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ABSTRACT: 7-Ketocholesterol is an oxidized derivative of cholesterol with numerous physiological effects.
In model membranes, 7-ketocholesterol and cholesterol were compared by physical measures of bilayer
order and polarity, formation of detergent resistant domains (DRM), phase separation, and membrane
microsolubilization by apolipoprotein A-I. In binary mixtures of a saturated phosphatidylcholine (PC),
dipalmitoyl-PC (DPPC), and cholesterol or 7-ketocholesterol, the sterols modulate bilayer order and polarity
and induce DRM formation to a similar extent. Cholesterol induces formation of ordered lipid domains
(rafts) in tertiary mixtures with dioleoyl-PC (DOPC) and DPPC, or DOPC and sphingomyelin (SM). In
tertiary mixtures, cholesterol increased lipid order and reduces bilayer polarity more than 7-ketocholesterol.
This effect was more pronounced when the mixtures were in a miscible liquid-disordered (Ld) phase.
Substitution of 7-ketocholesterol for cholesterol dramatically reduced the extent of DRM formation in
DOPC/DPPC and DOPC/SM bilayers and ordered lipid phase separation in mixtures of a spin-labeled
PC with DPPC and with SM. Compared to cholesterol, 7-ketocholesterol decreased the rate for the
microsolubilization of dimyristoyl-PC multilamellar vesicles by apolipoprotein A-I. The membrane effects
of 7-ketocholesterol were dependent on the phospholipid matrix. In Ld phase phospholipids, a model for
7-ketocholesterol indicates that the proximity of the 7-keto and 3â-OH groups puts both polar moieties
at the lipid-water interface to tilt the sterol nucleus to the plane of the bilayer. 7-Ketocholesterol was
less effective in forming ordered lipid domains, in decreasing the level of bilayer hydration, and in forming
phase boundary bilayer defects. Compared to cholesterol, 7-ketocholesterol can differentially modulate
membrane properties involved in protein-membrane association and function.

Oxidized derivatives of cholesterol, oxysterols, are im-
portant structural and biologically active lipid components
located within cell membranes. They may be important
regulators of the biophysical properties of the plasma
membrane microdomains termed lipid rafts (1-6). 7-Keto-
cholesterol is a major cytotoxin of oxidized LDL1 (7-9). In
macrophage foam cells isolated from atherosclerotic lesions,
oxysterols were 6-9% of the total sterol concentration where

50% was 7-ketocholesterol (10). In cultured cells with
7-ketocholesterol levels similar to that in lesion macrophage
foam cells, free 7-ketocholesterol is located primarily within
Triton X-100 detergent resistant membranes (5, 6, 11). DRMs
isolated from these cholesterol-loaded macrophages contain
∼60% sphingolipids, and 7-ketocholesterol represents 35%
of the total sterol concentration (5). This amount of mem-
brane sterol may be required for the in vitro cell biological
effects of 7-ketocholesterol. The 7-ketocholesterol in plasma
membrane rafts may be mechanistically linked to altered
signal transduction (6, 11) and DRM protein composition
(6), and inhibition of apoA-I-mediated cholesterol efflux (5).
The molecular basis of the cellular effects of 7-ketocholes-
terol is currently unknown.

Oxysterols are involved in the normal regulation of
cholesterol homeostasis and in the pathogenesis of athero-
sclerosis (7-9, 12-14). 7-Ketocholesterol, the major oxys-
terol in oxidized LDL and atherosclerotic lesions (10, 15),
modulates many cellular processes, possibly through effects
within the plasma membrane (5, 6). In humans, 7-ketocho-
lesterol is formed primarily by the nonenzymatic oxidation
of cholesterol (13). Reverse cholesterol transport, which
involves the efflux of cholesterol from peripheral tissue
where it is synthesized to the liver for recycling or degrada-
tion, is an important cardioprotective mechanism. Efflux of
cholesterol from the plasma membrane to apolipoproteins
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and high-density lipoproteins initiates RCT, and within the
context of cardioprotection, oxysterols regulate cholesterol
efflux (5, 16-19), scavenger receptor BI (20) and apoE gene
expression (21), and intracellular cholesterol movement (22).
ApoA-I triggers cholesterol efflux through the ABCA1
pathway (5, 16, 23), and its inhibition may be a direct effect
of 7-ketocholesterol on interactions of apoA-I with the
plasma membrane (5, 16). However, 7-ketocholesterol may
also directly inhibit the lipid transporter activity of ABCA1
or affect a substrate pool of cholesterol. 7-Ketocholesterol
also modulates intracellular communication (24) and calcium-
mediated signal transduction (6, 25), and the induction of
monocyte differentiation (26), apoptosis (9, 14, 27-30), and
LDL oxidation (31). Some of these effects may be due to
intracellular binding proteins, although a protein with high
affinity and specificity for this oxysterol has not been
identified (32). Oxysterols may alter the lipid and protein
composition and the biophysical properties of lipid rafts that
may be mechanistically linked to their many diverse patho-
logical effects (5, 6).

The condensing-ordering effects of oxysterols are rate
when compared to those of cholesterol (4, 33-36). For
example, in DPPC/DOPC bilayers, 7-ketocholesterol was not
as effective as cholesterol in stabilizing ordered lipid domains
(4). Although the behavior of 7-ketocholesterol simulates that
of cholesterol, its effects on the interfacial region of the
bilayer that includes the phosphate and the acyl ester groups
are more profound, suggesting that hydration of the 7-keto
group anchors the sterol to the interfacial region (3, 35, 37,
38). The carbonyl group of 6-ketocholestanol, which is a
sterol structurally similar to 7-ketocholesterol, affects the
membrane dipole potential which can alter such processes
as peptide-membrane association (39). One measure of lipid
polarity and the affinity between sterols and phospholipids
is the rate of spontaneous transfer between membranes (40).
7-Ketocholesterol transfers∼20 times faster than cholesterol
from DPPC SUV, whereas the more polar 7R-hydroxycho-
lesterol and 7â-hydroxycholesterol were more than 100 and
200 times faster, respectively (41). The structural modulation
of membrane microdomains by oxysterols may be an
important determinant of their biology. However, the par-
titioning of oxysterols between different lipid phases and their
effects on membrane structure remain to be defined. The
interaction of apoA-I with the ABCA1 transporter on the
plasma membrane initiates cholesterol effux, the first step
in RCT. This initial step in apoA-I lipidation is a function
of membrane structure in vitro (42-44) and likely in vivo
(5, 16, 45-47). Thus, we conducted studies that would
establish a mechanistic link between the effects of 7-keto-
cholesterol and cholesterol on membrane properties and the
interaction of membranes with apoA-I.

