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1. Contexte : Implication des oxystérols dans des maladies liées a
I’age, certaines maladies rares et inflammatoires chroniques

ainsi que dans le vieillissement

Le vieillissement et certaines maladies liées a 1’age représentent un cot trés éleve pour la
société. Un objectif majeur dans les prochaines décennies réside dans le développement de
traitements visant a en atténuer les effets ou a les supprimer.

Au cours du vieillissement, il est connu qu’une élévation progressive du stress oxydant survient
(Barja, 2019; Warraich et al., 2020). Il est également bien établi qu’une augmentation de ce
dernier est observée dans les maladies liées a 1’age, les maladies cardiovasculaires, les maladies
oculaires (dégénérescence maculaire liée a 1’age (DMLA) et cataracte), dans les maladies
inflammatoires chroniques (maladies inflammatoires chroniques de I’intestin (MICI)), mais aussi
dans des maladies neurodégénératives (Alzheimer, sclérose en plaques) et dans certaines
maladies génétiques rares (la maladie de Niemann Pick, adrénoleucodystrophie liee a
I’X (X-ALD)).

L’augmentation du stress oxydant et la rupture de 1’équilibre oxydo-réducteur (équilibre Redox)
dans ces maladies se caractérise par une élévation des taux d’espéces réactives de 1’oxygene
(ERO) et d’espéces réactives de I’azote (ERA). Ces molécules tres réactives peuvent alors
provoquer des attaques radicalaires sur d’autres molécules de 1’organisme en les oxydant, ce qui
inhibera ou bloquera leurs fonctions biologiques. Parmi les molécules cibles du stress oxydant, on
trouve les composants majeurs de la cellule : les protéines, les lipides et les acides nucléiques
(acide désoxyribonucléique (ADN) et ribonucléique (ARN)). Au sein de la grande famille des
lipides, un composé a une importance particuliere dans la physiopathologie des maladies

présentant une élévation du stress oxydant, il s’agit du cholestérol. Le cholestérol est un des
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principaux composants des membranes cellulaires dont il constitue environ 50% des lipides
totaux. Lorsqu’il est oxydé, le cholestérol forme des oxystérols qui peuvent perturber les
fonctions cellulaires. 1l existe différents oxystérols en fonction du ou des sites d’oxydation du
cholestérol. Ces dérives oxydés du cholestérol ont été decouverts dans les années 1970 mais ce
n’est que depuis peu, avec le développement des techniques analytiques modernes qui ont gagné
en sensibilité avec des analyses de ’ordre du nanogramme, que les oxystérols peuvent étre
véritablement étudiés dans les tissus, les cellules et les liquides biologiques (Griffiths et al.,
2019a; Sottero et al., 2019).

Ainsi, une quantité de plus en plus importante de données suggerent que les oxystérols seraient
impliqués dans la physiopathologie des maladies présentant une élévation du stress oxydant ainsi
que dans le vieillissement par leur capacité a moduler de nombreux processus biologiques.

Les effets biologiques des oxystérols sont tres variés. Les oxystérols impliqués dans les maladies
inflammatoires présentent des propriétés pro-oxydantes et pro-inflammatoires participant a
I’aggravation des symptomes. Il induisent la surexpression de cytokines pro-inflammatoires (Poli
etal., 2013).

Dans I’athérosclérose, les oxystérols retrouvés majoritairement au niveau des plaques d’athérome
sont le 7a-hydroxycholestérol  (7a-OHC), le  7B-hydroxycholestérol  (7B-OHC),
le 7-cétocholestérol (7KC), le 5,6a-epoxycholestérol, le 5,6p-époxycholestérol et le cholestane-
3B,5a,6p-triol. IIs peuvent atteindre des taux jusqu’a 100 fois supérieurs aux taux plasmatiques
normaux (Zmyslowski et al., 2019). Dans ce contexte, une augmentation du 78-OHC semble étre
un biomarqueur de risque cardiovasculaire (Zieden et al., 1999). Le 27-hydroxycholestérol
(27-OHC) joue aussi un réle pro-inflammatoire (Umetani et al., 2014; Zmyslowski et al., 2019).
Dans la maladie d’Alzheimer, une augmentation du 24(S)-hydroxycholestérol (24(S)-OHC) est

observée dans le liquide céphalorachidien tandis qu’il diminue dans le plasma. Cet oxystérol
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impliqué dans la régulation du meétabolisme du cholestérol au niveau cerébral est formé a 98 %
dans le cerveau et son taux dépend du nombre de neurones actifs (Bjorkhem, 2006). Ainsi,
lorsque des neurones meurent au cours de la maladie, son taux est d’abord augmenté puis
diminué dans un stade avancé de la maladie (Zmyslowski et al., 2019). Lorsque la maladie
d’Alzheimer atteint un stade avancé, la barriére hématoencéphalique (BHE) est souvent altérée,
ce qui permet I’entrée d’autres oxystérols comme le 27-OHC qui peut potentialiser les effets
toxiques de I’amyloide AP 1-42 (Poli et al., 2013). Les taux de 7a-OHC, 7B-OHC, 7KC,
5,6-époxycholestérol et de 4p-hydroxycholestérol sont aussi augmentés dans le cerveau des
patients Alzheimer (Testa et al., 2018).

Dans la maladie de Parkinson, des taux élevés de 24(S)-OHC, 27-OHC, 7B-OHC et 7KC ont été
mesurés dans le cortex visuel, tandis que dans le cas de la sclérose en plaques, le niveau de
24(S)-OHC est réduit dans le plasma alors que le taux de 7KC est augmenté (Cheng et al., 2011;
Zmyslowski et al., 2019).

Dans les maladies inflammatoires de 1’intestin, les oxystérols peuvent participer a 1’altération de
la barriére intestinale via I’activation des métalloprotéases matricielles (MMP) qui vont dégrader
les jonctions cellulaires. Un mélange d’oxystérols composé de 7KC, 7a-OHC, 7B-OHC et de
5,6-époxycholestérol sur des cellules épithéliales coliques induit leur mort par apoptose (Biasi et
al., 2009; Testa et al., 2018).

Enfin, dans la DMLA, une augmentation du stress oxydant au niveau de la rétine entraine la
formation d’oxystérols pro-oxydants comme le 7KC qui vont contribuer au développement de la
maladie (Moreira et al., 2009).

Les maladies liées a I’age ainsi que le vieillissement ont donc en commun une augmentation du
stress oxydant aboutissant a la formation d’oxystérols qui présentent plusieurs effets toxiques.

Parmi ces oxystérols, le plus fréguemment retrouvé est le 7KC.
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Il est donc important de mieux connaitre les activités biologiques de cet oxystérol et
d’identifier des molécules pouvant prévenir ses effets délétéres afin de s’opposer au
vieillissement et aux maladies qui lui sont associees.

Jusqu’aux début des années 1990, les activités biologiques des oxystérols étaient encore peu
connues et I’identification d’un certains nombres d’oxystérols au niveau des plaques d’athérome
et des lipoprotéines de faible densité oxydées (OXLDL) a conduit a s’intéresser a ces molécules et
en particulier a celles formées par oxygénation du cholestérol (7KC et 73-OHC) (Helmschrodt et
al., 2013). La démonstration du réle du 7KC et du 78-OHC dans la toxicité des OXLDL a conduit
a supposer que ces oxystérols pouvaient contribuer a la physiopathologie de 1’athérosclérose et
plus largement des maladies cardiovasculaires (Colles et al., 1996; Colles et al., 2001). L’intérét
pour le 7KC s’est renforcé avec la démonstration de ses propriétés pro-oxydantes et pro-
inflammatoires qui sont deux composantes essentielles des maladies cardiovasculaires (Vejux et
al., 2009b).

Comme le développement de la DMLA évoque par certains aspects celui de la plaque d’athérome
(Malvitte et al., 2006), I’analyse des dépots lipidiques rétiniens (appelés drusens) a montré une
accumulation de 7KC dans ces derniers suggérant aussi une implication de cette molécule dans le
développement de la DMLA (Moreira et al., 2009; Rodriguez et al., 2004).

Peu a peu, dans d’autres pathologies liées a 1’dge comme la maladie d’Alzheimer, des
accumulations de 7KC ont aussi été montrées au niveau cérébral (Testa et al., 2016; Zarrouk et
al., 2014). Plus récemment, plusieurs arguments sont en faveur d’une implication du 7KC dans
des maladies inflammatoires de 1’intestin et dans certaines maladies rares (X-ALD, Niemann-
Pick et syndrome de Smith Lemmli Opitz) (Anderson et al., 2020; Biasi et al., 2009). Etudier les
activités biologiques du 7KC dans le contexte de ces différentes maladies en précisant les voies

de signalisation impliquées et son impact sur les organites (mitochondrie, peroxysome et
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lysosome) a pour objectif non seulement de mieux comprendre comment est implique le 7KC
dans la physiopathologie de ces maladies, mais aussi d’identifier de nouvelles cibles
thérapeutiques pour soigner les maladies associées au 7KC. Dans ce contexte, identifier des
molécules naturelles et synthétiques prévenant ou atténuant la toxicité du 7KC présente un intérét
thérapeutique essentiel d’autant plus que la majorité des maladies associées au 7KC ne disposent

pas de traitements efficaces.

1.1 Maladies impliquant le 7-cétocholestérol
1.1.1 Maladies cardiovasculaires

La pathologie la plus fréquente impliquant le 7KC est I’athérosclérose qui apparait
généralement au cours du vieillissement et chez les personnes ayant un mode de vie a risque
(sédentarité, tabagisme, hypercholestérolémie, hypertension artérielle). Cette pathologie se
caractérise par I’apparition progressive de plaques d’athérome au niveau de la paroi artérielle.
Ces plaques apparaissent lorsque des lipoprotéines de faible densité (Low density lipoproteins :
LDL) s’accumulent de facon locale dans des arteres. Ces LDLs, lorsqu’elles sont oxydées
(formation de 7KC), deviennent pro-inflammatoires induisant le recrutement de macrophages.
Les macrophages se gorgent de ces LDL oxydées pour devenir des cellules spumeuses, ce qui
entraine leur mort par apoptose. Les corps apoptotiques stagnent alors sur le site et s’accumulent
pour contribuer a la formation de la plaque d’athérome. Les cellules musculaires lisses de la paroi
vasculaire vont ensuite former des fibres de collagéne qui se calcifient, ce qui va rendre la plaque

de plus en plus fragile et cassante, pouvant mener a une rupture de I’artére (Testa et al., 2018).
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Chez des patients hypercholestérolémiques, le 7KC est 1’oxystérol majoritaire, il représente 57%
des oxystérols plasmatiques : 7KC (15 ng/mg de cholestérol libre, soit 57,0%) > 7a/p-OHC
(20,7%) > 5,6B-epoxycholestérol (11,7%) > cholestane-33,5a,6p-triol (10,5%) > 5,60-
époxycholestérol (inférieur a 5 ng/mL). Au niveau des plaques le 7KC représente 55% des
oxysterols : 7-KC (607 ng/mg de cholestérol libre, soit 54,8%) > Triol (13,5%) > 7-a/p-OHC
(11,6%) > 5,6-B-EC (10,1%) > 5,6-0-EC (10,0%) (Helmschrodt et al., 2013). 1l a été démontré
que le 7KC contribuait a la physiopathologie des plaques d’athérome. Il induit une augmentation
de I’expression des molécules d’adhésion cellulaire (InterCellular Adhesion Molecule-1 (ICAM-
1), Vascular cell adhesion protein-1 (VCAM-1) et E-selectine) due a I’élévation des ERO au
niveau des cellules endothéliales vasculaires, ce qui favorise le recrutement de macrophages au
niveau des plaques dans les stades précoces de la pathologie (Anderson et al., 2020). Il a
également été montré que le 7KC perturbait la polarisation des macrophages induisant plutét le
phénotype inflammatoire M1 au détriment du phénotype anti-inflammatoire M2 (Buttari et al.,
2013). Le 7KC induit également une augmentation de la sécrétion d’interleukines pro-
inflammatoires telles que 1I’IL-6, IL-1B, Tumor necrosis factor-a (TNFa) ou encore Monocyte
chemotactic protein-1 (MCP-1) et Monocyte inflammatory protein-/8 (MIP-1B) par les
macrophages (Prunet et al., 2006). Les effets pro-apoptotiques du 7KC sur les cellules
musculaires lisses vasculaires augmentent le risque de rupture des plaques et de thrombose (Testa
et al., 2018). En raison de ses propriétés pro-oxydantes et pro-inflammatoires, il est maintenant
bien établi que le 7KC contribue au développement de 1’athérosclérose (Testa et al., 2018; Vejux

et al., 2009b).
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1.1.2 Maladies neurodégénératives

