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A B S T R A C T   

On murine N2a cells, 7-ketocholesterol induced an oxiapotophagic mode of cell death characterized by oxidative 
stress (reactive oxygen species overproduction on whole cells and at the mitochondrial level; lipid peroxidation), 
apoptosis induction (caspase-9, − 3 and − 7 cleavage, PARP degradation) and autophagy (increased ratio LC3-II / 
LC3-I). Oxidative stress was strongly attenuated by diphenyleneiodonium chloride which inhibits NAD(P)H 
oxidase. Mitochondrial and peroxisomal morphological and functional changes were also observed. Down 
regulation of PDK1 / Akt signaling pathways as well as of GSK3 / Mcl-1 and Nrf2 pathways were simultaneously 
observed in 7-ketocholesterol-induced oxiapoptophagy. These events were prevented by α-linolenic acid, eico-
sapentaenoic acid, docosahexaenoic acid, oleic acid and α-tocopherol. The inhibition of the cytoprotection by LY- 
294002, a PI3-K inhibitor, demonstrated an essential role of PI3-K in cell rescue. The rupture of oxidative stress 
in 7-ketocholesterol-induced oxiapoptophagy was also associated with important modifications of glutathione 
peroxidase, superoxide dismutase and catalase activities as well as of glutathione peroxidase-1, superoxide 
dismutase-1 and catalase level and expression. These events were also counteracted by α-linolenic acid, eico-
sapentaenoic acid, docosahexaenoic acid, oleic acid and α-tocopherol. The inhibition of the cytoprotection by 
mercaptosuccinic acid, a glutathione peroxidase inhibitor, showed an essential role of this enzyme in cell rescue. 
Altogether, our data support that the reactivation of PI3-K and glutathione peroxidase activities by α-linolenic 
acid, eicosapentaenoic acid, docosahexaenoic acid, oleic acid and α-tocopherol are essential to prevent 7KC- 
induced oxiapoptophagy.   

Introduction 

Derivatives of cholesterol oxidation, called oxysterols, are molecules 
that are implicated in the development of many diseases especially age- 
related diseases such as cardiovascular, neurodegenerative, and eye 
diseases, osteoporosis, sarcopenia, and some cancers (breast and 

prostate cancers) (Zarrouk et al., 2014; Gargiulo et al., 2016). Oxy-
sterols, present in vivo, detected in biological fluids and tissues, can be 
produced endogenously, synthesis by auto-oxidation and/or enzymati-
cally (Brzeska et al., 2016; Mutemberezi et al., 2016), or provided by the 
diet (Sabolová et al., 2017). Among the numerous food products, eggs, 
dried egg powder often used in a large number of commercial products 
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(Boselli et al., 2001), milk powder found in children’s products (Przy-
gonski et al., 2000), clarified butter (or ghee), cheeses, dairy products, 
red meat (beef, pork, veal), ham, liver, kidneys, dried or canned fish 
(cod, anchovies, herrings) are included (Poli et al., 2022). All 
cholesterol-containing products are subject to oxidation, especially 
processed foods often subjected to dehydratation, radiation, high tem-
peratures, and/or long-term storage in the presence of oxygen (Leo-
narduzzi et al., 2002; Yan, 1999). 

There is now lot of evidence supporting that oxysterols formed by 
autoxidation such as 7-ketocholesterol (7KC) and 7β-hydroxycholesterol 
(7β-OHC) are implicated in the atheromatous plaque formation which 
contribute to several cardiovascular diseases and stroke (Poli et al., 
2013; Wang et al., 2017). 7KC has also been found at increased level in 
patients with neurodegenerative diseases such as X-linked adrenoleu-
kodystrophy (X-ALD) (Nury et al., 2017), Alzheimer’s disease (Cho-
roszyński et al., 2022; Mahalakshmi et al., 2021), multiple sclerosis 
(McComb et al., 2021), and Parkinson’s disease (Griffiths et al., 2021). 
In patients with age-related macular degeneration (AMD), high 7KC 
levels are also present in lipid deposits called drusens which are local-
ized between the Bruch membrane and the basement membrane of 
retinal pigment epithelial cells (Malvitte et al., 2006; Rodríguez and 
Larrayoz, 2010; Rodriguez et al., 2014).The cytotoxic properties of 7KC 
and 7β-OHC are exerted through stimulation of oxidative stress, acti-
vation of death pathways (apoptosis, autophagy) and cytokinic and non- 
cytokinic inflammation (Vejux et al., 2020). The ability of 7KC and 7β- 
OHC to trigger a rupture of the RedOx status, and to induce apoptosis 
associated with several criteria of autophagy is defined as oxia-
poptophagy (OXIdative stress + APOPTOsis + autoPHAGY) (Nury et al., 
2020). Noteworthy, oxiapoptophagy has also been reported in the 
presence of 24S-hydroxycholesterol (24S-OHC) which can be increased 
in the brain of Alzheimer’s patients at early stages of the disease (Leoni 
and Caccia, 2013). With the significant increase in lifespan observed 
since the mid-20th century, the frequency of age-related diseases is 
increasing with economic and social repercussions. Preventing these 
diseases and identifying molecules to better treat them is therefore an 
important challenge. Interestingly, several molecules present at high 
levels in the Mediterranean diet such as docosahexaenoic acid (DHA, 
C22:6n-3), eicosapentaenoic acid (EPA, C20:5n-3), α-linolenic acid 
(ALA, C18:3n-3) and oleic acid (OA, C18:1n-9), as well as Mediterranean 
oils (olive and argan oils) are able to strongly reduce 7KC- and 7β-OHC- 
induced oxiapoptophagy (Vejux et al., 2020; Nury et al., 2021; Rezig 
et al., 2022). In human nerve SK-N-BE cells treated with 7KC or 7β-OHC, 
DHA inhibits 24S-OHC-induced intracellular Ca2+ rise and also reduces 
reactive oxygen species (ROS) overproduction, and apoptosis charac-
terized by condensation and/or fragmentation of the nuclei (Zarrouk 
et al., 2015). In 158 N murine oligodendrocytes, DHA also counteracts 
7KC-, 7β-OHC- and 24S-OHC-induced oxiapoptophagy characterized by 
a decrease of cell proliferation, a drop of mitochondrial activity, an 
overproduction of ROS revealed by staining with dihydroethidium and 
dihydrorhodamine 123, caspase-3 activation, PARP degradation, 
reduced expression of Bcl-2, condensation and/or fragmentation of the 
nuclei, which are biomarkers of oxidative stress and apoptosis, and 
conversion of microtubule-associated protein light chain 3 (LC3-I) to 
LC3-II, which is a characteristic of autophagy (Nury et al., 2015). 
Additionally, in BV-2 murine microglial cells, both OA and DHA atten-
uate 7KC toxicity characterized by cell growth inhibition, mitochondrial 
dysfunctions, ROS overproduction, lipid peroxidation, increased plasma 
membrane permeability, modification of plasma membrane fluidity, 
nuclei condensation and/or fragmentation and caspase-3 activation, 
which are apoptotic characteristics, and an increased LC3-II/LC3-I ratio, 
a criterion of autophagy (Debbabi et al., 2017). Cytoprotective effects of 
ω3 and ω9 unsaturated fatty acids (ALA, EPA, DHA and OA) have also 
been shown against 7KC-induced cell death in N2a murine nerve cells: 
attenuation of 7KC-induced ROS overproduction, drop of mitochondrial 
transmembrane potential (ΔΨm), and increased plasma membrane 
permeability (Yammine et al., 2020). 

Currently, the cytoprotective effects of major compounds of the 
Mediterranean diet (α-tocopherol, ω3 and ω9 unsaturated fatty acids) 
against 7KC-induced oxiapoptophagy are well established on different 
cell lines from different types and species (Vejux et al., 2020; Nury et al., 
2021; Brahmi et al., 2019). Consequently, these data reinforce the in-
terest of functional foods enriched in α-tocopherol, ω3 and ω9 unsatu-
rated fatty acids to prevent the toxicity of 7KC often present at high 
levels in several processed foods and increased in the biological fluids 
and tissues of patients with age-related diseases. However, now, the 
effects of ω3 (ALA, EPA, DHA) and ω9 (OA) unsaturated fatty acids on 
7KC-induced oxiapoptophagy are still not well known, and the cell 
targets involved in their cytoprotective activities are unknown. In the 
present study, murine neuronal N2a cells were used as previously 
described to establish the ability of polyphenols, ALA, EPA, DHA and 
α-tocopherol to prevent 7KC-induced cell death (Yammine et al., 2020). 
On N2a cells, we studied: a) the ability of 7KC to induce mitochondrial 
and peroxisomal changes associated with oxiapoptophagy; b) the pre- 
mitochondrial signalling pathways associated with this type of cell 
death (PI3-K / PDK-1 / Akt / GSK3 / Mcl-1); c) the Nrf2 signalling 
pathway involved in the antioxidant response and d) the cytoprotective 
activity of ALA, EPA, DHA and α-tocopherol, and e) we determined the 
cell targets associated with the cytoprotection. 

