing membranes than cholest&@| 31).

solution of PH]cholesterol (final concentration 2Ci/mL;

Hence one possible mechanism for the efflux-impairing effect final ethanol concentration 0.1% v/v)ifé h orovernight at
of 7K is that this oxysterol alters membrane lipid composition 37 °C and then diluted with RPMI to the final concentrations
or packing. Cholesterol efflux from cells, plasma membrane (33).

vesicles, and artificial membranes were compared under

Culturing and Sterol Loading of THP-ITHP-1 human

conditions of varying 7K content. Comparison between macrophages were used throughout this study as a model
cholesterol efflux to apoA-1 from cells and plasma membrane- for human foam cells as previously suggestad)(THP-1
derived vesicles allowed discrimination between intracellular monocytes are routinely cultured in RPMI containing 10%
alterations by 7K and its effect on the plasma membrane. (v/v) FCS at 37°C in 5% CQ at densities between 0.4 and
Furthermore, a comparison between cholesterol efflux from 1.2 x 10 cells/mL. For experiments, cells were plated at a
plasma membranes and protein-free liposomes was conductedensity of 1.2x 1 cells/mL (4 cn?) in RPMI with 10%

to determine direct effects of 7K on the ability of apoA-1 to
solubilize membrane cholesterol.

MATERIALS AND METHODS

Materials. All chemicals were of analytical grade, and all
solvents were of HPLC grade (Mallinckrodt). If not otherwise

(v/v) FCS and 50 ng/mL PMA (Sigma) and matured into
differentiated macrophages for 72 h before u38.(

Matured THP-1 cells were washed three times with FCS-
free RPMI and then incubated with the lipoprotein-containing
media (total lipoprotein concentration 0.1 mg of protein/mL)
and 50 ng/mL PMA for 48 h. Altering the proportion of

stated, all buffer components and salts were purchased fromAcLDL to 7KAcLDL leads to a constant cellular cholesterol
Sigma. Bovine serum albumin (BSA, essentially fatty acid but variable 7K content. Cells were then washed again,
free), Dulbecco’s phosphate-buffered saline (PBS), chloram- incubated overnight in RPMI containing 1 mg/mL BSA (fatty
phenicol, and cholesterol were purchased from Sigma. “Cell acid free) and 50 ng/mL PMA, and washed three times in

buffer” (8.0 g/L NaCl, 0.2 g/L KClI, 0.1 g/L CaG| 0.1 g/L

MgCl,, 1.9 g/L HEPES, pH 7.4) was used as a phosphate-

free alternative to PBS3H{]Cholesterol (48.0 Ci/mmol) was

serum-free RPMI before efflux.
To inhibit sterol esterification, THP-1 cells were exposed
to an acyl-CoA:cholesterol acyltransferase (ACAT) inhibitor,

obtained from Amersham. RPMI-1640 (Trace Biosciences) Sandoz S-58035 (&g/mL), continuously during lipoprotein

was supplemented with 2 mM-glutamine (Trace Bio-
sciences) and penicillin/streptomycin (100 units/2@pin

loading, equilibration, and subsequent efflux periods. The
ACAT inhibitor was prepared as an ethanolic stock solution

1 mL, Sigma) at the time of use. Heat-inactivated fetal calf at 10 mg/mL and therefore increased the final ethanol content
serum (FCS) was purchased from Trace Biosciences. Acyl- of the respective solutions by 0.05% (v/v).

CoA:cholesterol acyltransferase (ACAT) inhibitor, Sandoz

58-035 [3-(decyldimethylsilylN-(2-(4-methylphenyl)-1-phe-
nylethyl)propanamide], was a gift from Sandoz Inc. For

Cholesterol Efflux from CellsCholesterol efflux was
measured in RPMI containing 1 mg/mL BSA, 50 ng/mL
PMA, £25 ug/mL delipidated apoA-1, andt5 ug/mL

immunoblotting, rabbit anti-human caveolin-1 and mouse Sandoz 58035 at 37C (total volume 1 mL). Lipid-free

anti-human flotillin-1 antibodies were purchased from Trans-

apoA-1 was prepared as described previoua8).(Choles-

duction Laboratories and mouse anti-human transferrin terol efflux was quantified by3H]cholesterol appearing in
receptor antibodies from Zymed Laboratories. Secondary the media. Aliquots (100L) of the efflux media were taken
antibodies, anti-rabbit horseradish peroxidase (HRP) conju-at various times and centrifuged in Eppendorf tubes ag800
gates and anti-mouse HRP conjugates, were purchased fronto remove detached cells. Eighty microliters of the super-

Sigma and Amersham, respectively.
Lipoprotein Preparation and Acetylatiomcorporation of
7K into LDL, lipoprotein isolation, and LDL modification

natant was transferred to scintillation vials and counted. The
volumes of the extracellular media progressively declined
with each sampling, and this was taken into account in the
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final calculation of cholesterol efflux. At the end of the time
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(Ultrafree-MC, Millipore). The protein concentration of

course, the residual medium was removed, cells were washednembranes was determined. Typical yields wedd0 and

twice in ice-cold PBS and lysed in 1 mL NaOH (0.2 M,
Sigma), and 10@L was counted. Efflux (unless otherwise

~200ug from 50 x 1C° non-loaded and lipoprotein-loaded
cells, respectively.

stated) is expressed as a percentage of the total counts in Efflux from such plasma membrane vesicles has been
the system. Cell death was routinely checked after lipoprotein described previously40—42). The plasma membrane vesicles
loading and cholesterol efflux by measuring the release of (20 ug of protein) were incubated in 1 mL of RPMI

lactate dehydrogenase and cell protein.
Cellular Sterol AnalysisSupernatants of the efflux media
and cell lysates were extracted as described previo@8)y (

containing 25ug of apoA-1. The mixture was incubated at
37 °C, and two aliquots of 10@L were taken at various
time points. To separate the apoA-1 from the plasma

and cholesterol, 7K, and their respective esters were analyzeadnembrane vesicles, the mixture was centrifuged through 0.1

by reverse-phase HPLC before and after saponificadn (

35).

Subcellular Fractionation and Plasma Membrane Frac-

um filters (Millipore) for 30 s at 2000 rpm~400g) in a
benchtop centrifuge; 200L of RPMI was then added and
the sample recentrifuged for 60 s at 2000 rpm. The eluted

tion. Plasma membrane fractions were isolated by subcellularand retained fractions were counted separately. The filter was

fractionation as described previousB7( 36). Briefly, cell

washed in 10@L of 0.2% (v/v) Triton X-100, and the wash

homogenates prepared by shear lysis were loaded onto avas added to the retained fraction. A separate sample

1-22% (w/v) Ficoll gradient with a 45% (w/v) Nycodenz

containing apoA-1 without vesicles was included in each

cushion. The samples were spun in a Beckman Ti 65.2 rotorexperiment to measure the proportion of apoA-1 present in

at 50 000 rpm for 90 min, and 26 fractions of 20D were
collected from the bottom. Fractions 430 were identified

the eluted and retained fractions. This spinning and washing
procedure routinely achieved separatiorr®0% of unbound

as the plasma membrane fractions by enzymatic markers (se@poA-1 so that the “yield” of separation was determined by
below) and fractionated according to the method of Roy et this control sample:y = (eluted apoA-1)/(total apoA-1).

al. (37). The plasma membrane fractions were pooled,

Cholesterol efflux was calculated for each sample as (eluted

incubated for 5 min in a sonicating water bath, and adjusted [*H]cholesterol)/(total {H]cholesterol)x 1/y. At least 97%

to a final concentration of 45% (w/v) sucrose, using 90%
(w/v) sucrose in MBS (25 mM MES, pH 6.5, 150 mM NacCl).
Two milliliters of the plasma membrane fraction was overlaid
with 2.2 mL of 35% (w/v) sucrose, 2.0 mL of 30% (w/v)
sucrose, 2.0 mL of 25% (w/v) sucrose, and 2.0 mL of 5%

of the plasma membrane vesicles were retained on the filter
as determined in control samples containing plasma mem-
brane vesicles but no apoA-1. Total recovery of radioactivity
was 96-99%.