Il existe plusieurs maladies neurodégénératives, demyélinisantes ou non : la sclérose
latérale amyotrophique (SLA), la maladie de Parkinson, la maladie d’Alzheimer, la maladie de
Huntington, la sclérose en plaques ou encore 1’X-ALD. Un des points communs a ces pathologies
est I’élévation du stress oxydant au niveau local et/ou systémique. L’augmentation des taux de
7TKC est aussi décrite dans toutes ces maladies (Anderson et al., 2020; Nury et al., 2017; Poli et
al., 2013; Testa et al., 2018; Vejux et al., 2020). Dans les cerveaux de malades Alzheimer
analysés post mortem, les taux de 7KC (de 1,5 a 5 ng/mg de tissus), 78-OHC, 7a-OHC, 25-OHC,
27-OHC, 5,6a-époxycholestérol, 5,6B-époxycholestérol, 4B-OHC et 4a-OHC sont augmentés
tandis que le 24(S)-OHC est diminué (de 20 a 12,5 ng/mg de tissus) (Testa et al., 2016). Il a été
montré que le 7KC était toxique pour plusieurs types cellulaires issus du systeme nerveux
central : les neurones, la glie (oligodendrocytes) ou encore la microglie (Bezine et al., 2018a;
Debbabi et al., 2016; Yammine et al., 2020a; Zarrouk et al., 2015). Le cholestérol ne peut pas
traverser la BHE mais des oxystérols le peuvent, en particulier le 24(S)-OHC et le 27-OHC, ce
qui sert a reguler le métabolisme du cholestérol dans le systéme nerveux central (Bjorkhem et al.,
2009; Bjorkhem et al., 2019). L’élévation du stress oxydant est aussi connue pour augmenter la
perméabilité de la BHE (Kuriakose et al., 2019; Lochhead et al., 2010). Une hypothése suggére
que le 7KC pourrait alors intervenir dans 1’altération de 1’intégrité de la BHE en favorisant le
stress oxydant. Dans certains cas, 1’augmentation de perméabilité de la BHE serait liée a une
activation de la Nicotinamide adénine dinucléotide phosphate-oxydase (NADPH-oxydase ou
NOX) dont I’activité est elle-méme modulée par le 7KC (Kuriakose et al., 2019; Pedruzzi et al.,
2004). En ce qui concerne le 7KC, aucune étude n’a démontré qu’il pouvait, ou non, traverser la

BHE, mais sa concentration est augmentée dans le systéme nerveux central des patients atteints
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de maladies neurodégénératives (Anderson et al., 2020; Vejux et al., 2020). Comme le 7KC est
fortement toxique sur les cellules nerveuses (oligodendrocytes, microglies et neurones), il
pourrait favoriser le développement des maladies neurodégénératives (Debbabi et al., 2016;
Iriondo et al., 2020; Nury et al., 2015; Nury et al., 2014; Testa et al., 2018; Testa et al., 2016;
Yammine et al., 2020a).

Dans le cadre de la maladie d’Alzheimer, le 7KC interviendrait en agissant sur les interactions du
peptide AP 1-42 avec la membrane plasmique et favoriserait sa présence sous forme fibrillaire
(Phan et al., 2018). Ces résultats sur les relations entre 7KC et AB 1-42 sur des membranes
lipidiques de synthése ou des cellules en culture sont en accord avec les observations in vivo sur
des cerveaux de patients (Iriondo et al., 2020). De plus, les effets du 7KC sur la microglie, en
particulier au niveau lysosomal, pourraient entrainer une diminution dans D’efficacité¢ de la
phagocytose du peptide AP 1-42 et favoriser 1’apparition des plaques amyloides (Debbabi et al.,
2016). Le 7KC, a des concentrations non toxiques (3 jours d’incubation a 10 mg/L, soit 25 pM),
peut activer la microglie et déclencher sa prolifération et sa migration via le clivage de la
poly(ADP-ribose) polymérase (PARP). Ceci renforce 1’hypothése selon laquelle le 7KC pourrait
contribuer a augmenter la neurodégénérescence lorsque la myéline (riche en cholestérol) est

dégradée par la microglie (Diestel et al., 2003).

1.1.3 Maladies oculaires (dégénérescence maculaire liée a I’age, cataracte)

L’impact du 7KC est également de plus en plus étudié sur un autre type de pathologies
affectant la vision, et plus précisément la rétine. La rétine est un tissu ayant la capacité de capter
la lumiere. Elle est composée d’une cinquantaine de types cellulaires différents dont la finalité est

d’envoyer le signal visuel au cerveau. Dans la rétine, on trouve une structure appelée la macula,

35



responsable de la vision centrale et de la perception des couleurs. Les affections de la macula
peuvent étre d’origine génétique ou bien liée a 1’age, comme la DMLA. Au cours de la DMLA,
un stress oxydant apparait au niveau de cellules épithéliales pigmentaires de la rétine conduisant
a la formation de 7KC (Anderson et al., 2020; Pariente et al., 2019). Des travaux ont montré que
le 7KC s’accumulait dans la rétine de singes entre 3 et 5 fois plus que dans les contrdles (entre 5
et 8 pmol/nmol de cholestérol libre contre 1 a 1,5 pmol/nmol dans les contrdles). Cette
accumulation se fait principalement au niveau de depdts protéiques appelés drusen (Moreira et
al., 2009). Il a été montré que le 7KC pouvait avoir une activité chimio-attractive envers la
microglie rétinienne, ce qui déclencherait son activation et sa migration dans 1’espace sous-
rétinien, probablement en impliquant I’inflammasome (Indaram et al., 2015). Il en résulte une
inflammation locale qui amplifie le développement de la maladie. De plus, sur des cellules
épithéliales pigmentaires de la rétine, le 7KC induit la sécrétion de Vascular endothelial growth
factor (VEGF) (Javitt et al., 2009).

Une autre atteinte de la vision est la cataracte. Elle se manifeste par une opacification du
cristallin. Du 7KC a également été détecté dans des cristallins de patients atteints de cataracte
(environ 4 nmol/mol de cholestérol libre alors qu’il est indétectable dans les contréles) (Girao et
al., 1998; Vejux et al., 2011). Néanmoins, le réle exact du 7KC dans la cataracte n’est pas encore
bien déterminé. L’acide rosmarinique, un polyphénol présent notamment dans le romarin et la
menthe, avec des activités antioxydantes et anti-inflammatoires, a montré qu’il pouvait redonner
sa transparence au cristallin atteint de cataracte, il n’est pas exclu que ce dernier puisse avoir une

action contre la toxicité du 7KC dans ce contexte (Chemerovski-Glikman et al., 2018).
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1.1.4 Maladies inflammatoires intestinales

Il existe différentes maladies touchant le systéeme digestif qui sont souvent caractérisées
par une atteinte de la muqueuse intestinale de facon chronique. On trouve parmi les plus
fréquentes, la maladie de Crohn, la colite ulcéreuse et les maladies inflammatoires chroniques de
I'intestin (MICI). Ces pathologies ont en commun une augmentation du stress oxydant et de
I’inflammation.

Les personnes consommant beaucoup de nourriture industrielle, riche en cholestérol et en
oxystérols (dont le 7KC), sont plus susceptibles de développer ces pathologies. En effet,
I’estomac est un parfait « bioréacteur » favorisant 1’oxydation des molécules comme le
cholestérol par son pH acide, la présence de dioxygene, d’ions fer libres et de protéines
héminiques contenus dans la viande rouge (réaction de Fenton) (Kanner et al., 2001). La
formation de 7KC est alors facilitée et les activités pro-oxydantes et pro-inflammatoires de ce
dernier vont alors affecter la muqueuse intestinale.

Dans ce contexte, une sécrétion de cytokines pro-inflammatoires (IL-8, Interferon-p (IFN-B) et
TNFa) impliquant les Toll like Receptors 2 et 4 (TLR2 et TLR4) a été decrite sur des cellules
épithéliales du colon (Caco-2) traitées avec un mélange d’oxystérols a 60 pM (composition :
42,96 % 7KC, 32,3 % 5,6a-époxycholestérol, 5,76 % 5,6B-époxycholestéol, 4,26 % 7a-OHC and
14,71 % 7B-OHC) (Rossin et al., 2019). Les cellules Caco-2 incubées avec du 7KC ont montré
une ¢élévation des niveaux d’ERO via NOX entrainant une mort cellulaire par apoptose (Biasi et
al., 2009; Poli et al., 2013). Il a aussi été décrit que le 7KC diminuait la perméabilité des cellules
épithéliales intestinales, ce qui est souvent a I’origine des maladies intestinales (Chalubinski et
al., 2014). Le 7KC pourrait alors contribuer a I’évolution et 1’aggravation de ces pathologies par

ses effets pro-inflammatoires et pro-oxydants.
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1.1.5 Maladies génétiques

Il existe plusieurs maladies génétiques dans lesquelles le 7KC pourrait étre impliqué. Ces
maladies pouvant aboutir a la mort sont généralement accompagnées d’une dérégulation du
métabolisme du cholestérol et peuvent avoir des symptomes trés différents allant de 1’atteinte
cardiaque a la neurodégénérescence. Parmi elles, la maladie de Niemann Pick (de type A et B)
qui a pour origine une déficience en sphyngomyélinase acide dont le réle est de métaboliser la
sphyngomyéline dans les lysosomes. La maladie de Niemann Pick (A-B) se traduit par une
accumulation intracellulaire lysosomale de sphingomyéline. Il existe un troisieme type de
maladie de Niemann Pick, la maladie de Niemann Pick de type C. Elle est caractérisée par une
mutation des génes NPC1 ou NPC2 qui se traduit par une perturbation du transport intracellulaire
du cholestérol et son accumulation dans les endolysosomes / lysosomes. Il en résulte une
accumulation de cholestérol et d’oxystérols dans les cellules qui affecte majoritairement le
cerveau, le foie et la rate. Cette pathologie est généralement mortelle avant ’age de 20 ans
(Porter et al., 2010). La maladie de Gaucher est une autre maladie génétique touchant le
métabolisme lysosomal (déficience en glucocérébrosidase) provoquant également des atteintes
aux organes en raison d’une accumulation de lipides (cholestérol en particulier) (Boenzi et al.,
2016). Les plasmas de patients atteints par ces maladies montrent un taux élevé de 7KC qui est
corrélé a la séverité des symptomes pour la maladie de Niemann Pick de type C. Des taux de
7KC pouvant aller jusqu’a 86 ng/mL de plasma contre 16 ng/mL pour les controles ont été
mesurés (Boenzi et al., 2016).

Le 7KC plasmatique est également augmenté dans le cas de la maladie de Batten (ou céroides-
lipofuscinoses neuronales). Il s’agit également d’une maladie lysosomale provoquant des

atteintes neurologiques chez I’enfant (Anderson et al., 2020).
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La déficience en lipase acide lysosomale (LAL) est une atteinte lysosomale présentant des
sévérités variables et entraine I’accumulation d’esters de cholestérol et de triglycérides dans le
lysosome ce qui provoque une hypercholestérolémie et de 1’athérosclérose. Les taux de 7KC sont
aussi plus élevés que la normale dans cette maladie (69 ng/mL contre 16 ng/mL chez les
contréles) (Boenzi et al., 2016).

