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Abstract

Among the oxysterols accumulating in atherosclerotic plaque, 7-ketocholesterol (7KC) is a potent apoptotic inducer, which favours
myelin figure formation and polar lipid accumulation. This investigation performed on U937 cells consisted in characterizing the myelin
figure formation process; determining the effects of 7KC on the PI3-K/PDK-1/Akt signalling pathway; evaluating the activities of vitamin E
(Vit-E) (a-tocopherol) on the formation of myelin figures and the PI3-K/PDK-1/Akt signalling pathway and assessing the effects of PI3-K
inhibitors (LY-294002, 3-methyladenine) on the activity of Vit-E on cell death and polar lipid accumulation. The ultrastructural and
biochemical characteristics of myelin figures (multilamellar cytoplasmic inclusions rich in phospholipids and 7KC present in acidic vesicles
and the reversibility of these alterations) support the hypothesis that 7KC is an inducer of phospholipidosis. This oxysterol also induces
important changes in lipid content and/or organization of the cytoplasmic membrane demonstrated with merocyanine 540 and fluorescence
anisotropy, a loss of PI3-K activity and dephosphorylation of PDK-1 and Akt. It is noteworthy that Vit-E was able to counteract
phospholipidosis and certain apoptotic associated events (caspase activation, lysosomal degradation) to restore PI3-K activity and to prevent
PDK-1 and Akt dephosphorylation. When Vit-E was associated with LY-294002 or 3-methyladenine, impairment of 7KC-induced apoptosis
was inhibited, and accumulation of polar lipids was less counteracted. Thus, 7KC-induced apoptosis is a PI3-K-dependent event, and Vit-E
up- and down-regulates PI3-K activity and phospholipidosis, respectively.
© 2009 Elsevier Inc. All rights reserved.
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1. Introduction

Oxysterols are 27 carbon derivatives of cholesterol
containing additional oxygen atoms on the steroid’s nucleus
or on the side chain [1]. They are common components of
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determined increased oxysterol levels in the plasma of
atherosclerotic patients and in atheromatous plaque [mainly
27-hydroxycholesterol, 7-ketocholesterol (7KC) and 7p-
hydroxycholesterol] [4], and several investigations clearly
established that some of these compounds (7p-hydroperox-
ycholesterol, 7p-hydroxycholesterol and 7KC) mimic the
cytotoxic effects of Ox-LDL on the cells of the vascular wall
[2]. Moreover, some oxysterols, especially 7KC and 7p-
hydroxycholesterol, which are also present at important
levels in some processed foods, have potent cytotoxic, pro-
oxidative and/or proinflammatory properties [5,6], which are
hallmarks of the pathophysiological mechanisms involved in
the atherosclerotic process [2,3,7].

Of the different oxysterols capable of promoting
atherogenesis, 7KC is one of the most abundant in plasma
and arterial lesions of atherosclerotic patients [3]. It has been
clearly established, particularly on human promonocytic
U937 cells, that this oxysterol induces a complex mode of
cell death with some characteristics of apoptosis: externali-
zation of phosphatidylserine; loss of transmembrane mito-
chondrial potential (AW); mitochondrial release of
cytochrome c¢; endonuclease G and apoptosis-inducing
factor; cleavage of Bid; activation of caspases 2, 3, 7, 8
and 9; degradation of poly(ADP-ribose)polymerase and
inhibitor caspase-activated deoxyribonuclease, internucleo-
somal DNA degradation and condensation/fragmentation or
swelling of the nuclei, which are associated with the
formation of multilamellar cytoplasmic structures [5,6,8].
These multilamellar cytoplasmic structures, isolated by
subcellular fractionation after staining with monodansylca-
daverine (MDC), have been partially characterized: they
accumulate 7KC and also contain high amounts of
phosphatidylcholine and sphingomyelin [9]. It is noteworthy
that ultrastructurally similar MDC-positive multilamellar
bodies, considered autophagic vacuoles, were observed in
Mvl1Lu mink lung type II alveolar cells transfected with
1-6-N-acetylglucosaminyl transferase V [10]. Based on
ultrastructural and biochemical criteria, it was assumed that
7KC-induced cell death might also be associated with an
autophagic process [11,12]. Moreover, since a close relation
may exist between autophagy and apoptosis [13], and since
the phosphoinositide 3-kinase (PI3-K)/Akt pathway is an
important second messenger system involved in both
autophagy [14] and apoptosis [15], it was important to
determine the role played by the PI3-K/Akt signalling
pathway in 7KC-induced cell death. Akt, which was initially
identified as the mammalian homologue of the viral
oncogene v-akt, is also called “protein kinase B” (PKB)
[16]. A probable inactivation of the PI3-K/Akt signalling
pathway in 7KC-induced cell death was suggested by a
previous investigation demonstrating an activation of the
proapoptotic protein BAD (Bcl-x1/Bcl-2 associated death
promotor), which is present in its dephosphorylated form in
7KC-treated cells [17]. Indeed, when Akt is activated and
presents in its phosphorylated form, via the PI3-K kinase
signalling pathway through the 3-phosphoinositide-depen-

dent protein kinase-1 (PDK-1), it maintains BAD in its
inactive form by phosphorylation on serine 99 [15].

Based on these different considerations, the aim of the
present study conducted on untreated and 7KC-treated
human promonocytic U937 cells and, in part, on rat A7RS
aortic smooth muscle cells, was: (1) to characterize the
cellular process associated with the formation of multi-
lamellar structures (also called myelin figures) observed with
7KC treatment as well as with other cytotoxic oxysterol
treatments [5,8,11] and to rely the formation of these myelin
figures with cell death; (2) to determine the effects of 7KC on
the PI3-K/PDK-1/Akt signalling pathway; (3) to evaluate the
effects of vitamin E (Vit-E; a-tocopherol) on the formation
of myelin figures and on the PI3-K/PDK-1/Akt signalling
pathway, since we previously described an impairment of
7K C-induced apoptosis by Vit-E [18]; and (4) to determine
the effects on various PI3-K inhibitors (LY-294002, 3-
methyladenine) on the activity of Vit-E. The role played by
the protein kinase PI3-K was investigated since Akt/PKB
regulates B-cell lymphoma (BCL) family members during
oxysterol-induced apoptosis [19].

We report that 7KC-induced myelin figures are acidic
phospholipid-rich vesicles, also accumulating 7KC and
cholesterol. Thus, it was demonstrated that 7KC is a potent
inducer of phospholipidosis [20,21], which precedes early
signs of cell death such as the loss of transmembrane
mitochondrial potential and morphological nuclear changes.
In addition, we show that 7KC-induced cell death and
phospholipidosis are counteracted by Vit-E, which is also
capable of restoring the loss of PI3-K activity and the
dephosphorylation of PDK-1 and Akt triggered by 7KC.
However, the impairment of 7KC-induced apoptosis by
Vit-E was inhibited by LY-294002 and 3-methyladenine,
and the decrease in polar lipid accumulation was almost
abolished when Vit-E was associated with LY-294002 and
3-methyladenine.

2. Materials and methods

2.1. Cells and treatments

Human promonocytic leukaemia cells (U937) obtained
from the American Type Culture Collection (Manassas, VA,
USA) were used. U937 cells were grown in RPMI 1640 with
GlutaMAX 1 (Gibco, Eragny, France) and antibiotics
(Invitrogen, Cergy-Pontoise, France) supplemented with
10% (v/v) heat-inactivated fetal calf serum (Gibco); they
were seeded at 500,000/ml culture medium and passaged
twice a week.

