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ABSTRACT: Oxysterols, derivatives of cholesterol that contain a second oxygen moiety, are intermediates
in cholesterol catabolism, regulators of lipid metabolism, and toxic sterols with proatherogenic effects. In
model membranes, cholesterol and eight selected oxysterols were compared by fluorescence probe
techniques that measure changes in bilayer order and phase behavior and by the formation of detergent-
resistant membranes (DRM). The oxysterols were modified on the sterol nucleus or on the isooctyl side
chain. The model membranes consisted of dipalmitoyl phosphatidylcholine (DPPC) and mixtures of dioleoyl
phosphatidylcholine with DPPC and with sphingomyelin. The different oxysterols induced changes in
membrane properties according to the differences in their structures. Whereas the effects of some oxysterols
on membrane order, fluorescence probe microenvironment, and DRM formation were similar to those of
cholesterol, others had little or no effect. An empirical correlation ranking the oxysterols by their ability
to modify membrane biophysical properties when compared to cholesterol led to a significant structure/
function relationship between the biophysical measurements and an important cellular phenomenon,
apoptosis. 7â-Hydroxycholesterol, which is the most cytotoxic of the eight selected oxysterols, was one
of the least cholesterol-like with respect to modification of membrane properties. The results suggest that
an underlying mechanism for oxysterol-induced apoptosis in cells, e.g., monocyte/macrophages, should
include their biophysical effects on membranes, such as the regulation of the formation and composition
of sterol-rich membrane domains.

Oxysterols are derivatives of cholesterol that contain a
second oxygen atom as a carbonyl, hydroxyl, or epoxide
group (1-4). Enzymatic oxidation of cholesterol occurs at
various positions along the isooctyl side chain and at the
7R-position of the sterol nucleus. Enzymatically formed
oxysterols are intermediates or end products in the biosyn-
thesis of bile acids and steroid hormones and are signaling
lipids that bind to nuclear liver X receptors (LXR)1 (1) to

activate gene transcription (5) and to oxysterol binding
protein (OSBP)-related proteins to regulate cellular lipid
metabolism and signal transduction (2, 6, 7). Nonenzymatic
oxidations occur primarily on the sterol nucleus especially
at the 7-position and at the 5,6-double bond. These oxys-
terols, which can be found in oxidized low-density lipopro-
tein (LDL) and in atherosclerotic lesions, can exert patho-
logical effects such as induction of apoptosis (8-22). In
smooth muscle cells, oxysterols may induce apoptosis by a
mechanism that is similar to free cholesterol-induced cell
death in macrophages (11). In macrophages, the accumulation
of free cholesterol within endoplasmic reticulum (ER)
membranes decreases bilayer fluidity, decreases the activities
of integral membrane proteins [(e.g., sarco(endo)plasmic
reticulum ATPase (SERCA)], and activates the unfolded
protein response and other stress pathways that trigger
apoptosis (23-26). However, in monocyte/macrophages,
oxysterols induce apoptosis by mechanisms different than
that of free cholesterol (25), which include a sustained
increase in cytosolic free calcium (12-14), activation of
calcium-dependent apoptotic and survival pathways (12-
20), and induction of oxidative stress (9, 19, 20). 7-Ketoc-
holesterol-induced increases in cellular calcium may involve
changes in the lipid composition or biophysical properties
of the plasma membrane which was suggested by the
increased amount of the plasma membrane transient receptor
potential calcium channel 1 in a detergent insoluble mem-
brane fraction (12). Similarly, 7-ketocholesterol inhibition
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of apoliprotein A-I (apoA-I) mediated cholesterol efflux from
macrophages was proposed to be due to its effect on the
plasma membrane (27). The mechanisms by which oxysterols
exert pathological effects are currently being determined to
define the contribution of these lipids to the development of
atherosclerosis. The effect of oxysterols on the biophysical
properties of different cell membranes may be an important
component of their pathological effects (4).

Cholesterol affects the function of membrane proteins
through stereospecific ligand binding (28-31), through the
induction of changes in the biophysical properties, e.g.,
fluidity, of membranes that affect protein conformation (24,
28), and through the lateral segregation of proteins into
microdomains which is determined by the preference of a
protein for different types of lipid order (26, 32-34). The
interaction of cholesterol with saturated phosphatidylcholines
and sphingomyelin facilitates the formation of the liquid-
ordered (Lo) phase. In model membranes, the formation of
phase-separated microdomains is dependent upon sterol
chemical structure and leads to the classification of sterols
that are “promoters” or “inhibitors” of the formation of
ordered lipid domains (35-44). “Promoter” sterols also
generally fit the definition of “membrane-active” sterols (41,
43, 44). Oxidative modifications of cholesterol generate
sterols with different physicochemical properties and three-
dimensional (3D) shapes. Oxysterols are less efficient than
cholesterol at condensing or ordering fluid bilayers (45-
48) and less hydrophobic where they can transfer between
biological membranes at rates that are orders of magnitude
faster than cholesterol (49-51). 7-Ketocholesterol can
promote or inhibit the formation of ordered lipid phases
depending upon the phospholipid composition (29, 48). 25-
Hydroxycholesterol can be a lipid-domain promoting sterol
(35, 37, 41); however, it also can demonstrate anomalous
behavior when compared to cholesterol (43, 46, 52, 53).
Cholesterol enhances the rate for the apoA-I-mediated
microsolubilization of dimyristoyl-sn-glycero-3-phospho-
choline (DMPC) multilamellar vesicles to form discoidal
high-density lipoprotein (HDL) particles (48, 54, 55). The
rate of DMPC microsolubilization is highly dependent upon
the presence of lattice defects in the membrane surface that
occur due to the imperfect packing of coexisting lipid phases.
Some oxysterols are equally as efficient as cholesterol,
whereas other oxysterols greatly inhibit this process (48, 55).
The probable basis for the differences among oxysterols is
their differential ability to form Lo phases and induce lateral
phase separation. On the basis of these results, oxysterols
have different membrane biophysical properties based on the
location and chemical nature of the oxygen substitution.

