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ARTICLE INFO ABSTRACT
Keywords: 7-ketocholesterol is a cytotoxic oxysterol which is frequently increased in many chronic inflammatory and age-
7-ketocholesterol related diseases. Thus, the inhibition of the toxicity of 7-ketocholesterol is a major challenge to treat these
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diseases. 158N oligodendrocytes were used to evaluate the cytoprotective effects of lipids: w-3 and w-9 fatty acids
(a-linolenic acid (C18:3n-3), eicosapentaenoic acid (C20:5n-3), docosahexaenoic acid (C22:6n-3), erucic acid
(C22:1n-9) and oleic acid (C18:1n-9)), Lorenzo’s oil (a mixture of oleic and erucic acid, 4:1) and sulfo-N-
succinimidyl oleate (SSO, a synthetic derivative of oleic acid). On 158N cells, the ability of these molecules to

Lorenzo’s oil inhibit 7KC-induced oxiapoptophagy (plasma membrane alteration, loss of A¥m, peroxisomal dysfunction,
Oxiapoptophagy reactive oxygen species overproduction, induction of apoptosis and autophagy) were determined. ARPE-19
Sulfo-N-succinimidyl oleate (SSO) epithelial retinal cells were also used to evaluate the cytoprotective effect of SSO on 7KC-induced cell death.
158N cells Unlike -3 and ©-9 fatty acids and Lorenzo’s oil, sulfo-N-succinimidyl oleate had no cytotoxic effects over a wide
ARPE-19 cells range of concentrations. Noteworthy, unlike fatty acids and Lorenzo’s oil, the cytoprotective effects of sulfo-N-

succinimidyl oleate on 7KC-induced oxiapoptophagy, a caspase-dependent mode of cell death on 158N cells,
were not associated with an accumulation of lipid droplets. In addition, on ARPE-19 cells, sulfo-N-succinimidyl
oleate prevented 7KC-induced oxidative stress and cell death. These different characteristics of SSO make it
possible to envisage its use for therapeutic purposes in diseases where 7-ketocholesterol levels are increased
without eventual secondary side effects due to lipid droplets formation.

Abbreviations: ALA, a-linolenic acid; AMD, age-related macular degeneration; Triol, cholestane-3p, 5a, 6p-triol; COX-2, cyclooxygenase-2; DHA, docosahexaenoic
acid; DHE, dihydroethidium; DiOCe(3), 3,3-dihexyloxacarbocyanine iodide; EA, erucic acid; DMF, dimethyl fumarate; EPA, eicosapentaenoic acid; EtOH, ethanol;
FAs, fatty acids; FDA, fluorescein diacetate; GC-MS, Gas chromatography — mass spectrometry; HMOX, Heme Oxygenase; IL-6, interleukin-6; MC540, merocyanine
540; MFI, Mean Fluorescence Intensity; A¥m, mitochondrial membrane potential; MMF, monomethylfumarate; NPD1, neuroprotectin D1; NOS2, nitric oxide
synthase 2; NRF2, Nuclear factor (erythroid-derived 2)-like 2; OA, oleic acid; ORO, Oil Red O; PMSF, phenylmethylsulfonyl fluoride; ROS, reactive oxygen species;
SD, standard deviation; SOD2, Mn-superoxide dismutase 2; SR101, sulforhodamine 101; SSO, sulfo-N-succinimidyl oleate; TNF-a, tumor necrosis factor-o; VLCFAs,
very long chain fatty acids; X-ALD, X-linked adrenoleukodystrophy; 7KC, 7-ketocholesterol; 24S-OHC, 24S-hydroxycholesterol; 7p-OHC, 7f-hydroxycholesterol.
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Introduction

Cholesterol provided by the diet or formed by endogenous synthesis
is one of the most abundant and physiologically important lipids in the
body (Bjorkhem and Meaney, 2004). Some cholesterol oxide de-
rivatives, called oxysterols, are downstream metabolites of cholesterol
oxidation (Mutemberezi et al., 2016). They can be divided into two
categories: primary and secondary oxysterols. The primary oxysterols,
synthesized directly from the cholesterol, are composed of side-chain
oxysterols and ring-modified oxysterols (Duc et al., 2019). The second-
ary oxysterols are generated from primary oxysterols. Oxysterols formed
either by auto-oxidation or enzymatically, or by both processes are
involved in several diseases associated with oxidative stress and rupture
of RedOx homeostasis, especially age-related diseases (cardiovascular
diseases, Alzheimer’s disease, osteoporosis, ocular diseases (age-related
macular degeneration (AMD), cataract)) but also some cancers (breast,
prostate), inflammatory bowel diseases and rare diseases (Niemann-
Pick’s disease, Smith Lemli Opitz syndrome, X-linked adrenoleukodys-
trophy (X-ALD)) (Mutemberezi et al., 2016; Zarrouk et al., 2014; Nury
etal., 2017; Testa et al., 2018; Samadi et al., 2021; Vigne and Pot, 2024).
Among the oxysterols formed by autoxidation implying reactions cata-
lyzed by metals, radiations or heat involving superoxide anion, hydroxyl
radical, peroxide, or superoxide, the most common is 7-ketocholesterol
(7KC) (Ghzaiel et al., 2022). Indeed, the 7 position on cholesterol is the
most reactive with oxygen and a carbonyl group the most stable form
(Anderson et al., 2020). Noteworthy, 7KC, which is also the most
frequent non-enzymatically produced oxysterol (Brown and Jessup,
1999); is found at increased level in the biological fluids and tissue le-
sions of patients with age-related diseases, some chronic inflammatory
diseases and rare diseases (Zarrouk et al., 2014; Testa et al., 2018; Brown
and Jessup, 1999; Brahmi et al., 2019; Vejux et al., 2020; Mahalakshmi
etal., 2021). To prevent and/or treat these diseases associated with high
7KC levels compared to healthy subjects, three strategies are currently
possible. This consists either i) in promoting the degradation of 7KC
(Ghosh et al., 2024); ii) in selectively removing 7KC from the cells
(Bhargava et al., 2023) or iii) in acting on the signaling pathways
involved in the cytotoxicity of this oxysterol (Nury et al., 2021) which
induces oxidative stress and inflammation that can lead to cell death
defined as oxiapoptophagy since it simultaneously triggers OXIdative
stress, APOPTOsis and autoPHAGY (Nury et al., 2021; Klionsky et al.,
2016; Nury et al., 2014). The alternative application of enzymes from
microbial sources to degrade 7KC (medical bioremediation) in vitro and
in vivo is an attractive approach developed since 2008 (Mathieu et al.,
2008; Schloendorn et al., 2009). In addition to conventional pharma-
cological strategies, medical bioremediation is based on the use of mi-
crobial enzymes to compensate for missing catabolic functions and is a
promising approach in order to overcome the insufficiency of 7KC
catabolism (Schloendorn et al., 2009). UDP-003 is a novel class of
cyclodextrin molecules for the encapsulation of toxic oxidized choles-
terol (oxysterols) which mitigates the harmful effects of 7KC in mouse
and human monocyte and macrophage cell lines (Oconnor and Clemens,
2022); interestingly, experimental evidence shows that administration
of UDP-003 selectively removes 7KC from the cells and can reverse the
foam cell phenotype (Bhargava et al., 2023). Pharmacological ap-
proaches consist in acting on 7KC-activated signaling pathways through
strategies based on the use of: i) natural molecules (nutrients: fatty acids,
polyphenols, tocopherols), oils (especially olive, argan and milk thistle
seed oils) or synthetic molecules (Nury et al., 2021; Rezig et al., 2022)
such as dimethylfumarate, also known as Tecfidera, employed in the
treatment of chronic and inflammatory diseases as remittent-recurrent
multiple sclerosis (Zarrouk et al., 2017; Bresciani et al., 2023), ii)
functionalized nanoparticles (Targeted ORganelle Nano-Therapy
(TORNtherapy)), or iii) chimeric molecules (Brahmi et al., 2019; Testa
et al., 2014). In vitro and in vivo, several models have been used for the
identification of natural and synthetic molecules as well as mixtures of
compounds (oils) to prevent 7KC-induced cytotoxicity (Vejux et al.,