Materials and methods 

Cell culture and treatments 

The mouse neuro-2a (N2a) neuroblastoma cells (ref: CCL-131; 
American Type Culture Collection (ATCC), Manassas, VA, USA) were 
grown in Dulbecco’s modified Eagle medium (DMEM, Lonza, Amboise, 
France) containing 10 % (v/v) heat-inactivated fetal bovine serum (FBS) 
(Pan Biotech, Aidenbach, Germany) (30 min, 56 ◦C) and 1 % (v/v) of 
penicillin (100 U/mL) / streptomycin (100 mg/mL) (Pan Biotech). N2a 
cells were maintained at 37 ◦C in a humidified atmosphere (5 % CO2, 95 
% air) and passaged twice a week. N2a cells were seeded at a density of 
120,000 cells per 6-well plates containing 2 mL of culture medium with 
10 % FBS, or at a density of 50,000 cells per 24-well plates containing 
0.5 mL of culture medium with 10 % FBS (FALCON, Becton Dickinson, 
Le Pont de Claix, France) or in Petri dishes (100 mm diameter, FALCON) 
at 30,000 cells/cm2. These growing conditions were used to assess the 
ability of fatty acids (α-linolenic acid (ALA/C18:3n-3); eicosapentaenoic 
acid (EPA/C20:5n-3); docosahexaenoic acid (DHA, C22:6n-3) and oleic 
acid (OA, C18:1n-9)) to counteract the cytotoxicity induced by 7-keto-
cholesterol (7KC). 7KC (ref: 700015P) and fatty acids (ALA (ref: L2376), 
DHA (ref: D2534), and OA (ref: O1008)) were from Sigma-Aldrich (St 
Quentin-Fallavier, France) whereas EPA (ref: 10417–94-4) was from 
Enzo Life Sciences (Villeurbanne, France). The stock solution of 7KC was 
realized at 800 µg/mL (2 mM) in absolute ethanol (EtOH; Carlo Erba 
Reagents, Val de Reuil, France) plus culture medium (800 µg of 7KC, 50 
µL of absolute ethanol and 950 µL of culture medium). The 7KC stock 
solution was stored at 4 ◦C. The stock solutions of fatty acids (ALA, DHA, 
OA: 50 mM) or (EPA: 200 mM)) were prepared in absolute ethanol and 
stored at − 20 ◦C. For all experiments, the cells were previously cultured 
for 24 h, then the medium was removed and replaced by culture medium 
containing the fatty acids with or without 7KC (time of treatment 48 h). 
To determine the effects on cell viability, fatty acids (ALA, EPA, DHA 
and OA) were used at concentrations ranging from 1.5 to 200 μM. The 
concentration chosen for 7KC, based on the FDA cell viability assay, 
corresponds to the 50 % inhibiting concentration (IC50) (Supplemen-
tary Fig. 1A). The concentrations chosen for fatty acids, when used with 
7KC, is 25 µM and correspond to a concentration without effect on cell 
viability (Supplementary Fig. 1B). As a positive cytoprotective control, 
α-tocopherol was chosen and used at the highest non-toxic concentra-
tion (400 µM) tested on N2a cells and as previously used on 158 N cells 
to inhibit 7KC-induced toxicity (Ragot et al., 2013); α-tocopherol (ref: 
T3251; Sigma-Aldrich) stock solution was prepared at 80 mM in 
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Fig. 1. Effect of α-linolenic acid, eicosapentaenoic acid, docosahexaenoic acid, oleic acid and α-tocopherol on 7KC-induced apoptosis and autophagy: 
identification of cleaved caspase-3, ¡7, ¡9 and PARP, and activation of LC3-I into LC3-II by western blotting. N2a cells were cultured with or without 7- 
ketocholesterol (7KC: 50 µM, 48 h) in the presence or absence of α-tocopherol (α-toco: 400 µM), used as a positive control for cytoprotection, or with α-linolenic 
acid (ALA), eicosapentaenoic acid (EPA), docosahexaenoic acid (DHA), and oleic acid (OA) used at 25 µM. Apoptosis was evaluated by caspase-3, − 7, − 9 activation 
(cleaved caspase), and PARP fragmentation. Autophagy was evaluated by conversion of LC3-I to LC3-II (increased LC3-II/LC3-I ratio). The EtOH value (0.5 %) 
correspond to the final EtOH concentration in the culture medium. β-actin was used as the loading control. Data shown are representative of three independent 
experiments. Significance of the differences between control (untreated cells), and vehicle (EtOH 0.5 %)-, ALA-, EPA-, DHA-, OA-, α-toco- or 7KC-treated cells; 
Mann–Whitney test: * p < 0.05 or less. Significance of the differences between 7KC-treated cells and (7KC + (ALA, EPA, DHA, OA or α-toco))-treated cells; Man-
n–Whitney test: # p < 0.05 or less. No difference was observed between control and vehicle-treated cells as well as between control, vehicle, α-toco, ALA, EPA 
and DHA. 
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absolute ethanol. 

Quantification of cell viability by the fluorescein diacetate (FDA) assay 

N2a cells viability was assessed using a lipophilic fluorochrome, 
fluorescein diacetate (FDA) (Sigma-Aldrich) (Ghzaiel et al., 2023; 
Kamiloglu et al., 2020). In the presence of esterases of living cells, the 
non-fluorescent FDA is transformed into a green, fluorescent metabolite 
“fluorescein”. At the end of the treatment, cells were incubated in the 
dark with FDA (15 μg/mL, 5 min, 37◦C), washed twice with phosphate 
buffer saline (PBS 0.1 M, pH 7.4), and then lysed with 10 mM Tris-HCl 
solution containing 1 % sodium dodecyl sulfate (SDS). Fluorescence 
intensity of fluorescein was measured with excitation at 485 nm and 
emission at 528 nm using a microplate reader (Sunrise spectrophotom-
eter, TECAN, Lyon, France) in order to quantify living cells. All assays 
were performed in at least four independent experiments and realized in 
triplicate. The results were expressed as % of control: (Fluorescence 
(assay) × 100)/Fluorescence (control). 

Flow cytometric evaluation of plasma membrane permeability and cell 
death by staining with propidium iodide 

Propidium iodide (PI) has two quaternary ammoniums, the second 
one being relatively hydrophilic. This implies that viable cells, which 
have intact plasma membranes, will not permit intracellular PI accu-
mulation; a contrary, dead cells, with altered membranes, will permit 
intracellular PI accumulation and further DNA binding (Yeh et al., 
1981). When excited by a blue light (488 nm), PI emits an orange / red 
fluorescence. The stock solution of PI was prepared in milliQ water at a 
concentration of 1 mg/mL. To determine the role of phosphoinositide 3- 
kinase (PI3-K) in the protective effects of fatty acids against 7KC- 
induced cell death, N2a cells were pretreated with LY-294002 (Cell 
Signaling Technology, Danvers, MA, USA) - a PI3-K inhibitor - at 20 µM 
for 1 h, and then treated with 7KC associated or not with fatty acids. 
Furthermore, to determine the role played by catalase and GPx in cell 
viability, inhibitors of these enzymes (catalase: 3-aminotriazole (3-AT, 
2 mM) (Mu et al., 2021); GPx: mercaptosuccinic acid (MSA, 3 mM) 
(Quispe et al., 2018) were added 1 h before treating cells with 7KC 
associated or not with fatty acids or α-tocopherol. At the end of treat-
ments, N2a cells (adherent and non-adherent cells) were stained with a 
PI solution at 1 μg / mL in 1X PBS for 5 min at 37 ◦C. The cells were 
immediately analyzed on a BD Accuri™ C6 flow cytometer (Becton- 
Dickinson) and the fluorescence of PI was selected on a 630 nm long pass 
filter. Ten thousand cells were acquired per sample, and the fluorescence 
was quantified on a logarithmic scale. Data were analyzed with FlowJo 
software (Tree Star Inc.). The percentage of dead cells corresponds to the 
percentage of PI positive cells. At least three independent experiments 
were realized. 

Morphological characterization of apoptotic cells by nuclear staining with 
Hoechst 33342 

Nuclear morphology can be assessed by staining with Hoechst 
33342. If the staining pattern of the nuclei is uniform, the cells are 
considered as viable cells; if the nuclei are condensed and/or frag-
mented, the cells correspond to apoptotic cells (Lizard et al., 1995). 
After staining with Hoechst 33,342 (2 µg/mL), the nuclear morphology 
was examined in the presence or absence of LY-294002 (a PI3-K inhib-
itor used at 20 µM) associated or not with 7KC (50 µM) with or without 
fatty acids (ALA, EPA, DHA, or OA; 25 µM) or α-tocopherol (400 µM) 
using an Axioskop right microscope (Zeiss, Jena, Germany) under ul-
traviolet light. A total of 300 cells per sample were counted to determine 
the percentage of apoptotic cells. 

Flow cytometric measurement of transmembrane mitochondrial potential 
with DiOC6(3) 

The cationic lipophilic dye 3, 3′ - dihexyloxacarbocyanine iodide 
DiOC6(3) is a green-fluorescent, cell-permeable lipophilic dye that is 
selective for mitochondria, and which is used to evaluate trans-mem-
brane mitochondrial potential (ΔΨm). The higher the ΔΨm, the more 
DiOC6(3) accumulates. Thus, mitochondria of living cells will be more 
fluorescent than mitochondria of dead and dying cells containing 
depolarized mitochondria characterized by a lower ΔΨm indicated by a 
decrease in the green fluorescence of DiOC6(3) collected through a 520 
± 10 nm band pass filter on a BD Accuri™ C6 flow cytometer (Becton- 
Dickinson) (Ghzaiel et al., 2022). In the present study, ΔΨm was 
measured on cells that were treated for 48 h with or without 7KC (50 
µM) in the presence or absence of fatty acids (ALA, EPA, DHA, or OA; 25 
µM). In addition, to study the role of GSK3 in 7KC-induced toxicity, N2a 
cells were pre-incubated with a GSK3 inhibitor (SB216763, 15 µM; Cell 
Signaling Technology) for 2 h and then treated with 7KC (50 µM) 
associated or not with fatty acids (ALA, EPA, DHA, or OA; 25 µM). At the 
end of treatments, N2a cells were stained for 15 min at 37◦C with 
DiOC6(3) (Thermo Fisher Scientific) used at 40 nM. For each sample, 
10,000 cells were acquired on a BD Accuri™ C6 flow cytometer (Becton- 
Dickinson), and data were analyzed with FlowJo software (Tree Star 
Inc.). At least three independent experiments were realized. 

