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7-Ketocholesterol (7KC) has been suggested to induce a complex mode of cell death on monocytic cells:
oxiapoptophagy (OXIdation, APOPTOsis, and autoPHAGY) (Monier et al. (2003) [12]). The aim of the pres-
ent study, realized on 158N murine oligodendrocytes, was to bring new evidence on this mixed form of
cell death. On 158N cells, 7KC induces an overproduction of reactive oxygen species (ROS) revealed by
dihydroethidium staining, a loss of transmembrane mitochondrial potential measured with DiOC6(3),
caspase-3 activation, and condensation and/or fragmentation of the nuclei which are typical criteria of
oxidative stress and apoptosis. Moreover, 7KC enhances cytoplamic membrane permeability to propidi-
um iodide, and induces acidic vesicular organelle formation evaluated with acridine orange. In addition,
7KC promotes conversion of microtubule-associated protein light chain 3 (LC3-I) to LC3-II which is char-
acteristic of autophagy. These different side effects were impaired by a-tocopherol. Altogether, our data
demonstrate that oxiapoptophagy including ROS overproduction, apoptosis and autophagy could be a
particular type of cell death activated by 7KC which can be inhibited by a-tocopherol.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction atherosclerosis, 7KC is present at enhanced levels in oxidized-low
Cholesterol oxide products (oxysterols) are oxidized forms of
cholesterol or its precursors. These compounds, which can be ob-
tained under the action of endogenous enzymes (cytochrome P450
enzymes, hydroxylases, dehydrogenases) or by autoxidation, are
present in various food constituents and also formed endogeneously
[1,2]. A number of these products are biologically active, and can
have various side effects, especially those oxidized at C7 such as 7-
ketocholesterol (7KC). This oxysterol is known to induce oxidative
stress, inflammatory processes and cell death mainly on monocytic
cells, and it is suspected to contribute to the development of various
age-related diseases including cardiovascular diseases, age-related
macular degeneration, and neurodegenerative diseases [3,4]. In
density lipoproteins (Ox-LDL), which accumulate in the intima of
atherosclerotic patients; it is known to mediate various side effects
of Ox-LDL leading to foam cells formation and to the development of
atherosclerotic plaques [5,6]. In age-related macular degeneration,
the potential implication of oxysterols, especially those generated
by non enzymatic reactions as 7KC, is strongly suspected [7]. The le-
vel of 7KC is also twice higher in Parkinson’s disease brains versus
control brains [8]. In multiple sclerosis, significantly higher levels
of 7KC were also found in the cerebrospinal fluid (CSF) of multiple
sclerotic patients when compared with the CSF of patients with
non-inflammatory neurological diseases [9]. In X-linked adrenoleu-
kodystrophy, which is the most frequent peroxisomal leukodystro-
phy, the early activation of oxidative stress may also contribute to
oxidizing cholesterol, leading to the formation of oxysterols oxidized
at C7 such as 7KC [10]. Therefore, it is likely that 7KC, via its different
side effects, might contribute to demyelinization by its ability to
trigger cell death on oligodendrocytes. Currently, the capacity of
7KC to induce apoptosis on oligodendrocytes is well established,
and the simultaneous involvement of oxidative stress is supported
by the aptitude of a- to counteract 7KC-induced cell death [11]. In
addition, the involvement of autophagic processes in 7KC-induced
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cell death is widely suspected on human monocytic U937 cells, and
supports the hypothesis that 7KC might induce a complex mode of
cell death on these cells: oxiapoptophagy (OXIdation, APOPTOsis,
and autoPHAGY) [12,13]. Currently, abnormal autophagic activities
are frequently observed in common neurodegenerative diseases
(Alzheimer’s disease, Parkinson’s disease, Huntington’s disease,
amyotrophic lateral sclerosis) [14]. Therefore, metabolic pathways
associated with autophagy can constitute potential new therapeutic
targets for common neurodegenerative diseases. So, it was of inter-
est to determine on oligodendrocytes, which are myelin synthetiz-
ing cells in the central nervous system, whether 7KC-induced
oxidative stress and apoptosis can be simultaneously associated
with autophagy.