Current Research in Biotechnology 7 (2024) 100195

2020). Currently, few molecules have been shown to be effective in vitro,
in preventing 7KC-induced oxiapoptophagy (Brahmi et al., 2019; Nury
et al., 2021; Yammine et al., 2020; Ghzaiel et al., 2024). These are
a-tocopherol, fatty acids (FAs) (oleic acid (OA; C18:1n-9), docosahexa-
enoic acid (DHA; C22:6n-3)) and dimethyl fumarate, an activator of the
Nrf2 pathway, as well as its major metabolite, monomethyl fumarate
(Brahmi et al., 2019; Nury et al., 2021; Yammine et al., 2020). Many
Mediterranean oils (argan oil, olive oil and milk thistle seed oil) have
also shown cytoprotective effects against 7KC (Zarrouk et al., 2019).
While the cytoprotective mechanism of a-tocopherol can be explained at
least in part by its ability to prevent the accumulation of 7KC in the lipid
rafts, thus opposing the activation of signals leading to cell death (Ragot
et al., 2013; Royer et al., 2009), there is little information on the cyto-
protection of fatty acids (FAs: OA, DHA) against 7KC (Debbabi et al.,
2017; Nury et al., 2015). It can be assumed that they could both
neutralize 7KC by esterification (Monier et al., 2003) and act by
reducing oxidative stress and mitochondrial dysfunction leading to cell
death (Brahmi et al., 2019). As OA and DHA, present in significant
amounts in the Mediterranean diet (Schwingshackl et al., 2020), are
often associated with dietary supplements and can be used in functional
foods, it is important to have more information on these molecules, as
well as on the precursors of DHA (o-linolenic acid (ALA/C18:3n-9) and
eicosapentaenoic acid (EPA/C20:5n-3)), by comparing their activities,
assessing their deleterious effects and specifying their mechanisms of
action. In addition, it remains important to identify new molecules or
mixture of molecules preventing 7KC-induced cytotoxic effects and
reversing the development of associated diseases. Sulfo-N-
hydroxysuccinimidyl ester of oleic acid (SSO), which has been
described to bind and inhibit CD36 (Coort et al., 2002), is an analogue of
OA: evaluating the cytoprotective effects of SSO comparatively to OA on
7KC-treated cells is consequently of interest. On neurons and BV-2 co-
cultures, as well as on neurons and primary microglia co-cultures, SSO
also significantly reduced the lipopolysaccharide/interferon-y-induced
production of nitric oxide, interleukin-6 (IL-6), tumor necrosis factor-a
(TNF-a), and the protein levels of inflammatory enzymes including nitric
oxide synthase 2 (NOS2), cyclooxygenase-2 (COX-2), and p38 mitogen-
activated protein kinase in microglia, without causing cell toxicity
(Dhungana et al., 2017). On isolated rat liver mitochondria, SSO mod-
ulates mitochondrial membrane potential (AYm) and mitochondrial
complex III activity (Drahota et al., 2010). Independently of its activities
on CD36, SSO could therefore act on other cellular targets. Furthermore,
as X-ALD is associated with elevated plasma levels of 7KC (Nury et al.,
2017), and since Lorenzo’s oil (composed of oleic acid (C18:1n-9) and
erucic acid (C22:1n-9) in a ratio of 4:1) is sometimes administered to
patients with X-ALD in an attempt to prevent neurodegeneration by
reducing levels of very long-chain fatty acids (VLCFAs), oxidative stress
and inflammation as well as demyelination (Prieto Tenreiro et al.,
2013), it was also considered as essential to determine the effect of
Lorenzo’s oil on 7KC-induced cytotoxicity.

In the present study, we evaluated and compared the cytoprotective
effects of unsaturated fatty acids (ALA, EPA, DHA, OA, EA) and SSO as
well as of Lorenzo’s oil (OA and EA in a ratio of 4:1) on 7KC-treated
158N cells which is a relevant model to identify natural or synthetic
molecules able to prevent 7KC-induced cytotoxicity and to determine
the relationship between oxidative stress, apoptosis and autophagy as
well as the part played by organelles (mitochondria, peroxisomes) in
these processes (Vejux et al., 2020). We also evaluated the cytopro-
tective effects of OA and its synthetic analog SSO on ARPE-19 human
epithelial retinal cell line since important 7KC deposits are present in
drusens which are abnormal deposits localized under the retina between
the Bruch’s membrane and the retinal pigment epithelium of the eye in
patients with age-related macular degeneration (AMD) (Rodriguez and
Larrayoz, 2010; Pariente et al., 2019; Zhang and Sivaprasad, 2021). The
effects of these compounds, SSO and Lorenzo’s oil, were compared with
those of a-tocopherol, the major component of Vitamin E, composed of a
mixture of four tocopherols and four tocotrienols (Rimbach et al., 2002),
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and which was used as reference cytoprotective molecule. Although all
compounds tested, excepted EA, attenuated the toxicity of 7KC, SSO had
the most interesting and promising profile for potential therapeutic
applications: our data show that it was not cytotoxic even at high con-
centrations and did not induced cytoplasmic accumulation of lipid
droplets. In addition, the ability of SSO to attenuate 7KC-induced
reactive oxygen species (ROS) overproduction and plasma membrane
alteration was accompanied by a restoration of cell signaling that con-
trols A¥m and prevents cell death.

Methods
Cell culture and treatments

Murine oligodendrocytes (158N) (Baarine et al., 2009) and human
ARPE-19 epithelial retinal cells (Dugas et al., 2010) were seeded at
30,000 cells/cm2 either in 100 mm diameter Petri dishes, 12 wells plates
or 96 wells plates. They were cultured in Dulbecco’s Modified Eagle
Medium (DMEM) (Lonza, Lonza, Amboise, France) containing 5 % (for
158N) or 10 % (for ARPE-19) (v/v) heat-inactivated fetal bovine serum
(Dutscher, Brumath, France) and 1 % antibiotics (penicillin, strepto-
mycin) (Pan Biotech Aidenbach, Germany). The incubation was per-
formed at 37 °C in a humidified atmosphere containing 5 % COs. For
subcultures, cells were trypsinized (0.05 % trypsin-0.02 % EDTA solu-
tion) and passaged twice a week. 7-ketocholesterol (7KC; Sigma-
Aldrich/Merck, St Quentin-Fallavier, France, ref C2394) stock solution
was prepared at 2 mM as previously described (Ragot et al., 2013). After
24 h of culture, 158N cells were incubated for 24 h with 7KC,
a-tocopherol (Sigma-Aldrich/Merck, ref T3251), a-linolenic acid (ALA;
Sigma-Aldrich/Merck, ref L2376), eicosapentaenoic acid (EPA; Enzo
Life Sciences, ref BML-FA001-0100), docosahexahenoic acid (DHA;
Sigma-Aldrich/Merck, ref D2534), oleic acid (OA; Sigma-Aldrich/
Merck, ref 01008), erucic acid (EA; Interchim, Montlugon, France: ref
DRE-C13203000), Lorenzo’s oil (OA + EA: ratio 4:1) or sulfo-N-
succinimidyl oleate (SSO; Interchim, ref 11211), or with 7KC associ-
ated with a-tocopherol, ALA, EPA, DHA, OA, EA, Lorenzo’s oil or SSO.
FAs stock solutions were prepared at 50 mM (ALA, DHA, OA, EA) or 200
mM (EPA) in absolute ethanol (Carlo-Erba, Val de Reuil, France) and
stored at —20 °C. SSO stock solution was prepared at 50 mM in dime-
thylsulfoxide (DMSO, Sigma-Aldrich/Merck). The activator of auto-
phagy (Rapamycin (Sigma-Aldrich/Merck; ref 37094)), the inhibitor of
autophagy (3-methyl adenine (Sigma-Aldrich/Merck; ref M9281)) and
the inhibitor of apoptosis (z-VAD-fmk, Bachem, Bubendorf, Switzerland;
ref 4026865) were prepared and used as previously described (Doria
et al., 2019; Sassi et al., 2019; Vejux et al., 2007).

Measurement of cell viability with the fluorescein diacetate (FDA) assay

The cell-permeant esterase substrate fluorescein diacetate (FDA)
assay (Invitrogen/Thermofisher Scientific, ref F1303) was used as a
viability probe (Namsi et al., 2018). At the end of the treatment, cells
were incubated in the dark with FDA (15 pg/mL in PBS, 5 min, 37 °C)
and rinsed with PBS. Cell fluorescence intensity (Ex: 485 nm/Em: 538
nm) was measured with a TECAN fluorescence microplate reader
(Sunrise spectrophotometer, TECAN, Lyon, France). The experiments
were realized in triplicate. The data were expressed as percentage of
control.

Quantification of adherent cells with the sulforhodamine 101 (SR101)
assay

Suforhodamine 101 (SR101; Sigma-Aldrich/Merck, ref S7635) assay
was used to evaluate the number of adherent cells by its ability to stain
the total cellular protein content (Namsi et al., 2019). At the end of
treatments, cells were fixed with ethanol 70 % for 20 min at 4 °C. After
two washes in PBS, cells were stained with a SR101 solution (1.5 pg/mL,
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30 min, 4 °C). Then, the cells were washed twice with PBS and the
fluorescence was measured with a fluorescent plate reader (Infinite
M200, TECAN) using Ex 535 nm/Em 610 nm. The experiments were
realized three times in triplicate, and the data were expressed as per-
centage of control.

Cell condition assessment with morphological criteria by phase contrast
microscopy

Cells were seeded in 12 well plates and treated with or without 7KC,
FAs, Lorenzo’s oil, SSO and a-tocopherol for 24 h. At the end of the
treatments, cells were observed under an inverted phase contrast mi-
croscope (Primovert Zeiss microscope, Jena, Germany) at a x20
magnification. Digitalized images were obtained with a Zeiss camera
(5MP HD IP).

Flow cytometric quantification of mitochondrial transmembrane potential
(A¥m) with DiOCe(3)

Modifications of A¥Ym were measured with 3,3-dihexylox-
acarbocyanine iodide (DiOCg(3)) (ThermoFischer Scientific, Courta-
boeuf, France). At the end of treatments, cells were trypsinized and
resuspended in PBS containing DiOCg(3) used at 40 nM. Cells were
incubated for 15 min at 37 °C in the dark. Cells were analyzed with a BD
Accuri C6 flow cytomer (Becton-Dickinson, La Jolla, CA, USA); the green
fluorescence was collected through a 520/10 nm band pass filter and
analyzed on a logarithmic scale: 10,000 cells were acquired. The per-
centage of DiOCg(3) negative cells was determined using the FlowJo
software (Tree Star Inc, Ashland, OR, USA).