Characterization of Plasma Membrane VesiclBasma

(w/v) sucrose (all in MBS). The sucrose gradient was spun membrane vesicles were extracted, and the cholesterol and

at 40 000 rpm in a Beckman SW41 rotor for 16 h. Twelve
fractions of 0.85 mL were collected from the top. Fractions

were analyzed for protein (Bio-Rad assay) and sterol (HPLC).

Proteins were precipitated with ice-cold TCA [final concen-
tration 15% (w/v)], washed with ice-cold acetone, resus-
pended in SDS sample buffer [2% (w/v) SDS, 100 mM DTT,
50 mM Tris-HCI, pH 6.8, 0.1% (w/v) bromophenol blue,
10% glycerol; all from Sigma], boiled for 5 min, resolved
by SDS-PAGE on 10% acrylamide gels, transferred to
nitrocellulose (Amersham), and analyzed by immunoblotting.
Immunoblots were analyzed by densitometry (Gel Doc, Bio-
Rad).

Protein DeterminationLDL and cell protein concentra-

7K content were determined by reverse-phase HPLC as
described for cell lysates32, 34).

Phospholipids were extracted by the Blighyer method
(0.8 volume sample in 3.0 volumes of chloroform/methanol
mixture (1:2), 1.0 volume of chloroform, and 1.0 volume of
H,0) (43). The solvent was evaporated, the samples were
resuspended in a small volume of TLC solvent (chloroform/
methanol/HO, 65/35/4) 44), and a fraction of the sample
was run onto silica TLC plates with pure phosphatidylcho-
line, sphingomyelin, and lysophosphatidylcholine (all from
Sigma) as standards. After the lipids were visualized in iodine
vapor, the bands were cut out and together with the pre-
TLC samples were analyzed for phosphate using inorganic

tions were determined by the bicinchoninic acid assay phosphate as a standa#b). [*H]Cholesterol was used to

method using BSA as a standa@8). The Bio-Rad protein

determine the yield of the BlighDyer extraction, which was

assay was used for Ficoll and sucrose gradient fractions,usually 60-65%. The recovery of phospholipids after TLC

according to the manufacturer’s instructions.

Plasma Membrane Vesicle Preparations and Cholesterol

Efflux TherefromCells (50x 1) were differentiated and

separation was 8% 9%.
A number of enzyme assays were used to determine the
purity of the plasma membrane preparatid)( All assays

loaded with lipoproteins as described above and then washedvere carried out on plasma membrane and cell samples both

in cell buffer. Plasma membrane “blebbing” was induced
by incubating the loaded cells with 50 mM formaldehyde
and 2 mM DTT (Sigma) in cell buffer at 37C overnight
(38, 39). The buffer was collected, and loose cells were
removed by centrifugation at 890The supernatant was then
centrifuged fo 3 h at 50 000 rpm in &i70 rotor (Beckman).

before and after formaldehyde/DTT treatment. The activities
of marker enzymes (activity/mg of protein) in the plasma
membrane preparation and cell sample post formaldehyde/
DTT treatment were quantified as the ratio of activity in
plasma membrane over that in whole cell. Aryl sulfatase was
used as a lysosomal mark&g( 47), succinate dehydroge-

The pellet was resuspended in cell buffer and the secondnase as a mitochondrial marker, galactosyl transferase for
centrifugation repeated to ensure that all formaldehyde andGolgi apparatus, glucose-6-phosphatase for endoplasmic
DTT were removed. Finally, the plasma membrane vesicles reticulum, and alkaline phosphatasé6y and (Na,K*)-

were resuspended in cell buffer, and small vesicles were ATPase 48) as plasma membrane markers. The glucose-6-

removed by concentrating the solution using O filters phosphatase and ATPase assay required the determination
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of inorganic phosphate48). Typical ratios (plasma mem-  further control, liposomes without apoA-1 were analyzed in
brane:whole cell homogenate) of the specific activities for the same fashion. This was regarded as “nonspecific” or
markers were Golgi marker, 0.250.03); ER, 0.0540.03); “background” efflux and was found to be=B 1%.

lysosomal, 0.17+£0.01); and mitochondrial, 0.15+0.02); Kinetic Analysis for Cholesterol Efflux from Plasma
while the ratio for the PM markers was-3. Over a series  pembrane Vesicles and LiposomEetic data of choles-

of experiments, the contamination of the plasma membraneeq| efflux from plasma membrane vesicles and liposomes

with internal membranes was between 6% for Golgi ap- \yere empirically fitted to the following equation for efflux,
paratus and 1% for ER. Eighty-five to ninety-seven percent .

of all plasma membrane vesicles preparations were intact,

sealed, right-side-out vesicles and stable duren 5 h E=E E

; . . . =E,— E, exp(kt
incubation period at 37C as calculated from the ratio of m m EXPCKY)

the specific activity of the ATPase assay in the absence and . . . . .
presence of 0.2% (v/v) Triton X-10G49). with the time in hoursk is the rate constant inh for

cholesterol removal from the membrane to apoA-1, while
dEm is the maximum efflux and is expressed as a percentage
of total cholesterol in the system. The data were fitted to
the equation by a least-squares fit using a Levenberg

Nuclear contamination was not detectable in plasma
membrane preparations. This was determined by measurin
the increase in fluorescenck.f = 597 nm,A.x = 365 nm)
in the presence of 0.5% (v/v) Triton X-100 in ethidium

bromide (final concentration 10g/mL) and using whole cell ~ Marquardt algorithm which gives the values férand En
lysates as positive control samples. and their respective standard errors. Statistical analysis for

Liposome Preparation and Efflux from Liposomesu- data presented in Tables-B was carried out with unpaired,

Phosphatidylcholine (PC, Sigma) and sphingomyelin (SPM, two-tailed Student-tests assuming equal variance.
Sigma) were both derived from egg yolk. Egg PC contains
saturated and unsaturated fatty acids (with a typical contentRESULTS

of 34% of 16:0, 32% of 18:1, 18% of 18:2, and 11% of : : :
) ) ' S ' : Sterol Loading of THP-1 Cell®ifferentiated THP-1 cells,
18:0) while egg SPM contains only saturated fatty acids (84% like other macrophages, endocytose AcLDL leading to

of Flgr?hsog’rg; ;gt?é:g? |?;{;si?§250fp2(;2:033|r\]/|d iﬁ(z)%sterol / intracellular cholesterol accumulatioB4). In these experi-
3 A ’ ’ ments, model foam cells were generated by loading mature
[*H]cholesterol, and 7K (Steraloids Inc.) were each prepared THP-1 cells with either AcLDL or a combination of

?S. ;gaﬂglg:érsrscifgw\t'lo;ds'L\ntﬁglgmfroc:n;:a-trgerghg?tp:r?s- 7KAcLDL and AcLDL. Supplementation of AcLDL with
P! W xed | ppropriate proportions, ;e specific oxysterol generates a cholesterol-loaded foam
and the solvent was removed under vacuum. The pellet was

: . ; cell containing controlled amounts of 7K; this can be varied
resuspended in cell buffer by extensive vortexing and then by adjusting the proportions of AcLDL and 7KACLDL used
subjected to five cycles of freezing in liquidldnd thawing . ) . : '

o . A detailed study of the incorporation of 7K into LDL and
at 37°C (50). Th(_e liposomes were then ex.truded.through a the subsequent uptake and metabolism of 7KAcLDL by
pretested 0.2m filter under N pressure to yield unilamellar macrophages have been previously described by our group
liposomes with an average diameter of 220 A2 %) G1).