EXPERIMENTAL PROCEDURES

Materials. 7-Ketocholesterol was from Steraloids, Inc.
(Newport, RI). DMPC, DPPC, DOPC, POPC, 12SLPC, and
brain SM were from Avanti Polar Lipids, Inc. (Alabaster,
AL). Laurdan and DPH were from Molecular Probes, Inc.
(Eugene, OR). High-purity cholesterol was from Calbiochem-
Novabiochem (La Jolla, CA). Human plasma apoA-I was
isolated as described previously (48).

Liposome Preparation.Phospholipids, sterols, and fluo-
rescent probes were combined in a chloroform/methanol

mixture (2/1, v/v), which was removed under a nitrogen
stream after which the residue was dried overnight under
vacuum. The dried lipids were dispersed in TBS [100 mM
NaCl, 10 mM Tris, 1 mM EDTA, and 1 mM NaN3 (pH 7.4)]
by vortexing. The lipids were subjected to three freeze-
thaw cycles of warming to 50°C, which exceeds the thermal
phase transition of the highest melting lipids, and freezing
to -20 °C. The mixed phospholipid systems had DOPC/
DPPC (1/1 molar ratio) and DOPC/SM (3/2 molar ratio)
compositions. For the fluorescence studies, the probe-to-
phospholipid molar ratio was 1/250.

Fluorescence Measurements.Fluorescence measurements
were performed on a Jobin Yvon (Edison, NJ) Spex
Fluorolog-3 FL3-22 spectrofluorimeter, which was equipped
with Glan-Thompson polarizing prisms and a sample heater/
cooler Peltier thermocouple drive. Fluorescence polarization
measurements were performed as previously described (49).
The fluorescence polarization of DPH, which partitions
equally into gel, liquid-crystalline, and liquid-ordered phases
(50), was used to measure the effect of sterol structure on
the acyl chain motion and phase properties of phospholipid
bilayers in MLVs (51). The excitation and emission wave-
lengths were 350 and 430 nm, respectively. The polarization
was corrected for the grating factor.

The fluorescence measurements with the polarity sensitive
probe, Laurdan, were collected with an excitation wavelength
of 350 nm; fluorescence intensity measurements were taken
at 430 and 480 nm. The ratio of fluorescence intensities at
430 (I430) and 480 nm (I480) were used to calculate the
generalized polarization of Laurdan [GP) (I430 - I480)/(I430

+ I480)] (51, 52). Like DPH, this probe partitions equally
between gel and liquid-crystalline phases. Temperature-
dependent measurements for DPH and Laurdan were col-
lected in 1°C increments; the samples were equilibrated for
1 min prior to each measurement. When required, temper-
ature profiles were fitted to a sigmoidal regression analysis
(Sigma Plot 8.0) from which the midpoint temperature (TM)
marking a 50% change in the fluorescence value was
calculated according to the relationp(T) ) p0 + a/{1 +
exp[-(T - TM)/b]}, wherep(T) is the measured fluorescence
value at temperatureT and p0, a, b, andTM are constants
(51).

The fluorescence quenching assay of London et al. (1, 2,
4, 50) was used to measure the effect of 7-ketocholesterol
on domain formation. Liposomes containing 12SLPC and
DPPC (1/1 molar ratio) and 12SLPC and SM (3/2 molar
ratio) with 0.5 mol % DPH were prepared. Samples contained
either no sterol or 15 mol % sterol composed of various ratios
of cholesterol and 7-ketocholesterol. Fluorescence spectra
were recorded between 380 and 550 nm with excitation at
350 nm. The data were expressed as the fluorescence increase
which was the ratio of peak fluorescence intensity (I429) of
samples with 15 mol % sterol to those without sterol.

DRM Formation. Phospholipids and sterols that form
tightly packed, Lo domains resist solubilization by Triton
X-100 (1, 4, 50, 53, 54). Solubilization was assessed by a
previously described procedure (1, 4, 50). The initial turbidity
of MLVs (500 nmol of phospholipid in 1 mL of TBS) was
measured on a Cary 25 spectrophotometer as the optical
density at 400 nm (OD400). A 50 µL portion of 10% (w/v)
Triton X-100 in TBS was added to each of the samples after
which the samples were mixed and incubated at room
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temperature overnight, and OD400 was determined. The
solubilization (∆OD400) was determined as the ratio of OD400

after the Triton X-100 incubation (not corrected for dilution
with Triton X-100 solution) to that measured before the
addition of Triton X-100.

Kinetics of the Solubilization of DMPC Multilamellar
Vesicles by ApoA-I.The rate of solubilization of multila-
mellar vesicles of DMPC containing various amounts of
sterol by apoA-I was determined by measuring the time-
dependent decrease in liposomal turbidity (42-44, 48). The
principle of this method is that large multilamellar DMPC
vesicles (diameter of>10000 Å) are turbid and scatter light,
whereas after the addition of apoA-I is the formation of small
rHDL (diameter of∼100 Å) which are transparent. The
change in turbidly can be used to estimate the rate of rHDL
formation. MLVs (0.5 mg of phospholipids) were preincu-
bated at various temperatures and mixed with apoA-I (0.25
mg) in a final volume of 3 mL in a fluorescence cuvette.
Clearance of turbidity was followed as the reduction in right-
angle light scattering measured in the fluorimeter using
excitation and emission wavelengths of 325 nm. The sample
was continuously stirred to prevent the MLVs from settling
out of solution. The data were analyzed as a first-order kinetic
process using Sigma-Plot statistical software. The rHDL so
formed were characterized by nondenaturing polyacrylamide
gel electrophoresis on 4 to 20% gradient gels (Bio-Rad
Laboratories, Hercules, CA).

RESULTS

Fluorescence Studies of Phase BehaVior. In DMPC and
DPPC MLVs, the DPH fluorescence polarization decreases
sharply at the respective gel to the Ld phase transition
temperatures (TM ∼ 23.1 °C for DMPC andTM ∼ 40.6 °C
for DPPC) (55). Cholesterol and 7-ketocholesterol (15 mol
%) demonstrate essentially identical behavior in modulating
the phase transitions where acyl chain order was decreased
(i.e., lower polarization) belowTM and increased (i.e., higher
polarization) aboveTM (Figure 1A,B). There was a difference
between the phospholipid bilayers where the modulation in
DMPC was mainly reduced aboveTM. Both sterols increased
GP below and aboveTM (Figure 2A,B) and modulated
changes in GP associated withTM. This effect was similar
to that reported for cholesterol/SM bilayers (51). Increased
GP values have been assigned to closer lipid packing that
decreases membrane polarity and the level of hydration of
the interfacial region (51, 52).