Flow cytometric measurement of reactive oxygen species with 
dihydroethidine 

Reactive Oxygen Species (ROS) overproduction, including the 
intracellular superoxide anion (O2

●− ), was detected by staining with 
dihydroethidine (DHE). DHE is not a fluorescent probe; it diffuses 
through cell membranes, and when ROS are present, it is oxidized to 
hydroethidium (HE) which is a fluorescent compound with an orange/ 
red fluorescence (λ Ex max = 488 nm; λ Em max = 575 nm) (Ghzaiel 
et al., 2022). HE is an intercalator of DNA. The stock solution of DHE 
(Thermo Fisher Scientific, Brumath, France) was prepared in DMSO at a 
concentration of 10 mM, and was subsequently used on the cells at a 
final concentration of 2 μM. To evaluate ROS production, N2a cells, 
previously cultured for 24 h, were incubated for 48 h with or without 
7KC (50 µM) in the presence or absence of fatty acids (ALA, EPA, DHA, 
or OA: 25 µM) or α-tocopherol (400 µM). At the end of the treatment, 
N2a cells were trypsinized, washed and suspended in 1 mL of 1X PBS 
containing DHE (2 μM). After 15 min of incubation at 37 ◦C, the analysis 
of stained cells was carried out by flow cytometry on a BD Accuri™ C6 
flow cytometer (Becton-Dickinson, Franklin Lakes, NJ, USA). To deter-
mine whether 7KC-induced ROS overproduction results from stimula-
tion of NAD(P)H oxidase activity, diphenyleneiodonium chloride (DPI; 
ref: 2926, Sigma-Aldrich) - a selective NAD(P)H oxidase inhibitor - was 
added at 10 µM, 1 h before 7KC (Pedruzzi et al., 2004). In addition, to 
clarify the role played by catalase and glutathione peroxidase (GPx) in 
the overproduction of ROS, inhibitors of these enzymes (catalase: 3-ami-
notriazole (3-AT, 2 mM; ref: A8056, Sigma-Aldrich); GPx: mercapto-
succinic acid (MSA, 3 mM; ref: M6182, Sigma-Aldrich)) were added 1 h 
before treating the cells with 7KC associated or not with fatty acids or 
α-tocopherol. The fluorescence of HE was collected through a 580 nm 
band pass filter. Ten thousand cells were acquired per sample, and the 
fluorescence was quantified on a logarithmic scale. The data were 
analyzed with FlowJo software v10.6.2 (Tree Star Inc., Ashland, OR, 
USA). The percentage of ROS producing cells corresponds to the per-
centage of DHE positive cells. At least three independent experiments 
were realized. 

Flow cytometric measurement of mitochondrial reactive oxygen species 
production with MitoSOX-Red 

For the detection of ROS, especially O2
●− in the mitochondria, the 
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MitoSOX-Red mitochondrial superoxide indicator was used. In the 
mitochondria, this probe is oxidized by ROS and emits an orange / red 
fluorescence (λ Ex max = 510 nm; λ Em max = 580 nm). The oxidation 
product becomes highly fluorescent upon binding to nucleic acids (Ksila 
et al., 2023). A stock solution of MitoSOX-Red (Thermo Fisher Scientific) 
was initially prepared at 5 mM in PBS. Briefly, after treating N2a cells for 
48 h with or without 7KC (50 µM) in the presence or absence of fatty 
acids (25 µM) or α-tocopherol (400 µM), adherent and non-adherent 
cells were incubated with 5 µM MitoSOX-Red in PBS (15 min, 37 ◦C). 
Flow cytometric analyses were immediately performed. The fluorescent 
signals were detected through a 580 ± 20 nm band pass filter using a BD 
Accuri™ C6 flow cytometer (Becton-Dickinson). For each sample, 
10,000 cells were acquired. Data were analyzed with FlowJo software 
(Tree Star Inc). At least three independent experiments were realized. 

Evaluation of lipid peroxidation by flow cytometric quantification of 4- 
hydroxynonenal 

4-hydroxynonenal (4-HNE) is a by-product of lipid peroxidation; it is 
widely accepted as a stable marker for oxidative stress (Milkovic et al., 
2023). To identify and quantify 4-HNE, and 4-HNE adducts, we used 
flow cytometry by using the following protocol. At the end of the 
treatments, cells were collected by trypsinization, fixed in 2 % para-
formaldehyde diluted in PBS, incubated with blocking buffer (PBS, 0.05 
% saponin, 10 % fetal bovine serum), washed in PBS, and incubated with 
a rabbit polyclonal antibody raised against 4-HNE (Abcam, Paris, 
France) diluted in blocking buffer (2 µg/mL; 1 h at room temperature 
(RT)). After washing with PBS, cells were incubated for 1 h at RT with a 
488-Alexa goat anti-rabbit polyclonal antibody (Life Science Technolo-
gies) diluted at 1/300 in blocking buffer. After a PBS wash, cells were 
resuspended in PBS and analyzed by flow cytometry on a BD Accuri™ C6 
flow cytometer. For each sample, 10,000 cells were acquired, and the 
data were analyzed with FlowJo software (Tree Star Inc). 

Flow cytometric quantification of the level of the peroxisomal ABCD3 
transporter: Evaluation of the peroxisomal mass 

To evaluate changes in the peroxisomal mass, an indirect immuno-
fluorescence method was used with an antibody raised against the 
peroxisomal transporter (ATP-binding cassette sub-family D member 3, 
ABCD3) (Debbabi et al., 2017). After trypsinization, and washing in PBS, 
adherent and non-adherent cells were fixed in 2 % (w/v) para-
formaldehyde (Sigma-Aldrich) diluted in PBS (15 min, RT). After 
washing in PBS, the cells were incubated in PFS buffer (PBS / 5 % FBS / 
0.05 % saponin (Sigma-Aldrich)) (30 min, RT). Furthermore, the cells 
were washed with PBS and incubated (1 h, RT) with a rabbit polyclonal 
antibody raised against ABCD3 (ref: #11523651, Thermo Fisher Scien-
tific) diluted (1/500) in PFS buffer. After washing with PBS, cells were 
further incubated in the dark with a goat anti-rabbit secondary antibody 
coupled with Alexa 488 (Santa-Cruz Biotechnology, Santa Cruz, CA, 
USA) diluted (1/500) in PFS buffer (30 min, RT). After washing, the cells 
were resuspended in PBS and analyzed by flow cytometry on a BD 
Accuri™ C6 flow cytometer (Becton-Dickinson). 10,000 cells were 
analyzed, and the green fluorescence was collected through a 520 ± 20 
nm bandpass filter. Absolute and conjugated controls (cells without 
antibodies, and without primary antibody, respectively) were realized. 
Data were analyzed with FlowJo software (Tree Star Inc.). 

Transmission electron microscopy of peroxisomes and mitochondria 

Transmission electron microscopy was used to simultaneously visu-
alize peroxisomes, and mitochondria in N2a cells cultured for 48 h in the 
absence or in the presence of 7KC (50 µM) without or with fatty acids 
(ALA, EPA, DHA, or OA; 25 µM) or α-tocopherol (400 µM). The sample 
preparation technique used is specifically adapted to allow the detection 
of peroxisomes. Cells were fixed for 1 h at 4◦C in 2.5 % (w/v) 

glutaraldehyde diluted in a cacodylate buffer (0.1 M, pH 7.4), washed 
twice in cacodylate buffer, incubated in the dark for 1 h at 21 ◦C in 
Tris–HCl (0.05 M, pH 9.0) containing diaminobenzidine (DAB: 2.5 mg/ 
mL) and H2O2 (10 μL/mL of a 3 % solution); washed in cacodylate buffer 
(0.1 M, pH 7.4) for 5 min at 21 ◦C; post-fixed in 1 % (w/v) osmium 
tetroxide diluted in cacodylate sodium (0.1 M, pH 7.4) for 1 h at 21 ◦C in 
the dark; and rinsed in cacodylate buffer (0.1 M, pH 7.4). The prepa-
rations were dehydrated in graded ethanol solutions and then embedded 
in Epon. Ultrathin sections were cut with an ultramicrotome, contrasted 
with uranyl acetate and lead citrate, and examined using an HT7800 
electron microscope (Hitachi, Tokyo, Japan). 

Quantification of catalase activity 

Catalase is a peroxisomal enzyme that degrades hydrogen peroxide 
(H2O2) into water and molecular oxygen (2 H2O2 → 2 H2O + O2). 
Catalase activity was evaluated following a photometric measurement of 
the H2O2 decomposition by catalase contained in the cell extract at 240 
nm (Ghzaiel et al., 2023). A reaction mixture of H2O2 solution (30 %) 
and Tris-HCl buffer (1 M, pH 7.4) was added to the cell extract, and the 
reaction was carried out for 2 min. One unit of the enzyme is defined as 
1 μmol of H2O2 consumed per minute, and the specific activity is re-
ported as units per milligram of protein according to the following 
formula: 

Catalase specific activity =
( (

ΔAbs240nm⋅min− 1)/43.2
)

×106 × (200/10) ×
(
1
/
[protein]mg⋅l− 1 )

The absorbance at 240 nm was read on a Tecan Infinite M 200 Pro 
(Tecan, Männedorf, Switzerland). Protein content was determined with 
the Pierce TM BCA Protein Assay Kit (ref: 23227; Thermo Fisher Sci-
entific). Data are presented as [(catalase activity in the assay) / (Catalase 
activity in control (untreated) cells)]. 

Quantification of superoxide dismutase activity 

The Beauchamp and Fridovich’s method was used to measure 
cellular superoxide dismutase (SOD) activity. The method is based on 
the ability of superoxide anion (O2 

•− ) to reduce Nitro blue Tetrazolium 
(NBT) (Ghzaiel et al., 2023). SOD activity was measured with the 
following mixture prepared in phosphate buffer (50 mM, pH 7.8) con-
taining Ethylenediaminetetraacetic acid (EDTA; 0.1 mM), riboflavin (2 
µM), L-methionine (13 mM) and NBT (75 µM) which gives a bluish color; 
in the presence of SOD, present in the cell lysate, the oxidation of NBT is 
lower and the blue coloration decreases. Exposure of to the light of the 
mixture to white was carried out for 20 min. SOD activity was measured 
at 560 nm on a Tecan Infinite M 200 Pro (Tecan). SOD units / mg of 
protein is expressed as: 

Y / 50 with Y = [(ODB-ODA) x 100 x 20 x d] / [ODB x X]; ODB: 
Optical Density Blank; ODA: Optical Density Assay; X: quantity of pro-
tein in the sample (mg/mL); 20 (50 µL of cell lysate); d: dilution factor. 
The protein content was determined with the Pierce TM BCA Protein 
Assay Kit (Thermo Fisher Scientific). Data are presented as [(SOD ac-
tivity in the assay) / (SOD activity in control (untreated) cells)]. 

Quantification of glutathione peroxidase activity 

The method of Flohé and Günzler was used to determine the gluta-
thione peroxidase (GPx) activity. GPx degrades hydrogen peroxide 
(H2O2) into water and GSSG (2GSH + H2O2 → 2 H2O + GSSG) (Ghzaiel 
et al., 2023). Cell lysates were incubated with 0.1 mM reduced gluta-
thione (GSH, 0.1 mM) in TPO4 (50 mM, pH 7.8). The reaction was 
initiated by adding H2O2 (1.3 x 10–3 M) and stopped by incubating the 
mixture with trichloroacetic acid (1 % TCA) for 30 min at 4 ◦C and then 
centrifuged (1,000 × g, 10 min). Further, the supernatant is incubated 
with DTNB / Na2HPO412H2O for 10 min and the absorbance is read by 
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spectrophotometry at 412 nm on a Tecan Infinite M 200 Pro (Tecan). 
The activity of GPx is expressed in µmol of GSH consummate / min / mg 
of protein. The protein content was determined with the Pierce TM BCA 
Protein Assay Kit (Thermo Fisher Scientific). Data are presented as [(GPx 
activity in the assay) / (GPx activity in control (untreated) cells)]. 