To this end, 158N murine oligodendrocytes were cultured in the
absence or presence of 7KC associated or not with a-tocopherol
known to counteract 7KC-induced apoptosis on these cells [11].
Our data demonstrate that 7KC induces a mixed type of cell death
on 158N cells, including reactive oxygen species (ROS) overproduc-
tion, apoptosis and autophagy, which can be considered as oxiap-
optophagy, and which is impaired by simultaneous treatment
with a-tocopherol.

2. Materials and methods

2.1. Cell culture and treatments

Normal murine oligodendrocytes (158N) [15] were seeded at
5000–10,000 cells/cm2 either in Petri dishes (100 mm in diameter),
or six-well plates, and cultured in Dulbecco’s Modified Eagle Med-
ium (DMEM) supplemented with 5% (v/v) heat-inactivated fetal
bovine serum and 1% antibiotics (penicillin, streptomycin). The
cells were incubated at 37 �C in a humidified atmosphere contain-
ing 5% CO2, trypsinized (0.05% trypsin-0.02% EDTA solution), and
passaged twice a week.

Initial solutions of 7KC (Sigma–Aldrich, St. Quentin Fallavier,
France) were prepared at 800 lg/mL [11]. 7KC concentrations were
chosen in the range of those inducing cell death on numerous cell
types [3]. After 24 h of culture, subconfluent 158N cells were incu-
bated with 7KC (5, 10, 20, and/or 40 lg/mL) corresponding to
(12.5, 25, 50, and 100 lM) for 6, 14, 18, and/or 24 h. When 158N cells
were simultaneously treated with 7KC and a-tocopherol (400 lM)
(Sigma–Aldrich), a-tocopherol was added 2 h before 7KC [11].

2.2. Analysis of cell morphology by phase contrast microscopy

Cell morphology was observed after 24 h of treatment in the ab-
sence or presence of 7KC (5, 10, 20, and/or 40 lg/mL) associated or
not with a-tocopherol (400 lM) under an inverted-phase contrast
microscope (Axiovert 40CFL, Zeiss, Jena, Germany). Digitized
images were obtained with a camera (Axiocam ICm1, Zeiss).

2.3. Staining with crystal violet

Quantification of adherent cells was estimated by staining with
crystal violet [11]. Cells were seeded in triplicates in 6 well plates,
and cultured without or with 7KC (5, 10, 20, and/or 40 lg/mL)
associated or not with a-tocopherol (400 lM) for 24 h. At the
end of treatment, cells were washed with PBS, stained with crystal
violet (Sigma–Aldrich) (5 min), and rinsed with water. Absorbance
was read at 570 nm after extraction of the dye with 0.1 mol/L so-
dium citrate in 50% ethanol.

2.4. Evaluation of oxidative stress with dihydroethydium

Overproduction of ROS, mainly superoxide anion ðO�2 Þ, was de-
tected with dihydroethidium (DHE; Life Technologies, Life Tech-
nologies, St. Aubin, France) [16]. DHE (1.6 mM) was prepared in
dimethyl sulfoxide and used at 2 lM. The fluorescent signals were
collected through a 590/20 nm band pass filter on a logarithmic
scale on a GALAXY flow cytometer (Partec, Münster, Germany);
10,000 cells were acquired; data were analyzed with Flomax (Par-
tec) or FlowJo (Tree Star Inc., Ashland, USA) softwares.

2.5. Measurement of transmembrane mitochondrial potential with
DiOC6(3)

Variations of the mitochondrial transmembrane potential
(DWm) were measured with 3,30-dihexyloxacarbocyanine iodide
(DiOC6(3); Life Technologies). Adherent and non-adherent cells
were pooled, and stained with DiOC6(3) (40 nM) [11]. Mitochon-
drial depolarization is indicated by a decrease in green fluores-
cence collected through a 520/10 nm band pass filter on a Galaxy
flow cytometer (Partec). Ten thousand cells were acquired for each
sample. Data were analyzed with Flomax (Partec) or FlowJo (Tree
Star Inc.) softwares.