In DOPC/SM MLVs, DPH fluorescence polarization
shows no phase transition and the polarization values are
consistent with a miscible Ld phase between 25 and 55°C
(56, 57) (Figure 1C). The increased fluorescence polarization
with the addition of 15 mol % cholesterol or 7-ketocholes-
terol indicates increased acyl chain order. Over the same
temperature range, the fluorescence polarization of DPH in
DOPC/DPPC bilayers revealed a broad phase transition at
∼35-40°C that was indicative of solid-liquid immiscibility
below∼35 °C (Figure 1D) (57, 58). Addition of either sterol
eliminated the phase transition and increased the polarization
of DPH fluorescence, with the ordering effect of cholesterol
being greater than that of 7-ketocholesterol.

Cholesterol dramatically increased the GP in DOPC/SM
and DOPC/DPPC MLVs (Figure 2C,D). GP was higher with

the addition of cholesterol than with 7-ketocholesterol.
Consistent with the measurements of DPH fluorescence
polarization in DOPC/DPPC bilayers, cholesterol and 7-ke-
tocholesterol inhibit fluid phase-gel phase immiscibility
below ∼35 °C (Figure 2D). The modulating effects of
7-ketocholesterol and cholesterol on DPH fluorescence
polarization in DOPC/SM and DOPC/DPPC MLVs were
similar; however, the effects of 7-ketocholesterol on GP were
smaller than those of cholesterol.

Dose Effects of Sterol Concentration on Model Mem-
branes.The effects of sterol concentration on DPH fluores-
cence polarization and GP in DPPC bilayers were dose-
dependent above (55°C; Ld phase) and below (25°C; Lo

FIGURE 1: Effect of cholesterol and 7-ketocholesterol on the
fluorescence polarization of DPH in DMPC (A), DPPC (B), DOPC/
SM (3/2 molar ratio) (C), and DOPC/DPPC (1/1 molar ratio) (D)
bilayers measured as a function of temperature. The measurements
are for bilayers than contain no added sterol (b), 15 mol %
cholesterol (O), and 15 mol % 7-ketocholesterol (4). The phos-
pholipid concentration was 0.1 mg/mL, and the probe/phospholipid
molar ratio was 1/250.

FIGURE 2: Effect of cholesterol and 7-ketocholesterol on the
generalized polarization (GP) of Laurdan in DMPC (A), DPPC (B),
DOPC/SM (3/2 molar ratio) (C), and DOPC/DPPC (1/1 molar ratio)
(D) bilayers measured as a function of temperature. The measure-
ments are for bilayers than contain no added sterol (b), 15 mol %
cholesterol (O), and 15 mol % 7-ketocholesterol (4). The phos-
pholipid concentration was 0.1 mg/mL, and the probe/phospholipid
molar ratio was 1/250.
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phase) itsTM. At 55 and 25°C, the DPH fluorescence
polarization increased and decreased linearly, respectively,
with the sterol concentration with the effects of cholesterol
and 7-ketocholesterol being indistinguishable (Figure 3A).
The effects of the two sterols on GP in DPPC were more
distinctive (Figure 3B). At 55°C, the GP increased linearly
with both sterols with the slope being higher for cholesterol
than for 7-ketocholesterol. At 25°C, the dose effects of the
sterols on the GP were identical with a slight increase at
low sterol concentrations that was nearly constant between
5 and 30 mol %.

Lo and Ld phases coexist at 25°C in cholesterol-containing
DOPC/DPPC and DOPC/SM MLVs (56-59). At 25 °C, the
dose effects of the sterols on the DPH fluorescence polariza-
tion in DOPC/SM and DOPC/DPPC bilayers were similar
with a slight increase at low sterol concentrations and little
change between 5 and 30 mol % (Figure 3C,E). The effects
on GP were similar except for the linear response observed
for 7-ketocholesterol in DOPC/SM bilayers. Cholesterol
increased the fluorescence values more than 7-ketocholesterol
did.

At 55 °C, which is above theTM of DOPC, DPPC, and
SM, the bilayers are in a Ld phase, even in the presence of
sterol (56-59). This temperature is above the miscibility
transition temperature for the mixed bilayers. In both DOPC/
DPPC and DOPC/SM bilayers, the fluorescence polarization
and GP increased linearly with sterol concentration. Com-
parison of the slopes (∆P/mol % and∆GP/mol %) (Table
1) revealed that cholesterol altered the membrane properties
more than 7-ketocholesterol. For the GP measurements, the
ratios of the slopes (∆GPKC/∆GPC) were 0.75, 0.53, and 0.42
for DPPC, DOPC/SM, and DOPC/DPPC bilayers, respec-
tively.

Effect of the Cholesterol/7-Ketocholesterol Ratio on Lipid
Order. The effects of substituting 7-ketocholesterol for
cholesterol at a constant total sterol concentration (15 mol
%) on DPH fluorescence polarization and GP were deter-
mined to test whether the reported synergistic effect of
7-ketocholesterol and cholesterol on the properties of DPPC
bilayers in the Ld phase (35) might extend to more complex
lipid mixtures (Figure 4). Positive and negative synergism
would present as curves above and below a line connecting
0 and 100 mol % 7-ketocholesterol, respectively; in the
absence of synergism, a straight line would connect 0 and
100 mol %. According to these criteria, none of the lipid
mixtures exhibited synergism with respect to the effects of
7-ketocholesterol and cholesterol on DPH fluorescence
polarization and GP. A straight line, corresponding to no
synergism, was found, suggesting that each sterol contributed
to DPH fluorescence polarization and GP in an amount that
was proportional to its mole percent in the mixture. This
was observed for phospholipids above theirTM (DOPC,
POPC, and DMPC) and below theirTM (DPPC) and for
mixtures with coexisting Lo and Ld phases (DOPC/DPPC
and DOPC/SM). It is notable that as the number of saturated
acyl chains in a PC decreases (DPPC, POPC, and DOPC),
the DPH fluorescence polarization and GP decrease at all
ratios of cholesterol and 7-ketocholesterol.