Flow cytometric measurement of the loss of asymmetry and altered packing
of the plasma membrane with merocyanine 540

Merocyanine 540 (MC540) (Sigma-Aldrich/Merck) is a negatively
charged chromophore that binds to the outer leaflet of the cell mem-
brane; the loss of asymmetry and altered packing of the membrane
enhance MC540 fluorescence (Schlegel et al., 1993; Vejux et al., 2009).
MC540 was prepared in absolute ethanol at 2.5 mg/mL. At the end of
treatments, adherent and non-adherent cells were collected and resus-
pended in culture medium containing MC540 (2.5 ug/mL). Cells were
incubated (10 min, room temperature (RT)), and analyzed with a BD
Accuri C6 flow cytometer (Becton-Dickinson). The orange/red fluores-
cence was collected through a 590/20 nm band pass filter and analyzed
on a logarithmic scale: 10,000 cells were acquired. The percentage of
MC540 positive cells was determined using the FlowJo software (Tree
Star Inc).

Flow cytometric quantification of reactive oxygen species after staining
with dihydroethidium

The overproduction of reactive oxygen species (ROS) was detected
with dihydroethidium (DHE; Life Technologies, St. Aubin, France)
(Rothe and Valet, 1990; Baarine et al., 2012). DHE was prepared at 1.6
mM in DMSO and used at 2 uM in PBS. Cells were incubated (15 min,
RT), and analyzed with a BD Accuri C6 flow cytometer (Becton-Dick-
inson); the orange/red fluorescence was collected through a 590/20 nm
band pass filter and analyzed on a logarithmic scale: 10,000 cells were
acquired. The percentage of DHE positive cells were determined using
FlowJo software (Tree Star Inc).

Visualization of lipid droplets with oil red O (ORO): Observation with
brightfield microscopy

Lipid droplets are dynamic organelles and function as a storage depot
for neutral lipids, including triglycerides and cholesterol esters (Walther
and Farese, 2012). The presence of neutral lipids was investigated by
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staining with Oil Red O (ORO; Sigma-Aldrich/Merck). ORO is soluble in
neutral lipids and remains dissolved in triglycerides after washing. Thus,
at the end of treatments, 158N cells cultured in 6 well-plates were
washed with PBS and stained with ORO solution (three parts 0.5 % ORO
dye in isopropanol into two parts water) for 30 min and stored in the
dark at RT (Debbabi et al., 2017). The stained cells were washed three
times with water and three contiguous observation fields always taken
in the center of a 6-well plate were observed under an inverted phase
contrast microscope (Axiovert 40 CFL, Zeiss).

Visualization by fluorescence microscopy and quantification by flow
cytometry of lipid droplets stained with Bodipy 493/503

The presence of lipid droplets was also analyzed with the fluorescent
neutral lipid dye 4,4-difluoro-1,3,5,7,8-pentamethyl-4-bora-3a,4a-
diaza-s-indacene (Bodipy 493/503) (Sigma-Aldrich/Merck, ref
790389) which permits the observation of the lipid droplets by fluo-
rescence microscopy and their quantification by flow cytometry (Qiu
and Simon, 2016). For microscopical analysis, cells were seeded on glass
slides in 12 well plates. After 24 h of culture, cells were incubated with
7KC for 24 h without or with a-tocopherol, FAs, Lorenzo’s oil or SSO.
After treatments, cells were washed with PBS and stained with Bodipy
493/503 (2 uM; 15 min; 37 °C). After washing, cells were fixed with 4 %
paraformaldehyde (10 min at RT, in the dark) and washed again with
PBS. A counterstaining with Hoechst 33342 (2 pg/mL in PBS, 5 min at
RT, in the dark) was realized. The slides were mounted in fluorescent
mounting medium (Dako), stored in the dark at 4 °C, and examined
under a right fluorescence microscope (Axioskop, Zeiss). For flow
cytometry, cells were trypsinized and stained in the same conditions (no
counterstaining with Hoechst 33342 was realized). Cell suspensions
were analyzed with a BD Accuri C6 flow cytometer (Becton-Dickinson);
the green fluorescence was collected through a 520/10 nm band pass
filter and analyzed on a logarithmic scale: 10,000 cells were acquired.
The mean fluorescence intensities of Bodipy 493/503 samples were
determined using FlowJo software (Tree Star Inc).

Quantification of 7-ketocholesterol and fatty acids, including very long
chain fatty acids, by gas chromatography coupled with mass spectrometry

7KC and FAs were quantified on untreated and treated 158N cells as
previously described (Leoni et al., 2017). Cellular homogenates, pre-
pared from pellets of about 107 cells suspended in water (100 pL) and
sonicated for 10 min, were added to a screw capped vial sealed with a
Teflon septum together with structural homologous internal standards
(pentadecanoic 50 pg, heptadecanoic acid 100 ug, nonadecanoic acid 5
ug, heneicosanoic acid, 2.5 pg, tricosanoic acid 1 pg, epicoprostanol 50
ug), butylated hydroxytoluene and EDTA, and flushed with argon for 10
min to remove air. Alkaline hydrolysis was allowed to proceed at room
temperature (22 °C) with magnetic stirring for 60 min in the presence of
ethanolic 0.5 M potassium hydroxide solution. Sterols and oxysterols
were collected by liquid to liquid extraction with 5 mL of hexane. FAs
were collected after correction of pH (<3) with HCI by liquid to liquid
extraction with hexane and ethylacetate. The organic solvents were
evaporated under a gentle stream of argon and converted into trime-
thylsilyl ethers with bis(trimethylsilyl)trifluoroacetamide with 1 % tri-
methylchlorosilane (Pierce/ThermoFisher Scientific).

Gas chromatography — mass spectrometry (GC-MS) analysis was
performed on an Agilent 5973 Mass spectrometer connected to a GC
6890 Agilent equipped with an HP-5MS columns (30 m x 0.32 mm in-
ternal diameter (id) x 0.25 mm film; Agilent, USA) and injection was
performed in splitless mode using helium (1 mL/min) as carrier gas. The
temperature program was as follows: initial temperature 150 °C was
held for 1 min, followed by a linear ramp of 10 °C/min to 250 °C, 20 °C/
min to 300 °C and held for 5 min. The mass spectrometer operates in full
mass scan mode. Peak integration was performed manually, and me-
tabolites were recognized by retention time and fragmentation patterns
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and quantified from total-ion count against internal standards using
standard curves for the measured FAs, cholesterol and 7KC. Recovery
ranged between 94 % up to 100 % and precision ranged between 3 up to
7 %.

Quantification of gene expression by RT-qPCR

Total mRNA from 158N cells were extracted and purified using the
RNeasy Mini Kit (Qiagen, Courtaboeuf, France) and the total mRNA
concentration was measured with TrayCell (Hellma, Paris, France). The
purity of nucleic acids was controlled by the ratio of absorbance at 260
nm and 280 nm (ratios between 1.8-2.2). 1 ug of mRNA was used for
reverse transcription using the iScript cDNA Synthesis Kit (Bio-Rad,
Marne La Coquette, France) according to the following protocol: 5 min
at 25 °C, 20 min at 46 °C, 5 min at 95 °C. cDNA were generated using the
FG Power SYBR Green (ThermoFischer Scientific). PCR reactions were
realized on an Applied Biosystem Step One plus QPCR machine (Life
Science Technologies/ThermoFisher Scientific). The primer sequences
were the following:

e HMOX: forward 5- cacagcactatgtaaagcgtct —3' reverse 5-

gtagcgggtatatgegtggg —3'
e SOD2: forward 5- ggaagccatcaaacgtgact —3' reverse 5'- ctgatttgga-
caagcagcaa —3'
Catalase:  forward
teegetetetgtcaaagtgtg-3'
e 36B4: forward 5'-gcgacctggaagtccaacta —3' reverse 5'-atctgctiggagecca-
cat -3

reverse 5-

5-agcgaccagatgaagcagtg-3'

Thermal cycling conditions were as follows: activation of DNA po-
lymerase at 95 °C for 10 min, followed by 40 cycles of amplification at
95 °C for 15 s, 60 °C for 30 s, and 72 °C for 30 s, followed by a melting
curve analysis to test for the absence of non-specific products. Gene
expression was quantified using cycle threshold (Ct) values and
normalized by the 36B4 reference gene. The quantitative expression of
catalase was determined as fold induction of the control.