Dans le cas de la xanthomatose cérébrotendineuse, maladie causée par une mutation du gene
codant pour la 27-hydroxylase et provoquant des atteintes au niveau du cerveau, le 7KC
plasmatique est aussi augmenté. Cela pourrait étre did a wune accumulation de
7-déhydrocholestérol qui serait convertie en 7KC par la 7a-hydroxylase ou cytochrome 7A1
(CYP7AL) (Bjorkhem et al., 2014).

Dans le syndrome de Smith-Lemli-Optiz (SLOS), caractérisé par une mutation de la
7-déhydrocholestérol réductase, le cholestérol ne peut étre synthétisé normalement et des
précurseurs s’accumulent (7-déhydrocholestérol et lanostérol). Comme dans la xanthomatose
cérébrotendineuse, du 7KC peut alors étre généeré par la CYP7AL et se retrouver en taux élevé
dans le plasma. Des taux meédians de 7KC ont été mesuré a 129 ng/mL dans le plasma des
patients contre 16 chez les contrdles) (Anderson et al., 2020; Bjorkhem et al., 2014).

Des taux augmentés de 7KC ont aussi été mesurés dans les globules rouges de patients atteints de
drépanocytose (Yalcinkaya et al., 2019).

Enfin, dans le cas de I’X-ALD, une maladie causée par une déficience partielle ou totale d’un
transporteur peroxysomal (ATP binding cassette de type D1 (ABCD1)) et entrainant une
accumulation d’acides gras a trés longue chaine associée ou non a une démyélinisation, les taux

de 7KC (de 0.1 umol/L a environ 2 pmol/L), 78-OHC, 7a-OHC et de 25-OHC sont aussi

augmentés (Jang et al., 2016; Nury et al., 2017).
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1.1.6 Maladies pulmonaires

Les fibroses idiopathiques pulmonaires font partie des pneumonies chroniques
progressives. Ce sont des atteintes graves du poumon pour lesquelles il n’existe pas de traitement
efficace. Elles se caractérisent par une accumulation de cellules fibroblastiques dans le tissu
pulmonaire qui produisent de la matrice extracellulaire en exces. L’expression de NOX4
(augmentée par le 7KC) et la production d’ERO sont augmentées dans ces pathologies (Liu et al.,
2017), ce qui suggere une implication du 7KC.

Dans la maladie pulmonaire obstructive chronique, les niveaux d’ERO et d’oxystérols (7KC,
24(S)-OHC et 27-OHC) sont augmentés (Fischer et al., 2015). Dans la fibrose cystique, les taux
de 7KC sont aussi augmentés et le profil en acides gras est modifié (augmentation des acides gras
saturés, mono-insaturés, poly-insaturés). Le taux de 7KC plasmatique passe ainsi de 8 a 11
ng/mL et celui du 7B-OHC de 9 a 14 ng/mL (luliano et al., 2009). Dans I’infection au SARS-
CoV-2 (COVID-19), le taux plasmatique de 27-OHC est diminué (diminution pouvant aller
jusqu’a 50 % chez les patients graves) tandis que les taux de 7KC et 73-OHC sont Iégerement
mais significativement augmentés (Marcello et al., 2020). Le 7KC est aussi augmenté dans une

affection pulmonaire grave : la silicose (Aksu et al., 2020).

Ainsi, de nombreux oxystérols, incluant le 7KC, sont impliqués dans plusieurs maladies
fréquemment observées et associées au vieillissement (Figure 1). Mieux connaitre les
mécanismes cellulaires associés aux effets déléteres du 7KC constitue un enjeu important dans la

prévention et le traitement de ces maladies.
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Figure 1 : Implication du 7-cétocholestérol dans les maladies liées a 1’Age et les maladies
inflammatoires chroniques.

Le 7KC est impliqué dans les maladies cardiovasculaires (athérosclérose), des maladies
neurodégénératives (Alzheimer, Parkinson, sclérose en plaques, sclérose latérale amyotrophique),
des maladies oculaires (DMLA, cataracte), des maladies inflammatoires chroniques de I’intestin
et certains cancers.
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2.  Les oxystérols

Le cholestérol a été découvert en 1815 par le chimiste frangais Eugene Chevreul sous le terme de

cholestérine (Figure 2).
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Figure 2 : Historique du cholestérol et des oxystérols.

Dans les années 1970, les travaux de Kandutsch et al., ainsi que ceux de Craste de Paulet et al.,
ont fortement contribué a faire émerger la recherche sur les oxystérols qui devient de plus en plus
pointue grace aux méthodes analytiques actuellement disponibles. Le nombre de publications sur
les oxystérols n’a fait qu’augmenter depuis les années 1980.

En 1884, Emile Littré I’a renommé « cholestérol », du grec « chole » (bile) et « stereos » (solide),
car il avait été observé la premiére fois sous sa forme solide dans des calculs biliaires en 1758 par

Francois Poulletier de la Salle. Par la suite, plusieurs prix Nobel ont récompensé des découvertes
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sur les stérols, la biosynthese du cholestérol ainsi que son implication dans des maladies. En
1928, Adolf Windaus a recu le prix Nobel de chimie pour ses recherches sur les stérols. En 1964,
Konrad Bloch et Feodor Lynen ont recu le prix Nobel de physiologie et de médecine pour avoir
découvert le métabolisme du cholestérol et des acides gras. En 1975, John Cornforth a recu le
prix Nobel de chimie pour ses études sur les enzymes lui permettant de détailler la biosynthese du

cholestérol (Cornforth et al., 1947; Massaad et al., 2017).

Le cholestérol est un des principaux constituants des membranes cellulaires (environ 50 % du
total des lipides). 1l joue un r6le majeur dans la synthese des hormones stéroidiennes, des acides
biliaires et de la vitamine D. Les oxystérols font partie des produits d’oxygénation du cholestérol
qui ont été découverts en 1913 par Lifschutz qui les avait qualifiés d’oxycholestérol (Lifschiitz,
1913). Ce n’est que trente ans plus tard que Kandutsch et son équipe les ont renommés
« oxystérols » (Kandutsch et al., 1978).

Les produits d’oxygénation du cholestérol (communément appelés oxystérols dans le reégne
animal) sont des molécules d’origine biologique ou chimique de 27 atomes de carbone et
comportant un noyau stéroide ainsi qu’une chaine latérale 6-méthylheptan-2-yl. Le carbone
numéro 3 du noyau stéroide peut porter une fonction hydroxyle, comme le cholestérol, ou bien
une fonction cétone. Les oxystérols (hors phytostérols) sont des dérivés du cholestérol, formés
par hydroxylation ou oxydation ; ils peuvent porter une ou plusieurs fonctions hydroxyle ou

cétone au niveau du noyau stéroide et/ou de la chaine latérale (Figure 3).
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Noyau stéroide Chaine latérale

Figure 3 : Structure chimique du cholestérol.

Le cholestérol est un lipide de la famille des stérols formé d’un noyau stéroide et d’une chaine
latérale. Les quatre cycles du noyau cyclopentanoperhydrophénanthrene sont désignés par les
lettres A, B, C et D. Le carbone en haut du cycle A portant le n°1, les atomes des deux cycles A
et B sont numérotés a la suite en tournant dans le sens direct (1 a 10) ; on passe ensuite aux
atomes du cycle C (11 a 14) puis D (15 a 17). Les radicaux méthyl liés aux carbones 13 et 10 sont
désignés par les nombres 18 et 19. Enfin, ceux de la chaine latérale sont désignés : 20 et 21 ; Au
niveau du carbone 20 sont liés les carbones 22 a 25 et les deux derniers méthyl 26 et 27.

Initialement, les oxystérols étaient considérés comme de simples composés plus polaires que le
cholestérol et intervenant dans son métabolisme et son élimination. Il a été découvert par la suite
que les oxystérols interagissaient avec des récepteurs spécifiques et qu’ils intervenaient dans la
synthése des hormones stéroidiennes (Luu-The, 2013). L’intérét pour ces derniers s’est donc
accru depuis les années 2000 et les preuves de leur implication dans de nombreux processus

biologiques et pathologies sont de plus en plus nombreuses.

2.1 Origines et sources d’oxystérols

Il existe plusieurs sources de biogénése des oxystérols. Ils peuvent étre générés par auto-

oxydation du cholestérol a la suite d’attaques radicalaires, par des enzymes spécifiques, le plus

44



souvent du type cytochrome ou encore étre apportés par 1’alimentation. Généralement, les
oxysterols oxydés sur le noyau stéroide proviennent d’une auto-oxydation tandis que ceux oxydes

sur la chaine latérale proviennent plutét d’une réaction enzymatique (Mutemberezi et al., 2016).

2.1.1 Origine alimentaire des oxystérols

Le cholestérol est un composant important dans de nombreux aliments. Il peut alors étre
sujet a oxydation et conduire a la formation d’oxystérols qui sont alors ingérés. Les aliments
riches en cholestérol tels que les ceufs, la poudre d’ceufs couramment utilisée dans les plats
industriels, le beurre clarifié, les produits laitiers, la viande rouge, le jambon (bacon) ou encore le
poisson séché ou en boites sont les plus riches en oxystérols (7KC, 7p-OHC, 7a-OHC, 5,6a-
époxycholestérol, 5,63-époxycholestérol) (Boselli et al., 2001; Leonarduzzi et al., 2002).

Durant le stockage et la préparation d’aliments, le cholestérol peut facilement subir une
oxydation lors de I’exposition a de hautes températures (cuisson a haute température), a
I’oxygéne ou a I’ozone, a la lumiere (exposition aux ultraviolets). Les produits déshydratés sont
particulierement sensibles a I’oxydation (Sabolova et al., 2017).

Les oxystérols retrouvés en majorité dans 1’alimentation sont ceux oxydés en C7 (7KC, 7B-OHC)
ainsi que des époxycholestérols (5,60/5,6B-époxycholestérol), le 25-hydroxycholestérol (25-
OHC) et le 19-hydroxycholestérol (19-OHC) (Leonarduzzi et al., 2002).

Dans ces produits, le taux d’oxystérols peut atteindre 10 a 100 pM (Kanner, 2007). Aprés
I’ingestion d’un repas riche en oxystérols (salami et parmesan), des dosages ont montré apres 5
heures que les concentrations plasmatiques en oxystérols (7KC, 7B-OHC et 7a-OHC) étaient
augmentées principalement dans les chylomicrons. Des différences sont toutefois notables entre

les différents oxystérols: le cholestane-33,5a,6B-triol, le 7KC et les époxydes sont sous-
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représentés par rapport au 7B-OHC (Linseisen et al., 1998). Des résultats similaires ont été
montré chez des rats aprés une infusion gastrique d’oxystérols (Vine et al., 1997). Ceci démontre
une absorption intestinale variable selon les oxystérols dont 1’origine pourrait étre due a leur site
d’oxydation. Toujours chez des rats, il a été montré que 92 % des oxystérols alimentaires étaient
absorbés (Brzeska et al., 2016). Les oxystérols ingerés sont absorbés en majorité sous forme
d’esters au niveau du tractus intestinal supérieur et pris en charge dans le plasma par les
chylomicrons. Ensuite, les rémanents de chylomicrons sont métabolisés par le foie en
lipoprotéines de tres faible densité (very low density lipoprotein (VLDL)) puis en LDL et en
lipoprotéines de haute densité (high density lipoprotein (HDL)). Ainsi, les oxystérols peuvent se
retrouver dans tous les types de lipoprotéines mais ils sont présents en majorité dans les LDL
(Addis et al., 1989; Viens et al., 1996). Des oxystérols non estérifiés peuvent aussi étre
transportés au niveau plasmatique par I’albumine. Des mesures réalisées avec du 7KC, du

20a-OHC et du 25-OHC ont montré que I’albumine transportait préférentiellement le 25-OHC

(Babiker et al., 1998; Brown, 2019).