' (28). Cell toxicity was not significant when cells were
'gl)’f;e;:rgtt):/;)very of H]cholesterol after the preparation was incubated with AcLDL+ 7KAcLDL under the conditions

For fluorescence anisotropy measurementsyll®f 10 used here. Six different loading conditions were used to vary

mM 1,6-diphenyl-1,3,6-hexatriene (DPH, Sigma) in THF was the proportion of 7K, as shown in Table 1. Nonloaded cells

added to 1 mL of liposomes in cell buffer (0.5 mg of lipid/ had a total cholestgrol content 0f 232 nmol/mg of cell
mL) and incubated for 90 min at 3. DPH fluorescence protein. AcLDL loading alone increased total cholesterol at
(lex = 365 NM, Aem = 428 Nm) was strong in the presence least 3-fold. The extent of esterification after AcLDL loading

of liposomes but negligible in the absence of lipids. Fluor- varied between 30% and 55%. 7K incorporation did not

escence anisotropy was determined according to LakowiczSigniﬁcantly. alter free cholesterol Ip_ading of the cells nor
(52) using a Perkin-Elmer LS50B fluorometer the proportion of cholesterol esterified. However, supple-
For cholesterol efflux, liposomes-{L uM total.lipid in1 mentation with 7K did increase the total sterol by up to 50%

mL) were incubated with 58a/mL anoA-1 (2uM) in RPMI (Tablle. 1).. In mouse macrophages, the extent of cho!esterol
at 127 °C. At intervals, threg%quuotz of 1(502(_4 w)ere taken, ~ CSterification was higher (7680%), and 7KACLDL loading
and apoA-1 was separated from liposomes by centrifuging did not increase the tlotal sterol content of the celgl@5

the mixture with 0.1um filters (Millipore) for 30 s in a nmol/mg of cell protein) 28).

benchtop centrifuge at 2000 rpm. The eluted and retained Incubation with an ACAT inhibitor (S-58035) during and
fractions were analyzed separately féifJcholesterol and after lipoprotein loading inhibited esterification of both
by HPLC for total cholesterol and 7K. The filters were cholesterol and 7K. While sterol esterification is completely
washed in 10QL of RPMI, and the wash was added to the inhibited by S-58035, unesterified cholesterol and 7K were
retained fractions. Total recovery of radioactivity was®83  increased in the presence of S-58035. For AcLDL-loaded
5%. As a control, during each spin an apoA-1-containing cells, total cholesterol levels were comparable between
sample was treated without liposomes and the protein S-58035-treated and nontreated cells. Supplementation with
recovery determined in eluted and retained fractions sepa-7K in the presence of S-58035 did not affect total cholesterol
rately. Between 40% and 50% of the unbound apoA-1 was levels (as seen with cells not treated with S-58035) while it
eluted by this procedure, and efflux data were calculated asincreased the total sterol content although the latter was not
described for efflux from plasma membrane vesicles. As a as notable in S-58035-treated cells as in their untreated
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Table 1: Sterol Content of THP-1 Macrophages after 48 h Incubation with Ac#DIKAcLDL and + ACAT Inhibitor (S-58035, Sug/mL)?

loading conditions free CH CH esters total CH 7K 7KE total 7K total sterol
(ug/mL) (nmol/mg of  (nmol/mg of (nmol/mg of (nmol/mg of (nmol/mg of (nmol/mg of (nmol/mg of
AcLDL  7KAcLDL cell protein) cell protein) cell protein) cell protein)  cell protein)  cell protein) cell protein)
(—) S-58035
100 0 63.21 (6.64F 28.69 (5.19) 91.90(8.48) nd nd nd 91.90 (8.48)'
95 5 57.49 (5.04) 40.55 (6.85) 98.04 (8.50) 3.42 (0.42) 0.189 (0.06) 3.61(0.42) 101.65 (8.51)
90 10 46.72 (3.28) 69.37 (15.61) 116.09 (5.14) 6.74 (0.74) 8.97 (1.82) 15.71(1.96)  131.79 (5.50)
85 15 55.74 (5.03) 45.61 (10.31) 101.34(11.47) 9.10 (1.39) 8.53(3.19) 17.63(3.48) 118.97 (11.98)
80 20 62.23 (5.47) 61.54 (15.57) 123.77 (13.71) 1255(1.17) 14.52(1.72) 27.07 (2.08) 150.84 (13.87)
75 25 52.76 (6.54p  63.02 (7.63) 115.78 (10.0%) 12.53(1.48) 18.07 (4.32) 30.60 (4.58) 146.38 (11.03)7
(+) S58035
100 0 80.64 (7.09¢ <1 80.64 (7.09)f nd nd nd 80.64 (7.09)'
95 5 79.79(9.89) <1 79.79 (9.89) 4.26 (0.40) nd 4.26 (0.40) 84.05 (9.90)
90 10 95.13(8.59) <1 95.13 (8.59) 9.53(1.45) <0.01 9.53 (1.45) 104.66 (8.71)
85 15 93.86 (6.60) <1 93.86 (6.60) 14.37 (1.69) <0.01 14.37 (1.69) 108.23 (6.81)
80 20 90.88 (9.54) <1 90.88 (9.54) 17.63 (1.95) <0.02 17.63(1.95) 108.51(9.74)
75 25 88.92 (7.86r <1 88.92 (7.80% 22.28 (2.74) <0.02 22.28 (2.74) 111.20(8.27)8

a1.2 x 1 cells were incubated with a total of 0.1 mg/mL AcLDL, in which the ratio of AcLDL to 7KAcLDL was varied as indicated. For
loading conditions and sterol analysis see Materials and Methods. CH gives values for unesterified cholesterol, and 7K gives values fod unesterifie
7K. Nonloaded cells have 20.3%2.11) nmol/mg of unesterified cholesterol and 10.64.60) nmol/mg esterified cholesterol and no detectable
7K. Treating nonloaded cells with S-58035 under the same conditions as lipoprotein-loaded cells leads te&-2816nmol/mg unesterified
cholesterol and no detectable cholesterol esters or 7K. All sterols above are given in nmol/mg of cell protein and are the means of triplicate cell
cultures. Standard deviations are given in parentheses. nd stands for not detectable. Superscript p8iiadifdte a statistically significant
difference ofp < 0.05, and superscript pairs of-d indicate thap > 0.05 as tested with unpaired two-tailetests assuming equal variance.

counterparts (Table 1). Total cellular 7K expressed as a

percentage of total sterol is similar for cells loaded with and
without ACAT inhibitor S-58035 (in both cases around 20%).
Cholesterol Efflux from CellsWe have previously de-
scribed cholesterol efflux from cholesterol- and 7K-loaded
mouse macrophageg§). ApoA-1 at 25ug/mL was used
routinely in this study, preliminary studies confirming that
higher apoA-1 concentrations did not further increase
cholesterol efflux (data not shown) as previously shown for
mouse macrophage32). Figure 1 shows cholesterol efflux

from THP-1 cells whose sterol contents are described in
Table 1. Efflux is expressed as a percentage of the total sterol

(CH, CH esters, 7K, 7K esters) in each cell culture and is
averaged over triplicate cultures.