Sterols affect cellular processes by biochemical and
membrane biophysical mechanisms. Structure/function stud-
ies comparing a series of sterols can be used to identify the
mechanisms by which sterols regulate biological processes.
This methodology has been used to investigate the role of
cholesterol and other sterols in regulating receptor function
(28) and in the regulation of proteins involved in cholesterol
homeostasis (29-31). Oxysterols that are modified on the
sterol nucleus are poor or ineffective ligands for LXR (56)
and for sensing domains of cholesterol homeostatic proteins
(29-31). The role of sterols in membrane-associated bio-
chemical processes also can be studied by using ent-
cholesterol, which has cholesterol-like microdomain forming

properties but does not interact with specific cholesterol-
binding sites on proteins (24, 31, 57) and by systematically
comparing “promoter” and “inhibitor” sterols to correlate
changes in membrane physical properties with functional
effects (33, 42, 58, 59). Structure/function studies have
demonstrated that oxysterols vary greatly in their ability to
induce apoptosis and other physiological processes related
to the progression of atherosclerosis (8-10). Of the most
common oxysterols, 5â,6â-epoxycholesterol (5â-Epo), 7â-
hydroxycholesterol (7â-OH), and 7-ketocholestrol are the
most potent inducers of apoptosis. For this report, we chose
a series of physiologically important oxysterols (Figure 1)
for structure/function studies. 7â-OH, 5R,6R-epoxycholes-
terol (5R-Epo), and 5â-Epo occur in oxidized LDL, in human
atherosclerotic lesions, and in the plasma of patients with
stable coronary artery disease (10). 27-Hydroxycholesterol
(27-OH) is the major oxysterol found in human atheroscle-
rotic lesions and 24R-hydroxycholesterol (24R-OH) and 27-
OH are the major oxysterols in human plasma. These sterols
function in a form of reverse cholesterol transport where their
formation is the first step in cholesterol catabolism and
removal from the brain and atherosclerotic lesions, respec-
tively (1). To a lesser extent, 25-hydroxycholesterol (25-
OH) is also found in oxidized LDL and atherosclerotic
lesions. 20-Hydroxycholesterol (20R-OH) and 22R-hydroxy-
cholesterol (22R-OH) are intermediates in steroid hormone
synthesis (60). 20R-OH, 22R-OH, 24R-OH, and 27-OH are
ligands for the LXR nuclear receptors (5), and 25-OH binds
to cytosolic binding proteins involved in signal transduction
and membrane trafficking (2, 6, 7). Our results reveal that
different oxysterols vary from being similar in magnitude
to cholesterol in their effects on the biophysical properties
of model membranes to those that demonstrate only small
effects. 7â-OH would not induce the formation of an Lo

phase and is an “inhibitor” sterol that would not form lipid
rafts. According to an empirical correlation that compared
the effects of oxysterols and cholesterol on membrane
biophysical properties, there was a direct correlation between

FIGURE 1: Structures of the sterols investigated in this study.
Cholesterol, 5R,6R-epoxycholesterol (5R-Epo), 5â,6â-epoxycho-
lesterol (5â-Epo), 7â-hydroxycholesterol (7â-OH), 20R-hydroxy-
cholesterol (20R-OH), 22R-hydroxycholesterol (22R-OH), 24R-
hydroxycholesterol (24R-OH), 25-hydroxycholesterol (25-OH), and
27-hydroxycholesterol (27-OH).
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the raft destabilizing tendencies of oxysterols and their
induction of apoptosis in cells involved in atherosclerosis.

EXPERIMENTAL PROCEDURES

Materials. 5R,6R-Epoxycholesterol (cholestan-5R, 6R-
epoxy-3â-ol), 5â,6â-epoxycholesterol (cholestan-5â, 6â-
epoxy-3â-ol), 7â-hydroxycholesterol (5-cholesten-3â, 7â-
diol), 20R-hydroxycholesterol (5-cholesten-3â, 20R-diol),
22R-hydroxycholesterol (5-cholesten-3â, 22(R)-diol), 24R-
hydroxycholesterol (5-cholesten-3â, 24(S)-diol), 25-hydroxy-
cholesterol (5-cholesten-3â, 25-diol), and 27-hydroxycho-
lesterol (5-, 25R-cholesten-3â, 26-diol) were from Steraloids,
Inc. (Newport, RI). Dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC), dioleoyl-sn-glycero-3-phosphocholine (DOPC), and
porcine brain sphingomyelin (SM) were from Avanti Polar
Lipids, Inc. (Alabaster, AL). 6-Dodecanoyl-2-dimethylami-
nonaphalene (Laurdan) and 1,6-diphenyl-1,3,5-hexatriene
(DPH) were from Molecular Probes, Inc. (Eugene, OR).
Cholesterol (5-cholesten-3â-ol) was from Sigma Chemical
Co. (St. Louis, MO).

Liposome Preparation.The model membranes consisted
of DPPC, DOPC/SM (3/2 mol/mol), and DOPC/DPPC (1/1
mol/mol) multilamellar vesicles (MLV). The appropriate
amounts of phospholipids, sterols, and fluorescent probes
were originally mixed in chloroform/methanol (2/1 v/v). The
organic solvent was evaporated under a stream of nitrogen
and the samples were lyophilized overnight. The dried lipids
were dispersed in TBS buffer (100 mM NaCl, 10 mM Tris,
1 mM EDTA, 1 mM NaN3, pH 7.4) by vortexing. To ensure
complete hydration, the lipids were subjected to at least three
freeze-thaw cycles that consisted of warming the samples
to 50°C, which was above the gel to liquid-disordered (Ld)
phase transition of the highest melting phospholipids, and
freezing the samples at-20 °C. For the fluorescence
measurements, the probe to phospholipid molar ratio was
1/250 mol/mol.