2.1.2 Formation des oxystérols par voie enzymatique

Plusieurs oxystérols peuvent étre produits par des oxydations enzymatiques de maniere
physiologique lors du métabolisme du cholestérol. Une grande proportion des oxystérols est
formée de cette facon. En ce qui concerne les oxystérols majoritaires, le 4p-hydroxycholestérol
(4B-OHC), le 27-hydroxycholestérol (27-OHC), le 24(S)-OHC, le 7a-hydroxycholestérol (7a-
OHC) et le 25-OHC sont produits respectivement par la CYP3A4, CYP27Al, CYP46A1,
CYP7A1 et la cholestérol 25-hydroxylase (CH25H) (Mutemberezi et al., 2016). D’autres

enzymes sont responsables de la formation d’oxystérols généralement détectés a 1’état de traces
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dans les liquides biologiques ou dans les tissus. Il s’agit pour la plupart d’intermédiaires dans des
réactions de métabolisme du cholestérol dont certains ont probablement des durées de vie trés
courtes (Griffiths et al., 2019b).

Les enzymes permettant 1’oxydation du cholestérol sont le plus souvent des membres de la
superfamille des enzymes a cytochromes P450, mais elles peuvent aussi appartenir a la famille
des hydroxystéroides déshydrogénases (HSD). La CH25H fait figure d’exception et n’appartient
pas aux deux familles précédentes. Toutes ces enzymes ne sont pas exprimées de facon
ubiquitaire. Il existe des expressions spécifiques a des organes et des types cellulaires précis :

Tableau 1 et Figure 4.

Les principales enzymes responsables de la formation d’oxystérols sont les suivantes :

o CYP3A4

La CYP3A4 permet la conversion du cholestérol en 4B-OHC, I’oxystérol majoritaire
retrouvé dans le plasma, mais aussi la conversion du cholestérol en 25-OHC (Nury et al., 2013).
Cette enzyme a cytochrome est exprimée au niveau du foie dans le RE. Elle est aussi impliquée
dans le métabolisme de nombreux xénobiotiques. 11 est estimé qu’elle est capable de métaboliser

pres de la moitié des drogues utilisées (Meaney, 2013; Mutemberezi et al., 2016).

o CYP27A1

La CYP27Al ou 27-hydroxylase convertit le cholestérol en 27-OHC et intervient dans la
voie « acide » de formation des acides biliaires. Cette enzyme mitochondriale est exprimee dans
une grande variété de tissus mais principalement dans le foie, les cellules endothéliales et les

monocytes/macrophages (Meaney, 2013; Mutemberezi et al., 2016).
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o CYP46Al

La CYP46A1 ou 24-hydroxylase permet la conversion du cholestérol en 24(S)-OHC. Elle
est exprimée dans le RE, essentiellement dans les neurones du systéme nerveux central mais
également en faible quantité dans les testicules et les ovaires. Elle permet I’excrétion du
cholestérol cérébral, le cholestérol ne pouvant pas traverser la BHE alors que le 24(S)-OHC le

peut (Meaney, 2013; Mutemberezi et al., 2016).

e CH25H

La CH25H ou 25-hydroxylase catalyse la transformation du cholestérol en 25-OHC. Elle
est exprimée dans la plupart des tissus au niveau du RE. Elle ne fait pas partie de la famille des

enzymes a cytochrome, il s’agit d’une protéine non hémique contenant du fer (Griffiths et al.,

2020; Meaney, 2013).

e CYP7A1

La CYP7A1 ou 7a-hydroxylase est la premiére enzyme & intervenir dans la voie
« classique » de formation des acides biliaires. Elle convertit le cholestérol en 7a-OHC. Elle est
fortement exprimée dans le foie et plus précisément dans les hépatocytes au niveau du RE. Son
expression est régulée par les taux d’acides biliaires (Meaney, 2013). Elle peut également

produire du 7KC a partir du 7-déhydrocholestérol (Mutemberezi et al., 2016).
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Tableau 1 : Principales enzymes impliquées dans la formation des oxysterols : localisation

cellulaire et fonction

D’apres (Mutemberezi et al., 2016).

Oxydoréductases
Enzyme Localisation cellulaire Substrat — Produit
Cholestérol — 43-OHC
CYP3A4 Réticulum endoplasmique
Cholestérol — 25-OHC
CYP3A5 Réticulum endoplasmique Cholestérol — 43-OHC
Cholestérol — 7a-OHC
YP7A1 Réticul lasmi
c eticulum endoplasmique 7-déhydroxholestérol — 7KC
- . 27-OHC — 70,27-OHC
CYP7B1 Réticulum endoplasmique 25-0HC — 70.25-OHC
Cholestérol — 22(R)-OHC
CYP11Al Réticulum endoplasmique
22(R)-OHC — 20(S),22(R)-diOHC
Cholestérol — 27-OHC
CYP27A1 Mitochondrie Cholestérol — 25-OHC
7KC — 270H-7KC
CYP39A1 Réticulum endoplasmique 24(S)-OHC — 7a,24(S)-OHC
Cholestérol — 24(S)-OHC
CYP46A1 Réticulum endoplasmique
Desmostérol — 24(S),25epoxychol
Déshydrogénases
7p-HSD3 Réticulum endoplasmique 70-OHC — 7a-OHnone
11B-HSD1 Réticulum endoplasmique 7KC — 7p-OHC
Cholestane-3p,5a,6p-triol
11B-HSD2 Réticulum endoplasmique — Oncostérone

7B-OHC — 7KC

Hydroxylase

Cholestérol 25 hydroxyalse
(CH25H)

Réticulum endoplasmique

Cholestérol — 25-OHC

Hydrolases

Cholestérol époxyde hydrolase
(CHEH)

Réticulum endoplasmique

5,6a-epoxycholestérol —
Cholestane-3p,5a,6pB-triol

5,6B-epoxycholestérol —
Cholestane-3p,5a,6p-triol
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Figure 4 : Principales enzymes impliquées dans la formation des oxystérols.

Le cholestérol peut étre oxydé de maniére physiologique par différentes enzymes. La CYP3A4
catalyse la formation de 4B-OHC, la CYP7ALl, forme le 70-OHC, la CYP46A1 forme le 24(S)-
OHC, la CYP27A1 forme le 27-OHC, la CH25H forme le 25-OHC. La 11B-HSD1 permet la
conversion du 7KC en 73-OHC et le 11B-HSD2 catalyse la réaction inverse. D’apres (Olkkonen
etal., 2012).

2.1.3 Formation des oxystérols par auto-oxydation

L’oxydation du cholestérol peut avoir lieu dans les membranes cellulaires ou encore dans
les protéines de transport du cholestérol telles que les LDL. Les LDL sont constituées d’une
enveloppe de cholestérol, de protéines et de phospholipides avec un cceur d’esters de cholestérol
et de triglycérides. Elles transportent les lipides du foie vers les tissus périphériques. Tous les
composant de ces LDL sont susceptibles d’étre oxydés pour former des LDL oxydées (OxLDL)

et lorsque cette oxydation touche le cholestérol, il en résulte la formation d’oxystérols.
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Les carbones des cycles A et B du noyau stéroide sont les plus sensibles aux attaques
radicalaires, en particuliers les carbones 5, 6 et 7. On distingue deux types d’auto-oxydation, celle

de type I et celle de type II.

» L’auto-oxydation de type | concerne les oxydations ayant pour origine des radicaux libres
(anion superoxide (O2™), peroxyde d’hydrogene (H20.), radical hydroxyl (HO"), oxyde nitrique

(NO), peroxynitrites ONOO") (Figure 5).
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AGPI : Acide gras poly-insaturé 7p-hydroxycholestérol

PHGPx : Phospholipid gluthatione peroxidase

ChEH : Cholesterol epoxye hydrolase
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a-TQ : a-tocopherol quinone

1A,0, : singulet d’oxygen

H6PD : hexose-6-phosphate dehydrogénase

HSD11B1+H6EPD

Figure 5 : Auto-oxydation radicalaire du cholestérol (oxydation de type ).

L’auto-oxydation du cholestérol de type | concerne les oxydations ayant pour origine des
radicaux libres : anion superoxide (O2), peroxyde d’hydrogéne (H20.), radical hydroxyl (HO"),
oxyde nitrique (NO), peroxynitrites (ONOO-). D’aprés (luliano, 2011).
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IIs peuvent étre générés par le métabolisme cellulaire ou bien par leur décomposition consécutive
en radicaux hydroxyl par la dismutation de deux anions superoxydes en peroxyde d’hydrogene
(202" — H202) ou encore par la réaction de Fenton (H202 + Me™ — HO" + Me™™1*) ol Me est un
métal de transition comme par exemple le cuivre, le fer, ou I’aluminium (luliano, 2011). Le plus
souvent, les attaques radicalaires par les ERO ou les espéces réactives de 1’azote (ERA)
entrainent la perte d’un hydrogéne sur le carbone 7 a cause du lien faible entre le carbone et
I’hydrogene. L’énergie de dissociation de cette liaison étant de 88 kcal/mol (Zerbinati et al.,
2017). Cette oxydation locale en C7 étant plut6t stable, cela lui permet de réagir ensuite
facilement avec de I’oxygéne moléculaire pour former un radical peroxyl (COO"). Par la suite, en
réagissant avec un autre hydrogene perdu par une autre molécule, le radical peroxyl va former un
cholestérol hydroperoxyde (7a- ou 7B-OOHC). La fonction hydroperoxyde étant trés instable, le
cholestérol hydroperoxyde se décompose en 70-OHC, 78-OHC ou 7KC. Ces trois oxystérols
oxydés en C7 sont ceux formés majoritairement par auto-oxydation (Brown et al., 2009). Le 7KC
est ’oxystérol majoritaire dans les OXLDL avec une proportion d’environ 30 % du total des

stérols (Anderson et al., 2020; Brown et al., 1996).

» L’auto-oxydation de type Il concerne les attaques non radicalaires par des singulets
d’oxygene (1Ag02), de I’acide hypocloreux (HOCI) ou encore de 1’ozone (Osz) (Figure 6).
L’implication de I’ozone est intéressante sachant qu’il est li¢ a la pollution atmosphérique. Les
singulets d’oxygeéne peuvent se former par la réaction d’un peroxyde d’hydrogéne (H20>) avec

1’HOCI tous deux produits lors des réactions inflammatoires en présence de myéloperoxydase.
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Figure 6 : Auto-oxydation non radicalaire du cholestérol (oxydation de type I1).
L’auto-oxydation du cholestérol de type Il concerne les attaques non radicalaires par des
singulets d’oxygene (1:Ag02), de I’acide hypocloreux (HOCI) ou encore de 1’0zone (O3). D’aprés

(luliano, 2011).

Les hydroperoxydes en C5, C6, C7, les 5,6-epoxydes (a/B) ainsi que des secostérols sont formés
comme composes primaires de ces réactions (Zerbinati et al., 2017).

Les 5,60/B-époxycholestérols peuvent étre pris en charge par I’enzyme cholestérol époxyde
hydrolase pour former du cholestane-3B,5a,6p-triol. 11 a été montré que 1’aminolyse des
a-époxycholestérols pouvait donner des alkylamino-oxystérols. Parmi eux figure la

dendrogénine A. La dendrogénine A peut se former lorsqu’un 5,6a-époxycholestérol réagit avec
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une histamine sous I’action d’une enzyme qui reste a caractériser, la dendrogénine A synthase (de

Medina et al., 2020; de Medina et al., 2013; Poirot et al., 2018).