2.6. Quantification of acidic vesicular organelle formation with
Acridine orange

Acridine orange (AO) is a weak base which accumulates in its
charged form within lysosomes of living cells because of the low
lysosomal pH, and which produces a red fluorescence when ex-
cited by a blue light [17]. AO is widely used to visualize and quan-
tify autophagic vesicles [18]. A 1 mg/mL stock solution of AO
(Sigma–Aldrich) was prepared in distilled water. After staining
with AO (2 lg/mL; 15 min; 37 �C), cells were washed, resuspended
in PBS, and analyzed by flow cytometry. The fluorescent signals
were measured on a Galaxy flow cytometer (Partec). The orange
fluorescence of AO was collected through a 590/20 nm band pass
filter. Fluorescence was quantified on 10,000 cells. Data were ana-
lyzed with Flomax (Partec) or FlowJo (Tree Star Inc.) softwares.

2.7. Quantification of dead cells by staining with propidium iodide

Adherent and non-adherent cells were pooled and stained with
propidium iodide (PI (Sigma–Aldrich); 1 lg/mL, 5 min), which en-
ters dead cells only [19]. The cells were analyzed with a Galaxy
flow cytometer (Partec). Red fluorescence of PI was detected
through a 630 nm long pass filter. For each sample, 10,000 cells
were acquired. Data were analyzed with the FlowMax (Partec) or
FlowJo (Tree Star Inc.) softwares.

2.8. Nuclei staining with Hoechst 33342

Nuclear morphology of cells cultured without or with 7KC
(20 lg/mL) associated or not with a-tocopherol (400 lM) was
characterized by fluorescence microscopy after staining with Hoe-
chst 33342 (Sigma–Aldrich; 2 lg/mL) [11,19]. Briefly, cell deposits
were applied to glass slides by cytocentrifugation, mounted in
Dako fluorescent mounting medium (Dako, Copenhagen, Denmark)
and the morphological aspect of the cell nuclei was determined
with an Axioskop fluorescent microscope (Zeiss). For each sample,
300 cells were examined.