Protein analysis: Polyacrylamide gel electrophoresis and western blotting 

Protein analysis by electrophoresis was performed on poly-
acrylamide gel and Western blot. After 48 h of treatment, adherent and 
non-adherent cells were collected, washed in PBS and lysed for 30 min 
on ice in 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) containing a complete cocktail of protease inhibitors (Roche 
Diagnostics, Indianapolis, IN, USA) diluted to 1/25. Cell debris were 
removed by centrifugation (20 min, 20,000 g) and the supernatant was 
isolated. Protein concentration was determined using bicinchoninic acid 
reagent (Sigma-Aldrich). Fifty micrograms of protein were used along 
with loading buffer (125 mM Tris-HCl, pH 6.8, 10 % β-mercaptoethanol, 
4.6 % SDS, 20 % glycerol, and 0.003 % bromophenol blue). The proteins 
were separated on a 14 % or 8 % SDS-PAGE gel, and a transfer onto a 
nitrocellulose membrane was then carried out (Bio-Rad, Marne La 
Coquette, France). The membranes were further incubated for 1 h with 
5 % powdered milk in PBST (PBS, 0.1 % Tween 20, pH 7.2) to block non- 
specific binding sites. The membrane was then brought into contact 
overnight (4 ◦C) with the primary antibody diluted in 5 % PBST milk. 
Various primary antibodies were used to demonstrate the induction of 
apoptosis and/or autophagy: an antibody against caspase-3 to detect 
endogenous levels of full-length caspase-3 (35 kDa) and cleaved caspase- 
3 (17 kDa) (rabbit polyclonal antibody; Cell Signaling, ref: #9662); an 
antibody directed against caspase-7 to detect endogenous levels of full- 
length caspase-7 (35 kDa) and cleaved caspase-7 (20 kDa) (rabbit 
polyclonal antibody; Cell Signaling, ref: 9492), an antibody directed 
against caspase-9 to detect endogenous levels of full-length caspase-9 
(49 kDa) and cleaved caspase-9 (37 kDa) (mouse monoclonal antibody; 
Cell Signaling, ref: 9508), an antibody against PARP (poly-ADP-ribose 
polymerase) to detect endogenous level of full-length PARP (110 kDa) 
and the cleaved 89 kDa fragment of PARP (rabbit mAb; Cell Signaling, 
ref: 9532), and an antibody against LC3 for the detection of LC3-I (18 
kDa) and LC3-II (16 kDa) (rabbit polyclonal antibody; Sigma-Aldrich, 
ref: L8918); these antibodies were used at a final dilution of 1/1000. 
For the analysis of oxidative stress, the following antibodies were used: 
Nrf2 (rabbit polyclonal antibody, CliniSciences, Nanterre, France; ref: 
C0279), Nrf2 (phospho Ser 40) (rabbit polyclonal antibody, Clin-
iSciences / GeneTex, Irvine, CA, USA; ref: GTX02873), GPx1 (rabbit 
polyclonal antibody, CliniSciences / GeneTex; ref: GTX116040-S), SOD1 
(rabbit polyclonal antibody, CliniSciences / GeneTex; ref: GTX100554- 
S) and catalase (goat polyclonal antibody, R&D systems, Abingdon, 
UK; ref: AF3398). The rabbit polyclonal antibodies were used at a final 
dilution of 1/1000. The polyclonal goat antibody raised against catalase 
was used at a final dilution of 1/400. For the study of the PI3-K/PDK-1/ 
Akt signaling pathway, the following antibodies were used at a 1/1000 
dilution: polyclonal anti-Akt antibody (rabbit polyclonal antibody, Cell 
Signaling, ref: 9272), polyclonal anti-phospho-Akt Thr 308 antibody 
(rabbit mAb, Cell Signaling, ref: 4056)), anti-PDK1 monoclonal antibody 
(mouse monoclonal antibody, Santa-Cruz, ref: sc-515944) and anti-PDK- 
1 phospho Tyr 373/376 polyclonal antibody (rabbit polyclonal anti-
body, Cell Signaling, ref: 3065). For the GSK3/MCl1 signaling pathway, 
the following antibodies were used: anti-GSK3 α/β (mouse monoclonal 
antibody, Santa Cruz Biotechnology, ref: sc-7291), anti-phospho-GSK3 
α/β (ser21/9) (rabbit polyclonal antibody, Cell Signaling, ref: 9331), 
and anti-Mcl-1 (rabbit mAb, Abcam, ref: Ab32087). An antibody 
directed against β-actin (mouse monoclonal antibody, Sigma-Aldrich, 
ref: A2228;) was used at a final concentration of 1/10,000 for stan-
dardization. Three 10-minutes washes with PBST were performed, and 
the membranes were incubated for 1 h at RT with horseradish 

peroxidase-conjugated goat anti-rabbit secondary antibody (Cell 
Signaling, ref: 7074) or anti-mouse antibody (Santa Cruz Biotechnology, 
ref: sc-2005) diluted 1/5,000 in 1 % PBST milk powder (PBS, 0.1 % 
Tween 20, pH 7.2). The membranes were then washed with PBST and 
the presence of antibodies was revealed using an enhanced chem-
iluminescence detection kit (Supersignal West Femto Maximum Sensi-
tivity Substrate, Thermo Fisher Scientific) and the Chemidoc XRS +
apparatus (Bio-Rad). The protein level was calculated with the Image 
Lab software (Bio-Rad). 

Real time quantitative-PCR (RT-qPCR) analysis 

The RNeasy Mini Kit (Qiagen, Courtaboeuf, France) made it possible 
to extract and purify the total mRNAs obtained from N2a cells after 48 h 
of treatment with fatty acids (ALA, EPA, DHA, or OA; 25 µM) without or 
with 7KC (50 μM). Total mRNA concentration was measured with 
TrayCell (Hellma, Paris, France) by spectrophotometry (UV-1800 spec-
trophotometer, Shimadzu, Kyoto, Japan) at an absorbance of 260 nm 
and calculated with UV Probe (Shimadzu software, Shimadzu France, 
Marne la Vallée, France). The absorbance ratio at 260 nm and 280 nm 
was used to control the purity of nucleic acids (ratios of 1.8 to 2.2 were 
considered satisfactory). Once the concentrations were calculated, 1 µg 
of total mRNA from each sample was converted to single-stranded cDNA 
using the iScript cDNA Synthesis Kit (BioRad, Marne la Coquette, 
France) using the following procedure: 5 min at 25 ◦C, 20 min at 46 ◦C, 
and 5 min at 95 ◦C. Amplification of cDNA was performed in the pres-
ence of Takyon TM Rox SYBR Master Mix dTTP Blue (Eurogentec, Liège, 
Belgium), and 300 nM mouse forward and reverse primers (Eurogentec). 

The primer sequences used were as follows:  

• Nrf2: Forward 5′-CAGCATGTTACGTGATGAGG-3′ and 

Reverse 5′-GCTCAGAAAAGGCTCCATCC-3′  

• NQO1: Forwards 5′-AGGATGGGAGGTACTCGAATC-3′ and 

Reverse 5′-AGGCGTCCTTCCTTATATGCTA-3′  

• HMOX-1: Forward 5′-CACAGCACTATGTAAAGCGTCT-3′ and 

Reverse 5′-GTAGCGGGTATATGCGTGGG-3′  

• GPx1: Forward 5′-CCACCGTGTATGCCTTCTCC-3′ and 

Reverse 5′-AGAGAGACGCGACATTCTCAAT-3′  

• Sod1: Forward 5′-AACCAGTTGTGTTGTCAGGAC-3′ and 

Reverse 5′-CCACCATGTTTCTTAGAGTGAGG-3′  

• Catalase: Forward 5′-CTCAGGACGATGAGGTTCTGCT– 3′and 

Reverse 5′-TGGCGAGACAA-TCCATCACTG-3′ 
Quantitative real-time polymerase chain reaction (PCR) products of 

reverse-transcribed cDNA samples were detected by StepOne Plus (Life 
Technologies/Thermo Fischer Scientific). The thermal cycler was set up 
as follows: activation of DNA polymerase at 95 ◦C for 10 min, followed 
by 40 cycles of amplification at 95 ◦C for 15 secondes, 60 ◦C for 30 
secondes and 72 ◦C for 30 secondes, with a check for the absence of non- 
specific products via analysis of the melting curve. Gene expression 
(mRNA level) was quantified using cycle-to-threshold (Ct) values and 
normalized by reference gene 36B4 (Forward 5′-GCGACCTGGAAGTC-
CAACTA-3′ and Reverse 5′-ATCTGCTTGGAGCCCACAT-3′). Specific 
amplification efficiencies were calculated with StepOne software (Life 
Technologies/Thermo Fischer Scientific). The quantitative expression 
(mRNA level) of the studied genes was determined as a control induction 
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factor. 

Statistical analysis 

Statistical analyses were performed using XLSTAT software (Micro-
soft). Data were expressed as mean ± standard deviation (SD); data were 
considered statistically different (Mann–Whitney test) at a p-value of 
0.05 or less. 