The 7KC was provided by Sigma (L’Isle d’Abeau
Chesnes, France), and its purity was determined to be
100% by gaseous phase chromatography coupled with mass
spectrometry. For all experiments, a stock solution of 7KC
was prepared at a concentration of 800 pg/ml, as previously
described [5]. In all experiments conducted on U937 cells,
7KC was added to the culture medium containing 10% heat-
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inactivated fetal calf serum (or 10% heat-inactivated
delipidized or delipoproteinized serum) (Sigma) at the
beginning of the culture at final concentration of 20 pug/ml
(50 uM) or 40 pg/ml (100 pM), and treatments were carried
out for 6, 14, 18, 24 and/or 30 h. When U937 cells
were cultured in the presence of 7KC associated with
a-tocopherol (Vit-E) or with different inhibitors of autop-
hagy (mixture of amino acids, wortmannin, 3-methyladenine
or okadaic acid), as well as with inhibitors of PI3-K (LY-
294002, 3-methyladenine) [22], these compounds were
always added to the culture medium 30 min before 7KC.
When Vit-E was associated with PI3-K inhibitors, these
compounds were simultaneously added 30 min before 7KC.
Vit-E corresponding to DL-a-tocopherol was provided by
Sigma, and its purity was 95%. The Vit-E solution was
extemporaneously prepared at 30 mM in ethanol (1 mg of
a-tocopherol/50 pl ethanol), and diluted in the culture
medium to obtain a 100-uM final concentration. The mix-
ture of amino acids was a generous gift from Dr Codogno
(Inserm U756, Chatenay Malabry, France). In this initial
mixture, amino acids (prolin, histidine, methionine, trypto-
phane, leucin, cysteine, glutamic acid, glycine, isoleucine,
lysin, serine, threonine, valine, phenylalanine, asparagine,
tyrosin, alanine, glutamine, aspartic acid, arginine) were
present at 37.5 or 500 mM. This mixture was added to the
culture medium to obtain amino acids at 3- and 40-mM final
concentrations. A stock solution of wortmannin (Sigma) was
prepared at 2.3 mM by dilution in DMSO (Sigma), stored at
4°C and used at 10 nM. The 3-methyladenine (Sigma) was
extemporaneously prepared in warm water at 100 mM and
used at a 10-mM final concentration. Okadaic acid (Sigma)
was prepared at 10 uM in DMSO and used at 7.5 nM. LY-
294002 (Sigma) was prepared at 10 mM in DMSO and used
at 40 pM.

2.1.1. In situ detection of activated caspases with fluor-
ochrome-labelled inhibitor of caspases

Total caspase activity was measured with fam-VAD-fmk
(Trevigen, Gaithersburg, MD, USA) using a specifically
dedicated kit according to the manufacturer’s suggested
procedures. Fluorochrome-labelled inhibitor of caspases
(FLICA) reagent (fam-VAD-fimk) is a cell permeant and
noncytotoxic compound widely used in flow cytometry and
microscopy to investigate caspase activities [23]. FLICA
reagent was used as previously described [24].

2.1.2. Staining conditions with Hoechst 33342

Nuclear morphology was analysed after staining with
Hoechst 33342 (10 pg/ml), and apoptotic cells were charac-
terized by condensed and/or fragmented nuclei [25]. Cell
deposits were observed under ultraviolet light by fluorescence
microscopy with an Axioskop right microscope Zeiss, Jena,
Germany). For each sample, 300 cells were examined.

2.1.3. Staining conditions with MDC
Myelin figures were stained with MDC (AEX,,x=340 nm,
AEmM;,,,=530 nm; Sigma). MDC is a lysosomotropic agent

and a solvent polarity probe accumulating in acidic compart-
ments, probably because of its amino group, which becomes
protonated at low pH, leading to an ion-trapping mechanism
[9,26]. The protocol used was described by Kahn et al. [9].

2.1.4. Staining conditions with Nile red

Nile Red (NR) is a phenoxazine dye used on living cells
to localize and quantify neutral and polar lipids (Sigma). NR
stains neutral lipids yellow (570-590 nm) and polar lipids
orange/red (590 nm and above) when excited at 488 nm [27].
When excited at 532 nm, NR can identify polar lipids, which
are colored in orange/red [28]. In the present investigation,
NR was prepared at 100 pg/ml in DMSO and used as
previously described [28].

2.2. Staining conditions with merocyanine 540

Merocyanine 540 (MC540) (Sigma) is a negatively
charged chromophore that binds to the outer leaflet of the
cell membrane [29]. The loss of asymmetry and altered
packing of the membrane enhance MC540 fluorescence [29].
MC540 was prepared in absolute ethanol (2 mg/ml) and
added to the culture medium at 2.5 pg/ml. After 10 min of
incubation at room temperature, cells were analysed by flow
cytometry. MC 540 bright cells and MC 540 dim cells were
considered as apoptotic and normal cells, respectively [30].
Flow cytometric analyses were performed on a Cyflow
Green flow cytometer (Partec, Miinster, Germany) equipped
with a green laser (Nd:YAG) emitting at 532 nm and
working at 50 mW. The fluorescence of MC540 was
collected through a 590/30-nm band pass filter and measured
on a logarithmic scale. A total of 10,000 cells were acquired
for each sample, and data were analysed with the FlowMax
software (Partec). Data were expressed by the [MC 540
bright cells]/[MC 540 dim cells] ratio.

2.2.1. Staining conditions with oil red o and the
Ziehl-Neelsen procedure

The presence of neutral lipids was also investigated with
Oil Red O (Sigma). This stain is soluble in neutral lipids and
remains dissolved in triglycerides after washing. To this end,
cells were applied to glass slides by cytocentrifugation
(5 min, 1,000 rpm) with a cytospin 4 (Shandon, Cheshire,
UK). Cell deposits were then washed with distilled water and
incubated in isopropanol (60%) for 1 min. Cells were further
stained with Oil Red O for 15 min and incubated for 1 min in
isopropanol (60%). After washing in distilled water, nuclei
were stained with hemalum (2-3 min). After washing in
water, the preparation was mounted in Eukitt and stored in
the dark at room temperature until observations with an
Axioskop right microscope (Zeiss).

Ziehl Neelsen staining is an acid-fast stain test, which is
used to evaluate the presence of ceroids [31]. These lamellar
structures belong to the lipofuscin group of pigments and
originate from oxidation and peroxidation of phospholipids
and unsaturated fatty acids [32]. Staining was done by
applying cells to glass slides by cytocentrifugation (5 min,
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1,000 rpm) with a cytospin 4 (Shandon), fixed and stained
with fuchsin for 15 min. After washing with water, cell
preparations were incubated in Gabett solution (methylene
blue, sulfuric acid 60°, absolute alcohol, distilled water)
for 5 min. After washing, cell preparations were air-dried,
mounted in Dako Mounting medium (Dako, Copenhagen,
Denmark) and stored in the dark at room temperature until
observations with an Axioskop right microscope (Zeiss).

2.2.2. Staining conditions with acridine orange

Lysosomal destabilization was assayed by staining with
acridine orange (AO) (Sigma). AO is a lysosomotropic weak
base, which produces a red fluorescence when excited by a
blue light [33]. During prolonged exposure to cytotoxic
agents, the red fluorescence of AO decreases markedly [34].
The shift in AO fluorescence from granular red to diffuse
green reflects leakage and redistribution of AO from the
lysosomes, indicating impairment of the lysosome mem-
branes or the inability of the lysosomes to maintain low pH.
The method used has been previously described [5].

2.2.3. Detection of LC3 II by indirect immunofluorescence

U937 cells cultured in the absence or presence of 7KC
(20 pg/ml) were applied to glass slides by cytocentrifugation
(5 min, 1,000 rpm) with a cytospin 4 (Shandon). Glass slides
were treated at room temperature with 2% formol and then
washed with phosphate-buffered saline (PBS). The cells were
further incubated (45 min, 37°C) with a rabbit polyclonal
LC3 1II antibody (a generous gift from Dr T Yoshimori,
National Institute of Genetics, Mishima, Japan) diluted 1:10
in PBS containing 1% bovine serum albumin (PBS-1%BSA).
After washing (PBS), cells were incubated (30 min, 37°C)
with a biotinylated Multilink antibody (Dako) diluted 1:100
in PBS-1%BSA. After washing (PBS), cells were incubated
(30 min, 37°C) with streptavidin-Texas Red (Molecular
Probes) diluted 1:100 in PBS-1%BSA. After washing (PBS),
glass slides were mounted in Fluoprep (Bio-Mérieux, Marcy
I’Etoile, France), coverslipped and stored in the dark at 4°C
until microscopical examinations. Observations were made
with an Axioskop fluorescent microscope (Zeiss).