3. Le 7-cetocholestérol (7TKC)

Parmi tous les oxystérols formés par auto-oxydation, le 7KC est certainement un des plus
étudiés. Bien que son origine soit principalement due a une auto-oxydation du cholestérol, il peut
aussi étre forme a partir du 7p-OHC sous I’action d’une enzyme. Les enzymes 11B-HSD1 (géne
HSD11B1) et 11B-HSD2 (gene HSD11B2) sont impliquées respectivement dans la conversion du
7KC en 7B-OHC et du 7B-OHC en 7KC (Raleigh et al., 2018). Cependant, ces enzymes prennent
aussi en charge de nombreux substrats (Griffiths et al., 2019b). La conversion du 7KC en
7B-OHC par 11B-HSD1 semble survenir dans de nombreux tissus (Mitic et al., 2013; Raleigh et
al., 2018). En revanche, la conversion du 7p-OHC en 7KC par 113-HSD2 n’a pas été mise en
évidence dans des anneaux aortiques de souris (Mitic et al., 2013). Le 7KC peut aussi étre formé
a partir du 7-dehydrocholestérol (précurseur direct dans la synthese du cholestérol) par la
CYP7A1 (Bjorkhem et al., 2014; Mutemberezi et al., 2016; Vejux et al., 2020) (Figure 7).

On trouve du 7KC partout ou I’on trouve beaucoup de cholestérol dans 1’organisme : c'est-a-dire
dans le plasma au niveau des LDL ou fixé a 1’albumine, mais aussi dans les membranes
cellulaires de différents tissus (Brown et al., 2009; Lin, 1995). Cette présence ubiquitaire permet
au 7KC d’avoir des activités sur un trés grand nombre de fonctions cellulaires et biologiques ainsi

qu’une implication dans plusieurs pathologies.
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Figure 7 : Différentes voies de formation du 7-cétocholestérol.

Le 7KC peut étre formé a partir du cholestérol par auto-oxydation lorsque le stress oxydant est
augmenté. 1l se forme également a partir du 7B-OHC par I’action de la 113-HSD2 et a partir du
7-déhydrocholestérol par 1’action de CYP7AL.

3.1 Effets du 7KC au niveau cellulaire

Le 7KC a pour cible la membrane plasmique ou il se substitue au cholestérol au niveau
des radeaux lipidiques. Il agit aussi sur I’activité de nombreux récepteurs membranaires et canaux
ioniques. Ses effets aux niveau cellulaires se traduisent par une augmentation du stress oxydant
favorisant I’induction de la mort cellulaire par une stimulation de I’inflammation (Vejux et al.,

2020).
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3.1.1 Altération de la membrane plasmique

La membrane plasmique est sans doute la membrane biologique la plus étudiee. Elle est
composée de quatre phospholipides principaux (phosphatidylcholine, phosphatidyléthanolamine,
phosphatidylsérine et sphingomyéline) qui représentent plus de la moitié des lipides
membranaires. Ces phospholipides sont distribués de facon asymétrique de part et d’autre de la
bicouche lipidique. Le feuillet externe est composé en majorité de phosphatidylcholine et de
sphingomyéline tandis que le feuillet interne se compose plutdt de phosphatidyléthanolamine et
de phosphatidylsérine. Un autre phospholipide, le phosphatidylinositol, se trouve également dans
le feuillet interne.

En plus des phospholipides, on trouve une grande quantité de cholestérol (prés de 50% molaires)
et de glycolipides sur le feuillet externe (Ayee et al., 2016).

Les tétes polaires hydrophiles des phospholipides sont orientées vers 1’extérieur de la membrane,
tandis que les chaines d’acides gras hydrophobes sont orientées vers ’intérieur. Cette propriété
rend la membrane flexible et fluide et permet aux protéines et aux lipides de circuler librement au
sein de la membrane.

Du fait de sa structure, le cholestérol est inséré dans la membrane (interne et externe) avec sa téte
hydroxyle dirigée du c6té des tétes polaires des phospholipides. Cette caractéristique physique lui
permet de diminuer la fluidité de la membrane en réduisant les mouvements des chaines d’acides
gras des phospholipides.

Il existe également au sein de la membrane des régions enrichies en cholestérol et en
sphingolipides (sphingomyéline et glycolipides) qui sont appelées « radeaux lipidiques ». Ces

régions jouent un role trés important dans la signalisation cellulaire par la présence de protéines
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spécifiques de ces régions comme des tyrosines kinases (récepteurs des lymphocytes T et B,
récepteurs a I’insuline, etc.) (Cooper, 2000; Simons et al., 2000).

Tout ce cholestérol membranaire est donc une cible potentielle du stress oxydant et peut donc étre
une source importante d’oxystérols, en particulier de 7KC. La présence d’un ou plusieurs
groupements hydroxyles supplémentaires caractérisant les oxystérols entraine une insertion
différente dans la bicouche lipidique comparativement a celle du cholestérol (Figure 8), ce qui
entraine une diminution importante de la fluidité membranaire, et donc des perturbations dans les

voies de signalisation pouvant entrainer une cytotoxicité (Ayee et al., 2016; Royer et al., 2009).

> oW OH
Cholestérol  7-cétocholestérol 25-hydroxycholestérol

Figure 8 : Représentation schématique de I’orientation du cholestérol, du 7-cétocholestérol
et du 25-hydroxycholestérol dans une bicouche lipidique.

La présence d’un ou plusieurs groupements hydroxyles supplémentaires caractérisant les
oxystérols entraine une insertion différente dans la membrane plasmique par rapport a celle du
cholestérol. D’apres (Olkkonen et al., 2012)

Des tests réalises avec le 7KC, le 78-OHC et le 7a-OHC, sur des membranes lipidiques de
synthése (monocouche de Langmuir) ainsi que sur des membranes d’érythrocytes humains, ont
montré que le 7KC avait I’'impact le plus fort sur la forme et les propriétés de la membrane
caractérise par une diminution de la fluidité (Targosz-Korecka et al., 2020). Il a été montré sur les

oligodendrocytes murins 158N et de cellules aortiques musculaires lisses A7R5, que le 7KC (et le
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27-OHC) s’accumulait au niveau des radeaux lipidiques a I’inverse du 7B-OHC (Kahn et al.,
2011; Ragot et al., 2013; Royer et al., 2009). Cette déstabilisation des radeaux lipidiques peut
engendrer des dysfonctions dans la transmission de la signalisation cellulaire. Ainsi, il a été
montré que ’incorporation de 7KC dans les membranes de lymphocytes T CD4+, et plus
particulierement dans les radeaux lipidiques, impacte négativement I’expansion clonale de ces
derniers (Schieffer et al., 2014). Sur des cellules de phéochromocytome de rat PC12, un
inhibiteur de tyrosine kinase (AG126) inhibe la mort cellulaire apoptotique induite par le 7KC
(Kim et al., 2010). Il a aussi été montré que le 7KC induit une activation de la tyrosine kinase
PYK2 sur des cellules THP-1 qui perturbe les flux calciques et entraine 1’apoptose (Berthier et

al., 2005).

3.1.2 Effets sur ’homéostasie ionique

Les flux ioniques tels que ceux du calcium ou encore du potassium sont des points
décisifs dans I’homéostasie cellulaire ainsi que dans les signaux de survie ou de mort. L’ion
calcium (Ca?*) est considéré comme un second messager impliqué dans beaucoup de voies de
signalisation cellulaires. Par conséquent, les effets du 7KC sur les flux ioniques ont souvent été
étudiés ces derniéres années sur de nombreux types cellulaires. Il a été montré que des
traitements par le 7KC induisaient des variations de la concentration de Ca?* intracellulaire. Sur
des cellules endothéliales HUVECsS, le 7KC a 150 uM pendant 2 h induit une élévation du Ca?*
(Millanvoye-Van Brussel et al., 2004). Sur des cellules aortiques endothéliales de souris, le 7KC
induit une élévation transitoire du Ca?* accompagnée d’une augmentation des niveaux d’ERO et
d’une mort cellulaire par apoptose (Zhou et al., 2006). Sur les monocytes humains THP-1, le

7KC (100 uM) induit une augmentation du Ca?* qui provoque une déphosphorylation de Bad par
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la calcineurine (une phosphatase dépendante du calcium), ce qui aboutit a I’apoptose (Berthier et
al., 2004).

Sur des cellules musculaires lisses aortiques humaines, le 7KC (25 uM) induit des oscillations
calciques ainsi qu’un stress du réticulum et une mort cellulaire par apoptose qui peut étre inhibée
par un bloqueur de canaux calciques, la nifédipine (Pedruzzi et al., 2004; Sasaki et al., 2007).
Dans des modéles cellulaires issus du systéme nerveux central, les oligodendrocytes murins
158N, le 7KC (50 pM) n’induit pas de changement des taux de Ca®* (Ragot et al., 2013). Sur des
neuroblastomes humains SK-N-BE, le 7KC (100 uM) n’induit pas de modification aprés 10
minutes de traitement, mais entraine une accumulation de Ca®* sous forme de dépots aprés 24
heures (Zarrouk et al., 2015). Dans des cellules rétiniennes humaines, le 7KC (20 uM) entraine
une toxicité a la suite d’une activation du récepteur P2X7 qui permet I’influx de calcium et de
sodium ainsi que I’efflux de potassium (Olivier et al., 2016). Ceci conduit a une élévation de
I’inflammation et du stress oxydant pour aboutir par une mort cellulaire apoptotique.

En résumé, des effets calciques rapides inférieurs a la seconde, de 1’ordre de la minute et méme
supérieurs a I’heure ou au jour ont été observes a la suite de traitements au 7KC. Les mécanismes
expliquant ces différences de réaction sont encore mal connus (Mackrill, 2011).

Dans les oligodendrocytes murins 158N, le 7KC (25 pM) induit une augmentation de
I’expression du canal potassique voltage dépendant Kv3.1 corrélée a une augmentation du
potassium intracellulaire et a une mort par apoptose. L’augmentation de 1’expression de Kv3.1
pourrait étre un mécanisme de protection contre la toxicité du 7KC. De plus, le blocage de Kv3.1
par la 4-aminopyridine amplifie les effets toxiques du 7KC. Les effets du 7KC sur Kv3.1
suggerent que cet oxystérol pourrait agir sur la qualité de I’influx nerveux (Bezine et al., 2017;
Bezine et al., 2018b). Ces modifications au niveau des actions de canaux ioniques peuvent

trouver leur origine dans des effets membranaires des oxystérols. En accord avec cette hypothése,
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le 7KC (15 puM) diminue la fluidit¢ membranaire de cellules endothéliales humaines et inhibe

I’activité de la pompe Na,K-ATPase (Duran et al., 2010).

3.1.3 Activation du stress oxydant

Un des effets le plus notable du 7KC est son implication dans la génération de stress
oxydant caractérisée par une augmentation de production d’ERO. En effet, le 7KC augmente la

NOX. Cette enzyme catalyse la réaction d’oxydation du NADPH par ’oxygeéne et forme du
NAPD+ ainsi qu’un proton (H*) et un anion superoxyde (O27). Il en résulte une augmentation

rapide des niveaux d’ERO intracellulaires qui peuvent oxyder & leur tour des protéines, les acides
nucléiques ou encore les lipides, avec parmi eux le cholestérol, ce qui amplifie la formation de
7KC dans la cellule ainsi que le stress oxydant (Leonarduzzi et al., 2006; Pariente et al., 2019). Il
existe plusieurs NOX (NOX 1, 2, 3, 4 et 5 ainsi que deux variantes dual oxydase (DUOX 1 et 2)).
Le 7KC semble agir principalement sur la NOX4 (Lee et al., 2009; Pedruzzi et al., 2004). La
NOX 4 est principalement trouvée dans le RE, contrairement aux autres NOX qui sont plutét

membranaires (Buvelot et al., 2019).