2.9. Protein analysis by polyacrylamide gel electrophoresis and
Western blotting

Cells were lysed in a Ripa buffer (10 mM Tris–HCl, pH 7.2,
150 mM NaCl, 0.5% Nonidet NP40, 0.5% Na deoxycholate, 0.1%
SDS, 2 mM EDTA and 50 mM NaF) in the presence of 1/25 complete
protease inhibitor cocktail tablets (Roche Diagnostics Corporation,
Indianapolis, IN, USA) for 30 min on ice. Cell lysates were cleared
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Fig. 1. Dose-dependent effects of 7-ketocholesterol associated or not with a-tocopherol on cell growth. 158N murine oligodendrocytes were cultured for 24 h in the absence
or presence of 7KC (5, 10, 20, and 40 lg/mL) without or with a-tocopherol (400 lM). The effect on cells growth was evaluated by phase contrast microscopy (A) and by
staining with crystal violet (B) to quantify adherent cells. Vehicle (Ethanol: 0.1%) corresponds to the highest ethanol concentration used to dissolve 7KC. Data are mean ± SD
from two independent experiments conducted in triplicates. Significance of the difference between vehicle- and 7KC-treated cells; Mann Whitney test: ⁄P < 0.05. With crystal
violet test, no significant difference was observed between control and vehicle-treated cells. Significance of the difference between 7KC-treated cells and (a-
tocopherol + 7KC)-treated cells; Mann Whitney test: #P < 0.05.
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by a 15 min centrifugation at 20,000g. The protein concentration
was measured in the supernatant using the Bicinchoninic Acid
Solution (Sigma–Aldrich). Fifty to eighty micrograms of proteins
were diluted in loading buffer (125 mM Tris–HCl, pH 6.8, 10% b-
mercaptoethanol, 4.6% SDS, 20% glycerol, and 0.003% bromophenol
blue), separated on a polyacrylamide SDS-containing gel, and
transferred onto a nitrocellulose membrane (Thermo-Scientific,
Waltham, MA, USA). After blocking nonspecific binding sites for
1 h with 5% nonfat milk in TBST (10 mM Tris–HCl, 150 mM NaCl,
0.1% Tween 20, pH 8), the membrane was incubated overnight
with the primary antibody diluted in TBST with 1–5% milk. The
antibodies raised against active caspase-3 (#9662) and LC3-I/II
(L8918) were from Cell Signaling (Ozyme, Saint Quentin Yvelines,
France), and (Sigma–Aldrich), and used at 1/1000 final concentra-
tion; respectively. Antibody directed against b-actin (Sigma–Al-
drich) was used at 1/10,000 final concentration. The membrane
was then washed with TBST and incubated (1 h, room tempera-
ture) with horseradish peroxidase-conjugated goat anti-mouse
(Santa-Cruz Biotechnology) or anti-rabbit antibody (Santa-Cruz
Biotechnology or Cell Signaling) diluted at 1/5000. The membrane
was washed with TBST and revealed using an enhanced chemilu-
minescence detection kit (Supersignal West Femto Maximum Sen-
sitivity Substrate, Thermo-Scientific) and Chemidoc XRS+(Bio-Rad).
The level of cleaved caspase-3 was determined versus actin, and
the ratio LC3-II/LC3-I was calculated with Image Lab software
(Bio-Rad).

2.10. Statistical analysis

Analyses were carried out with WinSTAT� for Microsoft� Excel
(version 2012.1) with the Mann–Whitney test. Data were consid-
ered statistically different at a P-value of 0.05 or less.
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Fig. 2. Time-dependent effects of 7-ketocholesterol associated or not with a-tocopherol on oxidative stress, acidic organelle formation, and cell death induction. 158N murine
oligodendrocytes were cultured for 24 h in the absence or presence of 7KC (20 lg/mL) without or with a-tocopherol (400 lM). The percentage of cells overproducing ROS was
determined with DHE (A), the impact on various organelles and cell death was determined with different methods (B): (a) formation of acidic organelle (including autophagic
vesicles) with AO; (b) mitochondrial depolarization with DiOC6(3); (c) cytoplasmic membranes damages (allowing quantification of dead cells) with PI; (d) quantification of
cells with condensed and/or fragmented nuclei (characteristic of apoptotic cells) with Hoechst 33342. Vehicle (Ethanol: 0.1%) corresponds to the highest ethanol
concentration used to dissolve 7KC. Significance of the difference between vehicle- and 7KC-treated cells; Mann Whitney test: ⁄P < 0.05. No significant difference was
observed between control and vehicle-treated cells. Significance of the difference between 7KC-treated cells and (a-tocopherol + 7KC)-treated cells; Mann Whitney test:
#P < 0.05.
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3. Results

3.1. Evaluation of the effects of 7-ketocholesterol associated or not
with a-tocopherol on 158N cells by phase contrast microscopy and
crystal violet test

Under treatment of 158N cells with 7KC (5, 10, 20 and 40 lg/
mL) for 24 h, marked dose dependent effects on cell adhesion
and cell growth were observed. At 10, 20, and 40 lg/mL, reduced
numbers of adherent cells were revealed by phase contrast micros-
copy and crystal violet test comparatively to untreated cells, vehi-
cle (ethanol 0.1%)-, and a-tocopherol (400 lM)-treated cells
(Fig. 1A and B). Simultaneously, increases of cells floating in the
cultured medium were detected (Fig. 1A). With 7KC (10–20 lg/
mL), these side effects were counteracted by a-tocopherol
(400 lM). However, no protective effects of a-tocopherol were ob-
served with 7KC (40 lg/mL) (Fig. 1A and B). Therefore, for further
experiments, 7KC was used at 20 lg/mL (the highest concentration
inducing side effects), which is impaired by a-tocopherol.
3.2. Evaluation of the effects of 7-ketocholesterol associated or not
with a-tocopherol on oxidative stress, acidic organelle formation, and
cell death induction