Although the rate of cholesterol efflux in Figure 1a was
nonlinear for the first 3 h, a significant dose-dependent
decline in cholesterol efflux was observed with increasing
7K supplementation. The inhibitory effect of 7K on choles-
terol efflux was also found over a longer time frame (24 h,
Figure 2a). Basal cholesterol efflux from AcLDL-loaded cells
in the absence of apoA-1 was 8% afte 3 h and 3-6%
after 24 h. Additionally, 7K efflux from 7KAcLDL-loaded
cells to apoA-1 (1.5t 0.61% ove 3 h and nondetectable to

Cholesterol efflux (%)

Time (h)
+5-58035 (b)
—e—100+0
~ 219 —o—95+5
é 18 —8—90+10
x —o—85+15
é 159 —a—80+20
T 12 —e—75425
g 9
E 6
5 3
0 T ]
0 1 2 3
Time (h)

BSA) was less, both in proportional and in mass terms, than FIGURE 1: Kinetics of cholesterol efflux to apoA-1 (2&g/mL)

cholesterol efflux. These observations are consistent wit
previous data for mouse macrophages8)(and human
monocyte-derived macrophagé&?) and suggest that selec-
tive enrichment with 7K is a strong and consistent inhibitor
of cholesterol efflux from macrophage foam cel&8)

To simplify interpretation of the effect of 7K on cholesterol
efflux, the cholesterol efflux aftea 3 hincubation with
apoA-1 is plotted against the 7K content of the cell culture
(Figure 3). The inhibitory effect of 7K can be clearly seen
for cells which have not been treated with an ACAT

h from sterol-loaded THP-1 cells (a) or from cells additionally treated

with S-58035 (5ug/mL) (b). Total LDL concentration was 100
ug/mL; proportions of AcLDL and 7KAcLDL in the loading media
are given in the legends, with AcLDL being the first number. For
experimental details see Materials and Methods. Efflux is given as
a percentage of the totalH]cholesterol released. Data are means
and standard deviations of triplicate measurements from one
experiment representative of three. Asterisks indicate a significant
difference between the loading conditionspof 0.05.

Incubation of THP-1 cells with an ACAT inhibitor
throughout sterol loading, equilibration, and efflux periods

inhibitor. For these cells, cholesterol efflux decreases linearly efficiently blocked synthesis of cholesteryl and 7K esters

and significantly with increasing 7K incorporation so that
even at low 7K concentrations t%% total cell sterol)
cholesterol efflux is markedly decreased (by 30%).

(see Table 1). Cholesterol efflux from cells loaded with
AcLDL only was higher ¢18% vs ~10%, Figure 3)
compared to efflux from cells loaded in the absence of an
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) pool of plasma membrane cholesterol (see Table 3), which
40+ may also contribute to the increased cholesterol efflux and
g 35 subsequently decreased capacity of 7K to inhibit cholesterol
£ 307 efflux. To examine the importance of direct effects of 7K
T 257 . * on the capacity of plasma membranes to deliver cholesterol
'g fg to apoA-1 for efflux, plasma membrane vesicles were
L-"’: 10, prepared from THP-1 foam cells by inducing blebbing with
2 5l formaldehyde and DTT 38, 39). This method has the
Y 0 . . L, - . advantage that it readily forms sealed and right-side-out
100+0 95+5 90+10 85+15 80+20 75+25 vesicles. Since distribution of lipids and proteins is asym-
Loading conditions (AcLDL + 7KAcLDL) metric between the two faces of the plasma membrane, the
orientation of the plasma membrane leaflets may be impor-
(b) tant for apoA-1-membrane interaction and cholesterol efflux,
607 + 558035 and so this method was preferred over more generic plasma
£ 504 membrane isolation methods.
é 101 The sterol content of the plasma membrane vesicles was
3 determined with reverse-phase HPLC (Table 2), and enzyme
g 304 assays were used to assess the purity of the plasma membrane
;."? 204 preparation (see Materials and Methods). Table 2 shows the
_5 Lo analysis of one experiment representative of three indepen-
dent experiments. No esterified cholesterol or 7K could be
0 detected in plasma membrane vesicles, as expected. Autoxi-
100+0 95+5 90+10 85+15 80+20 75+25 dation of cholesterol during the plasma membrane isolation
Loading conditions (AcLDL + 7KAcLDL) process was negligible since 7K levels in plasma membrane
FicUre 2. Cholesterol efflux to apoA-1 (25 ng/mL) after 24 hfrom  preparation from cells without 7KAcLDL loading were either
cells untreated (a) and treated with S-58035g/mL) (b). not detectable (Table 2) or less than 0.2% of the total sterol

Conditions are described in Figure 1. The efflux was measured by levels (Table 3). As seen with whole cell lysates, incorpora-
release of either3H]cholesterol (open bars) or measurement of : Y ' p

cholesterol mass (solid bars), and both are expressed as thdion of 7K did not significantly alter the cholesterol levels
percentage of total3H]cholesterol or cholesterol mass in the of plasma membrane vesicles obtained from the 7K-enriched
cultures, respectively. The data are means and standard deviationge|ls. Therefore, with increasing 7K content, sterol levels in
of triplicate cultures. Asterisks indicate a significant difference the plasma membrane vesicles were elevated. However, the
between the loading conditions pf< 0.05. - L
proportion of 7K (as a percentage of total sterol) in the
20 plasma membrane vesicles was greater than that in the cells
from which the plasma membrane vesicles were derived. For
example, in cells loaded with 7&y/mL AcLDL and 25ug/
mL 7KAcLDL, the 7K content is 26:22% of the total cell
sterol (Table 1). A similar percentage was also found in cells
after formaldehyde/DTT treatment (£22%) and in the

—
(=

—_
N
*

Cholesterol efflux (%)
®

4 * whole pl i ion-
plasma membrane fraction after subcellular fraction
0 +——— . . . . . ation (21-23%; Table 3). However, in the corresponding
0 3 6 9 12 15 18 21 plasma membrane vesicles prepared from these cells, the 7K
Cellular 7K content (%) content was much higher, 4®%5% of the total sterol

Ficure 3: Correlation between cellular cholesterol efflux after 3 (cholesteroh- 7K; Table 2). Kilsdonk et al. have previously
h incubation with apoA-1 (2xg/mL) and the 7K content in the  found a similar unequal distribution of 25-hydroxycholesterol

cell culture from two experiments (experimentCl,experiment 2, :
A) with 558035 (Sug/mL, solid symbols) and without (closed ?:B"’ee” whole cell lysates and plasma membrane vesicles

symbols) as described for Figure 1. 7K content is calculated as the )
percentage of free 7K and esterified 7K with respect to the total ~ The above observations suggest that the plasma membrane

cellular sterol content. Data are means and standard deviations ofvesicles generated during formaldehyde/DTT treatment
triplicate cultures. Asterisks indicate a significant differenceoof  -gntained areas of membrane relatively enriched in 7K.
< 0.05. Previous studiesi@, 57) used similar preparations of plasma
ACAT inhibitor. In addition, 7K had no significant effect membrane vesicles as representative of whole plasma
on cholesterol efflux from cells treated with the ACAT membranes. To determine whether the plasma membrane
inhibitor (Figures 1b and 3). Increased cholesterol efflux to vesicles actually represent specific sections of the plasma
extracellular acceptors from cells treated with an ACAT membrane, whole plasma membranes were prepared, dis-
inhibitor has been reported previousk3(-55), and it has rupted, and separated according to their buoyancy (data not
been suggested that ester hydrolysis is a rate-limiting stepshown). Commonly, lighter fractions are associated with
in cholesterol export and that this is bypassed when estercaveolae or lipid rafts while nonraft regions of the plasma
formation is blocked %6). membrane partition into higher densities8). When cells
Sterol Loading of Plasma Membrane Vesicles and Their loaded with 75ug/mL AcLDL and 25ug/mL 7KAcLDL
Characterization. Cholesterol efflux from cells may be were fractionated, the lighter fractions were enriched in 7K
regulated at several sites distal from the interaction of apoA-1 with 30—40% of the sterol in raft fractions being 7K (or
with plasma membrane. S-58035, for example, increases the25—31% when cells were additionally treated with S-58035).
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Table 2: Sterol Content andq]Cholesterol Efflux Characteristics of Plasma Membrane Vesicles
plasma membrane vesicles
cellular loading conditions
(ug/mL) cholesterol 7K total sterol 7K/sterol rate constant max efflux correlation
AcLDL 7KAcLDL (nmol/mg) (nmol/mg) (nmol/mg) (%) (™) Em (%) coefficientR
(—) S-58035
100 0 56.42 (2.54p nd 56.42 (2.54)° 0 1.16 (0.16)  20.18(0.98) 0.981
95 5 53.13 (1.84) 13.38 (1.02) 66.51 (2.10) 20.12 0.92 (0.21) 16.76 (1.49) 0.955
90 10 49.56 (2.68) 30.67 (1.45) 80.23 (3.05) 38.23 0.82 (0.19) 16.62 (1.61) 0.970
85 15 49.79 (1.52) 40.29 (2.12) 90.08 (2.61) 44.72 0.35(0.11) 16.74 (3.34) 0.977
80 20 53.22 (1.24) 55.39 (2.78) 108.61 (3.02) 50.99 0.29 (0.43) 7.91 (4.59) 0.643
75 25 56.53 (1.57¢ 70.37(3.11) 126.90 (3.45)7 55.45 <0.05
(+) S-58035
100 0 106.65 (5.11¢ nd 106.65 (5.1PP 0 2.18(0.43) 20.12(1.04) 0.963
95 5 106.49 (7.59) 4.06 (0.45) 110.49 (7.60) 3.67 3.96 (0.82) 18.94 (0.72) 0.967
90 10 86.52 (6.89) 7.36 (0.81) 93.88 (6.94) 7.84 3.73 (1.14) 21.81 (1.27) 0.922
85 15 65.80 (5.06) 8.95 (1.11) 74.75 (5.18) 11.97 4.86 (1.23) 18.85 (0.76) 0.963
80 20 68.28 (4.38) 13.36 (1.15) 81.64 (4.53) 16.36 2.46 (0.42) 16.46 (0.70) 0.976
75 25 80.10 (5.68f 15.86 (1.21) 95.96 (5.81}° 16.52 2.76 (0.52)  22.11(0.96) 0.967