Results 

Effects of α-linolenic acid, eicosapentaenoic acid, docosahexaenoic acid, 
oleic acid and α-tocopherol on 7-ketocholesterol-induced cell death: 
evaluation by western blotting of apoptotic and autophagic criteria 

On N2a cells, our data show that 7KC (50 µM, 48 h) is an inducer of 
apoptosis and autophagy associated with oxidative stress. This set of 
processes has been defined as oxiapoptophagy (Nury et al., 2020). In the 
N2a neuroblastoma line, 7KC was used at 50 µM for 48 h (conditions 
defined above, (Yammine et al., 2020)). In these conditions, 7KC in-
duces apoptosis characterized by cleavage of caspase-3 (presence of a 

cleaved fragment at 17 kDa), caspase-9 (presence of a cleaved fragment 
at 37 kDa) and caspase-7 (presence of a cleaved fragment at 20 kDa) 
(Fig. 1). This activation of caspases is supported by a cleavage of the 
PARP protein (presence of a cleaved fragment at 89 kDa) (Fig. 1). 
Western blotting experiments also reveal the presence of a conversion of 
LC3-I (18 kDa) to LC3-II (16 kDa) assessed by the LC3-II/LC3-I ratio 
which highlight the induction of an autophagic process. When N2a cells 
were simultaneously treated with 7KC (50 μM) combined with ALA, 
EPA, DHA, OA (25 μM) or α-tocopherol (400 μM), used as a reference 
cytoprotective molecule, apoptosis was counteracted and autophagy 
was normalized: thus, levels of cleaved caspase-3,7,9, fragmented PARP, 
and LC3-II were strongly reduced compared with 7KC alone. In addition, 
the impact of 7KC on the peroxisome and mitochondria was also studied. 
In 7KC-treated cells, the oxiapoptophagic process induces a decrease of 
ABCD3 level, measured by flow cytometry, supporting a decrease of 
peroxisomal mass (Fig. 2A) associated with an increase of morphologi-
cally abnormal peroxisomes slightly stained with diaminobenzidine 
(DAB) (Fig. 2B). Similarly, under treatment with 7KC, morphologically 
abnormal mitochondria, with a decrease in mitochondrial cristae, were 
observed (Fig. 2B). These different changes were strongly attenuated in 
the presence of ALA, EPA, DHA, OA and α-tocopherol when these 

Fig. 2. Effects of α-linolenic acid, eicosapentaenoic acid, docosahexaenoic acid, oleic acid, and α-tocopherol on 7-ketocholesterol-induced mitochondrial 
and peroxisomal changes. N2a cells previously cultured for 24 h were further cultured for 48 h with or without 7-ketocholesterol (7KC, 50 µM) in the presence or 
absence of α-linolenic acid (ALA), eicosapentaenoic acid (EPA), docosahexaenoic acid (DHA), and oleic acid (OA) used at 25 µM or with α-tocopherol (α-toco: 400 
µM), used as a positive control for cytoprotection. A. Flow cytometric analysis of ABCD3 peroxisomal mass biomarker. B. Transmission electron microscopy showing 
mitochondria and peroxisomes with white and yellow arrows, respectively. The number of peroxisomes, materialized by a reduced ABCD3 level (percentage of cells 
with decreased abcd3 fluorescence) or detected by electron microscopy, is similar between control and fatty acids. In untreated N2a cells or fatty acid-treated cells, 
isolated peroxisomes were rarely detected in the cytoplasm. In 7-ketocholesterol-treated cells, more peroxisomes were detected in the cytoplasm and were present in 
clusters. Treatment with fatty acids reduced the presence of peroxisomes in the cytoplasm during treatment with 7KC. Significance of the differences between control 
(untreated cells), and vehicle (EtOH 0.5 %)-, ALA-, EPA-, DHA-, OA-, α-toco- or 7KC-treated cells; Mann–Whitney test: * p < 0.05 or less. Significance of the dif-
ferences between 7KC-treated cells and (7KC + (ALA, EPA, DHA, OA or α-toco))-treated cells; Mann–Whitney test: # p < 0.05 or less. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.) 
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compounds were associated with 7KC (Fig. 2B), and the effect of fatty 
acids was often stronger than that of α-tocopherol. In fact, for the study 
of peroxisomes, fatty acids can be classified as follows, from the one with 
the greatest effect to the one with the least: EPA > DHA > ALA > OA >
α-tocopherol. Comparatively to untreated cells (control) and vehicle 
(EtOH 0.5 %)-treated cells, no effects of ALA, EPA, DHA, OA and 

α-tocopherol were found on ABCD3 level as well as on peroxisomal and 
mitochondrial morphology (Fig. 2A-B). 

Altogether, our data show that ALA, EPA, DHA, and OA strongly 
attenuate 7KC-induced oxyapoptophagy, and have cytoprotective ac-
tivities. In addition, ALA, EPA, DHA, OA, and α-tocopherol also oppose 
7KC-induced peroxisomal and mitochondrial changes. It was therefore 

Fig. 3. Effects of α-linolenic acid, eicosapentaenoic acid, docosahexaenoic acid, oleic acid, and α-tocopherol on PI3-K / Akt signaling pathway in 7-keto-
cholesterol-treated cells. N2a cells previously cultured for 24 h were further cultured for 48 h with or without 7-ketocholesterol (7KC, 50 µM) in the presence or 
absence of α-linolenic acid (ALA), eicosapentaenoic acid (EPA), docosahexaenoic acid (DHA), oleic acid (OA) used at 25 µM or with α-tocopherol (α-toco: 400 µM), 
used as a positive control for cytoprotection. A. Representative western blots for analysis related to the PI3-K /Akt (PKB) signaling pathway are shown total PDK-1 
(PDK-1) and phosphorylated PDK-1 (P-PDK-1), and total Akt (Akt) and phosphorylated Akt (P-Akt) are shown. β-actin was used as the loading control. The intensities 
of the bands for each set were individually determined and are presented as the ratio over β-actin signal. B. Plasma membrane permeability was measured by flow 
cytometry after staining with propidium iodide (PI) which enters dead cells only. The role played by the PI3-K / Akt signaling pathway on 7KC-induced cell death was 
evaluated in the presence of LY-294002 which is a PI3-kinase inhibitor. C. Apoptosis was evaluated by Hoechst 33,342 staining which permits the identification of 
apoptotic cells characterized by condensed and/or fragmented nuclei. The role played by the PI3-K/Akt signaling pathway on 7KC-induced cell apoptosis was also 
evaluated in the presence of LY-294002. Significance of the differences between control (untreated cells), and vehicle (EtOH 0.5 %)-, ALA-, EPA-, DHA-, OA-, α-toco- 
or 7KC-treated cells; Mann–Whitney test: * p < 0.05 or less. Significance of the differences between 7KC-treated cells and (7KC + (ALA, EPA, DHA, OA or α-toco))- 
treated cells; Mann–Whitney test: # p < 0.05 or less. Significance of the differences between cells not treated with LY-294002 and LY-294002-treated cells; Mann– 
Whitney test: δ p < 0.05 or less. 
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important to determine which signaling pathways may be involved in 
7KC-induced cell death. 

Evaluation of the involvement of the pre-mitochondrial PI3-K / Akt 
signaling pathway in 7KC-induced cell death and of the effects of 
α-linolenic acid, eicosapentaenoic acid, docosahexaenoic acid, oleic acid 
and α-tocopherol 

The phosphoinositide 3-kinase (PI3-K) / Akt (PKB) pathway is an 
important second messenger system involved in both apoptosis and 
autophagy (Martelli et al., 2006; Sandoval). It was therefore important 
to determine the role played by the PI3-K / PDK-1 / Akt signaling 
pathway in 7KC-induced cell death and to determine the effects of ω3 
and ω9 fatty acids (ALA, EPA, DHA, OA) on the phosphorylation status 
of PDK-1 and Akt. When N2a cells were treated with 7KC (50 µM, 48 h), 
lower levels of the phosphorylated forms of PDK-1 and Akt were found, 

and these effects were reduced by ALA, EPA, DHA, OA, and α-tocopherol 
(Fig. 3A). Thus, in N2a cells treated with 7KC, the PI3-K / PDK-1 / Akt 
signaling pathway is inactivated. The phosphorylation of PDK1 and Akt 
was restored when N2a cells were simultaneously treated with 7KC in 
the presence of ALA, EPA, DHA, OA, and α-tocopherol (Fig. 3A). How-
ever, the ability of ALA, EPA, DHA, OA, and α-tocopherol to oppose 7KC- 
induced cell death (measured by staining with propidium iodide (PI) and 
by nuclei staining with Hoechst 33,342 allowing the identification of 
apoptotic cells) was inhibited when ω3 and ω9 fatty acids were com-
bined with LY-294002, an inhibitor of phosphoinositide 3-kinase (PI3- 
K). This result demonstrates that ALA, EPA, DHA, OA, and α-tocopherol 
positively regulate the activity of PI3-K, which plays a key role in the 
cytoprotective effect and control of 7KC-induced apoptosis (Fig. 3B-C). 

Fig. 4. Effects of α-linolenic acid, eicosapentaenoic acid, docosahexaenoic acid, oleic acid, and α-tocopherol on GSK-3/Mcl-1 signaling pathway in 7-keto-
cholesterol-treated cells. N2a cells previously cultured for 24 h were further cultured for 48 h with or without 7-ketocholesterol (7KC, 50 µM) in the presence or 
absence of docosahexaenoic acid (DHA), eicosapentaenoic acid (EPA), α-linolenic acid (ALA), oleic acid (OA) used at 25 µM or with α-tocopherol (α-toco: 400 µM), 
used as a positive control for cytoprotection. A. Representative western blots were presented; they show protein level of total GSK3β (GSK3β), phosphorylated GSK3β 
(P-GSK3β) and total Mcl-1 (Mcl-1). The ratio of P-GSK3β to GSK3β was calculated to determine the proportion of P-GSK3β protein and thus the activation of the 
pathway. β-actin was used as the loading control. The intensities of the bands for each set were individually determined and are presented as the ratio over β-actin 
signal. B. Transmembrane mitochondrial potential was measured by flow cytometry with the DiOC6(3) fluorescent probe, and the percentage of cells with depo-
larized mitochondria (DiOC6(3) negative cells) was determined. GSK3 inhibitor (SB216763) was used. Significance of the differences between control (untreated 
cells), and vehicle (EtOH 0.5 %)-, ALA-, EPA-, DHA-, OA-, α-toco- or 7KC-treated cells; Mann–Whitney test: * p < 0.05 or less. Significance of the differences between 
7KC-treated cells and (7KC + (ALA, EPA, DHA, OA or α-toco))-treated cells; Mann–Whitney test: # p < 0.05 or less. 
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Evaluation of the involvement of the pre-mitochondrial GSK3 / Mcl-1 
signaling pathway in 7KC-induced cell death and of the effects of 
α-linolenic acid, eicosapentaenoic acid, docosahexaenoic acid, oleic acid 
and α-tocopherol 

The GSK3 / Mcl-1 pathway was studied for the following reasons: a) 
GSK3β (glycogen Synthase Kinase 3β) activity depends on Akt activity 
(Manning and Toker, 2017); b) mitochondrial transmembrane potential 
(ΔΨm) is in part under the control of Mcl-1 (Myeloid cell leukemia-1), a 
member of Bcl-2 family; this one is involved in the control of ΔΨm 
(Letai, 2006; Wang et al., 2013). Furthermore, GSK3β is known to 
contribute in neurodegeneration at different levels (Duda et al., 2018). 
Treatment of N2a cells with 7KC (50 µM, 48 h) caused a decrease in 
GSK3β phosphorylation, which is known to contribute to the degrada-
tion of Mcl-1 (Fig. 4A). With ALA, EPA, DHA, OA, and α- tocopherol, the 
decrease of phosphorylated GSK3 (P-GSK3) and of Mcl-1 was counter-
acted (Fig. 4A). These data demonstrate the involvement and the 
importance of the cascade of the pre-mitochondrial events (Akt / GSK3 / 
Mcl-1) in 7KC-induced cell death and show a link between cytoplasmic 
membrane alterations and mitochondrial depolarization leading to cell 
death. However, in the presence of SB216763, a inhibitor of GSK3, no 
significant effects were observed on ΔΨm supporting a secondary role of 
the GSK3 in 7KC-induced mitochondrial depolarization and in the 
cytoprotective effects of ALA, EPA, DHA, OA, and α- tocopherol. 