3.1.4 Inflammation cytokinique et non cytokinique

L’inflammation est une réponse biologique du systeme immunitaire qui peut étre
déclenchée par divers stimuli : pathogenes, molécules toxiques, cellules endommagées. Elle se
divise en deux sous catégories. La premiére : I’inflammation cytokinique, se caractérise par une
activation des cellules immunitaires qui vont libérer des cytokines pro-inflammatoires dans

I’organisme. La seconde : I’inflammation non cytokinique, se caractérise par la sécrétion de
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molécules pro-inflammatoires comme [I’acide arachidonique, des prostaglandines, des
leucotrienes, des thromboxanes et des prostacyclines (Chen et al., 2018).

Le 7KC est connu pour étre un inducteur d’inflammation dans les cellules en induisant la
sécretion de cytokines pro-inflammatoires sur plusieurs modeles cellulaires. Sur des cellules de
rétine, des monocytes/macrophages, des cellules endothéliales, le 7KC induit des augmentations
de niveaux de transcrits ainsi que des sécréterions d’IL-6, IL-8, IL-1p et de VEGF (Brahmi et al.,
2018; Pariente et al., 2019; Vejux et al., 2020; Yang et al., 2019). Généralement, ceci passe par le
récepteur TLR4 et par I’activation de la voie NFkB et une augmentation des niveaux de NOD-,
LRR- and pyrin domain-containing protein 3 (NLRP3) suggérant également une activation de
I’inflammasome (Huang et al., 2014).

Le 7KC peut également engendrer une inflammation non cytokinique par augmentation des
niveaux d’acide arachidonique et de I’activité de la phospholipase A2 (PLA2) (Freeman et al.,
2005; Rosenblat et al., 2002). Le niveau de prostaglandine E2 (PGE2) peut également étre
augmenté ainsi que les activités lipoxygénases et cyclooxygénases (Tesoriere et al., 2014a;
Watanabe et al., 2018). Enfin, les niveaux d’acide hydroxyoctadécanoique (HODE) peuvent aussi
étre augmentés dans le cadre de pathologies accompagnées d’une élévation des taux de 7KC
comme I’X-ALD (Nury et al., 2017). Tout ceci méne généralement a une augmentation du stress

oxydant qui amplifie la génération de 7KC.

3.2 Effets du 7KC sur les organites

Les différentes actions cellulaires du 7KC tant au niveau du stress oxydant, de 1’intégrité
membranaire, des flux ioniques et des voies de signalisation, peuvent également se répercuter

directement ou indirectement sur les organites et leur fonctionnement. Ainsi, il a été montré que
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le 7KC présentait une toxicité vis-a-vis du lysosome, de la mitochondrie ou encore du réticulum
endoplasmique. Les travaux du laboratoire ces derniéres années ont montré que le peroxysome

était également une cible du 7KC et que ce dernier pouvait modifier son activite.

3.2.1 Réticulum endoplasmique

Le réticulum endoplasmique (RE) est un organite cellulaire lié a la membrane nucléaire. I
est constitué du RE lisse et du RE granuleux qui porte des ribosomes. Dans les cellules
eucaryotes, le RE lisse est impliqué entre autres dans le stockage du calcium, la détoxification de
drogues, la synthése de lipides (phospholipides, stéroides, cholestérol) tandis que le RE granuleux
participe plutét a la synthese des protéines et leur confere leur structure tridimensionnelle finale
(Ricciardi et al., 2020). Différents facteurs environnementaux tels que 1’ischémie, 1’hypoxie, le
stress oxydant, le vieillissement et des facteurs génétiques peuvent induire un stress du réticulum.
La réponse a ce stress est appelée « unfold protein response » (UPR). UPR a pour fonction
d’augmenter la capacité d’élimination des protéines anormales. Lors d’un stress du RE prolongé
ou trop intense, cette réponse UPR peut mener a la mort cellulaire par apoptose par
I’intermédiaire de la protéine C/EBP-Homolgous Protein (CHOP). La dérégulation de la réponse
UPR est impliquée dans de nombreuses pathologies comme le diabéte, I’inflammation, les
maladies neurodégénératives ou encore les maladies cardiovasculaires (athérosclérose) (Navas-
Madronal et al., 2019).

Parmi les différents inducteurs de stress du RE on trouve le 7KC, dont les effets sont plutét bien
connus. Sur des cellules ostéoblastiques MC3T3-EL, il a été montré que le 7KC induisait un
stress du RE caractérisé par une augmentation de la transcription des marqueurs CHOP et

GRP78. CHOP est un facteur de transcription impliqué dans la régulation de géenes pro- et anti-
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apoptotiques. GRP78 est une protéine chaperonne de la lumiere du RE qui joue un role dans le
repliement des protéines. La surexpression de GRP78 protege géenéralement de la mort cellulaire
induite par un stress du RE (Sato et al., 2017). Sur des cellules rétiniennes ARPE-19, les niveaux
de marqueurs du stress du RE sont également augmentés (CHOP, GRP78) (Huang et al., 2014) et
la voie NFkB semble étre impliquée. Sur des cellules vasculaires musculaires lisses, le 7KC
induit une augmentation des marqueurs protéiques de stress du RE: ATF4, ATF6, CHOP,
HSPAD5, IREL, SEL1L et CREDL2 (Navas-Madronal et al., 2019).

Sur des cellules monocytaires U937, le 7KC induit la formation de structures multi-lamellaires
visibles au microscope électronique et appelées figures myéliniques. Il est maintenant considéré
que ces figures myéliniques sont un indice de réticulophagie (autophagie du RE) (Vejux et al.,

2007).

3.3.2 Lysosome

Les lysosomes sont de petits organites intracytoplasmiques d’environ 0,1 a 1,2 um de
diameétre, délimités par une membrane lipidique simple (Hamer et al., 2012). Leur nombre dans
la cellule est variable. Leur membrane comporte des canaux ioniques qui permettent de faire
entrer activement des protons a I’intérieur et de maintenir ainsi un gradient de pH (le pH des
lysosomes est compris entre 3,5 et 5). Le lysosome contient un stock d’enzymes protéolytiques et
hydrolytiques (lipases, glucosidases, protéases, nucléases) actives a pH acide, ce qui lui permet
de jouer un rdle dans la dégradation et le recyclage des composants cellulaires ou extra-
cellulaires. 11 est notamment impliqué dans le processus d’autophagie au cours duquel il peut

fusionner avec des autophagosomes ou des endosomes pour former des autophagolysosomes
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capables de recycler des protéines mal repliées ou des organites dysfonctionnels (mitochondrie,
réticulum, peroxysome).

Il est bien établi que le 7KC induit une toxicit¢ a I’encontre du lysosome par le biais de
differentes voies (Anderson et al., 2020). Il peut directement induire une augmentation de la
perméabilité membranaire du lysosome en raison d’une augmentation du cholestérol non estérifié
dans celui-ci et induire une diminution de son pH (Li et al., 2011; Sudo et al., 2015). Ces
modifications membranaires peuvent alors empécher sa fusion avec les vésicules d’autophagie ou
les endosomes. La toxicité du 7KC intervient aussi au niveau des enzymes lysosomales. Dans des
cellules musculaires lisses vasculaires, le 7KC réduit 1’expression et I’activité protéolytique des
cathepsines B et D (Sudo et al., 2015). Ainsi, méme si les lysosomes parviennent a fusionner
avec les vésicules (endosomes, autophagosomes), I’activit¢é de dégradation s’en retrouve
diminuée. Ceci a pour conséquence que des protéines ou des organites dysfonctionnels vont
perdurer dans le cytoplasme et perturber le métabolisme normal de la cellule. Par exemple, des
mitochondries altérées peuvent contribuer a augmenter la production de ERO alors qu’elles
seraient éliminées en conditions normales (Butler et al., 2006; Li et al., 2012; Luchetti et al.,

2015).

Les lysosomes sont impliqués dans le processus normal de renouvellement des organites
cellulaires via 1’autophagie et sont également impliqués dans le vieillissement (Barja, 2019;
Warraich et al., 2020). Le 7KC induisant des dommages lysosomaux, pourrait participer de cette
maniére au processus de vieillissement en permettant 1’accumulation de protéines et d’organites

dysfonctionnels dans les cellules.
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3.2.3 Mitochondrie

Les mitochondries sont des organites centraux dans le métabolisme cellulaire. Elles sont
le siége de la production de I’adénosine triphosphate (ATP) et de cofacteurs (NADH, NADPH)
via la phosphorylation oxydative, le cycle de Krebs et de la B-oxydation des acides gras. Elles
interviennent dans diverses voies de signalisation et dans la mort cellulaire. Elles représentent la
principale source d’ERO intracellulaires basale produits au cours de la phosphorylation
oxydative. L’origine du 7KC étant principalement dd a la présence d’ERO, il n’est pas exclu que
les mitochondries jouent un rdle important dans sa formation, en particulier lorsque leur
métabolisme est perturbé et qu’il y a une surproduction d’ERO.

Il a été montré que le 7KC impactait directement les mitochondries et leur métabolisme
(Figure 9). Dans les oligodendrocytes 158N, ces altérations sont caractérisées en premier lieu par
une diminution de I’activité mitochondriale qui se traduit par une baisse du potentiel
transmembranaire (Agm) accompagnee par une réduction du NAD et de I’ATP. De plus, le taux
de lactate est augmenté tandis que les taux de pyruvate, citrate, fumarate et succinate

(intermédiaires du cycle de Krebs) sont diminués (Leoni et al., 2017).
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Figure 9 : Modifications de I’activité mitochondriale par le 7-cétocholestérol.

Lorsque les oligodendrocytes murins sont exposés a du 7KC, des modifications mitochondriales
majeures sont observées. La chute du potentiel transmembranaire mitochondrial (Aym) peut étre
considérée comme une conséquence de dysfonctionnements du cycle de Krebs conduisant par la
suite a des perturbations de la phosphorylation oxydative. Cela favorise la surproduction d'anions
superoxyde (O2°) au niveau mitochondrial et contribuent a I'induction de la mort cellulaire
induite par le 7KC. Adapté de (Leoni et al., 2017).

Cette altération de 1’activité mitochondriale, si elle est trop importante ou prolongée, conduit a la

mort cellulaire par apoptose via un relargage du cytochrome c, une activation des caspases, une

diminution de Bcl-2 et un clivage de PARP ainsi qu’une fragmentation internucléosomale de
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I’ADN (Han et al., 2007; Vejux et al., 2020). D’apres Fu et al., le 7KC augmente la présence de
miR144 qui diminue P’expression de I’isocitrate déshydrogénase 2 (IDH2) sur des cellules
endotheéliales aortiques et sur un modele murin C57BL/6 (Fu et al., 2014). De plus, les
interactions métaboliques étroites entre les mitochondries et les autres organites (réticulum
endoplasmique, peroxysomes) pourraient étre perturbées en presence de 7KC, ce qui amplifierait

les effets toxiques de ce dernier (Keenan et al., 2020; Vejux et al., 2020).

3.2.4 Peroxysome
Les effets du 7KC sur le réticulum, le lysosome et la mitochondrie sont assez bien connus
et caractérisés. En revanche, les effets sur le peroxysome sont peu étudiés. Cet organite dont le
métabolisme est impliqué dans de nombreuses voies et régulations métaboliques pourrait étre une
nouvelle cible du 7KC. Notre laboratoire a étudié la toxicité induite par le 7KC au niveau
peroxysomal afin de caractériser les dysfonctions qu’il pourrait induire sur sa biogénése et son
métabolisme. Le 7KC, en perturbant le fonctionnement normal du peroxysome pourrait

contribuer a I’aggravation de certaines pathologies.