a2 The plasma membrane vesicles were obtained after cells were loaded with lipoproteins in the absence or presence of SeB80L3RES
indicated. All values for sterol are in nmol/mg of PM vesicle protein and refer to unesterified sterols. Steryl esters were not detected in any of the
plasma membrane preparations. The sterol analysis data are the means of triplicate measurements from a single PM vesicle preparation, and the
standard deviation is given in parentheses. Cholesterol efflux from PM vesicles with the above sterol loading is shown in Figure 4b,c. Thea¢xperiment
efflux E was fitted toE = En — Em exp(—kt); the rate constarkis given in 't and the maximum efflugr, in % of plasma membrane cholesterol.
Ris the correlation coefficient for the fitting, and the standard error of the fitted values is given in parentheses. Superscript indic@sdiddte
a statistically significant difference gf < 0.05, and superscript indexes a and b indicate phat0.05 as tested with unpaired two-tailetests

assuming equal variance.

Table 3: Sterol Content of Plasma Membranes Isolated from
Subcellular Fractionatién

PM fraction
after subcellular
fractionation,
cellular loading

formaldehyde/DTT-induced blebbing is dependent on the
cellular sterol loading). The relatively high 7K concentration
in the plasma membrane vesicles (Table 2) and the raft-like
plasma membrane fractions (data not shown) led to the
hypothesis that 7K can accumulate in lipid-raft-like mem-
brane domains (as also reported in 82 and that plasma

_ (wg/ml) 7K/ membrane vesicles are enriched in such domains.
7KAc- cholesterol 7K total sterol sterol ; ;
Plasma membrane vesicles from cells loaded with AcLDL
0,
A((:L')D; 58LoDsl:f> (nmol/mg) _ (nmol/mg) _ (nmol/mg) _ (%) in the presence of the ACAT inhibitor S-58035 contained
100 0 87.03(34F 0.15(0.05 87.18 (347 <0.2 M;ﬁe:SLrSEChl free c_lr_wokl)elsteé\rolzs \_/e_s||clesbfrom ct_ells loaded
75 25  81.45(38F 22.09(L9 10354 (3.9 214  With AcLDL alone (Table 2). A similar observation was
(+) S-58035 made with whole plasma membrane preparations obtained
100 0 117.51(8.2% 0.20(0.04) 117.71 (8.2 <0.2 by subcellular fractionation where membranes from ACAT-
75 25 141.16(7.fF 43.19(2.3) 184.35(7.4)° 233 inhibited cells contained 1-41.8-fold more cholesterol than

aTHP-1 cells were sterol loaded with and without&mL S-58035,

those from cells with functional ACAT (Table 3). In addition,

ang ﬁxbt%elijulgrt fratl:tion?tiop was per{ormde% asH gisé”ib%d'm Materials the total sterol content of the plasma membrane vesicles did
an etnhodssterol content was analyze and Is given as H . H : H
nmol of sterol/mg of plasma membra)rlle pro%/ein and is an a?/erage of not '”C.re"’?s? with 7K mcorpor.atlon m. the presence of an
three measurements. Superscript indexes- ihdicate a statistically ~ ACAT inhibitor (Table 2; consistent with sterol loading of
significant difference op < 0.05 while superscript a indicates tqat ~~ Whole cells in the presence of S-58035, Table 1). Further-
> 0.05 as tested with unpaired two-tailedests assuming equal  more, the proportion of 7K in plasma membrane vesicles
variance. from S-58035-exposed cells matched that of the parent cells.
7K accumulation within lipid-raft domains (after fractionation
These lighter fractions contain the raft proteins flotillin and, of whole plasma membranes) is not as marked in S-58035-
to a lesser extent, caveolin but no transferrin rece@gy (  treated cells compared to their nontreated counterparts. In
and may be associated with caveolin-poor rafts (for lipid rafts summary, S-58035 treatment may not alter the overall
+ caveolin, see ref60 and 61). Nonraft fractions, on the  cellular sterol levels (see Table 1), but it does alter cholesterol
other hand, contain no caveolin-1 but have transferrin and 7K distribution by increasing plasma membrane sterol
receptor and display a 7K content of202% as seen with  levels (Table 2) and altering 7K distribution within the
whole PM preparations. plasma membrane. Thus, plasma membrane vesicles derived
Plasma membrane vesicles contained caveolin and somdrom S-58035-treated cells should be treated as a different
flotillin but only low amounts of transferrin receptor (data subset of vesicles.
not shown). Compared with whole plasma membranes, we Cholesterol Efflux from Plasma Membrane VesicRrsor
concluded that plasma membrane vesicles are relativelyto vesicle formation, all cells were labeled witRH]-
enriched in caveolin and flotillin (or deprived of transferrin  cholesterol, either incorporated into added lipoproteins or
receptor). Some variation in protein expression between theadded directly to the media for nonloaded cells; thus plasma
plasma membrane vesicles from cells loaded differently was membrane vesicles contained radiolabeled cholesterol. Cho-
observed and cannot be readily explained (but suggests thatesterol efflux was induced by the addition of apoA-1. Since
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Time (h) Ficure 5: Cholesterol efflux from plasma membrane vesicles
plotted against the 7K content of plasma membrane vesicles for
(b) two experiments (experiment k; experiment 2[1). Solid and

open symbols represent efflux from plasma membrane vesicles

obtained from cells treated with and withoutus/mL S-58035,

respectively. 7K content is calculated as the percentage of free 7K

and esterified 7K over total cellular sterol content. The symbols

and the error bars represent the average of four measurements and
—e—100+0 the standard deviation.

—0—95+5
== 90+10 . .
—a—85+15 significantly to near basal rates. However, when cells treated

I with an ACAT inhibitor were used for plasma membrane

preparation, cholesterol efflux from these plasma membrane
vesicles appears to be independent of the 7K loading. In this
respect, cholesterol efflux from plasma membrane vesicles
followed the same response pattern to 7K supplementation
as cholesterol efflux from whole cells loadel S-58035
(compare Figure 4a to Figure 1a and Figure 4b to Figure
1b).