Effects of α-linolenic acid, eicosapentaenoic acid, docosahexaenoic acid, 
oleic acid and α-tocopherol on 7-ketocholesterol-induced oxidative stress 

The changes observed at the level of the mitochondria and peroxi-
some, involved in the regulation of the RedOx equilibrium, led us to 
study the oxidative stress. Oxidative stress was assessed with MitoSOX- 
Red to detect mitochondrial production of superoxide anion (O2

●-) at the 
mitochondrial level, dihydroethidium (DHE) to assess the over-
production of ROS on whole cells, including superoxide anion ((O2

●-), 
and hydroxyl radical (OH●). We also determined 4-HNE, a major end 
product of lipid peroxidation which strongly reacts with certain amino 
acid residues to form numerous 4-HNE adducts and favors protein 
carbonylation (Grimsrud et al., 2008). On N2a cells, 7KC (50 µM, 48 h) 
induces oxidative stress with strong ROS overexpression: i) increased 
percentage of DHE-positive cells approximately 6-fold increase 
compared to untreated cells, ii) increased percentage of MitoSOX- 
positive cells approximately 6-fold increase compared to untreated 
cells, and iii) increased level of the lipid peroxidation biomarker 4-HNE, 
approximately 1.8-fold increase compared to untreated cells (Fig. 5). In 
the presence of ALA, EPA, DHA, OA, and α-tocopherol, 7KC-induced- 
oxidative stress was strongly attenuated: ROS overproduction at the 
mitochondrial level and on whole cells was significantly decreased as 
well as 4-HNE level (Fig. 5). Noteworthy, in the presence of a selective 
NAD(P)H oxidase inhibitor, diphenyleneiodonium (DPI), 7KC-induced 
ROS overproduction was inhibited at 40 % on whole cells (Fig. 5A). In 
the presence of DPI, the antioxidant activity of ALA, EPA and DHA on 
whole cells was also potentialized (Fig. 5A). 

Evaluation of the effect of 7KC with or without α-linolenic acid, 
eicosapentaenoic acid, docosahexaenoic acid, oleic acid and α-tocopherol 
on Nrf2 phosphorylation and level, and on the expression Nrf2 and 
antioxidant target genes (NQO1, HMOX-1) 

To prevent oxidative stress, cells have several defense mechanisms, 
one of them is the activation of the Nrf2 pathway, which regulates the 
expression of antioxidant genes, such as NAD(P)H: quinone oxidore-
ductase 1 (NQO1) and heme oxygenase 1 (HMOX-1) playing a crucial 
role in maintaining intracellular RedOx homeostasis (Song and Long, 
2020). As 7KC, on N2a cells, is a strong inducer of ROS overproduction 
leading to lipid peroxidation and cell death, we determined the effects of 
7KC and ω3 and ω9 fatty acids (ALA, EPA, DHA, OA) and α-tocopherol 

on Nrf2 phosphorylation status by western blotting and on Nrf2 
expression by RT-qPCR. As shown by western blot analysis and RT- 
qPCR, 7KC induced a decrease of Nrf2 phosphorylation (Fig. 6A) and 
expression (Fig. 6B). These effects are strongly and significantly atten-
uated by ALA, EPA, DHA, OA and α-tocopherol (Fig. 6A-B). In addition, 
these effects were associated with a decrease expression of NQO1 and 
HMOX-1, whose decrease was also counteracted by ALA, EPA, DHA, OA 
and α-tocopherol (Fig. 6B). In addition, to further investigate the 
involvement of PI3-K / Akt signaling pathway on the Nrf2 pathway, we 
used LY-294002, an inhibitor of phosphoinositide 3-kinases. Pretreat-
ment with LY-294002 significantly inhibited the expression of Nrf2, 
NQO1, and HMOX-1 when 7KC was in the presence of ALA, EPA, DHA, 
OA and α-tocopherol. Altogether, these data demonstrate that 7KC 
neutralize the antioxidant Nrf2 signaling pathway, and that this later is 
restored in the presence of ALA, EPA, DHA, OA and α-tocopherol. They 
also indicate that the PI3-K / Akt pathway plays an important role in the 
activation of Nrf2 and the induction of NQO1 and HMOX-1 by ALA, EPA, 
DHA, OA, and α-tocopherol in N2a cells. 

Role played by catalase, superoxide dismutase and glutathione peroxidase 
in 7-ketocholesterol-induced oxidative stress and effects of α-linolenic acid, 
eicosapentaenoic acid, docosahexaenoic acid, oleic acid and α-tocopherol 

To better characterize oxidative stress and the sites of action of EPA, 
ALA, DHA, OA, and α-tocopherol we focused on the antioxidant enzymes 
catalase, glutathione peroxidase (GPx) and superoxide dismutase (SOD), 
especially GPx1 and SOD1. In presence of 7KC, the overproduction of 
ROS was associated with a significant decrease of GPx and SOD activities 
whereas catalase activity was enhanced (Fig. 7A). In the presence of 
EPA, ALA, DHA, OA, and α-tocopherol, GPx and SOD activities were 
significantly enhanced, catalase activity was significantly reduced 
(Fig. 7A). By Western blotting, in the presence of 7KC, decreased levels 
of GPx1 and SOD1 were observed as well as increased levels of catalase; 
these effects were counteracted in the presence of EPA, ALA, DHA, OA, 
and α-tocopherol (Fig. 7B). In addition, with 7KC, by RT-qPCR, a 50 % 
decrease expression of GPx1 was found by RT-qPCR, whereas Sod1 and 
catalase expression were enhanced (Fig. 8). 7KC-induced Sod1 decrease 
expression was counteracted by EPA, ALA, DHA, OA, and α-tocopherol 
and these cytoprotective effects were inhibited in the presence of LY- 
294002, an inhibitor of PI3-K (Fig. 8). 7KC-induced increase of Sod1 
and catalase was significantly attenuated by EPA, ALA, DHA, OA, and 
α-tocopherol, and these effects were slightly more pronounced in the 
presence of LY-294002 (Fig. 8). In addition, the roles of catalase and GPx 
in ROS overproduction (evaluated by staining with DHE) and cell 
viability (evaluated by staining with PI), was determined with the use of 
enzymatic inhibitors: 3-aminotriazole (3-AT) for catalase; mercapto-
succinic acid (MSA) for GPx. 3-AT and MSA were used when N2A cells 
were treated with 7KC with and without ALA, EPA, DHA, OA and 
α-tocopherol. The results obtained showed a more important role of GPx 
than catalase in cytoprotection (Fig. 9). Thus, the data obtained show for 
the first time that restoration of GPx activity by ALA, EPA, DHA, OA and 
α-tocopherol is essential for the cytoprotective effect towards 7KC- 
induced ROS overproduction and cell death. 

Discussion 

Oxysterols are derived either from autoxidation or enzymatic 
oxidation of cholesterol, or both (Mutemberezi et al., 2016). Cholesterol 
autoxidation, associated with an excessive production of ROS is a 
common feature of several pathologies, especially age-related diseases 
including neurodegenerative diseases (Poli et al., 2013). Once produced 
or brought by a diet rich in processed foods, the major oxysterol formed 
by autoxidation (7KC) can in turn induce oxidative stress and cell death 
associated with apoptotic and autophagic criteria (Anderson et al., 
2020). This type of cell death, which is defined as oxiapoptophagy (Nury 
et al., 2020), may be accompanied by inflammation. However, less 