2.2.4. Transmission electron microscopy

For electron microscopy, 5—10x10° cells were fixed for
1 h with 2% glutaraldehyde prepared in 0.1 mM cacodylate
buffer (pH 7.4), postfixed in osmium tetroxide, dehydrated
with graded ethanol series and embedded in Epon. Sections
were stained with uranyl acetate and lead citrate and
examined with an H600 electron microscope (Hitachi,
Tokyo, Japan).

2.2.5. Fluorescence anisotropy

The lipid organization of cytoplasmic membrane was
investigated by fluorescence anisotropy [35] on U937
cells cultured for 18 h in the absence or presence of 7KC
(40 pg/ml) associated or not with Vit-E (100 uM). The
plasma membrane of cells was labelled with the fluorescent
probe 1,6-diphenyl-1,3,5-hexatriene (DPH, Sigma). The

stock-solution concentration of DPH in tetrahydrofuran
(Sigma) was 1 mM and it was stored in the dark at —30°C.

A fluorolog-3 spectrofluorometer with a T configuration
was used to measure the fluorescence anisotropy of DPH
(HORIBA Jobin Yvon, Longjumeau, France). An ozone-free
xenon lamp exhibiting a characteristic peak around 467 nm
was used as the light source. Excitation and emission
wavelengths were 360 nm (5-nm bandwidth) and 430 nm
(5-nm bandwidth), respectively. Samples were added to a
I-cm path-length spectroscopic quartz cuvette (VWR
International, Limonest, France). The cuvette was placed in
a stirred and thermostat-controlled chamber in the spectro-
fluorometer. Temperature, maintained at 37°C, was regulated
using a Peltier temperature control unit and a K-thermo-
couple (TCSA, Dardilly, France) was added to the cuvette in
order to read the temperature of the cell suspension. Briefly,
at the end of the incubation time (18 h), the cells were
centrifuged for 5 min at 150 g at 16°C, and the cell pellet was
washed twice in a volume of PBS (pH 7.4) composed of
phosphate buffer (0.01 M), potassium chloride (0.0027 M)
and sodium chloride (0.137 M). Then 3 ml of the cell
suspension, adjusted to 1x10° cells/ml, were added to the
quartz cuvette, and 4 pl of DPH stock solution was added.
DPH concentration was 1 pM. Fluorescence anisotropy (7)
was measured during a 10-min plateau phase at 37°C.

The r value, which is defined as the linearly polarized
component’s intensity divided by the total light intensity,
was calculated using Equation 1:

_ Iyv — Glvy

= 1
Iyv +2Glyp m

where Iy and Iy are the measured fluorescence intensities
with the excitation polarizer vertically oriented and the
emission polarizer both vertically and horizontally oriented.
G is the grating correction factor defined by Equation 2:

G =1 @)
Iun

where Iy and Iy are the measured fluorescence

intensities with the excitation polarizer horizontally

oriented and the emission polarizer vertically and horizon-

tally oriented, respectively.

The signal-to-noise ratio of Iy measurements was in
the range of 8-40. Results are given as a mean. All
experiments were repeated at least three times using three
independent experiments.

2.2.6. Subcellular fractionation and biochemical
characterization of monodansylcadaverin and NR-positive
cytoplasmic structures

The methodology used to isolate multilamellar cytoplasmic
structures (also called myelin figures) by subcellular fractio-
nation was described by Biederbick et al. [26]. After 24 h of
culture in the absence or presence of 7KC (20 pg/ml), U937
cells were incubated at 37°C with MDC (0.05 mM, 15 min) or
NR (0.1 pg/ml, 15 min). Cells (150-200x10°%) were then
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washed with cold PBS, resuspended in a homogenization
buffer (10 mM Tris HCI, pH 8, 0.25 M sucrose, 1 mM
dithiothreitol, 0.1 mM phenylmethylsulfonyl fluoride, 3 mM
MgSO, and 10 mM NaCl) and centrifuged (700g, 10 min,
4°C). The pellet was resuspended in 1 ml Tris HCI (10 mM,
pH 8) and separated on a continuous sucrose gradient
(10-60%) at 112,500 g for 5 h using a R70.1 rotor in a
Beckman Optima L-90K centrifuger. Fractions were collected
from the bottom of the gradient. A LS50B Perkin Elmer
spectrofluorometer was used to detect MDC (Agxcitation=
340 nm, Agmision=330 nm) and NR-labelled compartments
(AExcitation=488 M, Agmission=000 nm). The sucrose density of
each fraction was simultaneously measured using a Codiam
Scientific refractometer. For each fraction, the lipid content of
cholesterol (esterified and unesterified), 7KC and phospholi-
pids (phosphatidylcholine, sphingomyelin) was determined.

2.2.7. Characterization and quantification of cholesterol
and 7KC using capillary gas chromatography

After various culture times, the cellular suspension
was centrifuged and cells and surnageant were separated.
Cells were numerated and washed twice with PBS 1X. The
lipids were extracted from 1.5-3x10° cells using Folch
reagent containing 0.05% butylated hydroxytoluene as
antioxidant [36]. The lipids were saponified overnight in
the dark, in argon and at room temperature using 1 M
potassium hydroxide (10 ml). After adding 20 ml purified
water, nonsaponifiable matter was extracted twice by 20 ml
dichloromethane. The two dichloromethanolic fractions ware
gathered and washed several times with water until a neutral
pH was reached. We used Sa-cholestane as external standard.

Before analysis, the samples were transformed in
trimethylsilylether (TMSE) derivatives as follows: after
evaporation of the solvent in nitrogen, the samples were
redissolved in 100 pl of pyridine, and 100 pl of N,0-bis-
(trimethylsilyl)trifluoroacetamide containing 1% trimethyl-
chlorosilane (Supelco, Bellefonte, PA, USA) were added.
The TMSE derivatives were obtained by heating (30 min,
60°C). The reagents were then evaporated in nitrogen and the
residue dissolved in hexane for gas chromatography
analysis. The analyses were performed using a 5890 Series
IT Hewlett Packard gas chromatograph (Palo Alto, CA,
USA), equipped with a needle-falling injector (temperature
290°C) and a flame ionization detector operating at 300°C.
One column was used: a 0.25-um film thickness and a
30-mx0.25-mm internal diameter DB5-MS fused silica
capillary column (J&W Scientific, Folsom, CA, USA).
Helium was the carrier gas. After 1 min at 50°C, the oven
temperature was raised from 50 to 275°C at 20°C/min, then
1°C/min to 290°C. The analyses were done at 290°C. The
chromatographic data were analyzed using Diamir software
(JMBS Developments, Fontaine, France).