Under treatment of 158N cells with 7KC (20 lg/mL; 6, 14, 18
and 24 h), marked time dependent increase on ROS overproduction
was observed comparatively to untreated cells, vehicle (ethanol
0.1%)-, and a-tocopherol (400 lM)-treated cells (Fig. 2A). Increases
of acidic organelles stained with AO (revealed by increased Mean
Fluorescence Intensity (MFI) values), which can correspond to



Fig. 3. Time-dependent effects of 7-ketocholesterol associated or not with a-tocopherol on apoptosis, and on autophagy. 158N murine oligodendrocytes were cultured for
24 h in the absence or presence of 7KC (20 lg/mL) without or with a-tocopherol (400 lM). Apoptosis and autophagy were characterized by Western blotting with different
antibodies. Apoptosis was evaluated by caspase-3 activation (cleaved caspase-3; % control) and autophagy by conversion of LC3-I to LC3-II [ratio LC3-II/LC3-I]. No difference
was observed between control and vehicle-treated cells.
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autophagic vesicles, were also observed with 7KC mainly at 6, 14,
and 18 h (Fig. 2B); the decrease of MFI observed at 24 h (Fig. 2B)
suggest a loss of lysosomal membrane integrity previously re-
ported on U937 cells treated with 7KC for long periods of time
[20]. Moreover, 7KC-induced apoptosis revealed by high percent-
ages of apoptotic cells (70–98%) at 14, 18, and 24 h was associated
with marked increased of cells with depolarized mitochondria and
of cells with damaged cytoplasmic membranes revealed by stain-
ing with DiOC6(3) and PI, respectively (Fig. 2B). The increases of
ROS overproduction, acidic vesicles formation, cells with depolar-
ized mitochondria, and cells with condensed and/or fragmented
nuclei (apoptotic cells) were reduced by a-tocopherol at 14, 18,
and/or 24 h (Fig. 2A and B). These data demonstrate that 7KC-in-
duced apoptosis is associated with oxidative stress, acidic vacuoles
formation, and that a-tocopherol impairs these side effects.
3.3. Evaluation of the effects of 7-ketocholesterol associated or not
with a-tocopherol on apoptosis, and autophagy

To demonstrate the occurrence of apoptosis and autophagy un-
der treatment with 7KC (20 lg/mL; 6, 14, 18 and 24 h), the pres-
ence of cleaved caspase-3 and the conversion of microtubule-
associated protein light chain 3 (LC3-I) to LC3-II (evaluated by
the ratio LC3-II/LC3-I) was studied by Western blotting (Fig. 3).
In these conditions, cleaved caspase-3 was detected at 14, 18,
and 24 h. As an increased of the ratio [LC3-II/LC3-I] was observed
at the same times, this demonstrates the simultaneous occurrence
of apoptosis and autophagy under treatment with 7KC. The induc-
tion of cleaved caspase-3 and the conversion of LC3-I to LC3-II
were strongly reduced by a-tocopherol (Fig. 3). These data demon-
strate that 7KC simultaneously induces apoptosis and autophagy
which are impaired by a-tocopherol.
4. Discussion

The ability of 7KC to induce apoptosis on numerous cell types is
now well established [3], and some investigations realized on
monocytic and smooth muscles cells [12,13,21–23] and on tissue
sections from atherosclerotic lesions [22,24] support that this oxy-
sterol could induce autophagy in vitro and in vivo. As 7KC induces
numerous side effects (oxidative stress, inflammatory processes,
and cell death) [20], the term oxiapoptophagy [12] was suggested
to define the complex mode of cell death induced by 7KC on U937
cells including oxidative stress, apoptosis, and probably also
autophagy [13]. As there are some evidences of autophagy in
numerous brain diseases [14] associated with increased levels of
7KC [8–10], it was of interest to determine (i) whether autophagy
could be induced by 7KC on oligodendrocytes simultaneously with
oxidative stress and apoptosis, and (ii) whether autophagy could
be inhibited by a-tocopherol which is known to counteract 7KC-in-
duced apoptosis [11]. Our data demonstrate that 7KC-induced oxi-
dative stress is associated with a simultaneous induction of
apoptosis and autophagy, and that a-tocopherol impairs these dif-
ferent side effects.