A. Yammine et al.                                                                                                                                                                                                                              



Current Research in Toxicology 6 (2024) 100153

11

Fig. 5. Effect of α-linolenic acid, eicosapentaenoic acid, docosahexaenoic acid, oleic acid and α-tocopherol on 7-ketocholesterol-induced reactive oxygen 
species (ROS) overproduction. N2a cells previously cultured for 24 h were further cultured for 48 h with or without 7-ketocholesterol (7KC, 50 µM) in the presence 
or absence of α-linolenic acid (ALA), eicosapentaenoic acid (EPA), docosahexaenoic acid (DHA), oleic acid (OA) used at 25 µM or with α-tocopherol (α-toco: 400 µM), 
used as a positive control for cytoprotection. ROS overproduction was measured by flow cytometry on whole cells after staining with dihydroethidine (DHE) (A), and 
at the mitochondrial level with MitoSox-Red (B). The incidence of ROS overproduction on lipid peroxidation was measured with 4-hydroxynonenal (4-HNE) (C). 
Diphenyleneiodonium (DPI), a NAD(P)H inhibitor, was used to evaluate the implication of NAD(P)H in 7KC-induced ROS overproduction. Significance of the dif-
ferences between control (untreated cells), and vehicle (EtOH 0.5 %)-, ALA-, EPA-, DHA-, OA-, α-toco- or 7KC-treated cells; Mann–Whitney test: * p < 0.05 or less. 
Significance of the differences between 7KC-treated cells and (7KC + (ALA, EPA, DHA, OA or α-toco))-treated cells; Mann–Whitney test: # p < 0.05 or less. Sig-
nificance of the differences between cells not treated with DPI and DPI-treated cells; Mann–Whitney test: δ p < 0.05 or less. (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of this article.) 
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frequently, 7KC can also induce non-oxiapoptophagic types of cell 
death, which are however always associated with oxidative stress (Vejux 
et al., 2020). Depending on the cell type considered, in pharmacological 
and therapeutic perspectives, it is therefore required to determine the 
type of cell death induced by 7KC and the associated signaling pathways. 
Since 7KC is found at increased levels in patients with age-related dis-
eases (cardiovascular, neurodegenerative, and ocular diseases, espe-
cially) (Zarrouk et al., 2014; Samadi et al., 2021); the involvement of 
this oxysterol in the pathophysiology of these frequent diseases, without 
efficient treatments, is widely suspected. Therefore, the identification of 
molecules preventing 7KC-induced cytotoxicity is an important chal-
lenge with therapeutic applications. As it is known that the Mediterra-
nean diet, rich in polyphenols as well as ω3 and ω9 fatty acids, is 
associated with a low incidence of age-related diseases and an increase 
of longevity (Giuffrè and Giuffrè, 2023); it was tempting to speculate 
that polyphenols, ω3 and ω9 fatty acids could prevent 7KC-induced 
cytotoxicity. It was previously reported that polyphenols (trans-resver-
atrol, quercetin and apigenin) present in high amount in the Mediter-
ranean diet were strong inhibitors of 7KC-induced-oxiapoptophagy 
(Yammine et al., 2020). So, we ask whether ALA, EPA, DHA, and OA, 
found at high amounts in several Mediterranean oils (Zarrouk et al., 
2019), such as olive and argan oils, and blue fishes could also have 
cytoprotective activities towards 7KC-induced oxiapoptophagy. Under 
treatment of murine neuronal N2a cells with 7KC, our data show an 
oxiapoptophagic mode of cell death, involving oxidative stress, 
apoptosis, and autophagy, which affects several pre-mitochondrial 
pathways (PI3-K / PDK-1 / Akt; GSK3 / Mcl-1), the Nrf2 status and 
the activity of several antioxidant enzymes. These different cytotoxic 
effects were strongly attenuated by ALA, EPA, DHA, OA and 

α-tocopherol, and the reactivation of PI3-K and glutathione peroxidase 
activities by these compounds was essential in cell rescue. 

Oxiapoptophagy is a type of cell death associated with oxidative 
stress, apoptosis, and autophagy (Nury et al., 2020). The notion of 
autophagy was reported in 2003 on human monocyte U937 cells 
cultured in the presence of 7KC or 7β-OHC (Monier et al., 2003). Since 
then, this type of death has been described in the presence of other 
oxysterols such as 25-hydroxycholesterol, 7α-25-dihydroxycholesterol, 
5,6-epoxycholesterol and 24(S)-hydroxycholesterol on different types of 
normal or tumor cells of several species (Seo et al., 2023; Seo et al., 
2023; Kim et al., 2022; Jaouadi et al., 2021; Nury et al., 2015) to better 
understand and treat diseases such as cardiovascular and neurodegen-
erative diseases, osteoporosis and hematologic malignancies. The pre-
sent study, performed on murine N2a neuronal cells, showed activation 
of caspases-3, − 7 and − 9 associated with PARP cleavage and an increase 
in the ratio [LC3-II / LC3-I] which are specific criteria of apoptosis and 
autophagy, respectively. Cell death by apoptosis was morphologically 
associated with nuclear condensation and/or fragmentation as well as 
with a drop in ΔΨm, and an increase in the permeability of the plasma 
membrane to propidium iodide, confirming the important impact of 7KC 
at the plasma membrane level (Lechner et al., 2022; Wnętrzak et al., 
2022). This plasma membrane alteration probably favors modifications 
of the PI3-K/PDK1/Akt pathway as previously reported on U937 cells 
(Vejux et al., 2009). The decrease in phosphorylated forms of PDK1 and 
Akt agrees with a decrease in activity of this pre-mitochondrial signaling 
pathway. As PI3-K / Akt represses GSK3, and contributes in its active 
form to several neurodegenerative processes (Kitagishi et al., 2014; Liu 
and Yao, 2016), the GSK3 / Mcl-1 pathway was also studied (Inuzuka 
et al., 2011). This showed a decrease in the phosphorylated form of 

Fig. 6. Effects of 7-ketocholesterol with or without α-linolenic acid, eicosapentaenoic acid, docosahexaenoic acid, oleic acid, and α-tocopherol on the Nrf- 
2 pathway. N2a cells previously cultured for 24 h were further cultured for 48 h with or without 7-ketocholesterol (7KC, 50 µM) in the presence or absence of 
α-linolenic acid (ALA), eicosapentaenoic acid (EPA), docosahexaenoic acid (DHA), and oleic acid (OA) used at 25 µM or with α-tocopherol (α-toco: 400 µM), used as a 
positive control for cytoprotection. A. Analysis by western blotting of total Nrf2 (Nrf2) and phosphorylated Nrf2 (P-Nrf2); β-actin was used as the loading control. B. 
Analysis of Nrf2, NQO1 and HMOX-1 expression by RT-qPCR; the role played by the PI3-K / Akt signaling pathway on Nrf2, NQO1 and HMOX-1 expression was also 
evaluated in the presence of LY-294002. Significance of the differences between control (untreated cells), and vehicle (EtOH 0.5 %)-, ALA-, EPA-, DHA-, OA-, α-toco- 
or 7KC-treated cells; Mann–Whitney test: * p < 0.05 or less. Significance of the differences between 7KC-treated cells and (7KC + (ALA, EPA, DHA, OA or α-toco))- 
treated cells; Mann–Whitney test: # p < 0.05 or less. Significance of the differences between N2a cells not treated with LY-294002, and LY-294002-treated cells; 
Mann– Whitney test: δ p < 0.05 or less. 
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Fig. 7. Effects of 7-ketocholesterol with or without α-linolenic acid, eicosapentaenoic acid, docosahexaenoic acid, oleic acid, and α-tocopherol on the 
activity of glutathione peroxidase, superoxide dismutase, and catalase and on the protein level of GPx1, SOD1 and catalase. N2a cells previously cultured 
for 24 h were further cultured for 48 h with or without 7-ketocholesterol (7KC, 50 µM) in the presence or absence of α-linolenic acid (ALA), eicosapentaenoic acid 
(EPA), docosahexaenoic acid (DHA), and oleic acid (OA) used at 25 µM or with α-tocopherol (α-toco: 400 µM), used as a positive control for cytoprotection. A: GPx1, 
SOD1 and catalase levels determined by Western blotting; β-actin was used as the loading control, B: Glutathione peroxidase (GPx), C: superoxide dismutase (SOD) 
and D: catalase activities; Significance of the differences between control (untreated cells), and vehicle (EtOH 0.5 %)-, ALA-, EPA-, DHA-, OA-, α-toco- or 7KC-treated 
cells; Mann–Whitney test: * p < 0.05 or less. Significance of the differences between 7KC-treated cells and (7KC + (ALA, EPA, DHA, OA or α-toco))-treated cells; 
Mann–Whitney test: # p < 0.05 or less. 
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GSK3 in contrast to the increase observed in murine 158 N oligoden-
drocytes in the presence of 7KC and 7β-OHC (Ragot et al., 2013; Ragot 
et al., 2011). On 158 N cells an increase in the phosphorylated form of 
GSK3β, but no GSK3α, was observed (Ragot et al., 2013; Ragot et al., 
2011). However, on 158 N and N2a cells, a decrease in the level of Mcl-1 
was highlighted. However, the phosphorylation state of Mcl-1, which 
depends on GSK3-β, conditions its degradation via the proteasome but 
also its interaction with the mitochondrial membrane to regulate ΔΨm 
(Ragot et al., 2013; Ragot et al., 2011). On N2a cells, as on 158 N cells, 
oxiaoptophagy would therefore act on the PI3-K/Akt and GSK3/Mcl-1 
pathways, two pathways between which connections exist. However, 
when 7KC is combined with SB216763, a GSK3 inhibitor, a small and 
non-significant decrease in the proportion of cells with depolarized 
mitochondria was observed, suggesting a non-determining role of the 
GSK3/Mcl-1 pathway in the ΔΨm drop. 

In addition, on N2a cells, 7KC-induced cell death was associated with 
oxidative stress with overproduction of ROS at the mitochondrial level 
but also on whole cells, which can lead to lipid peroxidation resulting in 
an increase in 4-HNE, a highly reactive aldehyde that can promote 
protein carbonylation (Grimsrud et al., 2008) and amplify the toxicity of 
7KC. It is important to emphasize that the overproduction of ROS was 
strongly attenuated by DPI, an inhibitor of NADP(H) oxidase as reported 
in human smooth muscle cells in the presence of 7KC (Pedruzzi et al., 
2004), which highlights that the involvement of NADP(H) oxidase could 
be a common feature of autophagy. However, it remains to be deter-
mined whether activated NADP(H) oxidase isoforms could vary from 
one cell type to another. Oxidative stress may also, at least in part, be the 
consequence of observed mitochondrial and peroxisomal alterations. 

As the Nrf2 pathway is often activated as a response to oxidative 
stress (Jomova et al., 2023), this pathway has been studied on 7KC- 
treated N2a cells. It is indeed well described that the Nrf2 pathway ac-
tivates the antioxidant response: when Nrf2 is phosphorylated, its 
translocation at the nuclear level activates the expression of certain 
antioxidant enzymes such as NQO1 and HMOX-1 (Yu and Xiao, 2021). 
However, under the effect of 7KC, a decrease in phosphorylated Nrf2 
was observed, which is consistent with a decrease in the expression of 
the antioxidant enzymes NQO1 and HMOX-1. Thus, on N2a cells, 7KC 
strongly represses the Nrf2 pathway by inhibiting the phosphorylation 
of this protein, and this repression was not amplified when 7KC was 
combined with LY-294002, a PI3-K inhibitor, suggesting a lack of rela-
tionship between PI3-K activity and Nrf-2 phosphorylation. 

Moreover, during the oxidative stress induced by 7KC, the effect on 
some important antioxidant enzymes was variable: the expression 
(mRNA level) of GPx1 was greatly decreased, that of Sod1 was slightly 
increased and that of catalase was greatly increased. These expressions 
were unchanged when the 7KC was associated with LY-294002. At the 
protein level, the amount of GPx1 and SOD1 were decreased and that of 
catalase increased. In terms of enzymatic activities, those of GPx and 
SOD were decreased while that of catalase was increased. For SOD, at 
the opposite of GPx and catalase, there is therefore no relationship be-
tween mRNA and protein levels and activity. Noteworthy, our data 
support that these enzymatic activities play a very important role in 
7KC-induced cell death. Indeed, when 7KC was combined with a cata-
lase inhibitor (3-AT: 3-amino-1,2,4-triazole) or a GPx inhibitor (MSA: 
mercaptosuccinic acid), the percentage of dead cells was increased as 
well as the percentage of ROS overproducing cells. These effects were 
more pronounced in the presence of MSA than with 3-AT, suggesting 

that the ability of 7KC to act on GPx is a key component in the induction 
of cell death and oxidative stress. 