Fluorescence Measurements.The fluorescence probes,
DPH and Laurdan, were used to measure changes in the
biophysical properties of model membranes. The polarization
of DPH can be used to estimate the local “microviscosity”
or molecular order in membranes (48, 61, 62). The fluores-
cence of Laurdan is dependent upon its microenvironment,
which in membranes is dependent upon polarity and viscos-
ity, and is highly sensitive to changes in lipid phases (48,
62, 63). Fluorescence measurements were performed on a
Jobin Yvon Spex Fluorolog-3 FL3-22 spectrofluorimeter
(Edison, NJ) that was equipped with Glan-Thompson polar-
izing prisms and a sample heater/cooler Peltier thermocouple
drive. Fluorescence polarization measurements were per-
formed as previously described (48, 54, 62). The fluorescence
polarization of DPH was used to measure the effect of sterol
structure on the acyl chain motion and phase properties of
phospholipid bilayers. DPH partitions equally between gel,
Ld, and Lo phases and thus does not preferentially monitor
the behavior of one specific phase. The excitation wavelength
was 350 nm, and the emission wavelength was 425 nm.
Temperature-dependent measurements were collected in 1
°C increments; the samples were equilibrated for 1 min prior
to each measurement. The instrument automatically measures
the fluorescence polarization and corrects for the grating
factor. The fluorescence emission spectra of the microenvi-

ronment sensitive probe, Laurdan, are highly dependent upon
the phase state of the lipid matrix. Laurdan spectra demon-
strate large blue shifts when the lipid matrix goes from an
Ld to a gel state or upon the addition of cholesterol to an Ld

phase bilayer (54, 62, 63). To facilitate the analysis of
Laurdan fluorescence measurements, a normalization pro-
cedure, termed the general polarization (G.P.), was defined
using two selective emission wavelengths (63). Fluorescence
measurements were collected with an excitation wavelength
of 350 nm, and the emission intensity measurements were
made at 430 (I430) and 480 (I480) nm. The fluorescence
intensities were used to calculate the generalized polarization
of Laurdan (G.P.) (I430 - I480)/(I430 + I480)) (54, 62, 63).
Similar to DPH, this probe partitions equally between gel
and Ld phases. Temperature-dependent measurements were
collected in 1°C increments; the samples were equilibrated
for 1 min prior to each measurement.

DRM Solubilization Experiments. Phospholipids and ste-
rols that form tightly packed, ordered lipid domains may be
resistant to solubilization by Triton X-100 (33, 35, 36, 39,
48, 61, 64, 65). Under the appropriate conditions, detergent
insolubility methods can be used to estimate the relative
ability of a series of sterols to form ordered lipid domains
(35, 36, 39). In model membranes, such as those studied
here, the ability of a sterol to stabilize detergent-insoluble
domains can correlate with the ability of a sterol to from
ordered domains as measured by methods avoiding detergent
(33). The solubilization of multilamellar vesicles, which
varied in phospholipid and sterol composition, by 1% Triton
X-100 was determined essentially as described by London
and co-workers (35). The turbidity of liposomal samples (500
nmol of phospholipid in 1 mL of TBS) was measured as the
optical density (OD400) at 400 nm (using a Cary 25
spectrophotometer). To each of the samples, 50µL of 10%
(w/v) Triton X-100/TBS was added. The samples were then
mixed, incubated at room temperature (∼23 °C) overnight,
and then the optical density was measured again. The∆OD400

change was calculated as the ratio of the optical density after
the Triton X-100 incubation (not corrected for dilution with
Triton X-100 solution) to the optical density before the
addition of Triton X-100.

RESULTS

Fluorescence Studies on Oxysterols in DPPC Bilayers.The
fluorescence properties of DPH and Laurdan were used to
measure sterol-induced changes in the biophysical properties
of model membranes. For DPPC MLV, the DPH fluores-
cence polarization decreases sharply at the midpoint tem-
perature of the gel to Ld phase transition (TM) (TM ) 40.6
°C for DPPC) where the phospholipid passes from the gel
to the Ld phase (66) (Figure 2A). BelowTM, where DPPC is
in a gel phase, addition of 30 mol % cholesterol decreases
lipid order as indicated by a decrease in the fluorescence
polarization values (Figure 2A). The reductions in lipid order
by 5R-Epo, 5â-Epo (Figure 2A), 7â-OH, 20R-OH (Figure
2B), 25-OH, 27-OH, and cholesterol (Figure 2C) were
similar; the effects of 22R-OH (Figure 2B) and 24R-OH
(Figure 2C) were smaller. As revealed by the increase in
fluorescence polarization, aboveTM, cholesterol increases
acyl chain order. All sterols, except 22R-OH (Figure 2B)
and 24R-OH (Figure 2C) greatly increased acyl chain order.
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The Laurdan G.P. measurements also revealed that cho-
lesterol (30 mol %) modulates changes in membrane proper-
ties associated with the phase transition of DPPC (Figure
2D). However, unlike DPH polarization measurements, the
G.P. increased with addition of cholesterol belowTM (Figure
2D), and aboveTM, cholesterol dramatically increased G.P.
(Figure 2D); similar observations have been reported for
cholesterol/SM bilayers (62). The G.P. versus temperature
profiles of 5R-Epo, 5â-Epo (Figure 2D), 20R-OH (Figure
2E), 25-OH, and 27-OH (Figure 2F) were similar to that of
cholesterol. However, the corresponding thermal profiles of
7â-OH, 22R-OH (Figure 2E), and 24R-OH (Figure 2F) were
different. AboveTM, all three induced smaller increases in
G.P. compared to sterol-free bilayers; 7â-OH also reduced
G.P. belowTM.

The effect of sterol concentration on DPPC bilayers above
(50 °C) and below (30°C) TM were determined by DPH
fluorescence polarization and Laurdan G.P. measurements
(Figure 3). At both temperatures, there was a linear correla-
tion between the sterol concentration and the fluorescence
measurements for each sterol. For simplicity, only the results
for cholesterol and 7â-OH are shown in Figure 3. At 30°C,
both sterols induced identical linear decreases of DPH
fluorescence polarization with sterol concentration, which
demonstrates their equivalence in the disruption of the acyl
chain packing of gel phase lipids (Figure 3A). As indicated
by its greater slope (∆P/mol %) (Figure 3A) at 50°C,
cholesterol clearly increased polarization more than 7â-OH.
At 30 °C, cholesterol and 7â-OH, respectively, slightly
increased and decreased the G.P. values with increasing sterol
concentration (Figure 3B). However, at 50°C, the effects
of cholesterol on the slope (∆GP/mol %) (Figure 3B) were
much greater than those for 7â-OH. The slopes for the
polarization (∆P/mol %) and G.P. (∆GP/mol %) indicate
distinctive behavior by each sterol (Figure 4). BelowTM,

sterols modified on the sterol nucleus have a greater change
in ∆P/mol % than do the side chain-modified sterols (Figure
4A). However, this was not the case for the∆GP/mol %;
the values for 25-OH and 27-OH were equal to those found
with cholesterol (Figure 4C). AboveTM, cholesterol was the
most effective membrane-modifying sterol with the highest
values for∆P/mol % (Figure 4B) and∆GP/mol % (Figure
4D). However, the different oxysterols vary from those
having a small effect (e.g., 22R-OH) to those having effects
similar to those of cholesterol (e.g., 27-OH).