2.2.8. Characterization and quantification of phospholipids

by quantitative liquid chromatography/mass spectrometry
Lipids were extracted according to the method developed

by Folch et al. [36]. Dimyristoylphosphatidylcholine (DMPC,

Sigma) and lauroylsphingomyelin (LSM, Sigma) were used
as internal standards, and 50 mg/1 butylated hydroxytoluene
was added to the solvent. An aliquot of the chloroformic
phase was evaporated, and 100 pl chloroform/methanol (4/1)
was added for quantitative liquid chromatography/mass
spectrometry. Phospholipid analysis was performed on a
Hypersil Si 2200 mm column (Agilent Technologies, Santa
Clara, CA, USA) with a binary gradient of solvent A [S mM
ammonium acetate in chloroform/methanol (4/1)] and solvent
B [5 mM ammonium acetate in chloroform/methanol/water
(6/3.4/6)] [37]. The combination was eluted at a flow rate of
0.3 ml/min. Positive ESI-MS was performed on a MSD 1100
Mass Spectrometer (Agilent Technologies). The orifice
voltage was set at 120 V, the capillary voltage at 3.5 kV, the
drying gas (nitrogen) flow at 8 I/min and the scan range from
m/z 400 to 950. Concentrations were determined from the
ratio of the peak area of phosphatidylcholine and sphingo-
myelin to the peak area corresponding to the internal standard.
Integrated peak areas from extracted ion chromatograms
(EIC) for m/z=700-950 at the retention time (RT) of
phosphatidyl choline (PC) or sphingomyelin (SM) were
divided by the EIC for m/z=679 at the RT of DMPC or
m/z=647 at the RT of LSM. Levels were determined by
comparing this ratio with a standard curve of known
amounts of phosphatidylcholine and sphingomyelin.

2.2.9. Protein extraction and western blot analysis

Cells were resuspended in Ripa lysis buffer (0.1% (w/v)
sodium dodecyl sulfate (SDS), 1% (w/v) Igepal, 0.5% (w/v)
Na-desoxycholate, 50 mM Tris—HCI pH 8, 150 mM NaCl)
containing a mixture of protease and phosphatase inhibitors
(0.1 mM phenylmethanesulfonyl fluoride, 2.5 pg/l aprotinin,
10 pg/l pepstatin A, 2.5 pg/l trypsin inhibitor, 2.5 pg/l
leupeptin, 0.1 mM orthovanadate, 40 mM R-glyceropho-
sphate, 100 mM NaF). After 30 min incubation at 4°C in the
lysis buffer, the cell debris were eliminated by centrifugation
(20 min, 10,000g) and the supernatant was collected.

The protein concentrations were measured using bicinch-
oninic acid reagent (Pierce, Rockford, IL, USA) according to
the method of Smith et al. [38]. Eighty micrograms of protein
per slot were diluted in loading buffer [125 mmol/l Tris/HCI,
pH 6.8, 10% (w/v) mercaptoethanol, 4.6% (w/v) SDS, 20%
(v/v) glycerol, 0.003% (w/v) Bromophenol blue), boiled for
3 min, separated by SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) (30% acrylamide stacking gel; 10% acryla-
mide migration gel) for 30 min at 50 Vand 1 h at 80 V using
the Mini Protean II (Bio-Rad, Ivry-sur-Seine, France) and
electroblotted onto a polyvinylidene difluoride membrane
for 45 min at 80 V at 4°C (Bio-Rad). After blocking
nonspecific binding sites for 2 h at room temperature in
TPBS (NaCl/P;, 0.1% Tween-20), the membranes were
incubated overnight at 4°C with various primary antibodies
diluted in TPBS. The anti-Akt polyclonal antibody (dilution:
1:1000), the anti-Akt phospho Thr 308 polyclonal antibody
(dilution: 1:1000) and the anti-PDK-1 phospho Tyr 373/
376 polyclonal antibody (dilution: 1:1000) were purchased
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from Cell Signaling Technology (Danvers, MA, USA). The
anti-PDK-1 monoclonal antibody (dilution: 1:100) and the
anti-Hsc-70 polyclonal antibody (dilution: 1:1000) were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA,
USA). After three 10-min washes with TPBS, the mem-
branes were incubated with horseradish peroxidase-conju-
gated secondary antibody (Dako) at a 1:2500 dilution for 1 h
at room temperature and washed three times in TPBS for
10 min. Color protein markers (Cambrex, Charles City, IA,
USA) were used to specifically identify the bands of interest,
and autoradiographs of the immunoblots were taken using an
enhanced chemoluminescence detection kit (Amersham, Les
Ulis, France). When the membrane was only incubated with
the secondary antibody, no band was observed.

2.2.10. Measurement of PI3-K activity

We determined PI3-K activity by measuring the amount
of PI(3,4,5)P; extracted from cells by means of a standard
enzyme-linked immunosorbent assay format. We used the
PIP; Mass ELISA kit (Echelon Biosciences, Salt Lake City,
UT, USA). PI(3,4,5)P; was extracted according to the
following protocol. The cells (5%10° cells) were collected
and centrifuged (525g, 5 min, 4°C). The pellet was
resuspended in a solution of 5% TCA/1 mM EDTA and
centrifuged (525g, 5 min). This step was repeated once.
Neutral lipids were extracted by adding a solution of MeOH:
CHCI; (2:1), the suspension was vortexed three times over
10 min at room temperature, then centrifuged (525g, 5 min).
This step was repeated once again. Acidic lipids were
extracted by adding a solution of MeOH:CHCl5:12 M HCl
(80:40:1), the suspension was vortexed four times over 15
min at room temperature, then centrifuged (525g, 5 min).
The supernatant was mixed with CHCl; and HCI (0.1 M),
and this suspension was centrifuged (525g, 5 min) to
separate organic and aqueous phases. The organic phase was
collected and dried in a vacuum dryer. Dried lipids were
resuspended in PIP; buffer (50 mM HEPES, 150 mM NaCl,
1.5% Na Cholate, pH 7.4), sonicated in a water bath for
5 min and left overnight at 4°C. After this extraction, ELISA
was used according to the manufacturer’s procedure
(Echelon Biosciences).

2.2.11. Statistical analysis

Statistical analysis was performed using WinSTAT soft-
ware (Microsoft, Redmond, WA, USA). The Student ¢ test or
the Mann—Whitney U test were used to compare the
different groups, and data were considered statistically
different at a P value of .05.

3. Results
3.1. Induction of phospholipidosis on 7KC-treated cells

In agreement with our previous investigations [5,9,11],
we confirm that 7KC used at 20 or 40 pg/ml for 18, 24 and/or
30 h is a potent inducer of cytoplasmic multilamellar
structures (myelin figures) (Fig. 1A-D) and favours
substantial accumulation of the lysosomotropic dye MDC
(Fig. 1E-F). As this accumulation of MDC was not
counteracted by potent inhibitors of autophagy [mixture of
amino acids (0.5-3 mM); 3-methyladenine (10 mM);
okadaic acid (7.5 nM); wortmannin (10 nM)], the present
data rather suggest that these MDC-positive cytoplasmic
structures are not autophagic vesicles, whereas LC3-II (often
considered as a marker of autophagy) [12] was detected by
indirect immunofluorescence staining on 7KC-treated cells
(data not shown). In addition, the absence of spontancous
orange-yellow fluorescence emission in 7KC-treated cells
examined under UV light and the lack of staining with the
Ziehl-Neelsen solution do not support the argument that
7KC-induced myelin figures are ceroid structures which
also have a multilamellar aspect in transmission electron
microscopy [39]. Moreover, when the cells were stained
with NR, which stains neutral and polar lipids yellow and
red, respectively [27], a large number of yellow fluorescent
spots were revealed in the cytoplasm of untreated cells
(Fig. 1G). However, only a few yellow cytoplasmic
fluorescent spots were observed in 7KC-treated cells,
whereas mainly large orange-red cytoplasmic fluorescent
structures were detected (Fig. 1H). Moreover, in agreement
with our data obtained with NR, untreated cells were slightly
stained with Oil Red O, which identifies neutral lipids,
whereas no staining was found on 7KC-treated cells (data not
shown). These different cytological characterizations were
associated with biochemical studies. Untreated and 7KC-
treated cells, stained either with MDC or NR, were
fractionated by ultracentrifugation using the procedure
described by Biederbick et al. [26] to isolate multilamellar
cytoplasmic structures. The cellular fractions corresponding
to a sucrose density from 22% to 28% were strongly stained
with MDC and NR (Table 1). Therefore, these fractions were
pooled and characterized by gas chromatography coupled
with mass spectrometry. It is worth noting that MDC- and
NR-positive fractions have similar lipid profiles: they contain
high levels of cholesterol and phospholipids (phosphatidyl-
choline, sphingomyelin) and accumulate 7KC (Table 1).
Interestingly, when 7KC-treated cells were cultured in the