Effect of Sterols on Lipid Solubility in Triton X-100.The
formation of DRMs was assessed in different phospholipid
MLVs as a function of the 7-ketocholesterol/cholesterol ratio
at a constant total sterol content (15 mol %; Figure 5). In
the presence of sterol, the level of DRM formation was
highest for DPPC followed by mixtures of DOPC with DPPC
and SM, and DMPC with little or no DRM formation by
DOPC and POPC. According to∆OD400, there was some
DRM formation by DMPC bilayers with cholesterol, an
effect that was eliminated by replacing cholesterol with
7-ketocholesterol. There was no DRM formation in POPC
or DOPC MLVs with either sterol. Although DRMs were
formed by cholesterol-containing DOPC/DPPC and DOPC/
SM MLVs, the level of DRM formation decreased linearly
to ∼45 and ∼90%, respectively, when cholesterol was
replaced with an increasing fraction of 7-ketocholesterol. The
results for DPPC, DOPC, and DOPC/DPPC MLVs contain-
ing 15 mol % cholesterol or 7-ketocholesterol are similar to
those of Wang et al. who used a higher concentration of
sterol (25 mol %) (4).

Fluorescence Quenching Assay for Domain Formation.
The effects of sterol on the collisional quenching of DPH
fluorescence in 12SLPC/DPPC and 12SLPC/SM liposomes
were measured. DPH fluorescence in sterol-free bilayers is
highly quenched because the phospholipids form miscible
Ld phases. The addition of either sterol greatly reduces the
12SLPC-mediated fluorescence quenching which reflects the
formation of a coexisting Lo phase from which 12SLPC is
excluded, whereas DPH is distributed equally into Ld and
Lo phases (1, 2, 4). Thus, the increase in fluorescence
intensity with the added sterol is due to separation of lipids
into an Ld phase containing 12SLPC where DPH fluores-
cence is quenched and a sterol-rich/SM or sterol-rich/DPPC
Lo phase from which 12SLPC is excluded and there is no
fluorescence quenching, with the magnitude of the fluores-
cence increase reflecting the amount of lipid converted to
the Lo phase.

FIGURE 3: Fluorescence polarization of DPH (A, C, and E) and
the generalized polarization of Laurdan (B, D, and F) measured in
DPPC (A and B), DOPC/SM (3/2 molar ratio) (C and D), and
DOPC/DPPC (1/1 molar ratio) (E and F) bilayers as a function of
sterol concentration. The phospholipid bilayers contained cholesterol
(b andO) and 7-ketocholesterol (9 and0), and the fluorescence
measurements were taken at 25°C (b and9) and 55°C (O and
0).
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At 25 °C, the respective incorporation of 15 mol %
cholesterol and 7-ketocholesterol into 12SLPC/SM bilayers
increased the DPH fluorescence intensity 4.6- and 1.6-fold,
respectively (Figure 6A). These increases reflect formation
of Lo domains, more of which are induced by cholesterol
than by 7-ketocholesterol. Comparison of DPPC and SM
bilayers indicated that the addition of cholesterol to both
bilayers increased fluorescence; however, the increase was
much greater in 12SLPC/DPPC bilayers (Figure 6B), sug-
gesting more DPPC than SM was converted to the Lo phase.
However, substituting increasing amounts of 7-ketocholes-
terol for cholesterol decreased the fluorescence intensity
(increased quenching) in 12SLPC/SM bilayers, while there
was a small increase in intensity in 12SLPC/DPPC bilayers.
Thus, substitution of 7-ketocholesterol for cholesterol reduced
the fraction of 12SLPC/SM in the Lo phase but only slightly
increased the fraction of lipid in the Lo phase in 12SLPC/
DPPC bilayers.

At 37 °C, DPH fluorescence intensity in 12SLPC/DPPC
bilayers containing 15 mol % cholesterol was higher than
that in 12SLPC/SM bilayers, and the substitution of increas-
ing amounts of 7-ketocholesterol for cholesterol decreased

DPH fluorescence intensity (increased quenching) in both
DPPC and SM. Thus, at 37°C, sterols induce more Lo

domains in DPPC liposomes than in those of SM, and
substitution of 7-ketocholesterol for cholesterol produces a
linear decrease in the amount of lipid in the Lo phase with
both SM and DPPC (Figure 6C). Using an identical method,
Wang et al. (4) observed that 20 mol % 7-ketocholesterol
was as effective as 20 mol % cholesterol in forming DPPC-
rich Lo domains in 12SLPC/DPPC mixtures over the tem-
perature range of 25-55 °C. We observe different temper-
ature dependences between the two sterols (15 mol %) in
12SLPC/DPPC mixtures at 25 and 37°C. In 12SLPC/SM
bilayers, the two sterols behave very differently.

Lipid-Protein Interactions: Kinetics of Solubilization of
DMPC Liposomes by ApoA-I. ApoA-I spontaneously associ-
ates with DMPC multilamellar vesicles which results in their
solubilization to form rHDL with a defined structure and
stoichiometry (42, 43). The effects of 10 mol % cholesterol
and 7-ketocholesterol on the kinetics of this process were
measured below (22.8°C), at (24.2°C), and above (26.2
°C) theTM of DMPC. Solubilization of sterol-free liposomes
above and belowTM was very slow, but the rate increased
dramatically at the transition temperature where gel and Ld

phases coexist (Table 2) (42, 43). The addition of either sterol
to form a coexisting Lo phase increased the rate, where a
greater increase in the rate was observed for cholesterol than
for 7-ketocholesterol at all three temperatures (Figure 7A-
C). Below, at, and aboveTM, 10 mol % cholesterol increased
the rate 160-, 2.3-, and 9.7-fold, respectively, when compared

Table 1: Comparison of the Slopes (∆P/mol % and∆GP/mol %) for the Effect of Cholesterol and 7-Ketocholesterol on the Properties of Ld

Phase DPPC, DOPC/SM, and DOPC/DPPC Bilayers at 55°C

phospholipid sterol ∆P/mol %× 103 ∆PKC/∆PC
a ∆GP/mol %× 102 ∆GPKC/∆GPC

DPPC cholesterol 5.48 0.99 1.75 0.75
7-ketocholesterol 5.41 1.34

DOPC/SM cholesterol 2.62 0.56 1.33 0.53
7-ketocholesterol 1.49 0.71

DOPC/DPPC cholesterol 4.06 0.82 1.16 0.42
7-ketocholesterol 3.33 0.49

a Ratio of the slopes (∆PK/∆PC and∆GPK/∆GPC) for bilayers containing cholesterol (C) and 7-ketocholesterol (KC).