As increased 7KC-level are frequently observed in body fluids and/or 
tissue of patients with age-related disease, the involvement of these 
oxysterols in the pathophysiology of these diseases is widely suspected 
(Ali et al., 2022). It is therefore important to identify strategies to 
inactivate 7KC (esterefication, sulfatation, degradation) (Ghzaiel et al., 
2022) and/or to prevent its cytotoxic activities with the use of synthetic 
or natural molecules, or of mixtures of molecules (Brahmi et al., 2019; 
Nury et al., 2021), bearing in mind that these two aspects may be closely 
related. As the Mediterranean diet, rich in polyphenols but also in 
omega-3 (ALA, EPA, DHA) and − 9 (OA) acids, is known to prevent age- 
related diseases and is associated with an increase in longevity (Singh 
et al., 2022), the cytoprotective effects of the fatty acids ALA, EPA, DHA 
and OA have been evaluated on N2a cells treated with 7KC. 

The results obtained were very significant and showed a cytopro-
tection of fatty acids as well as of α-tocopherol (used as a reference 
cytoprotective molecule) which oppose 7KC-induced oxiapoptophagy: 
apoptosis and autophagy are repressed, and oxidative stress was greatly 
reduced. Interestingly, in neuroprotection, DHA activates glutathione 
and thioredoxin antioxidant systems in murine hippocampal HT22 cells, 
including regulation of Gpx4 gene expression (Casañas-Sánchez et al., 
2014; Casañas-Sánchez et al., 2015). DHA and EPA have also been 
shown to protect Schwann cells from oxidative stress by inducing heme 
oxygenase-1 (Ho-1) and catalase via Nrf-2 (Tatsumi et al., 2019). The 
neuroprotective effect of DHA on glutamate-induced cytotoxicity in rat 
hippocampal cultures was associated with increased activities of the 
antioxidant enzymes glutathione peroxidase and glutathione reductase 
(Wang et al., 2003). Cytoprotective activities of DHA and OA as well as 
α-tocopherol, on 7KC-induced oxiapoptophagy, have been reported on 
human monocytic U937 cells, murine microglial BV-2 cells and rat oli-
godendrocytic 158 N cells, supporting that the cytoprotective effects of 
this nutrients do not depend on the cell types and species (Nury et al., 
2021). In the present study, ALA, EPA, DHA and OA as well as 
α-tocopherol, restore the PI3-K / PDK1 / Akt and GSK3 / Mcl-1 signaling 
pathways and strongly attenuate the degradation of Nrf2. However, 
when fatty acids were combined with SB216763, a GSK3 inhibitor, the 
cytoprotective effects were slightly reduced. On the other hand, when 
fatty acids (ALA, EPA, DHA, OA) and α-tocopherol were in the presence 
of LY-294002, which is a PI3-kinase inhibitor, the marked cytopro-
tective effects of these nutrients, against apoptosis (assessed by staining 
the nuclei with Hoechst 33342) and cell death (assessed with propidium 
iodide), were strongly and significantly reduced. Similarly, in the pres-
ence of LY-294002, the beneficial effects of fatty acids and α-tocopherol 
on the expression (mRNA level) of Nrf2, and two of its target genes 
(NQO1, HMOX-1) were also greatly reduced. In addition, LY-294002 
also reduced the beneficial effects of fatty acids and α-tocopherol on 
GPx1 level. The cytoprotective effects of ALA, EPA, DHA, OA and 
α-tocopherol on 7KC-induced cytotoxicity via the PI3-K / PDK1 / Akt 
signaling pathway is therefore crucial. These data also demonstrate that 
the prevention of oxiapoptophagy by ALA, EPA, DHA, OA and 
α-tocopherol requires an attenuation of oxidative stress, and that GPx1 is 
a key element in the cytoprotection. These results agree with those ob-
tained on U937 cells treated with 7KC (Lizard et al., 1998): in the 
presence of reduced glutathione as well as N-acetylcysteine (a precursor 
of glutathione), apoptosis was greatly reduced as well as oxidative stress 
(overproduction of ROS and lipid peroxidation). The importance of 

Fig. 8. Effects of 7-ketocholesterol with or without α-linolenic acid, eicosapentaenoic acid, docosahexaenoic acid, oleic acid, and α-tocopherol on the 
expression (mRNA level) of glutathione peroxidase, superoxide dismutase, and catalase. N2a cells previously cultured for 24 h were further cultured for 48 h 
with or without 7-ketocholesterol (7KC, 50 µM) in the presence or absence of α-linolenic acid (ALA), eicosapentaenoic acid (EPA), docosahexaenoic acid (DHA), and 
oleic acid (OA) used at 25 µM or with α-tocopherol (α-toco: 400 µM), used as a positive control for cytoprotection. The mRNA levels of GPx1, Sod1 and catalase were 
determined by RT-qPCR. LY-294002 was used as PI3-K inhibitor. Significance of the differences between control (untreated cells), and vehicle (EtOH 0.5 %)-, ALA-, 
EPA-, DHA-, OA-, α-toco- or 7KC-treated cells; Mann–Whitney test: * p < 0.05 or less. Significance of the differences between 7KC-treated cells and (7KC + (ALA, 
EPA, DHA, OA or α-toco))-treated cells; Mann–Whitney test: # p < 0.05 or less. Significance of the differences between N2a cells not treated with LY-294002, and LY- 
294002-treated cells; Mann– Whitney test: δ p < 0.05 or less. 
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Fig. 9. Evaluation of the importance of catalase and glutathione peroxidase in 7-ketocholesterol-induced reactive oxygen species overproduction and cell 
death, and on the cytoprotective effects of α-linolenic acid, eicosapentaenoic acid, docosahexaenoic acid, oleic acid and α-tocopherol. N2a cells previously 
cultured for 24 h were further cultured for 48 h with or without 7-ketocholesterol (7KC, 50 µM) in the presence or absence of α-linolenic acid (ALA), eicosapentaenoic 
acid (EPA), docosahexaenoic acid (DHA), and oleic acid (OA) used at 25 µM or with α-tocopherol (α-toco: 400 µM), used as a positive control for cytoprotection. The 
contribution of catalase and glutathione peroxidase in cell rescue (7KC-induced ROS overproduction and cell death) and on the cytoprotective effects of α-linolenic 
acid, eicosapentaenoic acid, docosahexaenoic acid, oleic acid and α-tocopherol were evaluated with the enzymatic inhibitors 3-aminotriazole (3-AT) for catalase; 
mercaptosuccinic acid (MSA) for GPx. Significance of the differences between control (untreated cells), and vehicle (EtOH 0.5 %)-, ALA-, EPA-, DHA-, OA-, α-toco- or 
7KC-treated cells; Mann–Whitney test: * p < 0.05 or less. Significance of the differences between 7KC-treated cells and (7KC + (ALA, EPA, DHA, OA or α-toco))- 
treated cells; Mann–Whitney test: # p < 0.05 or less. Significance of the differences between cells not treated with 3-AT and MSA and 3-AT or MSA-treated cells; 
Mann–Whitney test: δ p < 0.05 or less. 3-AT: 3-Amino-1, 2, 4-triazole (Catalase inhibitor). MSA: mercaptosuccinic acid (GPx inhibitor). 
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restoring glutathione peroxidase activity in the cytoprotective activities 
of fatty acids (ALA, EPA, DHA, OA) and α-tocopherol vis-à-vis 7KC was 
confirmed when these nutrients were combined with mercaptosuccinic 
acid (MSA), a GPx inhibitor: indeed, under these conditions, the cyto-
protection against oxidative stress and cell death was strongly reduced. 
Thus, restoring GPx activity is also an essential element for the cyto-
protection against 7KC-induced cytotoxicity. 

In conclusion, on neuronal murine N2a cells, 7KC induces a mode of 
cell death by oxiapoptophagy. This type of death is counteracted by fatty 
acids (ALA, EPA, DHA, OA) and α-tocopherol. These nutrients, which are 
very present in the Mediterranean diet, prevent mitochondrial and 
peroxisomal structural changes. The cytoprotection exerted by these 
structurally different nutrients requires a reactivation of the pre- 
mitochondrial pathway PI3-K / PDK-1 / Akt localized at the plasma 
membrane level as well as of GPx enzyme activity. These results confirm 
the interest of a nutritherapy based on the use of nutrients present in the 
Mediterranean diet. In the context of aging and age-related diseases, 
where increases in 7KC are often observed, acting on the PI3-K/PDK-1/ 
Akt pathway and on GPx could pave the way for new therapeutic ap-
proaches. Setting up a high screening outpout procedure targeting the 
PI3-K / PDK-1 / Akt pathway and the GPx enzyme activity (GPx1 ori-
ented) could open new perspectives in geriatric pharmacology. 
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2006. Intranuclear 3’-phosphoinositide metabolism and Akt signaling: new 
mechanisms for tumorigenesis and protection against apoptosis? Cell. Signal. 18, 
1101–1107. https://doi.org/10.1016/j.cellsig.2006.01.011. 

McComb, M., Browne, R.W., Bhattacharya, S., Bodziak, M.L., Jakimovski, D., Weinstock- 
Guttman, B., Kuhle, J., Zivadinov, R., Ramanathan, M., 2021. The cholesterol 
autoxidation products, 7-ketocholesterol and 7β-hydroxycholesterol are associated 
with serum neurofilaments in multiple sclerosis. Mult. Scler. Relat. Disord. 50, 
102864 https://doi.org/10.1016/j.msard.2021.102864. 

Milkovic, L., Zarkovic, N., Marusic, Z., Zarkovic, K., Jaganjac, M., 2023. The 4-hydrox-
ynonenal-protein adducts and their biological relevance: are some proteins preferred 
targets? Antioxidants (basel). 12, 856. https://doi.org/10.3390/antiox12040856. 

Monier, S., Samadi, M., Prunet, C., Denance, M., Laubriet, A., Athias, A., Berthier, A., 
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