Fig. 1. Ultrastructural and cytological characterization of 7KC-induced phospholipidosis. Identification of multilamellar cytoplasmic structures (myelin figures)
using transmission electron microscopy. Transmission electron microscopy of U937 cells cultured in the absence (A) or presence (B—D) of 7KC (20 pg/ml; 50
puM) for 30 h. Myelin figures (arrows) were only observed in 7KC-treated cells. They can have various sizes and shapes. Staining with MDC, a solvent polarity
probe accumulating in acidic compartments. Observations using fluorescence microscopy of U937 cells cultured in the absence (E) or presence (F) of 7KC (40
pg/ml; 100 pM) for 24 h. Cellular structures stained by MDC are indicated by arrows. Staining with NR, emitting a yellow or orange-red fluorescence in the
presence of neutral or polar lipids (including phospholipids), respectively, when excited by a blue light. After 24 h of culture, various numbers of punctuated
yellow cytoplasmic spots are observed in untreated U937 cells (G), whereas large orange-red cytoplasmic structures, indicated by arrows, are mainly present in

the cells treated with 7KC (40 pg/ml) (H).
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presence of 7KC for periods of time preceding the loss of
transmembrane mitochondrial potential, considered a point
of non-return [40] and re-introduced in 7KC-free medium,
the percentage of cells with depolarized mitochondria was
sharply reduced, and lower levels of polar lipids per cell
(evaluated by staining with NR and characterized by large red
cytoplasmic structures) were found (Fig. 2). Thus, our data
demonstrate that 7KC-induced myelin figure formation is
associated with the following cellular events: (1) accumula-
tion of polar lipids, as shown by NR staining and biochemical
analysis (high levels of phospholipids, mainly phosphatidyl-
choline and sphingomyelin in myelin figures isolated after
staining with MDC or NR); (2) location of myelin figures in
acidic compartments (staining with MDC); 3) accumulation
of 7KC in myelin figures and (4) reversibility of polar lipid
accumulation. Taken together, these different observations
lead us to conclude that 7KC is a potent inducer of

Table 1

Characterization by gas chromatography coupled with mass spectrometry of
subcellar fractions obtained on a sucrose gradient by ultracentrifugation of
cellular extracts of untreated and 7KC-treated U937 cells previously stained
with MDC or NR

MDC or NR negative MDC or NR positive
fractions Sucrose gradient fractions Sucrose
(fractions: 10-21% and gradient (fractions:

29-42%) 22-28%)
Staining with MDC
Untreated cells
Sphingomyelin 0.98+0.08 1.68+0.11
(pg/cell)
Phosphatidylcholin ~ 0.95+0.5 1.46+0.9
(pg/cell)
Cholesterol (pg/cell) 2.03+0.96 2.82+1.2
TKC (pg/cell) 0 0
7K C-treated cells
Sphingomyelin 1.1£0.8 10.21+0.4*
(pg/cell)
Phosphatidylcholin ~ 5.02+2.8 22.8+0.6*
(pg/cell)
Cholesterol (pg/cell)  2.5+0.5 58.4+0.2*
7KC (pg/cell) 1.96+0.7 74.4+1.2%
Staining with NR
Untreated cells
Sphingomyelin 0.09+0.05 0.17+0.01
(pg/cell)
Phosphatidylcholin 0.6+0.4 0.83+0.5
(pg/cell)
Cholesterol (pg/cell) 2.124+0.6 2.68+0.8
7KC (pg/cell) 0 0
7K C-treated cells
Sphingomyelin 0.9+0.14 1.9240.2*
(pg/cell)
Phosphatidylcholin ~ 2.97+1.7 19.54+0.96*
(pg/cell)
Cholesterol (pg/cell)  2.2+0.7 82.8+10.1*
7KC (pg/cell) 1.68+1 204.9420.4*

Cells were cultured in the presence or in the absence of 7KC (20 png/ml) for
24 h and stained with MDC or NR used at 0.05 mM and 0.1 pg/ml,
respectively. Data are mean=S.E. of three independent experiments. *P<.05,
untreated vs. 7KC-treated cells.
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Fig. 2. Reversibility of 7KC-induced polar lipid accumulation. U937 cells
were cultured in the absence or in the presence of 7KC (40 pg/ml; 100 uM)
for 8, 22 or 8 h and further washed, and resuspended in culture medium for
only 14 h. In these conditions, at 8 and 22 h, the percentages of cells with
depolarized mitochondria corresponding to dead cells (A) and with large red
cytoplasmic structures (above 630 nm) (B) were determined by staining with
DiOC6(3) and NR (0.1 pg/ml), respectively. Data presented are means+S.E.
of at least three independent experiments. *P<.05, untreated vs. 7KC-treated
cells; *P<.05, 7K C-treated cells resuspended in culture medium vs. 7KC-
treated cells.

phospholipidosis with the following criteria: excessive
accumulation of phospholipids in cells; ultrastructural
appearance of multilamellar cytoplasmic inclusions, predo-
minantly lysosomal in origin; accumulation of the inducing
drug in association with phospholipids in multilamellar
structures; and reversibility of alterations after discontinu-
ance of drug treatment [20,21].

In addition, when U937 cells and rat smooth muscle cells
(A7RS) were cultured in the presence of 7KC in culture
medium containing 10% fetal calf serum, 10% delipoprotei-
nized fetal calf serum or 10% delipidized serum, we
observed similar cytotoxic effects (increased permeability
to propidium iodide, simultaneous presence of cells with
swollen, condensed and fragmented nuclei) and a compar-
able accumulation of polar lipids revealed by staining with
NR (our data not shown). Therefore, these observations lead
us to conclude that the accumulation of polar lipids does not
require extracellular lipids and is the consequence of an
altered cellular lipid metabolism triggered by 7KC. Taken
together, these data bring additional evidences on the
potential roles of oxysterols to favor polar lipid accumulation
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Fig. 3. Effects of Vit-E on caspase activation, lysosomal destabilization and myelin figure formation. U937 cells were cultured in the absence or presence of 7KC
(40 pg/ml; 100 uM) for various periods of time (6, 14, 18, 24 and/or 30 h) and the effects of Vit-E (Vit-E, 100 uM) on apoptosis and on various cellular events
associated with phospholipidosis were investigated. (A) In situ detection of activated caspases with FLICA in untreated or 7KC-treated cells cultured for 18 h in
the absence or presence of Vit-E. (B) Effects of Vit-E on lysosomal destabilization evaluated by flow cytometry after staining with AO. Effects of Vit-E on myelin
figure formation. (C) Untreated cells. (D) Vit-E-treated cells. (E) 7KC-treated cells. (F) 7KC+Vit-E-treated cells. Data presented are means+S.E. of at least three
independent experiments. *P<.05, untreated vs. 7KC-treated cells; “P<.05, 7KC-treated vs. 7KC+Vit-E-treated cells.

in atherosclerotic lesions [41,42], and they clearly establish
the importance of 7KC in this process.