Protein analysis by SDS-page and Western blotting

Protein analysis was realized as previously described by poly-
acrylamide gel electrophoresis and Western blotting (Nury et al., 2015;
Nury et al., 2018; Ragot et al., 2011). Cells washed in PBS 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, Indianapolis, IN, USA) and phenylmethylsulfonyl
fluoride (PMSF; Sigma-Aldrich/Merck, 1 mM) for 30 min on ice. Cell
lysates were cleared by a 20 min centrifugation at 12,000 g. The protein
concentration in the supernatant was measured using the Bicinchoninic
Acid Assay kit (Sigma-Aldrich/Merck). Seventy micrograms of protein
were diluted in loading buffer (125 mM Tris- HCl, pH 6.8, 10 %
f-mercaptoethanol, 4.6 % SDS, 20 % glycerol, and 0.003 % bromo-
phenol blue), separated on a 8 % or 14 % SDS-PAGE gel depending of the
molecular weight of the proteins, and transferred onto a nitrocellulose
membrane (Bio-Rad, Marne La Coquette, France). After blocking
nonspecific binding sites for 1 h with 5 % milk powder in PBST (PBS, 0.1
% Tween 20, pH 7.2), the membrane was incubated overnight at 4 °C
with the primary antibody diluted in PBST + 5 % milk powder. The
antibodies raised against caspase-3 (rabbit polyclonal antibody; Ozyme/
Cell Signaling/Clinisciences, Nanterre, France; ref: 9662; detecting
endogenous levels of full length casapase-3 (35 kDa) and the large
fragment of caspase-3 resulting from cleavage (17 kDa)), and LC3
(rabbit polyclonal antibody; Sigma-Aldrich/Merck, ref L8918; detecting
LC3-I (18 kDa) and LC3-II (16 kDa)), Mcl-1 (monoclonal antibodys;
Abcam, Cambridge, UK: ref ab32087), Phospho-Mcl-1 (Ser159/Thr163)
(rabbit polyclonal antibody; Ozyme/Cell Signaling/Clinisciences; ref
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4579), Bad (rabbit polyclonal antibody; Ozyme/Cell Signaling/Clin-
isciences; ref 9292), PARP (rabbit monoclonal antibody; Ozyme/Cell
Signaling/Clinisciences; ref 9532; detecting endogenous levels of full
length PARP (110 kDa) and the fragment of PARP resulting from
cleavage (89 kDa)), NRF2 (rabbit polyclonal antibody; Tebu-Bio, Le
Perray-en-Yvelines, France: ref 0279-2), Phospho-NRF2 (ser40) (Rabbit
Monoclonal Antibody; ThermoFischer Scientific: ref 16335544) were
used at 1/1,000 final dilution. The antibody directed against p-actin
(mouse monoclonal antibody; Sigma-Aldrich/Merck, ref A2228) was
used at a final concentration of 1/10,000. The membrane was then
washed with PBST and incubated for 1 h at RT with horseradish
peroxidase-conjugated goat anti-rabbit (Cell Signaling/Clinisciences, ref
7074) or anti-mouse antibody (Santa-Cruz Biotechnology, Santa Cruz,
CA, USA: ref sc-2005) diluted at 1/5,000. The membrane was washed
with PBST and revealed using an enhanced chemiluminescence detec-
tion kit (Supersignal West Femto Maximum Sensitivity Substrate,
ThermoFisher Scientific) and Chemidoc XRS+ (Bio-Rad). The level of
bands intensity was measured with Image Lab software (Bio-Rad).

Wound healing/cell migration assay

ARPE-19 cells were seeded in 12 well plates to obtain a confluent cell
monolayer after 24 h of culture. Cell monolayers were scratched with a
p1000 pipette tip to induce a wound, and images were taken on an
inverted phase contrast microscope (Primovert Zeiss microscope) at x10
magnification. Digitalized images were obtained with a Zeiss camera
(5MP HD IP) to measure the wound size. Cells were then treated with
7KC (100 pM) with or without OA (100 uM), SSO (50 pM), and
a-tocopherol (400 pM). 24 h later, a new image was taken, and the
wound size was also measured. The cell migration was evaluated by the
distance of cell migration in each condition. The experiments were
realized three times in triplicate, and the data were expressed as fold
induction comparing to untreated cells.

Statistical analysis

The experimental data represent the mean + standard deviation
(SD). Statistical analyses were performed using XLStat software. The
Mann-Whitney U test was used to compare the different groups, and data
were considered statistically different at a P value of 0.05 or less.

Results

Comparative study of the effects of a-linolenic acid (ALA), eico-
sapentaenoic acid (EPA), docosahexaenoic acid (DHA), oleic acid
(OA), erucic acid (EA), Lorenzo’s oil (OA + EA; 4:1) and sulfo-N-
succinimidyl oleate (SSO) on cell growth and viability of 158N
oligodendrocytes.

On 158N cells, FAs (ALA, EPA, DHA, OA, EA) and SSO were used
alone in a concentration range from 25 to 200 uM for a 24 h treatment.
Lorenzo’s oil was used at different concentrations of EA and OA (OA not
exceeding 200 uM). a-tocopherol was used from 100 to 400 uM (Ragot
et al., 2013). With the FDA and SR101 assays, no cytotoxic effect of
a-tocopherol was observed and with SSO, a slight decrease on cell
growth was found at 200 uM with the SR101 assay (Fig. 1). More or less
marked cytotoxic effects were observed with FAs and Lorenzo’s oil.
Thus, as early as 100 pM, ALA, EPA and DHA showed cytotoxic effects
with FDA and SR101 assays (Fig. 1). OA shows pronounced toxicity only
at 200 uM with the FDA assay (Fig. 1). EA only shows slight cytotoxic
effects at 200 uM (Fig. 1). With Lorenzo’s oil, pronounced effects on the
inhibition of cell growth measured by the SR101 assay were detected as
early as the [AO (100 uM)/EA (25 uM)] concentrations (Fig. 1). To
subsequently evaluate the eventual cytoprotective effects of these FAs
on 7KC-induced oxidative stress, mitochondrial and peroxisomal dys-
functions and cell death (apoptosis, autophagy), the highest non cyto-
toxic concentrations were selected: ALA (50 uM); EPA (50 uM); DHA (50
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uM); OA (100 pM); EA (25 puM); SSO (50 uM). Consequently, the Lor-
enzo’s oil ratio chosen was (OA: 100 uM/EA: 25 uM; ratio 4:1).

Evaluation with the FDA and SR101 assays of the cytoprotective
effects of a-linolenic acid, eicosapentaenoic acid, docosahexaenoic
acid, oleic acid, erucic acid, Lorenzo’s oil and sulfo-N-succinimidyl
oleate (SSO) on 7-ketocholesterol-treated 158N and ARPE-19 cells.

On 158N oligodendrocytes, the effects of ALA (50 uM), EPA (50 uM),
DHA (50 uM), OA (100 uM), EA (25 uM), SSO (50 uM) and Lorenzo’s oil
(OA: 100 uM/EA: 25 uM) as well as a-tocopherol (400 uM) associated or
not with 7KC (50 uM) were evaluated with the FDA and SR101 assays
after 24 h of treatment (Fig. 2A and B). The concentrations of 7KC used
on 158N cells was 50 uM; this concentration was chosen because it in-
hibits cell viability (FDA assay) and cell growth (SR101 assay) in a range
of 30-50 % which was confirmed by observations realized by phase
contrast microscopy (Fig. 2; Supplementary Fig. 1). On 158N cells, no
cytoprotection was found with EA; however, cytoprotective effects in
the same range or higher than those observed with a-tocopherol were
detected with ALA, EPA, DHA, OA, SSO and Lorenzo’s oil (Fig. 2A and B;
supplementary Fig. 1). The results obtained with the FDA and SR101
assays were in agreement with the observations realized by phase
contrast microscopy: the cytotoxic effects of 7KC characterized by a
decrease in the number of adherent cells and by an increase in the
number of dead cells (round cells floating in the culture medium) were
strongly attenuated by ALA, EPA, DHA, OA, SSO, Lorenzo’s oil and
a-tocopherol whereas no cytoprotection was observed with EA (Sup-
plementary Fig. 1).

On ARPE-19 retinal epithelial cells, the effects of OA (100 uM), SSO
(50 uM) and the combination (OA + a-tocopherol) were evaluated with
the FDA and SR101 assays after 24 h (Fig. 2C and D). The concentrations
of 7KC used on ARPE-19 cells was 100 uM; this concentration was
chosen because it inhibits cell viability (FDA assay) and cell growth
(SR101 assay) in a range of 30-50 % (Fig. 2). On ARPE-19 cells, sig-
nificant cytoprotective effects were observed both with OA, SSO,
a-tocopherol and (a-tocopherol + SSO). The combination (a-tocopherol
+ SSO) was higher than SSO but similar than a-tocopherol alone (Fig. 2).
In addition, the ability of 7KC-induced cell death to impair the capacity
of the cells to recolonize a lesion was evaluated on ARPE-19. To this end,
a wound healing/recolonization assay was realized on ARPE-19 cells
treated with OA (100 uM), SSO (50 uM) and a-tocopherol (400 pM)
associated or not with 7KC (100 uM). The data obtained showed that
7KC strongly impair the recolonization capacity of ARPE-19 cells
(Fig. 3). This cytotoxic effect of 7KC was reduced by OA, SSO,
a-tocopherol and (a-tocopherol + SSO), this later being the most effec-
tive (Fig. 3).