Fluorescence Studies of Oxysterols in DOPC/SM and
DOPC/DPPC Bilayers.Unlike binary cholesterol/DPPC
mixtures, ternary mixtures of cholesterol with DOPC/SM and
with DOPC/DPPC undergo micron-scale liquid-liquid-phase
separation and have been used to directly observe membrane
microdomain formation (67-69). The low polarization of
DPH fluorescence in sterol-free DOPC/SM bilayers and its
small temperature dependence (Figure 5) are consistent with
these phospholipids forming one fluid phase (61-63). In
DOPC/SM MLV containing the different sterols (30 mol %),

FIGURE 2: Effect of various sterols (30 mol %) on the DPH
fluorescence polarization (A, B, C) and Laurdan G.P. (D, E, F) in
DPPC MLV (0.1 mg/mL) as a function of temperature. (A, D) Chol
(O), 5R-Epo (0), and 5â-Epo (4); (B, E) 7â-OH (O), 20R-OH
(0), 22R-OH (4); (C, F) 24R-OH (O), 25-OH (0), and 27-OH
(4). No sterol (b). For simplicity, only alternate data points are
shown.

FIGURE 3: The DPH fluorescence polarization (A) and Laurdan
G.P. (B) in DPPC MLV as a function of sterol concentration at 30
°C (O, 0) and 50°C (b, 9). Cholesterol (b, O) and 7â-OH (9,
0). The linear correlations typify all sterols studied. For simplicity,
only the results for cholesterol and 7â-OH are shown.

FIGURE 4: Slopes for the first-order line of regression correlating
DPH fluorescence polarization and Laurdan G.P. with the sterol
concentration in DPPC MLV. (A, B)∆P/mol % sterol; (C, D) (GP/
mol % sterol); (A, C) (30°C) and (B, D) (50°C).
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the DPH fluorescence polarization decreased essentially
linearly with temperature (Figure 5). Relative to sterol-free
bilayers, cholesterol increased the polarization of DPH
fluorescence more than 5R-Epo, 5â-Epo (Figure 5A), 20-
OH (Figure 5B), 24R-OH, and 25-OH (Figure 5C). However,
the addition of 7â-OH and 22R-OH had only a small effect
on the polarization (Figure 5B). 27-OH (Figure 5C) and
cholesterol had nearly equal effects on the polarization of
DPH fluorescence. As evidenced by the sigmoidal nature of
a plot of DPH fluorescence polarization vs temperature,
sterol-free DOPC/DPPC bilayers exhibit gel-liquid im-
miscibility; this was eliminated by addition of sterol (30 mol
%) (Figure 5D). Cholesterol (Figure 5D), 20R-OH (Figure
5E), and 27-OH (Figure 5F) dramatically increased the
polarization of DPH fluorescence, whereas 5R-Epo and 5â-
Epo (Figure 5D) and 25-OH (Figure 5F) induced a moderate
increase in polarization, and 7â-OH and 22R-OH (Figure
5E) and 24R-OH (Figure 5F) had only a small effect. Steady-
state polarization measures the additive properties of the
probe in different membrane domains that have different
fluidities. In both phospholipid mixtures, there were promi-
nent differences in the effects of the various sterols on acyl
chain order, an effect that must be related to their different
capacities to form ordered membrane domains. 25-OH and
27-OH behave distinctively in DOPC/SM and DOPC/DPPC
mixtures (Figure 5), whereas in DPPC bilayers (Figure 2)
their behavior is essentially identical.

In DOPC/SM and DOPC/DPPC bilayers, both the DPH
polarization and G.P. vs temperature profiles are dose
dependent with respect to sterol concentration. In DOPC/
SM bilayers, the G.P. values at 25°C were similar for 5
and 30 mol % cholesterol. However, at 55°C there was a
large difference (Figure 6). Similar sterol concentration
dependences in the G.P. vs temperature profiles were found
for 5R-Epo, 5â-Epo, 20R-OH, 24R-OH, 25-OH, and 27-OH.

However, 7â-OH and 22R-OH induced only a small effect
on G.P. compared to sterol-free bilayers. Previous studies
have demonstrated that DOPC/SM/cholesterol and DOPC/
DPPC/cholesterol bilayers undergo a transition from a system
with two coexisting phases to a one-phase region over the
temperature range studied (67-69). At 30 °C, DPH polariza-
tion and Laurdan G.P. were saturated with respect to
cholesterol content in DOPC/SM bilayers (Figure 7A,B);
above 10 mol % sterol, there was little additional change in
the DPH polarization and G.P. measurements. At this
temperature, this lipid system comprises two coexisting
phases. These results are distinct from similar measurements
in DPPC bilayers where linearity was observed with respect
to sterol concentration in both gel and Ld phases (Figure 3).
For both 7â-OH, DPH polarization and G.P. were linear with
respect to sterol concentration (Figure 7A,B), and only a
small increase was observed at maximum sterol levels (30

FIGURE 5: Effect of cholesterol and different oxysterols on the DPH
fluorescence polarization in DOPC/SM (3/2 mol/mol) (A, B, C)
and in DOPC/DPPC (1/1 mol/mol) (D, E, F) MLV as a function
of temperature. The sterols (30 mol %) were Chol (O), 5R-Epo
(0), and 5â-Epo (4) in A, D; 7â-OH (O), 20R-OH (0), and 22R-
OH (4) in B, E; 24R-OH (O), 25-OH (0), and 27-OH (4) in C, F.
No added sterol (b). Only every other temperature measurement
is shown.