Under treatment with 7KC, the overproduction of ROS (espe-
cially O�2 ) observed on 158N murine oligodendrocytes underlines
that this oxysterol is not only able to trigger oxidative stress on
monocytic and vascular cells [3] but also on brain cells. As an
involvement of various NADPH isoforms leading to O�2 overproduc-
tion has been shown in several cell types treated with 7KC [3,22], it
would be interesting to define on oligodendrocytes the part taken
by this enzyme, which constitutes a potential pharmacological
target.

Moreover, in agreement with data obtained on J-774 murine
macrophages treated with a cholesterol oxide mixture containing
7KC [25], our data show that 7KC induces at early time acidic orga-
nelle modifications wich could correspond to autophagosome for-
mation [18] previously suggested by the presence of numerous
monodansylcadaverine positive structures in the cytoplasm of
7KC-treated monocytic U937 cells [26]. At prolonged time of treat-
ment, 7KC induces a lysosomal destabilization which might lead to
the release of lysosomal enzymes into the cytosol and which could
be critical for cell death induction [20,25].

In addition, as previously reported on 158N murine oligoden-
drocytes, 7KC triggers an apoptotic mode of cell death associated
with a loss of transmembrane mitochondrial potential involving
caspase-3 activation [11], and with an increased permeability to
PI, which could be at least in part a consequence of lipid membrane
peroxidation. In this complex mode of cell death, oxidative stress is
probably a key event as suggested by the ability of a-tocopherol to
prevent 7KC-induced apoptosis. This hypothesis is supported by
data obtained on different cell types with various anti-oxidants
(N-acetyl cysteine, reduced glutathione) and with a-tocopherol
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which have the ability to counteract 7KC-induced mitochondrial
depolarization and the cascade of events leading to the final step
of apoptosis characterized by the occurrence of cells with frag-
mented nuclei [3].

Moreover, as 7KC also regulates the expression of autophagic
genes [24], and has been shown to trigger autophagy on vascular
smooth muscle cells and coronary arterial myocytes [21,23], we
asked whether 7KC could simultaneously induce apoptosis and
autophagy on 158N murine oligodendrocytes. The ability of 7KC
to simultaneously trigger apoptosis and autophagy is based on
the hypothesis proposed on 7KC-treated U937 cells [12], and is
supported by studies which revealed interdependence between
the pathways leading to major forms of cell death such as autoph-
agy, apoptosis, mitoptosis, necrosis, and necroptosis [27,28]. In the
present study, the concomitent induction of autophagy and apop-
tosis by 7KC was shown by western blotting by the conversion of
microtubule-associated protein light chain 3 (LC3-I) to LC3-II,
which is a specific marker of autophagy, and by the simultaneous
induction of cleaved caspase-3.

Therefore, our data demonstrate that 7KC induces a mixed type
of cell death on 158N murine oligodendrocytes simultaneously
involving oxidative stress, apoptosis, and autophagy which could
be defined as oxiapoptophagy. They also highlight the a-tocoph-
erol ability to prevent 7KC-induced oxiapoptophagy: ROS overpro-
duction, cascade of apoptosis associated events, and conversion of
LC3-I to LC3-II. It remains to define how these different events are
interconnected, and whether autophagy contributes to down- or
up-regulate 7KC-induced cell death. So, design of appropriated
molecules is of interest to prevent various cardiovascular and neu-
rodegenerative diseases associated with elevated 7KC levels.
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