Cytoprotective effects of SSO were thus observed both on 158N and
ARPE-19 cells. These data show that the cytoprotection with SSO does
not depend on neither of the cell specie (murine, human) nor of the cell
type (nervous, epithelial) considered. This led us to determine whether,
the cytoprotection with SSO was also efficient on other cytotoxic oxy-
sterols. On 158N cells, the cytoprotective effects obtained with SSO (50
uM) as well as OA (100 pM) were not limited to 7KC. Indeed, SSO and
OA attenuated cell death induced by 24S-hydroxycholesterol (24S-OHC;
30 uM) and cholestane-3p, 5a, 6f-triol (Triol; 12.5 uM). However, SSO
and OA did not protect against 7p-hydroxycholesterol (7p-OHC; 30 uM)-
induced cell death (Supplementary Fig. 2).

Prevention of 7-ketocholesterol-induced mitochondrial and perox-
isomal dysfunction by a-linolenic acid, eicosapentaenoic acid, doco-
sahexaenoic acid, oleic acid, Lorenzo’s oil and sulfo-N-succinimidyl
oleate on 158N and ARPE-19 cells.

In the presence of 7KC (50 uM on 158N cells; 100 uM on ARPE-19
cells) after 24 h of treatment, a drop of mitochondrial transmembrane
potential (A¥m) was revealed with DiOCg(3) (Fig. 4A and B). On 158N
cells, the drop of AYm (characterized by an increased percentage of cells
with depolarized mitochondria; DiOCg(3) negative cells) was counter-
acted by ALA, EPA, DHA, OA, Lorenzo’s oil and SSO but not by EA
(Fig. 4A). On ARPE-19 cells, the drop of AYm induced by 7KC was also
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Fig. 1. Evaluation of the cytotoxicity a-linolenic acid, eicosapentaenoic acid, docosahexaenoic acid, oleic acid, erucic acid, Lorenzo’s oil and sulfo-N-
succinimidyl oleate with the fluorescein diacetate and sulforhodamine 101 assays. 158N cells previously cultured for 24 h were further incubated with
FAs (a-linolenic acid (ALA), eicosapentaenoic acid (EPA), docosahexaenoic acid (DHA), oleic acid (OA), erucic acid (EA)), sulfo-N-succinimidyl oleate (SSO), and
Lorenzo’s oils (OA + EA; 4:1) as well as a-tocopherol (reference cytoprotective molecule) used alone for a 24 h additional period. At the end of the treatment, the
cytotoxicity was evaluated with the FDA and SR101 assays. Data are expressed as mean =+ standard deviation (SD) of three independent experiments performed in
triplicate. Significance of the differences between control (untreated cells) and EtOH (0.6 %), ALA, EPA, DHA, OA, EA, SSO and Lorenzo’s oil-treated cells; Mann
Whitney test: * P < 0.05. No significant differences were observed between control (untreated cells) and vehicle control (Ethanol (EtOH) 0.6 %).
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Fig. 2. Evaluation with the fluorescein diacetate and sulforhodamine 101 assays on 158N and ARPE-19 cells of the cytoprotective effects of a-linolenic
acid, eicosapentaenoic acid, docosahexaenoic acid, oleic acid, erucic acid, sulfo-N-succinimidyl oleate and Lorenzo’s oil on 7-ketocholesterol induced-
cytotoxicity. 158N and ARPE-19 cells previously cultured for 24 h were further incubated for a 24 h additional period with 7-ketocholesterol, FAs (a-linolenic acid
(ALA), eicosapentaenoic acid (EPA), docosahexaenoic acid (DHA), oleic acid (OA), erucic acid (EA)), sulfo-N-succinimidyl oleate (SSO), or Lorenzo’s oils (OA + EA;
4:1) as well as a-tocopherol (reference cytoprotective molecule) and with 7KC associated with ALA, EPA, DHA, OA, EA, SSO, Lorenzo’s oil or a-tocopherol. At the end
of the treatment, the cytotoxicity of 7KC and the cytoprotective effects of ALA, EPA, DHA, OA, EA, SSO, Lorenzo’s oil and a-tocopherol were evaluated with the
fluorescein diacetate (FDA) and sulforhodamine 101 (SR101) assays. Data are expressed as mean + standard deviation (SD) of three independent experiments
performed in triplicate. Significance of the differences between control (untreated cells) and EtOH (0.6 %), ALA, EPA, DHA, OA, EA, SSO, Lorenzo’s oil, a-tocopherol,
7KC, and (7KC + (ALA, EPA, DHA, OA, EA, SSO, Lorenzo’s oil, or a-tocopherol))-treated cells; Mann Whitney test: * P < 0.05. Significance of the differences between
7KC-treated cells and (7KC + (ALA, EPA, DHA, OA, EA, SSO, Lorenzo’s oil or a-tocopherol)-treated cells; Mann Whitney test: # P < 0.05; Significance of the dif-
ferences between (7KC + (a-tocopherol + SSO)) and (7KC + a-tocopherol) or (7KC + SSO) t P < 0.05. No significant differences were observed between control

(untreated cells) and vehicle control (Ethanol (EtOH) 0.6 %).

attenuated in the presence of OA, SSO, a-tocopherol and (a-tocopherol
+ SSO) (Fig. 4B). The combination (a-tocopherol + SSO) has a slight
better efficiency than SSO and a-tocopherol used alone; the combination
(a-tocopherol + SSO) was more efficient than SSO and a-tocopherol
alone (Fig. 4B).

Peroxisomal dysfunctions were also evaluated on 158N cells
(Fig. 4C). As very long chain fatty acids (VLCFAs: C24:0, C24:1, C26:0
and C26:1) are degraded in the peroxisome by p-oxidation (Wanders and
Waterham, 2006), the intracellular levels of VLCFAs were measured: an
intracellular accumulation of VLCFAs (C24:0, C24:1, C26:0 and C26:1)
was observed (Fig. 4C). When ALA, EPA, DHA, OA, SSO, Lorenzo’s oil
and a-tocopherol were associated with 7KC, they strongly reduced the
increase in VLCFAs (Fig. 4C). This supports that these compounds
attenuate peroxisomal dysfunctions and re-establish peroxisomal
B-oxidation. No benefit was observed with EA (Fig. 4C).

Evaluation of the effects of a-linolenic acid, eicosapentaenoic acid,
docosahexaenoic acid, oleic acid, erucic acid, Lorenzo’s oil and
sulpho-N-succinimidyl oleate on 7-ketocholesterol-induced plasma
membrane lipid disorganization.

On 158N cells, the cytoprotective effects of unsaturated fatty acids
(ALA (50 puM), EPA (50 pM), DHA (50 puM), OA (100 uM), EA (25 uM),
SSO (50 uM)), Lorenzo’s oil (OA: 100 uM/EA: 25 pM) and SSO (50 pM)
as well as o-tocopherol (400 uM), used as positive cytoprotective

control, were evaluated on 7KC-treated cells after staining with MC540
which provides information on lipid membrane organization (Vejux
et al., 2009) (Fig. 5 A). In addition, cholesterol, which is also a major
component of plasma membrane, was quantified (Cooper, 1978)
(Fig. 5B). Comparatively to untreated cells and vehicle (EtOH (0.6
%))-treated cells, no effect on plasma membrane organization measured
with MC540 and cholesterol content was detected with ALA, EPA, DHA,
OA, EA, SSO, Lorenzo’s oil and a-tocopherol (Fig. 5A and B). However,
in the presence of 7KC, the lipid organization of the plasma membrane
was strongly disturbed: the percentage of MC540 positive cells (cells
strongly stained by MC540) was increased (Fig. 5A) and the total
cholesterol level per cell was decreased (Fig. 5B). The plasma membrane
lipid disorders induced by 7KC were strongly attenuated with ALA, EPA,
DHA, OA, SSO and Lorenzo’s oil as well as with a-tocopherol whereas EA
was inefficient (Fig. 5A). The decrease of cholesterol level induced by
7KC was normalized with EPA and OA and was not significantly atten-
uated by ALA, DHA, EA and Lorenzo’s oil. No benefit of SSO was found
(Fig. 5B).

Prevention of 7-ketocholesterol-induced oxidative stress by
a-linolenic acid, eicosapentaenoic acid, docosahexaenoic acid, oleic
acid, Lorenzo’s oil and sulfo-N-succinimidyl oleate.

7KC-induced ROS overproduction was previously reported on 158N
and ARPE-19 cells (Dugas et al., 2010; Nury et al., 2018). It was
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Fig. 3. Stimulation of wound healing by sulfo-N-succinimidyl oleate and oleic acid. The ability of sulfo-N-succinimidyl oleate (SSO), oleic acid (OA),
a-tocopherol and (a-tocopherol + SSO) to favor wound healing was determined on 7KC-treated ARPE-19 cells. ARPE-19 cell monolayer was scratched with a p1000
pipette tip to induce a wound, and the cells were further incubated for a 24 h period with 7-ketocholesterol (7KC; 50 uM) with or without SSO (50 uM), OA (100 pM),
a-tocopherol (400 uM) (used as positive cytoprotective reference) and (a-tocopherol + SSO). Significance of the differences between control (untreated cells), EtOH
(0.6 %), a-tocopherol, OA, SSO, 7KC, or (7KC + a-tocopherol, OA, SSO, or (a-tocopherol + SSO)); Mann Whitney test: * P < 0.05. Significance of the differences
between 7KC-treated cells and (7KC + (a-tocopherol, OA, SSO, or (a-tocopherol + SSO))-treated cells; Mann Whitney test: # P < 0.05; No significant differences were
observed between control (untreated cells) and vehicle control (Ethanol (EtOH) 0.6 %).

therefore of interest to precise the effects of unsaturated fatty acids (ALA
(50 uM), EPA (50 uM), DHA (50 uM), OA (100 pM), EA (25 uM)), SSO
(50 uM) and Lorenzo’s oil (EA: 25 uM/OA: 100 puM) as well as
a-tocopherol (400 uM), used as positive control, on 7KC-induced
oxidative stress (Fig. 6). On 7KC-treated 158N and ARPE-19 cells, a
strong increase of the percentage of cells overproducing ROS (% DHE
positive cells) was observed (Fig. 6A and B). ROS overproduction was
strongly reduced by ALA, EPA, DHA, OA, Lorenzo’s oil and SSO but not
by EA on 158N cells (Fig. 6A). On ARPE-19 cells, ROS overproduction
was also strongly reduced by OA, SSO, a-tocopherol and (a-tocopherol
+ SSO). The efficiency of (a-tocopherol + SSO) was like a-tocopherol
and SSO used alone (Fig. 6B).