FIGURE 6: Effect of cholesterol and the different oxysterols on
Laurdan G.P. in DOPC/SM (3/2 mol/mol) MLV as a function of
temperature. The specific sterol studied is denoted in each panel.
No added sterol (b); 5 mol % (O) and 30 mol % (0). Only every
other temperature measurement is shown.

FIGURE 7: The DPH fluorescence polarization (A) and Laurdan
G.P. (B) of DOPC/SM (3/2 mol/mol) MLV at 30°C as a function
of sterol concentration. Cholesterol (O) and 7â-OH (0). The data
for cholesterol were fitted to the hyperbolic function,y ) yo +
ax/(b + x), and the data for 7â-OH (O) by linear regression. Similar
measurements at 50°C were linear (data not shown).
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mol %). Similar to cholesterol, the effects of increasing
concentrations of 5R-Epo, 5â-Epo, 20R-OH, 24R-OH, 25-
OH, and 27-OH demonstrated saturation behavior where the
maximum polarization and G.P. values were a function of
the identity of the sterol (data not shown). 22R-OH dem-
onstrated a similar behavior to 7-OH. However, at 50°C,
where the DOPC/SM/cholesterol system demonstrates one
phase, the concentration dependences were mostly linear
(data not shown) and similar to the results found with DPPC
(Figure 3).

At 30 °C, the fluorescence polarization and G.P. measure-
ments in DOPC/DPPC bilayers were also nonlinear with
respect to sterol concentration (data not shown). In addition,
each sterol (30 mol %) exhibited distinct G.P. vs temperature
curves (Figure 8). Cholesterol (Figure 8A), 20R-OH (Figure
8B), and 27-OH (Figure 8C) dramatically increased G.P.,
whereas 5R-Epo, 5â-Epo (Figure 8B), and 25-OH (Figure
8C) produced moderate increases in G.P.; 7â-OH and 22R-
OH (Figure 8B) and 24R-OH (Figure 8C) had only a small
effect.

Effect of Oxysterols on Lipid Insolubility in Triton X-100.
The Triton X-100-induced formation of DRMs in DPPC,
DOPC/DPPC, and DOPC/SM bilayers was a function of the
chemical structure of the oxysterol and of the sterol
concentration (Figure 9). Bilayers containing 7â-OH did not
form DRM under any of the conditions used; DRM formation
in DPPC bilayers containing 25-OH, 27-OH, and cholesterol
was similar. DRM formation in DOPC/DPPC and DOPC/
SM bilayers containing 25-OH and 27-OH was equal to or
greater than in those containing cholesterol. 5R-Epo and 5â-
Epo induced less DRM formation than cholesterol, with 5R-
Epo being more effective than 5â-Epo. DRM formation in
bilayers containing the three other side chain modified sterols,
20R-OH, 22R-OH, and 24R-OH, was less than that observed
in cholesterol-containing bilayers. However, the overall trend
in each of the bilayer systems is that DRM formation in

bilayers containing oxysterols was equal to that of choles-
terol, less than that of cholesterol, or no DRM formation.
This clearly demonstrates that the effect was due solely to
the structure of the oxysterol.

Oxysterol Membrane Index.To establish a structure/
function relationship between the membrane biophysics of
oxysterols and a biological process, e.g., cell apoptosis, the
DPH fluorescence polarization (∆P/mol %, Figure 4B) and
the Laurdan G.P. (∆GP/mol %, Figure 4D) in DPPC bilayers
at 50°C, and DRM formation in DPPC bilayers containing
30 mol % sterol (Figure 9A) were used. For each of these
measurements, cholesterol was the most effective sterol in
modifying membrane properties. We defined an algorithm,
termed the oxysterol membrane index (MI), in which each
of the physical measurements were normalized to those of
cholesterol using the following equation: MI) 1 - [(Mchol

- Msterol)/(Mchol - Mlow sterol)]. Mchol and Mlow sterol are the
values for a given membrane property of cholesterol and that
of the oxysterol for which that property is lowest, andMsterol

is the corresponding membrane property for any given
oxysterol. Thus, the MI values vary from 1 for cholesterol
to 0 for the least effective oxysterol. According to the
oxysterol MI, the oxysterols were ranked in descending
numerical order (Figure 10A) where cholesterol> 27-OH
> 5R-Epo> 25-OH> 5â-Epo> 24R-OH > 7â-OH > 22R-
OH. The oxysterol MI also was compared for the sterols
(30 mol %) in DOPC/SM and DOPC/DPPC bilayers. The
results for DRM formation (Figure 10B), fluorescence
polarization (Figure 10C), and G.P. (Figure 10D) were
normalized and compared to the oxysterol MI. In general,
there was a good correlation between the measurements in
the more complex phospholipid mixtures and the oxysterol
MI determined in DPPC bilayers. The exceptions were that
bilayers containing 25-OH and 27-OH had higher∆OD400,
27-OH induced a higher polarization, and 20R-OH produced
higher G.P. The ranking of the sterols by the oxysterol MI
was consistent with their differential effects on membrane
bilayer properties in both simple (e.g., DPPC) and complex
(e.g., DOPC/SM) phospholipid systems.

FIGURE 8: The effect of cholesterol and the different oxysterols
(30 mol %) on Laurdan G.P. in DOPC/DPPC (1/1 mol/mol) MLV
as a function of temperature. (A) Chol (O), 5R-Epo (0), and 5â-
Epo (4). (B) 7â-OH (O), 20R-OH (0), and 22R-OH (4). (C) 24R-
OH (O), 25-OH (0), and 27-OH (4). (A-C) no added sterol (b).
Only every other temperature measurement is shown.