FIGURE 4: Fluorescence polarization of DPH (A and B) and the
generalized polarization of Laurdan (C and D) were assessed in
phospholipid bilayers in which the cholesterol/7-ketocholesterol
ratio was varied but the total sterol content (15 mol % sterol) was
kept constant. The cholesterol/7-ketocholesterol ratio is expressed
as the percentage of 7-ketocholesterol as calculated from the
equation % 7-ketocholesterol) (moles of 7-ketocholesterol)/(moles
of cholesterol+ moles of 7-ketocholesterol)× 100. The bilayers
contained DMPC (b), DPPC (9), POPC (2), DOPC (1), and SM
([) in panels A and C and DOPC and SM (3/2 molar ratio) (O)
and DOPC and DPPC (1/1 molar ratio) (0) in panels B and D.
The GP and DPH polarization measurements were also performed
on phospholipid bilayers that contained no (No) additional sterol.
The temperature for these measurements was 30°C.

FIGURE 5: Extent of solubilization of phospholipid bilayers
measured as∆OD400 which was the ratio of the OD measured at
400 nm with and without Triton X-100. The bilayers contained
DMPC (b), DPPC (9), POPC (2), DOPC (1), DOPC and SM
(3/2 molar ratio) (O), and DOPC and DPPC (1/1 molar ratio) (0).
In the different phospholipid bilayers, the cholesterol/7-ketocho-
lesterol ratio was varied but the total sterol content (15 mol % sterol)
was kept constant. The cholesterol/7-ketocholesterol ratio is
expressed as the percentage of 7-ketocholesterol as calculated from
the equation % 7-ketocholesterol) (moles of 7-ketocholesterol)/
(moles of cholesterol+ moles of 7-ketocholesterol)× 100. The
samples were incubated overnight at room temperature (T ∼ 23
°C). Each sample was measured in triplicate and is represented as
the mean (symbol)( the standard error (error bars).
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to the rate with DMPC alone, and 7-ketocholesterol increased
the rate 100-, 1.6-, and 3.6-fold, respectively (Table 2). The
rate of solubilization of DMPC increased linearly between
0 and 10 mol % sterol (Figure 8A), and at all sterol
concentrations, the cholesterol-induced enhancement of
apoA-I solubilization was greater than that of 7-ketocholes-
terol. At a higher sterol content (>15 mol %), the rate is
slower (data not shown). At a constant total sterol concentra-
tion (10 mol %), the rate of solubilization of DMPC by
apoA-I decreased linearly with an increasing 7-ketocholes-
terol/cholesterol ratio, an effect observed below, at, and above
TM (Figure 8B).

According to nondenaturing gradient gel electrophoresis,
the rHDL formed with and without 5 mol % cholesterol and
7-ketocholesterol was a single product with a diameter of
∼100 Å (Figure 9). The major products formed with DMPC
containing 10 mol % cholesterol or 7-ketocholesterol had a
diameter of∼170 Å. Similar rHDL products were formed
by various ratios of cholesterol and 7-ketocholeserol when
the total sterol concentration is kept constant (data not
shown).

DISCUSSION

Cholesterol is a major lipid component of cell membranes
and plasma lipoproteins. Under normal physiological condi-
tions, oxysterols are minor lipid components that are formed
enzymatically and are involved in cholesterol homeostasis
and catabolism. However, toxic oxysterols such as 7-keto-
cholesterol are formed by oxidative processes in low-density
lipoproteins and in atherosclerotic lesions and contribute to
the pathology of disease. The plasma membrane of cells is
not a homogeneous mixture of lipids but contains sphin-
golipid- and cholesterol-rich microdomains (lipid rafts) (60-
62). Lipid rafts include or exclude proteins in response to
intra- and extracellular stimuli. This favors specific protein-
lipid and protein-protein interactions that modulate the
activity of signaling cascades. Sterol structure, composition,
and concentration are determinants of the protein composition
of isolated raft domains and the membrane dynamics that
reflect the biological processes associated with rafts (5, 6,
63-65). Methods that deplete the plasma membrane of
cholesterol have been widely used to demonstrate the
involvement of rafts in many cellular processes. However,
the effects of increased plasma membrane cholesterol and
oxysterol content, which characterize cholesterol-loaded
macrophage foam cells located in atherosclerotic lesions,
have received little attention (5, 6). The hydrophobicity of
oxysterols confines them to membranes where their modulat-
ing effects on the structure and domain formation of the
plasma membrane may be responsible for their numerous in
vitro cell biological effects. Sterols can promote or disrupt
ordered membrane domain formation according to their
specific chemical structures (1-4, 50, 65). 7-Ketocholesterol
and 25-hydroxycholesterol support the formation of ordered
lipid domains (2, 4, 50). Although addition of a carbonyl
group to cholesterol to form 7-ketocholesterol is a small
change in the covalent structure, its polarity and location in
the proximity of the 3â-OH group locate both of these polar
moieties near the hydrocarbon-water interfacial region of
loosely packed Ld phospholipid bilayers (3, 35, 37, 38, 66).
This decreases the depth of 7-ketocholesterol membrane
intercalation and limits its interaction with phospholipid acyl
chain termini (3, 35, 37, 38, 66). Also, the carbonyl group
provides another interfacial dipole that could modulate
binding of amphipathic proteins to the surface (39). An
additional aspect of the increased polarity of 7-ketocholes-
terol is that it spontaneously transfers between membranes
more than 20 times faster than cholesterol (34, 41). Using
spectroscopic methods, we have compared the effects of
cholesterol on the phase behavior and lipid-protein interac-
tions of model lipid membranes with those of 7-ketocho-
lesterol, a “model” oxysterol with numerous physiological
effects.