Le peroxysome est présent dans le cytoplasme de toutes les cellules eucaryotes a
I’exception des réticulocytes. Délimité par une membrane lipidique simple, il se présente
généralement sous la forme d’une sphére de 0,1 a 1,5 um de diamétre, il ne contient pas d’ADN
(Trompier et al., 2014). Il a été découvert pour la premiére fois par Rhodin en 1954 qui I’a
d’abord qualifi¢ de « microbody » lorsqu’il I’a observé dans le cytoplasme des cellules de rein de
souris (De Duve et al., 1966). Ce n’est qu’en 1956 que la désignation de « peroxysome » a été
attribuée de facon deéfinitive a cet organite a la suite de la découverte de sa premiére fonction par

Christian de Duve, la dégradation du peroxyde d’hydrogene (H202) par la catalase en 2 molécules
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d’H20 et une molécule d’O». Par la suite, de nombreuses fonctions biologiques du peroxysome
ont été identifiées. Le nombre et la taille des peroxysomes présents dans les cellules est tres
variable, il dépend notamment du type cellulaire ainsi que du statut métabolique. Afin de
s’adapter aux conditions physiologiques (besoins énergétiques, statut redox, inflammation), le
nombre, la morphologie et le contenu des peroxysomes sont des parametres que les cellules
doivent étre en mesure de réguler rapidement et avec précision. Il existe différentes voies

permettant de réguler la biogénése et 1’¢limination des peroxysomes.

3.2.4.1 Biogénese du peroxysome

A T’heure actuelle, il est admis que les peroxysomes sont formés a partir d’autres
organites préexistants tels que le réticulum endoplasmique ou encore la mitochondrie (Fujiki,
2016; Kim, 2017; Sugiura et al., 2017) mais aussi a partir de peroxysomes déja matures par
croissance, bourgeonnement puis fission. Ainsi, des pré-peroxysomes sont formés par
bourgeonnement de membrane puis les protéines nécessaires a leur fonctionnement sont
importées par différentes voies afin de former des peroxysomes matures. Depuis les années 1990,
de nombreux genes impliqués dans la biogénese du peroxysome ont été identifiés codant pour des
protéines appelées « peroxines » ou PEX. Pour I’instant, 36 peroxines ont été caractérisées
(Fujiki et al., 2020; Imanaka, 2019).

La formation de nouveaux peroxysomes nécessite 1’action de différentes peroxines impliquées
dans trois mécanismes principaux : le modelage de la membrane, I’import et I’assemblage des
protéines membranaires peroxysomales (PMP) et I’import des protéines de la matrice.

Depuis leur découverte, plusieurs théories sur la biogenese des peroxysomes se sont succédées.

La premiere affirmait qu’il s’agissait d’organites autonomes qui se multipliaient uniquement par
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fission de peroxysomes préexistants (Lazarow et al., 1985), tandis que la seconde supposait que
les peroxysomes pouvaient étre formes a partir de bourgeonnements du RE (Geuze et al., 2003).
A T’heure actuelle, c’est la seconde hypothese qui semble étre la plus probable. En effet, il a été
montré que la peroxine PEX16, impliquée dans la formation de la membrane du peroxysome, se
trouve également dans la membrane du RE (Kim et al., 2006). Depuis quelques années, il semble
aussi que la mitochondrie joue également un réle dans la biogenése des peroxysomes. En effet,
certaines protéines membranaires mitochondriales comme PEX3 ou la protéine Mitochondrial
fission factor (MFF) et la protéine Mitochondrial fission 1 (FIS1), qui sont impliquées dans la
fission des mitochondries, se retrouvent également dans la membrane peroxysomale ou elles

interviennent dans la fission du peroxysome (Figure 10) (Hua et al., 2016; Kim, 2017).
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Figure 10 : Biogénése du peroxysome chez les Mammiféres

Il existe deux voies de biogénese peroxysomale : La premiere est la synthése de novo. Les
peroxysomes peuvent étre formés a partir de vésicules issues du RE et/ou de la mitochondrie
(pré-peroxysome) qui portent des peroxines telles que PEX3 et PEX16 dont le role est de
permettre la maturation des pré-peroxysomes via I’'import des protéines (PMPs et protéines de la
matrice). La seconde voie est la division de peroxysome existant. PEX11 et DRP1 jouent un role
dans I’¢élongation et la fission des peroxysomes. Adapté de (Cho et al., 2018).

3.2.4.2 Formation de la membrane peroxysomale

Chez les mammiferes, trois peroxines sont impliquées dans la formation de la membrane
et dans I’import des protéines membranaires peroxysomales (PMP) : PEX19, PEX3 et PEX16

(Figure 11) (Fujiki, 2016; Imanaka, 2019).
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Figure 11 : Import des protéines peroxysomales membranaires

L’import des protéines de la membrane peroxysomale (PMPs) se fait via I’action de PEX19 qui
reconnait le signal mPTS porté par les PMPs. PEX19 se fixe ensuite sur PEX3 tandis que PEX16
agit comme stabilisateur. La PMP est alors insérée dans la membrane du peroxysome et PEX19
est relarguée dans le cytosol pour renouveler I’opération. Adapté de (Waterham et al., 2016).

PEX19 est une protéine chaperonne, principalement cytosolique, qui reconnait le « membrane
Peroxisomal Targeting Signal » (mPTS) porté par les PMPs. Lorsque PEX19 est liée a une PMP,
elle peut ensuite interagir avec PEX3 qui est localisée dans la membrane peroxysomale. Cela
permet I’intégration de la PMP a la membrane lorsqu’elle est libérée par PEX19 qui retourne
ensuite dans le cytoplasme pour renouveler 1’opération. PEX16 agit comme un stabilisateur dans
la fixation de PEX19 sur PEX3. PEX3 et PEX16 font aussi partie de la membrane du RE, ce qui
justifie I’implication de ce dernier dans la biogénése des peroxysomes. Des dysfonctions ou

mutations de ces trois protéines entrainent des maladies peroxysomales caractérisées par une
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absence de peroxysomes (ou peroxysomes fantémes) connues sous 1’appellation de syndrome de

Zellweger (Fujiki et al., 2020).

3.2.4.3 Fission du peroxysome

Les peroxysomes sont capables de se diviser de maniére autonome au méme titre que la
mitochondrie. Ainsi, leur nombre peut étre ajusté en fonction des besoins métaboliques des
cellules. La multiplication des peroxysomes par fission implique plusieurs protéines dont PEX11
ainsi que MFF, FIS1 et la Dynamin-related protein 1 (DRP1) qui font également partie des
protéines de fission mitochondriales (Schrader et al., 2012). Au cours de ce processus, la
membrane peroxysomale va s’allonger puis subir une constriction puis enfin une fission/division.
Dans un premier temps, PEX11 (protéine transmembranaire) va s’activer au niveau de la
membrane pour initier une élongation tubulaire d’un c6té du peroxysome. Par la suite, cette
extension commence a acquérir de nouvelles PMPs ainsi que des protéines de la matrice. PEX11
et le complexe MFF/DRP1 se concentrent aux sites de constriction en un large complexe en
anneau qui hydrolyse le guanosine triphosphate (GTP) en se resserrant jusqu’a la fission en
plusieurs peroxysomes. FIS1 semble jouer un rdle régulateur. Les nouveaux peroxysomes

obtenus continuent a importer des protéines jusqu’a devenir matures a leur tour.

3.2.4.4 Importation des protéines matricielles peroxysomales: implication du
« peroxisomal targeting signal » (PTS)
Le peroxysome étant dépourvu d’ADN, il est nécessaire que les protéines indispensables a
son activité métabolique soient importées depuis le cytoplasme. Une dizaine de peroxines sont
impliquées dans I’import de protéines vers le peroxysome : PEX1, PEX2, PEX5, PEX6, PEX7,

PEX10, PEX12, PEX13, PEX14 et PEX26 (Fujiki, 2016).
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Afin qu’une protéine puisse €tre dirigée vers le peroxysome, elle doit étre porteuse d’un signal
d’adressage appelé PTS (peroxisomal targeting signal). Il existe deux signaux différents : PTS1 et
PTS2. PTS1 est un tripeptide (S/A/C)-(K/R/H)-(L/M) situé a I’extrémité COOH-terminale de la
majorité des protéines de la matrice peroxysomale, tandis que PTS2 est un nonapeptide constitué
d’une séquence consensus répétée (L/I/K)-X5-(Q/H)-(L/1/V) située a I’extrémité NHp-terminale
des proteines.

Les protéines synthétisées de novo et porteuses du signal PTS1 sont reconnues par PEXS5 et celles
porteuses du signal PTS2 sont reconnues par PEX7. PEX7 a ensuite besoin de reconnaitre PEX5
pour pouvoir atteindre le peroxysome.

PEXS se fixe a la membrane peroxysomale au niveau d’un complexe oligomérique formé par
PEX13 et PEX14. Ce premier complexe interagit avec un second constitué de PEX2, PEX10 et
PEX12 (complexe Really Interesting New Gene: RING). Aprés fixation de PEX5 aux
complexes, la protéine d’intérét est transloquée a I’intérieur du peroxysome via 1’action de PEX8,
puis PEX5 et PEX7 sont relarguées dans le cytoplasme pour effectuer un nouvel import ou pour
étre dégradées par le protéasome (Waterham et al., 2016). Cette étape nécessite 1’activité
ubiquitine ligase du complexe RING (PEX2, PEX10, PEX12), qui va mono- ou poly-
ubiquitinyler PEX5. Une mono-ubiquitinylation de PEX5 va permettre son recyclage dans le
cytoplasme tandis qu’une poly-ubiquitinylation la dirigera vers le protéasome pour sa
dégradation. PEX1, PEX6, PEX26p forment un complexe également impliqué dans

I’ubiquitinylation de PEX5 (Figure 12).
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Figure 12 : Import des protéines matricielles peroxysomales

Schématisation des voies d’imports des protéines de la matrice. Les signaux PTS1 et PTS2 portés
par les protéines de la matrice sont reconnus respectivement par PEX5 et PEX7. PEX5 se fixe au
niveau de la membrane peroxysomale sur le complexe PEX13/PEX14 qui interagit avec le
complexe RING (PEX2/PEX10/PEX12). La protéine matricielle est relarguée dans le
peroxysome. Le complexe PEX1/PEX6/PEX26 est impliqué dans ’ubiquitinylation de PEX5
pour permettre son recyclage ou sa dégradation vers le protéasome. Adapté de (Waterham et al.,
2016).

3.2.4.5 Prolifération peroxysomale : implication du récepteur PPAR (Peroxisome
Proliferator-Activated Receptor)

Les peroxysomes sont des organites dynamiques dont le nombre peut étre ajusté en
fonction des besoins métaboliques des cellules en réponse a des stimuli environnementaux. Leur
nombre peut croitre par prolifération ou diminuer par dégradation. La prolifération peroxysomale

est hautement regulée par des cascades de signalisation se terminant au niveau du noyau grace a
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des facteurs de transcription qui peuvent agir sur I’expression des génes peroxysomaux.
Généralement, les signaux d’activation de la prolifération peroxysomale sont des signaux
externes tels que des acides gras ou encore des fibrates (Manickam et al., 2017). Chez les
mammiferes, la voie principale de régulation est la voie impliquant le « peroxisome proliferator-
activated receptor a » (PPARa).

Il existe trois membres de la famille PPAR : PPARa, PPARB/S et PPARy. Ces derniers ne sont
pas exprimés de facon équivalente en fonction des tissus et des types cellulaires. PPARa est
fortement exprimé dans les tissus ayant une activité d’oxydation des acides gras élevée, comme le
tissu adipeux brun, le foie, le rein, le cceur et le muscle squelettique. PPARP est exprimé de facon
ubiquitaire mais en majorité¢ dans ’intestin, le rein et le cceur. Il est généralement plus exprimeé
que PPARa et PPARy. Enfin, PPARYy est exprimé principalement dans le tissu adipeux et dans
une moindre mesure dans I’intestin et les cellules du systéme immunitaire (Manickam et al.,
2017).