Nuclear factor (erythroid-derived 2)-like 2 (NRF2) is a transcription
factor (T. Suzuki, J. Takahashi, M. Yamamoto, Molecular Basis of the
KEAP1-NRF2 Signaling Pathway, Mol Cells 46, 2023). Under some
oxidative stress conditions, NRF2, initially localized in the cytoplasm,
can be phosphorylated on serine 40; this activated phosphorylated form
translocates in the nuclei to increase the transcription of genes involved
in oxidative stress response: Heme Oxygenase (HMOX), Mn-superoxide
dismutase 2 (SOD2), and catalase (Francisqueti-Ferron et al., 2019;
Reichard et al., 2007). On 158N cells, the (P-NRF2 (ser40)/NRF2) ratio,
indicating an activation of the transcription factor was increased around
10 times in the presence of 7KC (Fig. 6C and D). OA, SSO and
a-tocopherol normalized this activation (Fig. 6C and D). On 158N cells,
in agreement, with the activation of NRF2, the use of RT-qPCR revealed
an increased level of the mRNA levels of catalase, HMOX, SOD2 and
catalase in the presence of 7KC (Fig. 6E — G). These effects were strongly
attenuated when 7KC was associated with ALA, EPA, DHA, OA, SSO,
Lorenzo’s oil and a-tocopherol whereas EA was inefficient (Fig. 6E — G).

Incidence of a-linolenic acid, eicosapentaenoic acid, docosahexa-
enoic acid, oleic acid, erucic acid, Lorenzo’s oil and sulpho-N-
succinimidyl oleate without or with 7-ketocholesterol-on lipid drop-
lets accumulation and on the intracellular accumulation of 7-
ketocholesterol.

On 158N and ARPE-19 cells, the use of unsaturated FAs (ALA, EPA,
DHA, EA and OA) and SSO as well as of Lorenzo’s oil led us to specify the
incidence of these compounds on the formation of lipid droplets. On
158N cells, lipid droplet formation was evaluated and quantified with
Oil Red O (ORO; brightfield microscopy), and with Bodipy 493/503
(fluorescence microscopy; flow cytometry). ORO and Bodipy 493/503
stain in visible red and green fluorescence the neutral lipids present in
lipid droplets, respectively. Different effects were observed on intra-
cellular lipid droplets accumulation with the different unsaturated FAs
(ALA, EPA, DHA, EA and OA), Lorenzo’s oil, SSO and a-tocopherol. On
158N cells stained with ORO, a more or less pronounced accumulation
of lipid droplets (red dots) was observed with ALA, EPA, DHA, OA and
Lorenzo’s oil; the highest quantities of lipid droplets per cell were
observed with OA and Lorenzo’s oil whereas only few cells with lipid
droplets were observed in the presence of a-tocopherol, EA and SSO
(Supplementary Fig. 3). Using brightfield microscopy, as ORO staining
does not permit an accurate quantification of lipid droplets per cell, the
lipid droplets were stained with Bodipy 493/503, and flow cytometric
analyses were further realized (Fig. 7A and B). On 158N, by fluorescence
microscopy, the visualization of lipid droplets with Bodipy 493/503
leads to similar conclusions that with ORO: lipid droplets (green fluo-
rescent dots) were observed with ALA, EPA, DHA, OA and Lorenzo’s oil;
the highest quantities per cell were observed with OA and Lorenzo’s oil
whereas only few cells with lipid droplets were observed with
a-tocopherol, EA and SSO (Fig. 7A and B). With 7KC, few lipid droplets
were detected with ORO (Supplementary Fig. 3) and Bodipy 493/503
(Fig. 7B). On 158N cells, the data obtained by fluorescence microscopy
agreed with flow cytometric analyses: a significant increase of the ratio
[Mean Fluorescence Intensity (MFI) assay/MFI control] was only
observed with OA and Lorenzo’s oil. With 7KC, a slight but not signifi-
cant increase of the MFI ratio was found; no significant differences were
identified between control, vehicle-treated cells and 7KC-treated cells.
When 7KC was associated with ALA, EPA, and DHA, marked accumu-
lation of lipid droplets was observed; the highest levels of lipid droplets
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Fig. 4. Evaluation of the effects of a-linolenic acid, eicosapentaenoic acid, docosahexaenoic acid, oleic acid, erucic acid, sulfo-N-succinimidyl oleate and
Lorenzo’s oil on 7-ketocholestel-induced mitochondrial and peroxisomal dysfunction. 158N and ARPE-19 cells previously cultured for 24 h were further
incubated for a 24 h additional period of time with 7-ketocholesterol, FAs (a-linolenic acid (ALA), eicosapentaenoic acid (EPA), docosahexaenoic acid (DHA), oleic
acid (OA), erucic acid (EA)), sulfo-N-succinimidyl oleate (SSO), or Lorenzo’s oils (OA + EA; 4:1) as well as a-tocopherol (reference cytoprotective molecule) and with
7KC associated with ALA, EPA, DHA, OA, EA, SSO, Lorenzo’s oil or a-tocopherol. Mitochondrial dysfunction was evaluated by the percentage of cells with altered
mitochondria characterized by a loss of AWm (this parameter was determined by flow cytometry after staining with DiOC4(3)) (A 158N cells; B ARPE-19 cells).
Peroxisomal dysfunction was studied on 158N cells; it was estimated by the levels of VLCFAs (C24:0, C24:1, C26:0, C26:1) measured by GC-MS (C). Data are
expressed as mean =+ standard deviation (SD) of three independent experiments performed in triplicate. Significance of the differences between control (untreated
cells) and EtOH (0.6 %), ALA, EPA, DHA, OA, EA, SSO, Lorenzo’s oil, or a-tocopherol-treated cells, 7KC and (7KC + (ALA, EPA, DHA, OA, EA, SSO, Lorenzo’s oil, or

a-tocopherol)); Mann Whitney test: *

* P < 0.05. Significance of the differences between 7KC-treated cells and (7KC + (ALA, EPA, DHA, OA, EA, SSO, Lorenzo’s oil or

a-tocopherol)-treated cells; Mann Whitney test: # P < 0.05. Significance of the differences between (7KC + a-tocopherol + SSO) and (7KC + a-tocopherol) or (7KC +
SSO) t P < 0.05. No significant differences were observed between control (untreated cells) and vehicle control (Ethanol (EtOH) 0.6 %).
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Fig. 5. Effects of a-linolenic acid, eicosapentaenoic acid, docosahexaenoic acid, oleic acid, erucic acid, Lorenzo’s oil and sulpho-N-succinimidyl oleate on
7-ketocholesterol-induced plasma membrane lipid disorganization. 158N cells previously cultured for 24 h were further incubated for a 24 h additional period
of time with 7-ketocholesterol (7KC; 50 uM), FAs (a-linolenic acid (ALA), eicosapentaenoic acid (EPA), docosahexaenoic acid (DHA), oleic acid (OA), erucic acid
(EA)), sulfo-N-succinimidyl oleate (SSO), or Lorenzo’s oils (OA + EA; 4:1) as well as a-tocopherol (reference cytoprotective molecule) and with 7KC associated with
ALA, EPA, DHA, OA, EA, SSO, Lorenzo’s oil or a-tocopherol. At the end of the treatment, the percentage of MC540 positive cells was determined by flow cytometry
(A), and the total cholesterol content was quantified by GC-MS (B). Data are expressed as mean + standard deviation (SD) of three independent experiments
performed in triplicate. Significance of the differences between control (untreated cells) and EtOH (0.6 %), ALA, EPA, DHA, OA, EA, SSO, Lorenzo’s oil, a-tocopherol-
treated cells, 7KC and (7KC + (ALA, EPA, DHA, OA, EA, SSO, Lorenzo’s oil, or a-tocopherol)); Mann Whitney test: *
7KC-treated cells and (7KC + (ALA, EPA, DHA, OA, EA, SSO, Lorenzo’s oil or a-tocopherol)-treated cells; Mann Whitney test: # P < 0.05. No significant differences