The main difference in the structures and properties of
bilayers containing cholesterol and 7-ketocholesterol must
be attributed to the additional carbonyl group in 7-ketocho-
lesterol. The carbonyl group is small and relatively nonpolar,
and in the tightly packed Lo phase, both sterols are probably
oriented similarly quasi-perpendicular to the membrane plane
(Figure 10;67). In Ld phases, cholesterol more than 7-ke-
tocholesterol orders the bilayer and reduces interfacial
polarity (Figure 3B,D,F and Table 1) (3, 4), a finding that is
consistent with a previous model in which the carbonyl group

FIGURE 6: Sterol-induced formation of lipid domains as assessed
by fluorescence quenching of DPH (0.5 mol %) in liposomes of
12SLPC and DPPC (1/1 molar ratio) or 12SLPC and SM (3/2 molar
ratio) at 25°C. In panel A, fluorescence spectra of DPH in 12SLPC/
SM (3/2 molar ratio) liposomes containing no sterol (O), 15 mol
% cholesterol (b), and 15 mol % 7-ketocholesterol (9) demonstrate
that the fluorescence intensity was dependent on the sterol structure
and the sterol concentration. The increase in fluorescence intensity
in the presence of cholesterol was indicative of the formation of
phase-separated membrane domains. In panels B and C, a fluores-
cence increase was calculated as the ratio of the fluorescence
intensity measured at 429 nm for a given sample to that of 12SLPC/
SM (3/2 molar ratio) liposomes containing no sterol. In 12SLPC/
DPPC (1/1 molar ratio) (O) and 12SLPC/SM (3/2 molar ratio) (b)
bilayers, the cholesterol to 7-ketocholesterol ratio was varied but
the total sterol content (15 mol % sterol) was kept constant. The
samples were measured at 25 (B) and 37°C (C). The cholesterol/
7-ketocholesterol ratio is expressed as the percentage of 7-ketoc-
holesterol as calculated from the equation % 7-ketocholesterol)
(moles of 7-ketocholesterol)/(moles of cholesterol+ moles of
7-ketocholesterol)× 100. The samples were at a phospholipid
concentration of 150µM.
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of 7-ketocholesterol (or the structurally similar 6-ketoc-
holestanol) is oriented toward the aqueous phase by hydra-
tion, thereby tilting the sterol nucleus with respect to the
bilayer plane so that it does not penetrate as far into the
bilayer as cholesterol (Figure 10) (3, 35, 37, 38, 66).
6-Ketocholestanol extends∼6 Å less into the membrane
bilayer than cholesterol does (3, 37). The differential effects
of the two sterols on Lo phase raft formation probably reflect
differences in the driving forces that determine the orientation
of 7-ketocholesterol in the bilayer: the increased van der
Waals attractive interactions in the tightly packed Lo phase
and hydrogen bonding of the carbonyl group with surface
polar groups of phospholipids in the Ld phases.

Cholesterol and 7-ketocholesterol have similar effects on
the properties of DMPC and DPPC MLVs. Both modulate
the effects of the thermal transition on acyl chain order
(Figure 1A,B). BelowTM, where there is a coexistence of
gel and Lo phases, both sterols are equal in disrupting the

Table 2: Rates and Half-Times for the Solubilization of DMPC MLVs by ApoA-I

DMPC DMPC and cholesterol DMPC and 7-ketocholesterol

temperature (°C) kDMPC (s-1)a [t1/2 (min)] kC (s-1) [t1/2 (min)] kC/kDMPC kKC (s-1) [t1/2 (min)] kKC/kDMPC

22.8 (T < TM) 5.73× 10-6 (2020) 9.27× 10-4 (12.4) 160 5.93× 10-4 (19.5) 100
24.2 (T ) TM) 6.98× 10-4 (16.5) 1.93× 10-3 (5.98) 2.3 1.11× 10-3 (10.4) 1.6
26.2 (T > TM) 3.12× 10-5 (370) 3.00× 10-4 (38.5) 9.7 1.11× 10-4 (104) 3.6

a Rate constantskDMPC, kC, andkKC are for DMPC, DMPC containing 10 mol % cholesterol, and DMPC containing 10 mol % 7-ketocholesterol,
respectively. The ratios of the rate constants for cholesterol to DMPC (kC/kDMPC) and for 7-ketocholesterol to DMPC (kKC/kDMPC) were calculated
to determine the fold enhancement in the rate.

FIGURE 7: Kinetics of association of apoA-I with DMPC liposomes
containing cholesterol and 7-ketocholesterol followed by changes
in right angle light scattering as a function of time. The decrease
in right angle light scattering is due to the conversion of the large
multilamellar liposomes which scatter light to small rHDL which
do not. The measurements were taken below theTM (22.8°C, A),
at theTM (24.2°C, B), and above theTM (26.2°C, C) of DMPC.
In panels A-C, the kinetic traces are for bilayers consisting of
DMPC (curve 1), DMPC and 10 mol % cholesterol (curve 2), and
DMPC and 10 mol % 7-ketocholesterol (curve 3). In panel A, the
rate constants for DMPC, 10 mol % cholesterol, and 10 mol %
7-ketocholesterol were 5.73× 10-6 s-1 (t1/2 ) 2020 min), 9.27×
10-4 s-1 (t1/2 ) 12.4 min), and 5.93× 10-4 s-1 (t1/2 ) 19.5 min),
respectively. In panel B, the rate constants for DMPC, 10 mol %
cholesterol, and 10 mol % 7-ketocholesterol were 6.98× 10-4 s-1

(t1/2 ) 16.5 min), 1.93× 10-3 s-1 (t1/2 ) 5.98 min), and 1.11×
10-3 s-1 (t1/2 ) 10.4 min), respectively. In panel C, the rate
constants for DMPC, 10 mol % cholesterol, and 10 mol %
7-ketocholesterol were 3.12× 10-5 s-1 (t1/2 ) 370 min), 3.00×
10-4 s-1 (t1/2 ) 38.5 min), and 1.11× 10-4 s-1 (t1/2 ) 104 min),
respectively.

FIGURE 8: Kinetic traces for the changes of right angle light
scattering for the association of apoA-I with DMPC liposomes
analyzed as a pseudo-first-order process to obtain a rate constant
(k). In panel A, the rate constants were determined as a function of
cholesterol and 7-ketocholesterol concentration and temperature.
The rate constants were determined for DMPC liposomes containing
cholesterol (b, 9, and2) and 7-ketocholesterol (O, 0, and4) where
the measurements were taken at 22.8 (b andO), 24.2 (2 and4),
and 26.2°C (9 and0). In panel B, rate constantk was determined
for DMPC liposomes containing mixtures of cholesterol and
7-ketocholesterol where the total amount of sterol was maintained
at 10 mol %. The measurements were taken at 22.8 (O), 24.2 (4),
and 26.2°C (0).