The basis of the discrepancy between cholesterol efflux
from plasma membrane vesicles prepared from cglls
ACAT inhibitor becomes clearer when the cholesterol efflux
from plasma membrane afté h incubation is plotted against
the 7K content of the plasma membrane vesicles (Figure 5).
The plot suggests that cholesterol removal from plasma

Time (h) membrane vesicles is minimally affected by 7K if the 7K
Ficure 4: [3H]Cholesterol efflux from plasma membrane vesicles. content is less than 30% of the total sterol. Plasma membrane
(a%hPM VeASild?ZSS(Z@;Q)JrO’”; AClaDé_éIXaaed C?”SLvSre(ti)r;cgbﬁted vesicles from cells loaded with S-58035 contain less than
with apoA-1 (2ougimt, @) anc mg/mt.—). ells 20% 7K and so show no 7K-dependent inhibition of
were loaded with a combination of AcLDL and 7KAcLDL as . :
indicated in the legend, and the PM vesicles from these cells wereChOIeSterOI efflux. However, if the 7.K content is between
effluxed to apoA-1. (c) Same as (b) but cells were also treated with 40% and 55%, the cholesterol efflux is markedly decreased.
S-58035 (Sug/mL). The symbols in (a) are an average of triplicate  The differences in 7K content in and subsequent cholesterol
measurements, with the error bars indicating the standard deviation.efflux from plasma membrane vesicles from cells treated with
In (b) and (c) the data are an average of duplicates. and without S-58035 may also explain the different choles-
the plasma membrane vesicles formed relatively large terol efflux seen from these cells. Projecting the 7K content
structures with diameters of1—5 um as determined by  of the plasma membrane vesicles as xkexis for cellular
phase-contrast microscopy, the apoA-1-associated effluxedefflux onto Figure 3 results in a similar dose-dependent
cholesterol was separated from the plasma membrane vesicleithibition of cholesterol efflux by 7K as seen in Figure 5.
by 0.1 um filters as described in Materials and Methods. ~ The trends in Figure 5 are also evident in the rate constants
Figure 4a shows efflux from plasma membrane vesicles (Table 2) which have been calculated from Figure 4a,b as
prepared from AcLDL-loaded cells. There was a rapid initial described in Materials and Methods. The rate constants are
basal efflux to 1 mg/mL BSA of approximately 4% which within the same order of magnitude as the rate constants
did not increase over the subsequent 4 h. Efflux to apoA-1 determined for cellular efflux. As with cells, rate constants
(25 ug/mL) was much more extensive, approaching satura- from plasma membrane vesicles from S-58035-treated cells
tion after ~1.5 h. The maximum efflux was-20%, and are greater than their uninhibited counterparts. In the case
increasing the apoA-1/vesicle ratio did not further increase of the plasma membrane vesicles, the rate constants are
the cholesterol efflux. nearly double and can be correlated to the sterol content of

Effluxes from vesicles prepared from cells enriched with the plasma membrane vesicle (56 nmol/mg &nd 1.16
increasing amounts of 7k S-58035 are shown in panels b for plasma membrane vesicles from non-ACAT-inhibited
and c of Figure 4, respectively. A dose-dependent inhibition cells vs 106 nmol/mg ankl = 2.18 for plasma membrane
in cholesterol efflux was observed from plasma membrane vesicles from ACAT-treated cells).
vesicles containing increasing amounts of 7K (Figure 4b). Modeling Liposomes onto Plasma Membrane Vesicles.
At the highest loading of 7K, cholesterol efflux was reduced Plasma membrane vesicles were replaced by liposomes to

Cholesterol efflux (%)

Cholesterol efflux (%)
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—8—13% SPM

O 20% SPM FIGURe 7: Mass of cholesterol4) and 7K () effluxed from the

liposomes in Figure 6¢ aftea 5 h incubation with apoA-1.
Triplicates were pooled so that the total amount of sterol for each

(b) data point was 112 nmol. The sterol content of the media and the
" liposomes extracted was analyzed by HPLC as described in
2 Materials and Methods. The percentage of 7K of the 112 nmol of
x tg sterol in the liposomes before efflux is plotted on thaxis. Data
© represent the average and standard deviation of triplicate measure-
% ments.
;g % between plasma membrane vesicles from ACAT- versus non-
= ACAT-treated cells was found. Therefore, the phospholipid
5 Dt composition for liposomes was chosen to be30% SPM
—a&—38% CH and 106-70% PC, and the cholesterol:PL ratio was adjusted
—o~—44% CH between 1:1.25 and 1:1. To incorporate 7K, cholesterol was
—8—30% CH either replaced by 7K (840%) or 7K was added to the
(©) liposome composition 040% of the cholesterol in the
25 liposomes) to maintain a constant cholesterol:phospholipid
ratio.
g 20 = 42 The fatty acyl composition of macrophage phospholipids
3 is unaffected by supplementation with AcLDI63). The
g 15 main saturated fatty acid associated with PC is palmitic acid
g 1o (32% of 16:0) while the majority of unsaturated fatty acid
i is oleic acid (19% of 18:1) and linoleic acid (18% of 18:2)
T 5 (64). SPM from egg as well as from macrophages contained
v primarily saturated fatty acids of which palmitic acid is the
0 ' v T T T " main fatty acid. Thus the egg phospholipids used here for
0 4 8 12 16 20 24 the liposome preparations have similar fatty acyl composition
Time (h) A to macrophage phospholipids; in particular, the ratio of
—a—8% 7K unsaturated to saturated fatty acid is comparable. However,
—0—11% 7K a detailed analysis of the effect of fatty acyl composition on
—8—15% 7K cholesterol efflux remains to be undertaken
FiIGURE 6: [*H]Cholesterol efflux from liposomes to apoA-1. (@) Efflux from LiposomesSimilar to cholesterol efflux from

All liposomes had a cholesterol:phospholipid ratio of 1:2, but the :
ratio of SPM to PC varied. (b) Liposomes had a constant SPM:PC p'?sma membrane vesicles, the: Cholestgrol efflux from
ratio of 30:70, but the cholesterol:PL ratio varied. (c) Liposomes Unilamellar liposomes~220 nm diameter) induced by an

had a SPM:PC ratio of 30:70 and a sterol (cholesterdlK):PC excess of lipid-free apoA-1 was measured by the release of
ratio of 1:1.6 with 0-40% of the cholesterol replaced by 7K. The tracer amounts offH]cholesterol into the media. Figure 6
;n%%rgllglc;rqztl?ﬁe()fetr?grhggfs?rpeesr :srgnatllstﬁeg“:\e/gr? lag][etﬁ- I-ircr::teShOWS the effect on cholesterol efflux to apoA-1 of liposomes
rrzleasurements and the standardpdeviation, respecgvely. P of varying lipid cqntgnts. The_ kinetics of choIeSFer.ol
efflux (0—5 h) was similar for all liposomes and was within
investigate whether the inhibitory effect of 7K seen in Figure the time frame seen for plasma membrane vesicles. Maxi-
4 could be reproduced with an artificial membrane contain- mum efflux having been reached by6 h, Table 4 gives
ing no plasma membrane proteins. Since the liposomesthe rate constants for cholesterol efflux from the liposomes
should resemble the vesicles in their lipid composition as in Figure 6 and, since the same fitting curve has been used,
closely as possible, the phospholipids and their subclassexan be compared to the data from plasma membrane vesicles
in the plasma membrane vesicles were first analyzed. (Table 2).