were observed between control (untreated cells) and vehicle control (Ethanol (EtOH) 0.6 %).
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* P < 0.05. Significance of the differences between
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Fig. 6. Evaluation of the effects of a-linolenic acid, eicosapentaenoic acid, docosahexaenoic acid, oleic acid, Lorenzo’s oil and sulpho-N-succinimidyl
oleate associated or not with 7-ketocholesterol on oxidative stress. 158N and ARPE-19 cells previously cultured for 24 h were further incubated for a 24 h
additional period of time with 7-ketocholesterol, FAs (a-linolenic acid (ALA), eicosapentaenoic acid (EPA), docosahexaenoic acid (DHA), oleic acid (OA), erucic acid
(EA)), sulfo-N-succinimidyl oleate (SSO), or Lorenzo’s oils (OA + EA; 4:1) as well as a-tocopherol (reference cytoprotective molecule) and with 7KC associated with
ALA, EPA, DHA, OA, EA, SSO, Lorenzo’s oil or a-tocopherol. At the end of the treatment, the percentage of ROS overproducing cells was determined by flow
cytometry after staining with DHE (A 158N cells; B ARPE-19 cells). NRF2 activation was determined by western blotting on 158N cells using the (P-NRF2 (ser40)/
NRF2) ratio (C, D). 158N cells mRNA levels of HMOX (E), SOD2 (F) and catalase (G) were quantified by RT-qPCR. Data are expressed as mean + standard deviation
(SD) of three independent experiments performed in triplicate. Significance of the differences between control (untreated cells) and EtOH (0.6 %), ALA, EPA, DHA,
OA, EA, SSO, Lorenzo’s oil, a-tocopherol-treated cells, 7KC and (7KC + (ALA, EPA, DHA, OA, EA, SSO, Lorenzo’s oil, or a-tocopherol)); Mann Whitney test: * P <
0.05. Significance of the differences between 7KC-treated cells and (7KC + (ALA, EPA, DHA, OA, EA, SSO, Lorenzo’s oil or a-tocopherol)-treated cells; Mann Whitney
test: # P < 0.05. Significance of the differences between (7KC + a-tocopherol + SSO) and (7KC + a-tocopherol) or (7KC + SSO); t P < 0.05. No significant differences

were observed between control (untreated cells) and vehicle control (Ethanol (EtOH) 0.6 %).
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Fig. 7. Evaluation of the effects of a-linolenic acid, eicosapentaenoic acid, docosahexaenoic acid, oleic acid, erucic acid, Lorenzo’s oil and sulpho-N-
succinimidyl oleate associated or not with 7-ketocholesterol-on lipid droplets accumulation measured with Bodipy 493/503. 158N and ARPE-19 cells
previously cultured for 24 h were further incubated for a 24 h additional period of time with 7-ketocholesterol, FAs (a-linolenic acid (ALA), eicosapentaenoic acid
(EPA), docosahexaenoic acid (DHA), oleic acid (OA), erucic acid (EA)), sulfo-N-succinimidyl oleate (SSO), or Lorenzo’s oils (OA + EA; 4:1) as well as a-tocopherol
(reference cytoprotective molecule) and with 7KC associated with ALA, EPA, DHA, OA, EA, SSO, Lorenzo’s oil or a-tocopherol. At the end of the treatment, the cells
were stained with Bodipy 493/503. The green fluorescence of Bodipy 493/503 was quantified by flow cytometry on 158N cells (A) and ARPE-19 cells (C); data were
expressed as MFI ratio [MFI assay/MFI control]. 158N cells were also observed by fluorescence microscopy (B). Data are expressed as mean + standard deviation
(SD) of three independent experiments performed in triplicate. Significance of the differences between control (untreated cells) and EtOH (0.6 %), ALA, EPA, DHA,
OA, EA, SSO, Lorenzo’s oil, a-tocopherol-treated cells, 7KC and (7KC + (ALA, EPA, DHA, OA, EA, SSO, Lorenzo’s oil, or a-tocopherol)); Mann Whitney test: * P <
0.05. Significance of the differences between 7KC-treated cells and (7KC + (ALA, EPA, DHA, OA, EA, SSO, Lorenzo’s oil or a-tocopherol)-treated cells; Mann Whitney
test: # P < 0.05. Significance of the differences between 7KC + a-tocopherol + SSO and 7KC + a-tocopherol or 7KC + SSO 1 P < 0.05. No significant differences were
observed between control (untreated cells) and vehicle control (Ethanol (EtOH) 0.6 %). (For interpretation of the references to colour in this figure legend, the reader

is referred to the web version of this article.)

per cell were observed with (7KC + OA) and (7KC + Lorenzo’s oil)
whereas no lipid droplets accumulation was detected when 7KC was
associated with EA, SSO and a-tocopherol (Fig. 7).

On ARPE-19 cells, lipid droplet formation was only evaluated by
flow cytometry after staining with Bodipy 493/503 (Fig. 7C). OA
induced an increase accumulation of lipid droplets per cell; no effects
were observed with SSO or a-tocopherol alone or with (a-tocopherol +
SSO) (Fig. 7C). Comparatively to untreated cells and vehicle-treated
cells, 7KC induced a slight but significant accumulation of lipid drop-
lets which was strongly and significantly amplified in the presence of
OA, and not significantly modified with o-tocopherol, SSO or
(a-tocopherol + SSO) (Fig. 7C).

On 158N cells, we also asked whether unsaturated fatty acids (ALA,
EPA, DHA, OA, EA), Lorenzo’oil, SSO and a-tocopherol, reduced the
cellular accumulation of 7KC. On 158N cells, intracellular accumula-
tions of 7KC and unsaturated FAs were observed (Supplementary Fig. 4).
7KC accumulation was significantly decreased with the different com-
pounds used, excepted with OA (Supplementary Fig. 4).

Prevention of 7KC-induced apoptosis and autophagy with 3 fatty
acids (a-linolenic acid, eicosapentaenoic acid, docosahexaenoic acid)
and sulpho-N-succinimidyl oleate on 158N cells.

The results obtained on 158N cells suggest that the destabilization of
plasma membrane lipid organization evaluated with MC540 could be an
early event leading to several cellular dysfunctions leading to a drop in
A¥m (Vejux et al., 2009). On 158N cells, 7KC-induced cell death was
associated with a decreased level of Mcl-1 linked with an increased level
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of P-Mcl-1 (Ser159/Thr163) as well as with a strong increase of the ratio
Bad/Mcl-1 (Fig. 8). These data support the hypothesis that the increase
in P-Mcl-1 (Ser159/Thr163) leads to an inhibition of Bad sequestration
in the cytoplasm thus favoring its interaction with the mitochondrial
membrane to induce the drop of A¥m (Ragot et al., 2011). 7KC-induced
cell death was also associated with a caspase-3 cleavage leading to an
activation of this enzyme which contributes to PARP degradation sup-
porting an activation of apoptosis (Fig. 8). The ability of Z-VAD-fmk (a
pan-caspases inhibitor) to strongly inhibit 7KC-induced cell death,
demonstrates an active contribution of apoptosis in 7KC-induced cell
death on 158N cells (Supplementary Fig. 5). In addition, in the presence
of 7KC, an activation of LC3-I into LC3-II, which is an autophagic
criteria, was observed (Fig. 8). 7KC-induced autophagy on 158N cells
can be considered as survival autophagy because cell death decreased in
the presence of rapamycin (an autophagy activator) and increased in the
presence of 3-methyladenine (an autophagy inhibitor) (Supplementary
Fig. 5). When 7KC was combined with FAs (ALA, EPA, DHA) or SSO, as
well as with a-tocopherol, the induction of apoptosis and autophagy was
strongly reduced (Fig. 8). No pro-apoptototic and pro-autophagic effects
were observed when ALA, EPA, DHA, SSO and a-tocopherol were used
alone (Fig. 8). These results obtained on 158N cells demonstrate the
ability of FAs (ALA, EPA, DHA), SSO, and a-tocopherol to prevent
mitochondrial depolarization and to counteract the induction of cell
death by apoptosis as well as the activation of autophagy.
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Fig. 8. Evaluation of the effects of a-linolenic acid, eicosapentaenoic acid, docosahexaenoic acid, oleic acid, Lorenzo’s oil and sulpho-N-succinimidyl
oleate associated or not with 7-ketocholesterol on apoptosis and autophagy. Apoptosis and autophagy were characterized by Western blotting with
different antibodies. Apoptosis was evaluated by Mcl-1, P-Mcl-1 (Ser159/Thr163) and Bad levels, [Bad/Mcl-1] ratio, caspase-3 activation (cleaved caspase-3), and
PARP degradation, and autophagy by conversion of LC3-I to LC3-II [ratio LC3-II/LC3-I].