FIGURE 9: rHDL reaction products formed from the association of
apoA-I with DMPC liposomes analyzed by nondenaturing poly-
acrylamide gel electrophoresis on 4 to 20% gradient gels. The
samples that were analyzed were formed at 24.2°C and contained
no sterol, 5 and 10 mol % cholesterol (Chol), and 5 and 10 mol %
7-ketocholesterol (7-Keto). High-molecular weight standards of
known diameter (Dia.) were also analyzed.
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acyl chain packing of gel phase lipids which indicates that
they have a similar bilayer orientation (Figures 1A,B, 3A,
and 4A). Equal behavior for cholesterol and 7-ketocholesterol
was observed for the DRM measurements in DPPC bilayers
which were also performed belowTM (Figure 5) (4). Above
TM, saturated PCs and SM in an Ld phase are more tightly
packed than an unsaturated lipid such as DOPC (68). This
also facilitates tighter phospholipid-sterol packing and
greater acyl chain ordering upon the addition of sterol. Both
sterols equally induce an Ld to Lo transition that is dose-
dependent with respect to sterol content. Stronger sterol-
phospholipid interactions were evident by the higher∆P/
mol % values for DPPC than for the DOPC/DPPC and
DOPC/SM phospholipid mixtures at 55°C (Table 1). Parallel
measurements of GP show that the sterol-induced Ld to Lo

conversion is associated with reduced interfacial hydration
and polarity, an effect that is more profound with cholesterol
than with 7-ketocholesterol (Figures 2A,B, 3B, and 4C and
Table 1). The reduced level of hydration is a result of
removing interfacial water by the tighter phospholipid-sterol
packing that occurs in an Lo bilayer (2, 51, 52). Differences
between the effect of the sterols on DMPC and DPPC
bilayers may be attributed to the greater thickness of the
DPPC bilayer, which permits its acyl chains to better fold
under the cholesterol tail thereby permitting closer packing
(69). This was apparent in the formation of DRMs, which
form from mixtures of either cholesterol or 7-ketocholesterol
with DPPC, whereas few or none form in mixtures of DMPC
with cholesterol and 7-ketocholesterol (Figure 5). Low
fluorescence polarization and GP (Figure 4) and no formation
of DRMs (Figure 5) were observed in POPC and DOPC
bilayers containing either sterol. These loosely packed Ld

bilayers have been previously observed not to form Lo phases
with added sterol (4, 70, 71).

The effects of cholesterol and 7-ketocholesterol in DOPC/
DPPC and DOPC/SM mixed bilayers were more complex,
nonlinear with respect to sterol concentration at 25°C, but
exhibit trends similar to those found in DPPC. It should be
noted that the macroscopic behavior of these tertiary phos-
pholipid/sterol mixtures is very different from that of binary
phospholipid/sterol mixtures. The addition of cholesterol to
DOPC/DPPC and DOPC/SM bilayers results in micrometer-
scale liquid-liquid phase separation into microscopically

visible domains that does not occur with cholesterol/DPPC
bilayers (57, 59). Thus, the nonlinear fluorescence responses
to sterol concentration in tertiary mixtures reflect macro-
scopic behavior that does not occur in binary mixtures.
According to DPH fluorescence polarization and GP, cho-
lesterol increases bilayer order (Figure 1C,D) and reduces
interfacial hydration more than 7-ketocholesterol (Figure
2C,D). These effects were dose-dependent at both 25 and
55 °C (Figure 3). Increasing the temperature from 25 to 55
°C causes coexisting Ld and Lo phases to coalesce into a
single liquid phase (57-59) in which changes in GP and
DPH fluorescence polarization are linear with respect to the
sterol concentration (Figure 3). Thus, the effects of choles-
terol on the properties of DOPC/SM and DOPC/DPPC
bilayers were greater than those of 7-ketocholesterol (i.e.,
greater slopes), particularly for GP (Table 1). The decrease
in acyl chain ordering and the smaller decrease in polarity
indicate that 7-ketocholesterol penetrates less deeply into the
bilayer and maintains the interfacial hydration. The linear
correlation of DPH fluorescence polarization, GP, DRM
formation, and fluorescence quenching with the mole percent
of 7-ketocholesterol (Figures 4-6) indicates that each sterol
exerts independent, additive effects on bilayer properties.
Thus, none of our experiments support the reported (35)
synergism between cholesterol and 7-ketocholesterol on the
bilayer properties but suggest that sterol-specific differences
in structure and properties determine domain formation.

Whereas cholesterol supported DRM formation by DOPC/
DPPC and DOPC/SM bilayers, substitution of 7-ketocho-
lesterol for cholesterol reduced the level of DRM formation
to ∼50 and∼95%, respectively, in DOPC/DPPC and DOPC/
SM bilayers (Figure 5). The DOPC/DPPC results were
similar to those of Wang et al. (4). The steady-state
fluorescence measurements reflect the additive effects of the
probes in different membrane domains. The greater amount
of cholesterol-induced ordered lipid domains, which would
have lower interfacial polarity, indicated by DRM correlates
with the increase in GP for cholesterol in DOPC/DPPC and
DOPC/SM bilayers (Figure 2C,D). Also, the nonlinear
concentration dependence for GP in DOPC/SM/cholesterol
bilayers correlates with the level of DRM formation, and
the linear response for GP in DOPC/SM/7-ketocholesterol
bilayers correlates with an absence of DRM formation
(Figure 3D).

According to quenching studies, cholesterol and 7-keto-
cholesterol increase the level of ordered lipid domain
formation in mixtures of 12SLPC/DPPC and 12SLPC/SM
bilayers. At 37°C, this effect is much greater with cholesterol
than with 7-ketocholesterol and with DPPC than with SM
(Figure 6). In SM-containing bilayers, the effects of the two
sterols on domain formation were similar in the fluorescence
quenching assay and by formation of DRMs. 7-Ketocholes-
terol decreased the extent of formation of DRMs in DOPC/
SM bilayers and the extent of formation of nonquenched
ordered lipid domains in 12SLPC/SM bilayers. Both sterols
equally stabilized the formation of DPPC-rich domains
in12SLPC/DPPC bilayers at 25°C, whereas 7-ketocholes-
terol was∼50% as effective at 37°C. However, using a
similar assay, Wang et al. (4) produced slightly different
results, where cholesterol and 7-ketocholesterol were equal
in forming DPPC-rich domains over the temperature range
of ∼20-55 °C. Our results and those of Wang et al. (4)