FIGURE 9: Effect of different sterols in MLVs on the formation of
DRMs by Triton X-100 solubilization. (A) DPPC; (B) DOPC/DPPC
(1/1 mol/mol); (C) DOPC/SM (3/2 mol/mol). Filled bars, 15 mol
% sterol; open bars, 30 mol % sterol. Samples were measured in
triplicate and are presented as the mean( the standard error.
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Two studies have investigated the effects of oxysterol
structure on an important biological process in atheroscle-
rosis, i.e., apoptosis. 5R-Epo, 5â-Epo, 7â-OH, and 25-OH
induced apoptosis was determined in human aortic endot-
helial cells (8) and the human monocytic U937 cell line (10).
In endothelial cells, there was a linear correlation when the
oxysterol MI was analyzed against the % cell death at one
oxysterol concentration and 1/LD50 (LD50 is the oxysterol
concentration where 50% of the cells were nonviable) (Figure
11A). In U937 cells, there was a linear correlation when the
oxysterol MI was analyzed against the % viable cells and
the % cell number (Figure 11B). The results indicate a direct
correlation between the effect of oxysterols on membrane
biophysical properties and their ability to induce cell apo-
ptosis.

DISCUSSION

Oxysterols have many diverse biological activities related
to cholesterol function and metabolism in normal and
diseased states (1-7). They demonstrate a great deal of
structural diversity due to the chemical nature of the oxygen

moiety, its location on the parent cholesterol molecule, and
its chirality. Of the oxysterols found in oxidized LDL and
atherosclerotic lesions, 5â-Epo, 7â-OH, and 7-ketocholesterol
are the most potent inducers of apoptosis in cultured cells
(8-10). Because of the hydrophobic nature of oxysterols,
they should have an equilibrium location within biological
membranes. Cholesterol affects membrane structure by
increasing bilayer thickness, decreasing membrane perme-
ability, modulating acyl chain motion, decreasing interfacial
hydration, and forming Lo microdomains. In model mem-
branes, specific “promoter” sterols can induce liquid-liquid-
phase separation, whereas others have little or no effect (35-
44). Sphingolipid- and cholesterol-rich domains or rafts in
the plasma membrane have been implicated in many
biochemical processes (26, 32-34); however, they also
sequester unesterified cholesterol where non-raft cholesterol
in the ER can have regulatory effects in normal cells (70,
71) and toxic effects in cholesterol-loaded cells (23-26, 72,
73). We used techniques that measure lipid order, fluores-
cence probe microenvironment, and DRM formation to
compare a series of oxysterols (Figure 1) with cholesterol.
Our results indicate that the location of the oxygen moieties
and their chiral nature determine the packing of oxysterols
in phospholipid bilayers. The linear relationship between the
oxysterol MI and cell apoptosis strongly support the concept
that cytotoxic oxysterols elicit at least a part of their
biological effect through alterations in membrane structure.

Oxysterols Modified on the Sterol Nucleus. 7â-OH is
formed by nonenzymatic oxidation and is the most cytotoxic
oxysterol found in oxidized LDL and atherosclerotic lesions
(8-10, 24, 17-20). In DPPC bilayers, 7â-OH is less
effective than cholesterol in modulating membrane properties
as determined by polarization and G.P. measurements.
Additionally, compared to cholesterol, it also induces smaller
changes in membrane properties in DOPC/SM and DOPC/
DPPC bilayers. 7â-OH did not form DRM in any of the
phospholipid bilayers studied and had the second lowest
oxysterol MI. Like 7-ketocholesterol and 6-ketocholestanol,

FIGURE 10: Comparison of the effects of different sterols on the
membrane properties of MLV with different compositions. Data
are normalized according to an oxysterol MI as defined in the text.
(A) Rank order of the oxysterol MI for cholesterol and oxysterol
properties in DPPC MLV as assessed by (O) DPH polarization (∆P/
mol %; from Figure 4B), (0) Laurdan G.P. (∆GP/mol %; from
Figure 4D), and (4) DRM formation at 30 mol % sterol (∆OD400
from Figure 8A). The solid line represents the first-order line of
regression (r2 ) 0.88) for a combination of the three sets of data
(O, 0, and4) versus the sterols position on the abscissa. The nine
different sterols were assigned a number from 1 for cholesterol to
9 for 22R-OH for this calculation. (B, C, D) Comparison of
oxysterol membrane index for DPPC MLV with those for DOPC/
SM and DOPC/DPPC MLV, all with 30% mol sterol. (B) DRM
formation (∆OD400 from Figure 8) for DOPC/DPPC (O) and DOPC/
SM (0). (C) DPH fluorescence polarization in DOPC/SM MLV at
30 °C (O) and 50°C (0) and DOPC/DPPC MLV at 50°C (4).
(D) Laurdan G.P. in DOPC/SM MLV at 30°C (O) and 50°C (0)
and DOPC/DPPC MLV at 50°C (4). In B, C, and D the solid line
represents the first-order line of regression.

FIGURE 11: Comparison of the oxysterol membrane index with
cell apoptosis induced by 5R-Epo, 5â-Epo, 7â-OH, and 25-OH.
(A) Correlation of oxysterol MI with % cell death (0; r2 ) 0.92)
and 1/LD50 (O; r2 ) 0.99) in human arterial endothelial cells (10).
The solid line represents the linear regression analysis for the %
cell death. (B) Correlation of membrane index with % cell number
(0; r2 ) 0.96) and % viable cells (O; r2 ) 0.93) in human
monocytic U937 cells (8). The solid line is the linear regression
analysis for the % cell number.
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7â-OH may have a “tilted” sterol orientation to the lipid-
water interface (38, 74). The insertion of a polar oxygen
moiety into the hydrophobic portion of the bilayer is
thermodynamically unfavorable (75). Location of the 7â-
hydroxyl at the lipid-water interface with the 3â-hydroxyl
would be thermodynamically favorable and would tilt the
sterol nucleus with respect to the bilayer plane so that it does
not penetrate as far into the bilayer as cholesterol. Cholesterol
extends∼6 Å further into the membrane bilayer than a tilted
6-ketocholestanol (38, 74). The tilting of the sterol would
be more readily accommodated in bilayers with loosely
packed phospholipids with high molecular surface areas (e.g.,
DOPC) than with phospholipids that have small surfaces
areas (e.g., DPPC) (76). Our results indicate that 7â-OH
would not form the attractive van der Waals interactions
needed for a tightly packed Lo phase and would preferentially
partition into an Ld phase. In cells, whether 7-OH is primarily
localized to the plasma membrane domains similar to
cholesterol or is located in different cellular membranes is
unknown.