3.2. Impairment of 7KC induced phospholipidosis by Vit-E

Vit-E has been described as protecting against athero-
sclerosis [43], and we previously reported that this compound
was able to reduce 7KC-induced cytosolic release of
cytochrome ¢, overproduction of superoxide anions and the
percentages of MDC-positive cells [11,18]. So, on U937 cells,
we studied whether Vit-E (100 pM) was capable of impairing
caspase activation measured by the in situ detection of
activated caspases with FLICA, destabilization of lysosomes
determined after staining with AO, myelin figure formation
identified by transmission electron microscopy, accumulation

of polar lipids evaluated after staining with NR and the lipid
constitution and organization of the cytoplasmic membrane
measured with MC540 (Figs. 3, 4). It is noteworthy that when
Vit-E was added to the culture medium 30 min before
treatment with 7KC (40 pg/ml), the percentages of U937 cells
with activated caspases and with destabilized lysosomes were
significantly reduced, and the formation of myelin figures was
counteracted (Fig. 3). Thus, whereas large vacuoles, contain-
ing myelin figures, were observed in the cytoplasm of 7KC-
treated cells (Fig. 3E), some vacuoles with small myelin
figures or with no myelin figures were present in cells treated
with 7KC in the presence of Vit-E (added 30 min before)
(Fig. 3F). In addition, in 7KC-treated cells coincubated with
Vit-E, the accumulation of polar lipids (red fluorescence of
NR measured above 630 nm) was also strongly reduced as
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Fig. 4. Effects of Vit-E on polar lipid accumulation and cytoplasmic membrane organization. U937 cells were cultured in the absence or presence of 7KC (40 ng/
ml; 100 uM) for various periods of time (6, 14, 18, 24 and 30 h) and the effects of Vit-E (100 pM) on cellular events associated with phospholipidosis were
investigated. (A) Effects of Vit-E on polar lipid accumulation determined by flow cytometry after staining with NR. (B) Effects of Vit-E on the organization and
lipid content of cytoplasmic membrane was determined by flow cytometry after staining with MC 540 by the [MC 540 bright cells]/[MC 540 dim cells] ratio. Data
presented are means+S.E. of at least three independent experiments. *P<.05, untreated vs. 7KC-treated cells; #P<.05, 7K C-treated vs. 7KC+Vit-E-treated cells.

were the percentages of cells with disorganized cytoplasmic
membranes resulting from qualitative, quantitative and/or
altered packing of lipids evaluated with MC540 by the [MC
540 bright cells]/[MC 540 dim cells] ratio (Fig. 4). Taken
together, these different data demonstrate that Vit-E is a
potent inhibitor of 7KC-induced phospholipidosis.

3.3. Measurement of membrane fluidity by fluorescence
anisotropy

Since the data obtained with MC540, in agreement with
altered packing of lipids (disturbed membrane bilayer
asymmetry previously shown by staining with annexin V)
[44], do not contribute additional information at a molecular/
biophysical level, fluorescence anisotropy was used to
measure the effects of 7KC and Vit-E on membrane fluidity.
Indeed, the presence of sterol in the plasma membrane has
been shown to induce phase separations into distinct
domains [45]. Moreover, the presence of sterols as
cholesterol is known to lower the transition temperature
between the gel and the lamellar fluid liquid crystalline phase
of phospholipids [46]. Therefore, on U937 cells, we
investigated whether 7KC induced a certain degree of

plasma membrane rigidification and whether Vit-E was
capable of counteracting these changes. In order to measure
plasma membrane fluidity changes induced by 7KC and/or
Vit-E, cells were grown for 18 h in presence of 7KC and/or
Vit-E and then the membrane was labelled using the DPH
hydrophobic probe. Changes in the lipid core of the plasma
membrane were measured using anisotropy fluorescence (r)
of DPH. This method provides data on the overall structure
of the plasma membrane [47]. The results presented in Fig. 5
show that the mean r values of control cells (0.162+0.05)
and Vit-E-treated cells (0.171+0.013) were similar, whereas
the » values of 7KC (0.225+0.006) and (7KC+Vit-E)-treated
cells (0.214+0.001) were significantly higher, as was the
corresponding Ar. These observations led to the conclusion
that (1) 7KC rigidified plasma membrane and (2) this
rigidification was not prevented by Vit-E.

3.4. Impairment by Vit-E of the inactivation of the PI3-K/
PDK-1/Akt signalling pathway associated with 7KC-in-
duced apoptosis

Lipid second messengers, particularly those derived from
the polyphosphoinositide cycle, play pivotal roles in several
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Treatments Anisotropy (r) Ar*
Control 0.162+ 0.005 0.000 £ 0.000
7KC (40 ug/ml) 0.225+ 0.006 * 0.063+ 0.007
Vit-E (100 uM) 0.171+0.013* 0.009 + 0.020
7KC+ Vit-E 0.214+ 0.001 * 0.052 + 0.004

Ar* indicates the change in anisotropy recorded in treated cells relative to the control

Fig. 5. Effect of 7KC and Vit-E on plasma membrane fluidity. U937 cells were grown for 18 h in presence of 7-KC (40 pg/ml; 100 pM) and/or Vit-E (100 uM),

washed and resuspended in PBS and labelled with DPH probe (I uM). (A) Changes in DPH anisotropy with time. Each curve is a representative curve of
qualitative and quantitative variations of r values. (B) Means of r values and Ar recorded and calculated 10 min after addition of DPH to the cell suspension. The
arrows indicate DPH incorporation time. Data presented are means+S.E. of three independent experiments. Differences between untreated (control) and 7KC,
Vit-E and 7KC+Vit-E were analyzed by a Student ¢ test. A P value of .05 or less was considered as statistically significant (*P<.05).

cell signalling networks. As 7KC-induced cell death is
associated with numerous lipid modifications, those occur-
ring at the cytoplasmic membrane level identified by
staining with MC540 may contribute to inactivating the
PI3-K/PDK-1/Akt signalling pathway, which is located on
the inner cytoplasmic membrane and controls downstream
signal transduction cascades involved in the regulation of the

equilibrium between life and death. Thus, the effects of 7KC
on PI3-K activity and on the phosphorylation of PDK-1 and
Akt were investigated. In addition, as Vit-E was capable of
impairing the lipid modifications occurring at the cytoplas-
mic membrane level, as shown by staining with MC540, the
effects of Vit-E on PI3-K activity, as well as on the
phosphorylation state of PDK-1 and Akt, were also studied.
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Consequently, when U937 cells were cultured with 7KC
(40 pg/ml) for 24 h, a substantial decrease in PI3-K activity
was observed. Indeed, compared to untreated cells, the
quantity of PI(3,4,5)P5 per 10° cells was sharply reduced in
7K C-treated cells (Fig. 5A); it is known that PI(3,4,5)P5 is
the main product resulting from the enzymatic kinase activity
of PI3-K on the substrate PI(4,5)P,. Interestingly, signifi-
cantly higher values of PI(3,4,5)P; were found when the cells
were cultured in the presence of 7KC associated with Vit-E
(Fig. 6A). Similarly, compared to untreated cells, lower
levels of the PDK-1 and Akt kinases and their enzymatically
active phosphorylated forms were found in 7KC-treated
cells, and these effects were counteracted by Vit-E (Fig. 6B).
Thus, Vit-E is capable of impairing the inactivation of the
PI3-K/PDK-1/Akt signalling pathway associated with 7KC-
induced apoptosis.
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Fig. 6. Effects of Vit-E on PI3-K activity and on the content and
phosphorylation of PDK-1 and Akt during 7KC-induced apoptosis. U937
cells were cultured in the absence or presence of 7KC (40 pg/ml; 100 pM)
for 24 h and the effects of Vit-E (100 pM) on the different components of
the PI3-K/PDK-1/Akt pathway were investigated. (A) Effects of Vit-E on
PI3-K activity measured on cell extracts with the PIP; Mass ELISA kit
(Echelon Biosciences). Data presented are means+S.E. of at least three
independent experiments. *P<.05, untreated vs. 7KC-treated cells; #p<.05,
7KC-treated vs. 7KC+Vit-E-treated cells. (B) Effects of Vit-E on PDK-1
and Akt content and phosphorylation were investigated by Western blot.
At the end of the incubation time, cell extracts were collected, subjected to
SDS-PAGE and immunoblotted with anti-Akt, anti-Akt phospho Thr 308,
anti-PDK-1 and anti-PDK-1 phospho Tyr 373/376 antibodies. An anti-Hsc-
70 monoclonal antibody was used to verify the regular expression of Hsc-
70 used as internal standard. Data shown in (B) are representative of three
independent experiments.
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Fig. 7. Effects of two inhibitors of PI3-K (LY-294002, 3-methyladenine) on
Vit-E activity. U937 cells were cultured in the absence or presence of 7KC
(40 pg/ml; 100 pM) for 24 h and the effects of Vit-E (100 uM) and of
inhibitors of PI3-K {LY-294002 [(LY), 40 pM; 3-methyladenine (3MA),
10 mM]} associated or not with Vit-E were evaluated using fluorescence
microscopy after staining with Hoechst 33342, which identifies apoptotic
cells (A) and by flow cytometry after staining with NR, which evaluates
polar lipid accumulation (B). Data presented are means+S.E. of at least three
independent experiments. *P<.05, untreated vs. 7KC-treated cells; “P<.05,
7KC-treated vs. 7KC+Vit-E-treated cells; *P<.05, 7KC+Vit-E-treated vs.
[7TKC+Vit-E+LY (or 3MA)]-treated cells.