FIGURE 10: Proposed model for the biophysical properties of
cholesterol and 7-ketocholesterol in which cholesterol and 7-keto-
cholesterol can form tightly packed Lo phases with phospholipids
which have small interfacial surface areas, e.g., sphingomyelin and
saturated phosphatidylcholines. In the less densely packed Ld
bilayers of unsaturated phospholipids and phospholipids above their
TM, the carbonyl group of 7-ketocholesterol can become hydrated
and hydrogen bond with interfacial polar groups, e.g., water, to
relocate the sterol nucleus further from the bilayer center than
cholesterol where the carbonyl group is located in the polar
headgroup region. In phospholipid mixtures where Lo and Ld phases
coexist, 7-ketocholesterol would have a stronger tendency than
cholesterol to partition into the less densely packed Ld phase and
would have a stronger tendency to destabilize membrane rafts.
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indicate that cholesterol and 7-ketocholesterol both demon-
strate favorable sterol-DPPC interactions that allow the
formation of ordered lipid domains in DPPC and DPPC/
fluid PC bilayers. However, this is not the case for SM. The
different effects in DPPC and SM are probably not lipid
class-specific. Porcine brain SM, which has a mixed acyl
chain composition, mostly C18:0 and C24:1

∆15cis, exhibits a
broad gel to liquid-crystalline phase transition between 20
and 45°C (51) and is miscible with DOPC. On the other
hand, DPPC has a sharp phase transition at 40.6°C (55),
and DPPC and DOPC display some solid-liquid immiscibil-
ity (Figures 1D and 2D) (57). Thus, differences can more
likely be attributed to the distinctive phase transition proper-
ties of these two lipids rather than to one being a PC and
the other being a sphingolipid (57, 72). Thus, 7-ketocholes-
terol partitions between Lo and Ld phases according to the
specific biophysical and chemical properties of the phos-
pholipids that might occur within and without membrane
rafts.

One consequence of different membrane domains is that
there is a mismatch of properties at the interface where the
two phases meet (60, 61). In model membranes, domain
boundaries appear (a) at the thermal phase transition tem-
perature where gel and Ld phases coexist, (b) with the
addition of cholesterol, which forms Lo phases that coexist
with gel or Ld phases, and (c) between phospholipids with
solid-liquid phase immiscibility. At domain boundaries,
there is increased passive ion permeability (73-77), phos-
pholipid flip-flop (78), phospholipase activity (79), and
protein insertion (42-44, 80). The differential effects of
cholesterol and 7-ketocholesterol on domain formation could
determine the structure of membranes in cells and their
interactions with extracellular proteins, including solubili-
zation of membranes by apoA-I (5, 6, 45-47).

There were large differences in the kinetics of apoA-I
solubilization of cholesterol- and 7-ketocholesterol-containing
DMPC MLVs with coexisting Ld and Lo domains (Figure
7C), which because of domain mismatch are separated by a
boundary region (60, 61). Insertion of monomeric apoA-I
into the membrane defects created by the boundary region
between coexisting lipid phases is the rate-limiting step in
its solubilization of DMPC MLVs with and without choles-
terol (42-44, 48, 55). When the ratio of absorbed apoA-I
to lipid on the bilayer surface is sufficiently high, the bilayer
is destabilized and a portion “bud off”, as rHDL (81). Our
studies clearly show that formation of an additional phase
and the attendant phase boundaries affect lipid-protein
association, i.e., solubilization of DMPC liposomes by apoA-
I, which increases in the following order: gel< Ld , gel
and Ld phases (Table 2). In all cases, addition of sterol, which
induces dose-dependent Lo phase formation, increases the
rate, although this effect is smaller whenT ) TM, where
two phases coexist even in the absence of sterol. The smaller
effect of sterol on the rates whenT ) TM may reflect closer
packing at the interface between Ld and Lo phases than
between gel and Ld phases. The greater effect of cholesterol,
compared to that of 7-ketocholesterol, on the formation of
Lo phases is reflected in its greater effect on the rate of
DMPC solubilization by apoA-I (Figure 7).

The difference in the rate of apoA-I-mediated solubiliza-
tion of cholesterol- and 7-ketocholesterol-containing DMPC
bilayers was greatest for bilayers with coexisting Ld and Lo

phases, which emulate cell membranes (Figure 7C and Table
2). One effect of cholesterol may be its localization to domain
edges where it could reduce the number of unfavorable
interactions between domains and allow better intermixing
(60, 61). The more amphiphilic 7-ketocholesterol should be
even more effective in reducing the number of unfavorable
domain-domain interactions, thus decreasing the amount and
size of lipid packing defects and inhibiting the insertion of
surface active proteins such as apolipoproteins. Also, cho-
lesterol induces positive membrane curvature (membranes
“bulge out”) at the boundary between the Ld and Lo phases
which may be important in various cellular membrane
processes (e.g., secretory vesicle formation) (65). ABCA1
and other lipid flippases, which pump phospholipid from one
leaflet of the bilayer to the other, deform membranes (i.e.,
induce curvature) by creating an imbalance in the number
of phospholipid molecules between the two leaflets (82). The
induction of positive membrane curvature by cholesterol at
domain boundaries and by an imbalance of membrane
phospholipid (e.g., created by ABCA1) could be a driving
force for the budding off of vesicles and the formation of
nascent HDL. The initial step in reverse cholesterol transport
is apolipoprotein-mediated cellular cholesterol efflux, which
can be triggered by the interaction of apoA-I with the
ABCA1 transporter, specialized membrane domains formed
by this transporter, or both (47). Incorporation of 7-ketoc-
holesterol into macrophage plasma membrane rafts decreases
the level of cellular binding of apoA-I and inhibits cholesterol
efflux (5, 16) and, in our model system, decreases the rate
of insertion of apoA-I into phospholipid membrane interfaces.

Our studies indicate that (1) 7-ketocholesterol is less
effective than cholesterol in forming phospholipid-sterol
complexes and probably lipid-protein complexes that sup-
port raft formation and dynamics, (2) the carbonyl group is
likely in the interfacial region of bilayers where it would
increase the membrane dipole potential and alter the binding
of amphipathic proteins, and (3) 7-ketocholesterol affects the
number or properties of phase boundaries which determine
some membrane-protein interactions. In vitro, 7-ketocho-
lesterol induces many physiological responses that are
considered pro-atherogenic such as induction of apoptosis,
activation of signal transduction pathways in inflammation,
and inhibition of reverse cholesterol transport. Incorporation
of 7-ketocholesterol into plasma membrane lipid rafts may
be the primary mechanism by which this sterol affects these
many diverse processes (5, 6, 83).
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