5R-Epo and 5â-Epo, also formed by nonenzymatic oxida-
tion, are found in oxidized LDL and atherosclerotic lesions.
In cell studies, 5â-Epo is much more cytotoxic than 5R-
Epo (8-10, 14, 21). The modulation of membrane biophysi-
cal properties by 5R-Epo and 5â-Epo was similar to that for
cholesterol. However, they were not as effective as choles-
terol, and 5R-Epo has a higher oxysterol MI than 5â-Epo.
The location of the epoxy moiety at carbons 5 and 6 could
change the orientation of the sterol nucleus to bring both of
the oxygen moieties (i.e., 3â hydroxyl group) close the
bilayer surface and also create a steric effect where its
bulkiness reduces the interfacial packing with phospholipids.
Models suggest that these diastereomers have different 3D
shapes. 5R-Epo maintains the planarity of the A and B rings
in the tetracylic ring system, similar to cholesterol, whereas
5â-Epo would be less planar (Figure 1). According to our
results, 5R-Epo has tighter interactions with phospholipids
than does 5â-Epo and would be considered a better raft-
stabilizing sterol.

Oxysterols Modified on the Sterol Side Chain.20R-OH,
22R-OH, 24R-OH, 25-OH, and 27-OH are formed enzymati-
cally (1). 20R-OH regulates cholesterol and steroid hormone
synthesis by post-translational and transcriptional mecha-
nisms (60). Our studies indicate that 20R-OH closely mimics
the membrane-modulating properties of cholesterol. This part
of the side chain is probably rigid because of restrictions
posed by C18 and C21 methyl groups. Similar to cholesterol,
20R-OH must maintain a wedge shape with a planarR-face
and a bulkyâ-face.

Formation of 22R-OH is the first committed step in the
conversion of cholesterol to steroid hormones; this oxysterol
is a major activator of LXR (5). 22R-OH is similar to 7â-
OH in that it does not induce increases in polarization and
G.P. in DPPC, DOPC/SM, and DOPC/DPPC bilayers.
However, it does induce DRM more effectively than does
7â-OH. 22R-OH ranked the lowest on the oxysterol MI.
Earlier studies indicated that the poor interaction of 22R-
OH with phospholipids was very stereospecific since 22S-
OH and 22-ketocholesterol are much more effective modu-
lators of bilayer properties (45). According to monolayer
studies, 22R-OH could have two orientations in membranes.
In one, the sterol nucleus lies parallel to the air-water

interface where both hydroxyl groups are solvated; in the
other it emulates cholesterol, in which the 3â hydroxyl is
directed toward the interface and the sterol nucleus is
perpendicular to the plane of the bilayer. In bilayers, 22R-
OH has a kink (one additionalgaucheconfiguration) between
the side chain and the long axis of the sterol nucleus that
inhibits tight sterol-phospholipid association (45).

Our studies indicate that 25-OH and 27-OH form ordered
lipid domains. In DOPC/SM and DOPC/DPPC, both were
more effective than cholesterol at forming DRM. Similar
results were previously found for 25-OH (35-37). These
results suggest that these sterols have an “upright” orientation
that is similar to that of cholesterol. Lo phase lipids have a
greater membrane thickness than do Ld phase lipids. C18:
0SM/cholesterol, DOPC, and DOPC/cholesterol bilayers have
membrane thicknesses of 4.6, 3.5, and 4.0 nm, respectively
(32). These sterols may partition more into ordered lipid
phases, which are thicker, because their greater molecular
length favors a larger number of energetically favorable
hydrophobic matches with the phospholipid acyl chains.
These results would suggest that these sterols would ac-
cumulate in sphingolipid-rich domains rafts in cells. How-
ever, they may not be restricted to these domains since both
sterols spontaneously transfer between membranes at rates
that are orders of magnitude faster than cholesterol (50, 51).
However, when compared to cholesterol, 25-OH and 27-
OH exhibit anomalous behavior when mixed with POPC and
DOPC. 25-OH and 27-OH induce an expansion and not a
condensation of POPC monolayers (53), 25-OH increases
the glucose permeability egg lecithin liposomes (46), and
small-angle X-ray diffraction studies indicated that 25-OH
does not intercalate into the membrane hydrocarbon core and
is primarily associated with the hydrated surface of the
bilayer (52). Monolayer studies indicate that at low surface
pressures 25-OH and 27-OH have their sterol nucleus parallel
to the air-water interface where both hydroxyl groups are
solvated (53). However, 25-OH and 27-OH had limiting
molecular areas smaller than that of cholesterol, which led
to a model in which the side chain alcohol group is anchored
at the interface giving these sterols an “inverse orientation”
with respect to cholesterol (53). Sterols, which have side
chains with a polar fluorescent or spin-label reporter group,
also have been suggested to have an “inverse orientation”
in a membrane (77). 25-OH and 27-OH could have three
orientations in a bilayer based on how tightly they interact
with the acyl chains of phospholipids. They can be oriented
like cholesterol in Lo phases and have a surface location
where both hydroxyls are hydrated or an “inverse orientation”
in Ld phases. Similarly, in polyunsaturated phosphatidylcho-
line (PC) bilayers, cholesterol does not demonstrate an
“upright” membrane orientation because of poor sterol-acyl
chain interactions (78).

There have been no previous studies on the membrane
behavior of 24R-OH. Our spectroscopic studies reveal
membrane properties that are similar to those of 22R-OH in
DPPC and DOPC/DPPC bilayers; in contrast, DRM forma-
tion was similar in all the bilayer systems studied. In DOPC/
SM bilayers, the polarization and G.P. measurements for
24R-OH were similar to those for 25-OH. Formation of 24R-
OH is the major mechanism for the elimination of cholesterol
from the brain, and it also transfers rapidly between
membrane surfaces and is rapidly eliminated from plasma
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(51). The inability of 24R-OH and 22R-OH to form tightly
packed sterol-phospholipid interactions and rapidly transfer
between membranes may be important to their biological
activity as regulatory sterols. A series of oxygenated sterols
without an isooctyl side chain do not form ordered lipid
domains, suggesting that the isooctyl side chain is essential
to a domain forming sterol (37). However, our studies
demonstrate that the stereochemistry of a functional oxygen
moiety is a determinant of sterol orientation in membranes,
sterol-phospholipid interactions, and domain formation.