3.5. Effects of PI3-K inhibitors on the activity of Vit-E

In order to specify the role played by PI3-K on the
protective effects of Vit-E on 7KC-induced apoptosis and
polar lipid accumulation, two inhibitors of this kinase were
used: LY-294002 and 3-methyladenine (3MA). Thus, Vit-E
was associated with these inhibitors to determine the role of
PI3-K on its protective effects. LY-294002 was used at
40 uM, and 3 MA at 10 mM, which are concentrations
reported to inhibit the PI3-K/Akt signalling pathway [48,49].
At this concentration, LY-294002 and 3MA slightly enhance
apoptosis (Fig. 7). When LY-294002 and 3MA were
associated with 7KC, no significant effects were observed
on 7KC-induced apoptosis and polar lipid accumulation
(Fig. 7). However, when LY-294002 and 3MA were
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associated with Vit-E, they impaired its ability to counteract
apoptosis and to reduce polar lipid accumulation (Fig. 7).
These findings support the argument that Vit-E positively
regulates PI3-K activity, playing key roles in the control of
7K C-induced apoptosis and also involved in the regulation
of polar lipid metabolism.

4. Discussion

Given the considerable accumulation of oxysterols in
atherosclerotic plaques and their ability to induce a complex
mode of cell death associated with some characteristics of
apoptosis [50] as well as with overproduction of reactive
oxygen species [5] and cytokine secretion [6], which are
hallmarks of the atherosclerotic process, it is important to
identify the cellular events and the metabolic pathways
associated with the different biological effects triggered by
these cholesterol oxide derivatives. To this end, human U937
promonocytic leukaemia cells were treated with 7KC used in
the range of levels measured in the plasma of patients after a
fat-rich meal [51] and of cholesterol-rich fed rabbit [52].
U937 cells were chosen because they are sensitive to
oxysterols in the same range of concentrations as those
observed on the cells of the vascular wall (endothelial and
smooth muscle cells) [53]. In addition, U937 cells are
frequently used as macrophage-like reference models to
investigate the cytotoxic activities of oxysterols because it is
well accepted that macrophages play an important role in
atherosclerotic process [54].

Under these conditions, we demonstrated that 7KC-
induced apoptosis is associated with considerable cytoplas-
mic modifications, including a reversible formation of
multilamellar structures that we previously called myelin
figures [11], which are polar lipid-rich structures, containing
high levels of phosphatidylcholine and sphingomyelin, and
localized in acidic compartments. Interestingly, these
different features are the pathologic and morphologic
characteristics of phospholipidosis defined by the following
criteria: ultrastructural appearance of membranous lamellar
inclusions (also called lysosomal inclusion bodies or
myeloid bodies); excessive accumulation of phospholipids
in cells, predominantly lysosomal in origin and reversibility
of alterations after discontinuance of drug treatment [20,21].
Until now, phospholipidosis has never been described with
oxysterol treatment, and the main in vivo and in vitro reports
concern phospholipidosis induced by drugs with cationic
amphiphilic structures such as amiodarone, fluoxetine,
imipramine, chlorcyclizine, tamoxifen and gentamicin [20].
At the moment, drug-induced phospholipidosis remains an
unresolved problem because the molecular causes are
unclear, and its relationships with various cytotoxic effects,
including the induction of cell death, are not well known. It
has been suggested that phospholipidosis might be a part of a
defense mechanism when the cell is confronted with a
substantial accumulation of xenobiotics and their metabolites

because the presence of multilamellar structures in acidic
compartments might favour the inactivation of cytotoxic
compounds [20,21]. In addition, multilamellar bodies have
been observed to undergo exocytosis and therefore might
contribute to reducing accumulation of cytotoxic molecules
[21]. However, observations also support the notion that
phospholipidosis might be a part of cell death. Indeed,
amiodarone and imipramine, which are two major inducers
of phospholipidosis, were also shown to inhibit cell
proliferation and to activate caspase-mediated apoptosis in
cell culture [55]. Moreover, in murine macrophages loaded
with free cholesterol, some phospholipid whorls, suggesting
myelin figures, have been observed, and their presence is
associated with considerable cytotoxic effects, including a
stress of the reticulum connected with the induction of a
mode of cell death by apoptosis [56]. It has also been
suggested that the rupture of the acidic compartments
containing multilamellar structures might release some
proteolytic enzymes in the cytoplasm [21], which might
subsequently contribute to activating certain apoptotic
pathways. During 7KC-induced cell death, this possibility
is supported by the destabilization of lysosomes observed by
staining with AO and by the ability to inhibit 7KC- and 7p-
hydroxycholesterol-induced apoptosis with inhibitors of
cathepsin B and L [57]. Therefore, our different observations
argue in favour of the hypothesis that phospholipidosis might
play key roles in the induction of 7KC-induced cell death. By
analogy with lipoapoptosis, which is a mode of cell death
resulting from the accumulation of long-chain fatty acids
inside the cells [58], phospholipidosis might be a mode of
cell death resulting from the cytoplasmic accumulation of
phospholipids. In addition, the important roles of phospho-
lipids during apoptosis have also been established at the
cytoplasmic membrane level. Indeed, the spatial organiza-
tion of membrane lipids is crucial, and the externalization of
phosphatidylserine on the outer leaflet of the cytoplasmic
membrane is recognized as a key and early event of the
apoptotic process [59]. Since 7KC-induced cell death is also
associated with a rapid externalization of phosphatidylserine
[42], and since our data obtained with merocyanine 540
underline that 7KC contributes to disorganizing the packa-
ging of cytoplasmic membrane lipids, these observations
resulted in specifying the effects of 7KC on the PI3-K/PDK-
1/Akt signalling pathway, which is closely associated with
the cytoplasmic membrane and is involved in the control of
some life and death signals [15].

Thus, in agreement with data obtained on 7KC-treated
murine P388D1 macrophages [19], Akt degradation is
observed, and this is associated with an absence of
phosphorylation on threonine 308, which is required for
Akt activity, as demonstrated by mutagenesis studies [60].
Consequently, certain signalling pathways involved in cell
death are disturbed. One of them is the regulation of
signalling via the nuclear factor-xB (NF-«B) transcription
factor pathway. Usually, NF-«kB is maintained in the
cytoplasm as an inactive complex via its inhibitor I«B, and
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when Akt is activated, it phosphorylates I«kB, which is
degraded, thus allowing the migration of NF-xB into the
nucleus to transactivate numerous genes involved in cell
proliferation such as p27P" or glycogene synthetase kinase 3
(GSK3) [61]. It is also known that Akt in its active form
sequesters the proapoptotic form of the BAD protein into the
cytoplasm and reduces the activity of caspase-9 [15], which
are two important proteins involved in 7KC-induced
apoptosis [17,61]. Therefore, in agreement with previous
investigations, inhibition of Akt activity constitutes a major
premitochondrial event involved in 7KC-induced cell death.