An average of 111 23 nmol of phospholipids/mg of Figure 6a shows the effect of changing the ratio of PC:
plasma membrane protein was found in plasma membraneSPM while maintaining a constant cholesterol:PL ratio
vesicles prepared from AcLDL- or 7KAcLDL-loaded cells (1:2). The maximum cholesterol efflux decreases with
(—ACAT inhibitor) which correlates to a cholesterol:phos- increasing amount of SPM in the liposomes, suggesting that
pholipid ratio of 1:1.15 (range 1:1.02 to 1:1.27). Sixty-five the strong affinity between cholesterol and SPM affects the
to seventy-five percent of the phospholipids were PC; 15 amount of cholesterol available for removal by apoA-1.
30% SPM, and 510% LPC. No significant variation in ~ However, apoA-1 efficiency, as determined by the rate
phospholipid subclasses or cholesterol:phospholipid ratio constant, is unaltered by changing the SPM:PC ratio.
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Table 4. Rate Constants(in h™%), Maximum Efflux En, (in %) of Cholesterol in Liposomes, and Correlation CoefficiBfor Cholesterol

Efflux from Liposome3

rate constant max efflux correlation fluorescence
liposome composition Figure (™) Em (%) coefficientR anisotropyr

33% CH, 66% PC 6a, A 0.60 (0.11) 28.81 (1.71) 0.979 0.255 (0.007)

33% CH, 60% PC, 7% SPM 6a, B 0.57 (0.15) 22.80 (1.99) 0.942 0.267 (0.005)
33% CH, 53% PC, 13% SPM 6a, C 0.65 (0.19) 20.58 (1.74) 0.971 0.278 (0.008)
33% CH, 47% PC, 20% SPM 6a, D 0.67 (0.17) 17.57 (1.80) 0.935 0.286 (0.003)
28% CH, 50% PC, 22% SPM 6b, A 0.83 (0.08) 14.98 (0.39) 0.994 0.275 (0.006)
33% CH, 47% PC, 20% SPM 6b, B 0.67 (0.17) 17.57 (1.81) 0.952 0.286 (0.003)
38% CH, 43% PC, 19% SPM 6b, C 1.19 (0.27) 20.04 (1.19) 0.967 0.298 (0.005)
44% CH, 40% PC, 16% SPM 6b, D 0.61 (0.14) 25.83(1.91) 0.961 0.304 (0.005)
50% CH, 35% PC, 15% SPM 6b, E 0.46 (0.07) 29.56 (1.55) 0.981 0.327 (0.003)
38% CH, 43% PC, 19% SPM 6¢c, A 1.19 (0.27) 20.04 (1.19) 0.967 0.298 (0.005)
34% CH, 4% 7K, 43% PC, 19% SPM 6¢c, B 1.10 (0.08) 20.974 (0.42) 0.996 0.295 (0.004)
30% CH, 8% 7K, 43% PC, 19% SPM 6¢c, C 0.84 (0.13) 15.65 (0.87) 0.983 0.291 (0.007)
27% CH, 11% 7K, 43% PC, 19% SPM 6¢c, D 0.67 (0.11) 12.95 (0.64) 0.987 0.288 (0.003)
23% CH, 15% 7K, 43% PC, 19% SPM 6¢c, E 0.62 (0.16) 11.46 (0.89) 0.971 0.282 (0.002)

@ The data were obtained by fitting the data presented in Figure @a the function efflux= E, — En exp(kt) with time t in hours. The
standard error for the fit is given in parentheses. Fluorescence anisotropy values were obtained as described in Materials and Methods, and standard
errors are given in parentheses.

In Figure 6b, the SPM:PC ratio was kept constant (30:70) while lower concentrations of 7K had no effect on the
while the cholesterol:PL ratio was varied. Increasing cho- membrane fluidity.

lesterol content increased absolute and proportional choles-  Addition of 7K to the sterol content of the liposomes had
terol efflux. However, the rate constants decreased with a similar effect (with a constant cholesterol:PL ratio); rate

increasing amount of cholesterol in the liposomes: the value constants decreased from 0.58 to 0.20 and the maximum
for the rate constants halved from 0.83 to 0.46 as the maximalcholesterol efflux decreased from 21% to 13%. In addition,

cholesterol efflux doubled from 15% to 30%. This correlation cholesterol efflux decreased almost linearly with increasing

was also seen if the liposome:apoA-1 ratio was varied so 7K incorporation (Figure 7) so that cholesterol impairment

that all liposome/apoA-1 mixtures in Figure 6b had either was already detectable at low 7K concentrations (cholesterol:
the same amount of cholesterol in the reaction vedsel ( 7K ratio 5:1).

decreased from 1.08 to 0.28 whil increased from 12.42% The decrease in cholesterol efflux and removal efficiency
to 38.38%) or phospholipick(decreased from 0.47 t0 0.44  ,y 7K was therefore observed for liposomes as well as
andEy, increased from 16.28% to 35.76%). The decrease in pjasma membrane vesicles, although the level of 7K required

efficiency of cholesterol removal differed from the situation 5 cause efflux impairment was dependent on the cholesterol
with plasma membrane vesicles as the cholesterol donorsgonor. However. the values for the rate constants for
where the rate constant increased with cholesterol contenichjesterol efflux from these cholesterol donors were com-
in the plasma membrane vesicles (from ACAT-inhibited paraple, suggesting that the mechanism of inhibition by 7K
cells). is similar for both systems. In addition, 7K was not removed

We determined the fluorescence anisotropy of the lipsomespy ipid-free apoA-1 from any of the three cholesterol donors.
as described in Materials and Methods. Increasing the SPM

or cholesterol content increased the anisotropy (decreased|SCUSSION
fluidity) as both cholesterol and SPM increase the packing
order of membranes. Hence there is no linear correlation The microsolubilization hypothesis describes the interac-
between membrane fluidity and cholesterol efflux, highlight- tion of lipid-poor apoA-1 with membranes to abstract
ing that efflux depends on a number of parameters of which phospholipids and cholesterol. The membrane figcbtein
the cholesterol concentration is only one. interaction therefore may be affected by manipulation of the
In Figure 6c, the liposomes have a SPM:PC ratio of 30: lipid composition or structure of the cholesterol donor. In
70 (as in Figure 6b) and a cholestetol7K:PL ratio of 1:1.6, this study, we investigated whether 7K, an oxidized form of
and the effects of increasing 7K content are examined, with cholesterol, affected membrane lipid domains so that its
up to 40% of the cholesterol substituted by 7K. Increasing inhibitory effect on cholesterol efflux could be explained by
the amount of 7K in the liposomes reduced cholesterol efflux €ffects integral to apoA-1-mediated plasma membrane mi-
in terms of absolute amount of effluxed cholesterol, percent- crosolubilization. In this context, the initial rate of efflux to
age of cholesterol over liposomal sterol (cholesterdiK), apoA-1 was of particular interest, before apoA-1 is modified
and percentage of cholesterol over liposomal cholesterol. by the lipid uptake. The cholesterol efflux (expressed as the
Additionally, 7K efflux was minimal under all conditions percentage of the total cholesterol in the system) and the
(<5% of the 7K in the system) and not significantly higher kinetics of the efflux (expressed in rate constants) were
than the background efflux of 3 1% (see Figure 7). As  investigated for lipoprotein-loaded cells, plasma membrane
the 7K content of liposomes increased from 0 to 40% of the Vvesicles, and liposomes with varying cholesterol and 7K
sterol content (substitution of cholesterol by 7K), the concentrations in all donor systems.
cholesterol efflux and the rate constant approximately halved. Cholesterol efflux from cholesterol-loaded THP-1 cells (in
Interestingly, substitution of 3840% cholesterol by 7K  the absence of an ACAT inhibitor, Figures 1la and 2a) does
decreased the fluorescence anisotropy significaptly 0.05) not exceed more than 3@l0% of the total cell cholesterol.
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The efflux is reduced significantly to $720% (a reduction membrane distribution or function. This was not measured
by a factor of 0.42-0.53) when 20% of the total cellular directly in the present study.