Physiological ReleVance.Oxysterol MI is an algorithm
that allows the comparison of the effect of oxysterols on
membrane biophysical properties with each other and with
that of a measured biological phenomenon. Even though
there were some differences for the oxysterols in different
bilayer systems, a general trend held for all of the sterols
studied (Figure 10). Using data on oxysterol-induced apo-
ptosis in human aortic endothelial cells and a monocytic
U937 cell line, there was a direct correlation between the
effects of specific oxysterols on membrane biophysical
properties and their ability to induce cell apoptosis (Figure
11). 5R-Epo, 5â-Epo, 7â-OH, 7R-OH, 7-ketocholesterol, 25-
OH, and 27-OH induce apoptosis in cells albeit with different
efficacies (8-10). The â-isomers, 5â-Epo and 7â-OH, are
more potent inducers of apoptosis than the corresponding
R-isomers, 5R-Epo and 7R-OH (8-10). 7â-OH, 25-OH, and
7-ketocholesterol induce apoptosis in smooth muscle cells
(11) and in monocyte/macrophages and endothelial cells by
different mechanisms (8-10, 12-19). In smooth muscle
cells, apoptosis may be induced by an ER-dependent
mechanism (11) and in monocyte/macrophages by a calcium-
dependent mechanism that may involve plasma membrane
domains (12). In monocytic cells, there was no relationship
between oxysterol-induced cytotoxicity and HMG-CoA re-
ductase activity (9), which indicates that inhibition of
isoprenoid-based cholesterol biosynthesis (79) is not in-
volved. Our results indicate that the membrane biophysical
properties of specific unesterified oxysterols determine their
cellular function.

In normolipidemic cells, most unesterified cholesterol is
in the plasma membrane where cholesterol levels are tightly
maintained by homeostatic mechanisms. In cholesterol-
loaded cells, the amount of free cholesterol is also determined
by the action of ATP binding cassette transporter A1
(ABCA1), ATP binding cassette transporter G1 (ABCG1),
and acyl-coenzyme A:cholesterol acyltransferase 1 (ACAT)
(26, 80). ABCA1 and ABCG1 transport free cholesterol to
apoA-I and HDL, respectively, and ACAT converts it to its
acyl ester which is stored in lipid droplets. 5R-Epo, 7R-OH,
and cholesterol are comparable ACAT substrates, whereas
the toxic oxysterols, 5â-Epo, 7â-OH, and 7-ketocholesterol
are very poor substrates (30). Also, 7-ketocholesterol is a
poor substrate for the ABCA1 pathway and even inhibits
cholesterol efflux (27, 81, 82). Oxysterol-treated cells are
also associated with adaptive effects found in cholesterol-
loaded cells. These effects include the formation of myelin-
like figures enriched in free sterol, phosphatidylcholine, and
sphingomyelin (21), sterol crystals (22), free sterols ac-
cumulating in isolated plasma membrane fractions (27), and
steryl esters (15, 83). Free cholesterol induces apoptosis in
macrophages when the protective pathways involving ACAT
and HDL mediated cholesterol efflux are compromised (23-

26, 73, 84). Tabas and associates have investigated free
cholesterol-induced apoptosis in macrophages and have
generated a biophysical model in which the enrichment of
the ER with free cholesterol results in decreased membrane
fluidity and decreased activity of the sarcoplasmic-endo-
plasmic reticulum calcium ATPase (23-26). The activity
of this protein is conformationally regulated and is inhibited
in membranes where free cholesterol increases membrane
order. They speculate that this biophysical model links excess
free cholesterol and the unfolded protein response which
appears to be central to the induction of apoptosis in free
cholesterol loaded macrophages that occurs in advanced
atherosclerotic lesions (25, 26). Recent studies indicated that
7-ketocholesterol, 7â-OH, and 25-OH induce apoptosis in
smooth muscle cells by a mechanism that is similar to that
of free cholesterol-induced apoptosis in macrophages (11).
Thus, the underlying mechanism for oxysterol-induced
apoptosis in smooth muscle cells may be through alteration
of the biophysical properties of the ER membranes. However,
in macrophages, free cholesterol and 7-ketocholesterol induce
apoptosis by different mechanisms (25). 7-Ketocholesterol,
5â-Epo, 7â-OH, and 25-OH induce apoptosis by a mito-
chondrial death pathway and involves the uptake of extra-
cellular calcium (12, 14), activation of calcium signaling
pathways (12, 13, 15), and the induction of oxidative stress
(e.g., activation of leukocyte NADPH oxidase that is found
both in monocyte/macrophages and endothelial cells) (9, 19,
20). The effect of 7-ketocholesterol on the biophysical
properties of the plasma membrane has been suggested for
increased cellular calcium mediated by the transient receptor
potential calcium channel 1 (12) and for the inhibition of
apoA-I mediated cholesterol efflux (27). In cells, sterol
chemical structure has been demonstrated to affect compo-
sitional and biochemical properties thought to be associated
with membrane rafts (42, 57-59, 85). Epidermal growth
factor (EGF) signal transduction is a raft-associated process
(86) that has been demonstrated to be differentially affected
by the structure of different oxysterols (87). Akt/protein
kinase B signaling (16), NADPH oxidase activation (20),
and channel mediated calcium uptake (12) have been
implicated in oxysterol-mediated apoptosis, and each of these
process may be affected by altering membrane cholesterol
levels and/or alteration of membrane structure (88-90).
Thus, at least part of the apoptotic effects of oxysterols must
occur by the accumulation of excess cellular unesterified
oxysterols that can affect the membrane biophysical proper-
ties and physiologic function of both cholesterol-rich mem-
branes, i.e., plasma membrane rafts, and the normally
cholesterol-poor membranes, e.g., ER, of the rest of the cell.
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