Based on the diversity and on the complexity of the
mechanisms capable of contributing to the dephosphoryla-
tion of Akt, involving both kinases and phosphatases, we
chose to specify the role played by the PI3-K for the
following reasons: this kinase leads to the synthesis of PI
(3,4,5)P5; this inositol is necessary for PDK-1 recruitment
and activity, which can, in turn, phosphorylate Akt on
threonine 308 [15]. The lower level of PI(3,4,5)P; observed
in 7KC-treated cells and the degradation of PDK-1
associated with an absence of phosphorylation on Thyrosine
373 and 376 mean that the loss of PI3-K activity constitutes
an important initial event, subsequently leading to the
inactivation of PDK-1 and of Akt. However, some other
enzymes may also contribute to this process. Thus, with 7KC
treatment, we cannot exclude an activation of the phospha-
tase and tensin homologue deleted on chromosome 10,
reverting the formation of PI(3,4,5)P; into PI(4,5)P,, and/or
an activation of the phosphatase-2A (PP2A) protein, which
dephosphorylates PDK-1 and Akt and might therefore also
contribute to decreasing Akt activity [15,60,61].

Whether or not there is a link between PI3-K/PDK-1/Akt
signalling pathway, accumulation of sphingomyelin and
phosphatidylcholine is questionable. Based on previous
investigations, accumulation of sphingomyelin can be
attributed to the ability of 7KC to inhibit sphingomyelinase
[62] and can therefore occur independently of the PI3-K/
PDK-1/Akt signalling pathway. As for phosphatidylcholine,
since free cholesterol accumulation occurring with 7KC
treatment [28] has been shown to involve stimulation of CTP
— phosphocholine cytidylyltransferase through partial
dephosphorylation of membrane-bound CT — similar
effects have been suggested on other proteins [63]. Thus, a
possible link with PI3-K/PDK-1/Akt activity cannot be
excluded, and the ability of the PI3-K inhibitors [LY-294002
or 3-methyladenine (3MA)] to favour the accumulation of
polar lipids supports this hypothesis. In addition, if we assume
that the important cytoplasmic accumulation of sphingomye-
lin and phosphatidylcholine is associated with a decrease in
these phospholipids in lipid rafts, which are phospholipid-rich
domains playing key roles in signal transduction [64], this
might also contribute to changing specific lipid—protein
interactions and modifying important signalling cascades
such as the PI3-K/PDK-1/Akt signalling pathway.

Moreover, since Vit-E (a-tocopherol) (in addition to its
anti-oxidative properties [65]) has the ability (1) to regulate

gene expression and to act on some signalling pathways
[66,67], (2) to counteract 7KC-induced apoptosis [18], (3) to
reduce the accumulation of MDC [11], which is associated
with 7KC-induced phospholipidosis and (4) to interfere with
phospholipid metabolism [68], it was necessary to specify its
effects on phospholipidosis and the PI3-K/PDK-1/Akt
signalling pathway. Until now, with known inducers of
phospholipidosis such as amiodarone and desethylamiodar-
one, Vit-E has been shown to reduce the accumulation of
these drugs and to counteract phospholipidosis biochemi-
cally evaluated by decreased cytoplasmic levels of phos-
pholipids [69,70]. Our data contribute additional information
to these reports. They show that the decreased accumulation
of phospholipids is associated with an inhibition of myelin
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Fig. 8. Proposed model for the different effects of 7KC and Vit-E at the
cellular level and on the development of atherosclerotic plaque. (A) At the
cellular level, 7KC leads to decreased PI3-K activity, which contributes to
reducing the level of PI(3,4,5)P; on the inner side of the cytoplasmic
membrane. Consequently, PDK-1 activity decreases and cannot phosphor-
ylate Akt/PKB. Moreover, 7KC leads to an increased cytoplasmic
accumulation of polar lipids, contributing to phospholipidosis. These
different side effects are counteracted by Vit-E. (B) At the vascular wall,
the ability of Vit-E to counteract 7KC-induced cell death and consequently to
reduce the release of the cellular component from dying cells (phospholipids,
cholesterol, oxysterols, etc.) in the arterial wall might contribute to
diminishing the lipid core and therefore to reducing plaque instability.
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figure formation, whereas large vacuoles are still present.
Therefore, they demonstrate, for the first, time the ability to
dissociate the formation of multilamellar structures from
those of acidic vacuoles. Consequently, this observation
contributes to different hypotheses: Vit-E might inhibit the
accumulation of phospholipids in the vacuoles, Vit-E might
stimulate the degradation or inhibit the synthesis of
phospholipids inside the vacuoles and/or Vit-E might re-
establish the traffic of phospholipids towards other cell
compartments, such as the endoplasmic reticulum or the
plasma membrane. Thus, the ability of Vit-E to act on
phospholipid content and distribution and on key enzymes of
phospholipid metabolism such as PP2A [70,71] might at
least partially explain its ability to restore the activity of the
PI3-K/PDK-1/Akt signalling pathway in 7KC-treated cells.
However, the inability of Vit-E to restore membrane fluidity,
demonstrated by fluorescence anisotropy, suggests that its
positive effects would concern only minor and particular
domains of the cytoplasmic membrane, such as those
involved in signal transduction defined as raft microdo-
mains. Indeed, as 7KC accumulates in lipid rafts [17], Vit-E
might counteract the accumulation of this oxysterol in these
microdomains and consequently contribute to restoring cell
viability [72]. Interestingly, as inhibition of polar lipid
accumulation was less efficient when Vit-E was associated
with PI3-K inhibitors (LY-2940020r 3MA), our data support
a role of PI3-K in polar lipid metabolism, and the ability of
these inhibitors to counteract the protective effects of Vit-E
on 7KC-induced apoptosis clearly establishes that Vit-E
positively regulates PI3-K and that the signals activated by
Vit-E are located upstream from PI3-K. According to the
different data obtained in the present study, we have
proposed a model that summarizes the effects of Vit-E at
the cellular level to prevent 7KC-induced cell death as well
as polar lipid accumulation, and at the vascular level to
impair the development of atherosclerotic plaque (Fig. 8). It
is noteworthy that whereas the potential benefits of Vit-E in
atherosclerosis are not clearly established despite numerous
demonstrations of beneficial effects in vitro and in animal
studies, the factors involved in the failure of Vit-E therapy
are beginning to be identified [73]. They not only include
extrinsic factors, such as diet and lifestyle, but also intrinsic
factors such as the polymorphism of p22(phox) related to the
plasma level of Vit-E [74] or the ability of phospholipid
transfer protein to distribute Vit-E in the tissues [75].
Therefore, in clinical practice in the future, we can assume
that better patient characterization will probably contribute to
identifying the beneficial effects of Vit-E in humans.

In conclusion, whereas U937 cells are tumoral cells, it has
been previously reported that the mode of cell death induced
by 7KC on these cells shares similarities with the cell death
process observed on the cells of the vascular wall [76,77].
Therefore, we can consider that the analysis of 7KC-induced
phospholipidosis contributes new information on the cellular
changes and the metabolic pathways triggered by this
oxysterol. Interestingly, the involvement of phospholipidosis

reveals a number of relationships between cell death and the
metabolism, distribution, and trafficking of phospholipids,
which are known to modulate numerous signalling pathways
such as those involved in the control of the equilibrium
between life and death. Moreover, the ability of Vit-E to
inhibit phospholipidosis and to counteract important lipid
changes occurring at various cellular levels treated by 7KC,
such as the inactivation of the PI3-K/PDK-1/Akt signalling
pathway, not only underscores the anti-atherosclerotic
properties of Vit-E but also highlight potential pharmacolo-
gical cellular targets which might be of interest to prevent
and/or treat particular forms of atherosclerosis associated
with major phospholipid disorders.
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