Discussion

7KC-induced cytotoxic effects including plasma membrane alter-
ations, organelle dysfunctions, and ROS overproduction triggering cell
death associated or not with inflammation (Vejux et al., 2020). To
counteract these cytotoxic effects induced by 7KC, which is often present
at increased level in patients with age related diseases such as cardio-
vascular diseases, ocular diseases (AMD, cataract) and neurodegenera-
tive diseases (mainly Alzheimer’s disease) (Zarrouk et al., 2014;
Anderson et al., 2020), the identification of natural or synthetic mole-
cules or of mixtures of molecules targeting the signaling pathways
involved in 7KC-induced cytotoxicity is a major challenge (Nury et al.,
2021). In the present study, we showed that ®-3 and @-9 FAs (ALA, EPA,
DHA, OA), Lorenzo’s oil, and sulfo-N-succinimidyl oleate (SSO), a

13

synthetic analogue of OA, attenuate the toxicity of 7KC. On 158N oli-
godendrocytes, these compounds strongly reduced 7KC-induced plasma
membrane disorganization, oxidative stress, mitochondrial and peroxi-
somal dysfunction, as well as oxiapoptophagy, which is a caspase-
dependent mode of cell death associated with oxidative stress and
autophagy (Nury et al., 2020). On retinal epithelial ARPE19 cells, these
different compounds also strongly reduced 7KC-induced oxidative
stress, mitochondrial dysfunction, ROS overproduction, and cell death
(Dugas et al., 2010). Noteworthy, among the different compounds
studied, SSO as well as a-tocopherol (used as reference cytoprotective
molecule) were the only compounds preventing the toxicity of 7KC
without simultaneous accumulation of lipid droplets.

Currently, little is known about the mechanisms associated with the
cytoprotection of FAs. However, it must be underlined that among the
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FAs tested (ALA, EPA, DHA, OA and EA), only EA is not cytoprotective,
and does not prevent 7KC-induced cell death. The ability of ALA, EPA,
DHA and OA to prevent 7KC-induced plasma membrane disorganization
was demonstrated in our study on 158N cells using MC540 and
cholesterol quantification. As the same FAs (ALA, EPA, DHA and OA)
reduce 7KC-induced ROS overproduction revealed with DHE, both on
158N and ARPE-19 cells, it is suggested that plasma membrane alter-
ation revealed with MC540 and observed in the presence of 7KC could
be, at least in part, the consequence of lipid peroxidation. On U937 cells,
7KC-induced apoptosis associated with increased plasma membrane
permeability was also associated with modification of free cholesterol
level revealed by flow cytometry after staining with filipin (Vejux et al.,
2005). The lack of cytoprotection with EA could be due to the possible
irreversible interactions of this fatty acid with mitochondrial car-
diolipins and to changes in the phosphatidyl choline/phosphatidyleth-
anolamine ratio at the inner membrane of the mitochondria resulting in
increased mitochondrial sensitivity to toxic agents (Bozcali et al., 2009).
On the basis of results obtained with OA (Monier et al., 2003), the hy-
pothesis that esterification of cholesterol with FAs would reduce the
toxicity of 7KC is therefore not applicable to all FAs. It can be hypoth-
esized that ALA, EPA, DHA and OA, by modifying the plasma membrane
phospholipid composition, could counteract the insertion of 7KC into
lipid rafts, as a-tocopherol does (Royer et al., 2009; Ragot et al., 2011),
and restore cell signaling from the plasma membrane that helps preserve
mitochondrial functionality. According to this hypothesis, based on the
results obtained on U937 cells (Vejux et al., 2009), it can be thought that
the functionality of the PIP3/PDK1/Akt signaling pathway connected
with GSK3 (Ragot et al., 2011) and downregulated by 7KC (Brahmi
etal., 2019; Vejux et al., 2009), could be restored by FAs thus promoting
Mcl-1/Bad interactions and the sequestration of the latter in the cyto-
plasm: these effects would then contribute to repress 7KC-induced
mitochondrial depolarization and to inhibit apoptosis. These data
bring new elements supporting the essential role of the reactivation of
the PIP3/PDK1/Akt signaling pathway in cell rescue (Yammine et al.,
2024). Concerning DHA, in addition to being an important acyl chain of
membrane phospholipids, it could also have cytoprotective activities
thanks to biologically active derivatives such as neuroprotectin D1
(NPD1) which is an apoptosis inhibitor (Asatryan and Bazan, 2017). This
emphasizes that the ability of DHA, like other FAs (ALA, EPA and OA), to
prevent mitochondrial dysfunction is a key factor in inhibiting 7KC-
induced apoptosis as well autophagy. These data agree with those ob-
tained on 158N cells (Nury et al., 2015) and on N2a cells (Yammine
et al., 2020). On ARPE-19 cells, it has been reported that DHA can both
induce endogenous antioxidant activities and mobilizes selective auto-
phagy of misfolded proteins (Johansson et al., 2015). On DHA-treated
HepG2 cells, an induction of autophagy resulting from ROS over-
production has also been described (Mei et al., 2011). As survival
autophagy has been described with 7KC as well as with 7p-OHC, the
mechanisms by which survival autophagy induced by toxic oxysterols
could protect against cell death are not yet understood, and could
involve multiple mechanisms: recycling of misfolded and aggregated
proteins, removing altered organelles (mitophagy, pexophagy) (Ghzaiel
et al., 2022) and regulating fatty acid-induced lipid accumulation (lip-
ophagy) to prevent lipotoxicity (Klionsky et al., 2016; Mei et al., 2011).

As a significant increase in the plasma level of 7KC was observed in
X-ALD patients (Nury et al., 2017), this led us to evaluate the effects of
Lorenzo’s oil sometimes prescribed to X-ALD patients, in order to assess
its cytoprotective activity. Lorenzo’s oil (OA + EA; 4:1) is used to reduce
the saturated VLCFA level (C26:0, C24:0) in X-ALD; however, its
mechanism still remains elusive (Moser et al., 2007). EA and OA inhibit
ELOVL1 enzyme (the primary enzyme responsible for the synthesis of
saturated VLCFASs), and in this context the 4:1 mixture exhibits the most
potent inhibitory activity. In addition, at the cellular level, treatment
with the 4:1 mixture reduced the level of sphingomyelin with a satu-
rated VLCFA (Sassa et al., 2014). The ability of Lorenzo’s oil to inhibit
7KC-induced oxiapotophagy underscores its ability to inhibit ROS

14

Current Research in Biotechnology 7 (2024) 100195

overproduction and cell death induced by this oxysterol. It should be
noted that the effects on these parameters are due to OA and not EA.
These new elements on the cytoprotective activity of Lorenzo’s oil make
it possible to envisage its use in patients other than X-ALD in whom
increased levels of 7KC are observed.

In the present study, the most original results with important po-
tential therapeutic applications have been obtained with the SSO.
Indeed, this molecule deriving from OA, unlike ALA, EPA, DHA, and EA,
is non-toxic over a wide range of concentrations (100 to 400 uM). The
cytoprotective effects of SSO against 7KC are potent as demonstrated by
its ability to reduce 7KC-induced lipid membrane disorganization,
mitochondrial and peroxisomal dysfunction, overproduction of ROS,
apoptosis, and autophagy. Furthermore, unlike other cytoprotective FAs
(ALA, EPA, DHA and OA), SSO does not induce the accumulation of lipid
droplets, which is a major advantage when considering further thera-
peutic applications. Despite these marked differences with FAs (ALA,
EPA, DHA and OA), SSO similarly prevents plasma membrane damages
and restores the signaling pathway implicating Mcl-1 that prevents the
loss of A¥m leading to apoptosis. In addition, our data support that 7KC
induced ROS overproduction initiates an NRF2 response which in turn
activates the transcription of antioxidant enzymes, HMOX, SOD2 and
catalase on 158N cells. We report that the cytoprotective lipid com-
pounds as well as SSO enable the activation of signaling pathways that
restore APm by acting on mitochondrial interaction proteins (Mcl-1,
Bad) to prevent cell death. Compared to the natural and synthetic
molecules already identified to inhibit the toxicity of 7KC (Brahmi et al.,
2019; Cilla et al., 2017; Yammine et al., 2020), this study brings new
elements and shows that FAs (ALA, EPA, DHA and OA), a mixture of FAs
(Lorenzo’s oil: OA and EA in a ratio 4:1) and SSO are powerful cyto-
protectors: they prevent 7KC-induced plasma membrane disorganiza-
tion, organelle dysfunction, loss of A¥m, apoptosis, and autophagy.
However, among these lipids, SSO is the most promising compound: its
non-toxic cytoprotective activities over a wide range of concentrations
are not associated with cytoplasmic accumulation of lipid droplets. In
addition, SSO is also able to protect against 24S-OHC- and Triol-induced
cell death also considered to play key roles in age-related diseases
(Samadi et al., 2021; Mahalakshmi et al., 2021; Poli et al., 2013).

Conclusions

In conclusion, SSO is a novel synthetic molecule, analogous to oleic
acid (Coort et al., 2002; Harmon et al., 1991), that can be used to
counter the toxicity of 7KC. Like three other synthetic molecules
currently described, namely dimethyl fumarate (DMF), known as Tec-
fidera, monomethylfumarate (MMF) (Zarrouk et al., 2017) and UDP-003
(Bhargava et al., 2023), SSO opposes oxidative stress and cell death
induced by 7KC associated with a drop of AYm without causing a
simultaneous accumulation of lipid droplets. In addition, SSO inhibits
cell death induced by 7KC on 158N and ARPE-19 cells, while normal-
izing autophagy; moreover, SSO opposes peroxisomal metabolic dys-
functions which is not currently described with DMF, MMF and UDP-
003. Serious hope can be based on SSO, especially since this molecule
has already shown pharmacological activities in rats on models of
metabolic diseases (Coort et al., 2002; Mansor et al., 2017). Thus, SSO
has several attractive characteristics that make it a potential drug
candidate to treat age-related diseases that are associated with increased
levels of 7KC.
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