sterol is 7K. Early time points during efflux from cells to To discriminate the direct effects of 7K content on
apoA-I suggest nonlinear behavior in the first 90 min (see cholesterol efflux, cholesterol removal from protein-free
Figure 1). This early apparent plateau in the efflux is evident liposomes was investigated (Figure 7). The maximal cho-
to a lesser degree in some previous studies investigatinglesterol efflux seen in liposomes depends on the relative
apoA-I-mediated cholesterol efflux from THP-1 cel32). concentration of phospholipid subclasses and varies between
In addition, nonlinear efflux has been observed from J774 20% and 30% of the total cholesterol (Table 4). With up to
cells to apoA-165) and apolipoprotein-containing particles  40% of the liposomal sterols being 7K the cholesterol efflux
(66), and such behavior was attributed to two parallel efflux is reduced to 1812% (by 0.57), and the rate constant
pathways. changes from~1.2 ' to0 0.62 h* (by 0.52). The cholesterol

To explain this phenomenon, a mathematical model was efflux decreases almost linearly with increasing 7K content
developed which indicates that cholesterol efflux derives (Figure 7), highlighting the sensitivity of apoA-1-induced
from two parallel pathways removing cholesterol from a pholesterol re_moval to 7K. Since no proteins have been
plasma membrane pool (yand intracellular cholesterol mgorporated into .the Ilposomes, the cholesterol efflux to
stores (comprising cholesterol esters, intracellular free cho- liPid-free apoA-1 is obviously not dependent on receptor
lesterol, and plasma membrane cholestei®).(The initial proteins, but their relevance in cellular systems cannot be
efflux is consistent with cholesterol removal from the plasma discounted. The data presented here provide strong evidence
membrane pool M In the presence of 7K, the abundance for the hypo_the5|§ tha; apoA-1 can directly interact with
of exportable cholesterol in this pool is diminished in addition Meémbrane lipids inducing cholesterol removal (microsolu-
to the rate constant describing the mobilization of intracellular Pilization theory). Furthermore, such an interaction is

cholesterol. It should be pointed out that cholesterol is 'MPaired by 7K, underlining the sensitivity of the apoA-1

unlikely to be removed without the extraction of phospho- Mémbrane interaction.

lipids from the donor system and the effect of 7K on _ AS @pOA-1is able to remove cholesterol from protein-
phospholipid efflux to apoprotein A-1 remains to be inves- €€ liposomes, the question arises as to which membrane
tigated. parameter(s) is (are) critical in governing cholesterol removal.

The effect of membrane curvature and fatty acyl composition
on cholesterol efflux remains to be investigated. These and
other factors influence the membrane lipid packing and
fluidity. To date, the role of membrane structure/fluidity on

cholesterol homeostasis is unclear. For example, tighter
packing of cholesterol/phospholipid monolayers can be

The cellular efflux data suggest that 7K inhibits the
removal of cholesterol and possibly phospholipids from the
plasma membrane rather than affecting intracellular choles-
terol distribution 67). Hence cellular cholesterol efflux was
compared to efflux from plasma membrane vesicles obtained
by formaldehyde/DTT-induced membra_ne blebbing. We xpected to reduce membrane fluiditg9] and reduce
found that these pl_asma membrane veS|cIe.s were enrichedy jiesterol efflux mediated by aqueous diffusiorO)(
in 7K (50-55% 7K in plasma membrane vesicles compared y,ever, incorporation of cholesterol into PC vesicles
to 20% 7K in the entire plasma membrane as determined bYjncreased the apoA-1 binding capacity with lower affinity,
subcellular fractionation) when the parent cell contained 7K. |\ pi-p may be optimal for its reversible association and
As suggested by the original paper describing this method qgjesterol efflux 72). In the liposomes used here, membrane
of plasma membrane vesicle formation, these membranesigity decreased with increasing SPM and cholesterol
may be enriched in lipid-raft-like (cholesterol- and SPM- incorporation but increased when-380% of the cholesterol
rich) domains g8). is substituted by 7K. The latter observation is consistent with

In plasma membrane vesicles the maximal cholesterol data showing that the condensing effect of 7K is lower than
efflux of ~20% decreased te-5% (by 0.25), and the rate  that of cholesterol30, 31). There is no direct relationship
constant fell from 1.16 ht to 0.29 h'! (by 0.25) with a 7K between membrane fluidity and cholesterol efflux as increas-
content of 56-55% (Figure 4b and Table 2). Although the ing SPM content decreased fluidity (increased anisotrypy
inhibitory concentrations of 7K are obviously different in and cholesterol efflux while increasing the cholesterol content
whole cells (Figure 3) and plasma membrane vesicles (Figurealso decreased fluidity but increased efflux (Table 4).
7), the reduction in cholesterol efflux suggests that 7K can However, the effects of cholesterol and 7K on membrane
alter the plasma membrane (as suggested by mathematicaluidity and cholesterol efflux are consistent. Substitution of
modeling) so that apoA-1 binding, lipid solubilization, and/ cholesterol by 7K (or lowering cholesterol levels) resulted
or lipid/apoA-1 release from the membrane is impaired. This in higher fluidity and impaired efflux. The latter observation
may be due either to direct physical effects of 7K on may suggest that a sterol-induced increase in membrane order
membrane structure or to indirect effects on accessory protein(decreased fluidity) may be beneficial for apoA-1-induced
function. 7K could selectively alter the expression, acces- cholesterol removal.
sibility, or folding of plasma membrane proteins and  Upregulation of membrane cholesterol in cellular systems
subsequently affect the apoA-1 interaction with the plasma can be achieved by the addition of an ACAT inhibitor (S-
membrane. The importance of the membrane protein ABCA1 58035) during lipoprotein loading. S-58035 treatment sig-
in apoA-1-mediated cholesterol efflux is well established] ( nificantly increased the cellular unesterified cholesterol
18). The expression of ABCA-1 is regulated by cell contentwhich resulted in an up to 2-fold increase in plasma
cholesterol loading through LXR-dependent transcriptional membrane sterol content. It also increased the free cholesterol
control. While 7K has at best only a very weak stimulatory content in plasma membrane vesicles obtained from cells
effect on ABCAL expression6@), it may affect ABCA-1 loaded under these conditions. Cholesterol efflux from these
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cells was increased{42% vs 32% above) as were the rate  13.
constantsk; = 1.318 it andk, = 11.69 ht). The increase

in unesterified cholesterol content did not affect the maximal 14
cholesterol removal from plasma membrane vesicles, butthe =~
rate constant doubled to 2.18h(cf. 1.16 h'' above). In
artificial liposomes the rate constant did not increase with 15.
increasing cholesterol loading although the maximum cho-
lesterol removed did. This observation suggests that increas-
ing cholesterol content increases the rate of cholesterol =
removal and hence the efficiency of the efflux. The fact that 17.
the rate constant for cholesterol efflux in our studies increased
with cholesterol enrichment of cell membranes but not
liposomes may be attributable to either differences in lipid
composition between model membranes and cell membranes ;o
or to the additional effects on 7K on the expression and/or
activity of essential membrane proteins that are present in
cells but not model membranes.

7K incorporation into cells or plasma membrane vesicles 20.
with already high membrane cholesterol levels (stimulated 5;
by S-58035) did not alter cholesterol efflux although the 7K
content can be up to 20% and 30% for cells (Figures 1b and
2b) and plasma membrane vesicles (Figure 4c), respectively.
It can be suggested that the high cholesterol level, in
particular high plasma membrane cholesterol levels, “neutral-
izes” the effect of 7K; a high cholesterol concentration may 23.
condense the membrane above a threshold beyond which
7K is ineffective. However, other factors such as ABCA1 24
expression are known to regulate cholesterol efflux from cells
to apoA-l, and its expression increases in response to
cholesterol loading. Thus the effect of cholesterol distribution
manipulations, S58035, and the role of 7K in the expression
of ABCA1 remain to be investigated.

In conclusion, we found that 7K can modify lipid
membranes in such a way that apoA-1-induced cholesterol
efflux is less efficient and less cholesterol is removed. This
inhibitory effect of 7K depends on the 7K concentration as
well as cholesterol concentration in cellular or artificial
membranes. It is also noteworthy that removal of 7K itself
by apoA-1 is not significant from any of the investigated
cholesterol donors.
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