Lorsqu’un ligand agoniste de PPAR se fixe sur ce dernier, un changement de conformation
s’opere au niveau du domaine de fixation de PPAR. Le complexe PPAR/ligand se transloque
ensuite dans le noyau et s’hétérodimérise avec un autre facteur de transcription, le retinoid-X-
receptor (RXR). Ce nouveau complexe PPAR/RXR est ensuite capable de reconnaitre et de se
fixer sur ’ADN au niveau d’une séquence : peroxisome proliferator response element (PPRE),

située dans la région promotrice des genes peroxysomaux (Schrader et al., 2016).

3.2.4.6 Degradation des peroxysomes

La dégradation des peroxysomes est un processus aussi important que leur biogénése afin
de maintenir un équilibre métabolique dans la cellule. Ainsi, la durée de vie d’un peroxysome est

de 1,5 a 2 jours. Il existe differentes voies permettant de dégrader les peroxysomes : soit par
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autolyse de la membrane (20 a 30 % de la dégradation), soit par autophagie (70 a 80 % de la

dégradation (Germain et al., 2020) (Figure 13).
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Figure 13 : Schéma des différentes voies de dégradation du peroxysome

1A) Les PMPs ubiquitinylées a la surface des peroxysomes sont reconnues par la protéine p62
qui se lie a son tour a I’autophagosome en formation via LC3-11. 1B) La protéine NBR1 reconnait
les PMPs ubiquitinylées. NBR1 peut ensuite se fixer sur LC3-1l de la méme maniere que p62.
1C) Dans des conditions nutritives normales, PEX14 est située dans la membrane peroxysomale
et interagit avec PEX5. A I’inverse, en conditions de restrictions nutritives, ’affinité de PEX14
pour PEX5 diminue au profit de LC3-1l. 2) La voie de 1’autolyse implique la 15-lipoxygénase
(15-LOX). Cette derniére catalyse la conversion d’acides gras poly-insaturés en conjugués
hydroperoxides, ce qui entraine une rupture de la membrane peroxysomale et sa lyse. Adapté de
(Nordgren et al., 2013).

La voie majoritaire de degradation des peroxysomes consiste en une dégradation spécifique des
peroxysomes par autophagie : la pexophagie. Ce processus cellulaire de recyclage consiste a ce
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que les peroxysomes qui doivent étre dégradés soient pris en charge par les autophagosomes pour

étre détruits. Il semble que ces trois processus menant a la pexophagie puissent avoir lieu :

e Le premier implique la reconnaissance de PMPs qui ont été ubiquitinylées par les E3
ubiquitine ligases a la surface des peroxysomes. Ces derniéres sont reconnues par la
protéine p62 qui se lie a son tour a I’autophagosome en formation via LC3-11 (Figure 13,
A).

e Le second processus implique la protéine NBR1 qui est capable de reconnaitre les PMPs
ubiquitinylées ou de se fixer directement a la membrane peroxysomale. NBR1 peut
ensuite se fixer sur LC3-11 de la méme maniere que p62 (Figure 13, B).

e Le dernier processus se produit en cas de restriction en nutriments. Dans des conditions
normales, PEX14 est située dans la membrane peroxysomale et interagit avec PEX5. En
conditions de restrictions, 1’affinité de PEX14 pour PEX5 diminue au profit de LC3-Il, ce

qui dirige le peroxysome vers 1’autophagosome (Figure 13, C).

La voie de D’autolyse implique la 15-lipoxygénase (15-LOX). Cette derniére catalyse la
conversion d’acides gras poly-insaturés en conjugués hydroperoxides (Nordgren et al., 2013;

Yokota et al., 2001), ce qui entraine une rupture de la membrane peroxysomale et sa lyse.

3.2.4.7 Rdles du peroxysome

Le peroxysome prend part & de nombreuses voies métaboliques au sein de la cellule et peut
par conséquent étre impliqué dans diverses maladies. Il participe au catabolisme des ERO et
ERA, a la synthese des plasmalogénes, a la p-oxydation des acides gras, au métabolisme du

glyoxylate et au catabolisme des acides amines.

77



3.2.4.7.1 Métabolisme des espéces réactives de I’oxygeéne et de I’azote

La premiere fonction biologique du peroxysome qui a été découverte par Christian De
Duve en 1966 est sa capacité a métaboliser le peroxyde d’hydrogene (H202) (De Duve et al.,
1966) : soit de fagon catalytique : 2 H202 en Oz + 2 H20, soit de fagon peroxydique : 2 H202
+AH; en A + 2 H20 ou AH:z est un donneur d’hydrogéne tel que 1’éthanol, le méthanol, le
formaldehyde, le formate ou encore le nitrite (Tomanek, 2015; Wanders et al., 2006).
La catalase catalyse la réaction : 2 H20, en O, + 2 H20, mais d’autres enzymes peroxysomales

sont aussi capables de cataboliser I’H20- : la glutathion peroxydase et la peroxyredoxine V. Des
anions superoxides (O2") peuvent étre générés au niveau peroxysomal par la xanthine oxydase.

La dégradation de I’anion superoxyde est prise en charge par les superoxyde dismutases telle que
la Cu/Zn-SOD et la Mn-SOD au niveau peroxysomal (Ganguli et al., 2019; Ghosh et al., 1996;
Schrader et al., 2006).

Les peroxysomes contiennent aussi une activité nitric oxide synthase (NOS) (Del Rio, 2011). En
réagissant avec les anions superoxydes, le NO- forme des peroxynitrites (ONOO") qui sont
dégradés par la peroxyredoxine V. Une activité époxyde hydrolase soluble (époxyde hydrolase 2)
a également été identifiée dans les peroxysomes (Harris et al., 2013; Waechter et al., 1983).
Enfin, le peroxysome contient une activité glutathion-S-transférase (GST), il s’agit de la GSTKI,
et de la microsomal GST1 (MGST1), qui est aussi mitochondriale (Fransen et al., 2012; Higgins

etal., 2011) (Figure 14).
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Figure 14 : Métabolisme des espéces réactives de ’oxygene et de I’azote dans le peroxysome
La production d’anions superoxydes (O2”) par la xanthine oxydase et de NO- par la NOS mene a
la formation de peroxynitrites (ONOO"). La catalase et la glutathion peroxydase dégradent ’H20>
tandis que les SOD dégradent 1’0O2-. La peroxiredoxine V (Prx5) prend en charge les
peroxynitites.

3.2.4.7.2 Biosynthese des plasmalogénes

Les éthers de phospholipides, font partie des phospholipides et sont caractérisés par la
présence d’une liaison éther en position sn-1 du glycérol (Figure 15). Dans la famille des éthers
de phospholipides, on distingue deux groupes : ceux avec une liaison éther et ceux avec une
liaison vinyl-éther qui forment les plasmalogenes. Le groupement lié en sn-1 des plasmalogenes
est un acide gras qui peut étre un C16:0 (acide palmitique), un C18:0 (acide stéarique) ou C18:1

n-9 (acide oléique (AO)). La position sn-2 est occupée par un acide gras poly-insaturé (AGPI)
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tandis que le troisiéme groupement, li¢ par 1’intermédiaire d’un phosphate est une éthanolamine

ou une choline (Brites et al., 2004).

Plasmalogéne éthanolamine
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Figure 15 : Structure des plasmalogéne éthanolamine et des plasmalogénes choline.

La famille des éthers de phospholipides est constituée de deux groupes : ceux avec une liaison
éther et ceux avec une liaison vinyl-éther qui forment les plasmalogenes. Le groupement lié en
sn-1 des plasmalogénes est un acide gras qui peut étre un C16:0 (acide palmitique), un C18:0
(acide stéarique) ou C18:1 n-9 (acide oléique (AO)). La position sn-2 est occupée par un acide
gras poly-insaturé (AGPI) tandis que le troisiéme groupement, lié par 1’intermédiaire d’un
phosphate est une éthanolamine ou une choline. Adapté de (Takeshi Arita, 2018).

Chez I’Homme, les plasmalogéenes représentent 18% du total des phospholipides. La répartition
des plasmalogénes peut varier en fonction des tissus et des organes. Par exemple, le cerveau et
plus particulierement la myéline, contient une majorité de plasmalogénes a éthanolamine tandis

que le cceur contient plutét des plasmalogenes a choline. Des taux de plasmalogénes plus faibles
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sont retrouves dans les reins, les muscles squelettiques, la rate, le foie et les cellules sanguines
(Wanders et al., 2006).

La biosynthése des plasmalogenes a lieu en partie au niveau du peroxysome, ce qui en fait une
étape limitante dans le sens ou des altérations de ce dernier peuvent entrainer des probléemes de
synthése des plasmalogenes (Figure 16).
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Figure 16 : Voie de synthése des plasmalogénes

Les deux premiéres étapes de la synthése des plasmalogenes ont lieu dans le peroxysome. Le
dihydroxyacétone phosphate (DHAP) est converti en acyl-DHAP puis en alkyl DHAP
respectivement par la dihydroxyacétone phosphate acyltransférase (DHAPAT) et I’alkyl-
dihydroxyacétone phosphate synthase (ADHAP-S). La troisieme étape qui transforme I’alkyl-
DHAP en alkyl-G3P par action de I’acyl/alkyl- dihydroxyacétone phosphate réductase
(AADHAP-R) ont lieu a la fois dans le peroxysome et dans le réticulum endoplasmique. Les
autres étapes de synthése ont lieu dans le RE. Adapté de (Braverman et al., 2012).
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En effet, les deux premiéres enzymes nécessaires a leur formation sont peroxysomales. La
premiére étape de leur synthése consiste en une estérification du dihydroxyacétone phosphate
(DHAP) avec un acyl-CoA a longue chaine par la dihydroxyacétone phosphate acyltransférase
(DHAPAT), ceci donne un 1l-acyl-DHAP. La seconde étape implique 1’alkyl-dihydroxyacétone
phosphate synthase (ADHAP-S) qui utilise le 1-acyl-DHAP comme substrat en remplacant en
I’acide gras position sn-1 par un alcool gras pour donner un 1l-alkyl-DHAP. La DHAPAT et
I’ADHAP-S forment un complexe hétérodimérique (Biermann et al., 1999; Brites et al., 2004).
La troisieme étape qui consiste a réduire la fonction cétone en position sn-2 de I’alkyl-DHAP est
effectuée par I’acyl/alkyl- dihydroxyacétone phosphate réductase (AADHAP-R), elle donne un 1-
alkyl-glycérol-3-phosphate (1-alkyl-G3P). Cette réaction peut avoir lieu dans le peroxysome mais
également dans le réticulum endoplasmique. Les étapes suivantes de la synthese des

plasmalogenes ont toute lieu dans le RE.

3.2.4.7.3 p-oxydation des acides gras

Une autre fonction importante du peroxysome dans le métabolisme lipidique est la f-
oxydation des acides gras. Tout comme la mitochondrie, le peroxysome a la capacité de réaliser
la B-oxydation de différents acides gras bien que les enzymes respectives ne soient pas codées par
les mémes génes. En effet, les anomalies de B-oxydation chez des malades ne donnent pas les
mémes symptdémes en fonction de leur origine mitochondriale ou peroxysomale (Munn et al.,
2003; Rinaldo et al., 2002).

Une des différences entre la p-oxydation peroxysomale et mitochondriale est le substrat de
départ. Les acides gras a chaine courte (C < 6) et moyenne (C6 a C12) sont B-oxydes

exclusivement par la mitochondrie. Les acides gras a chaine longue (C12 a C22) sont oxydes
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dans la mitochondrie et le peroxysome tandis que les acides gras a trés longue chaine (AGTLC)
(C > 22) sont oxydés exclusivement dans le peroxysome avant de terminer leurs cycles de -
oxydation dans la mitochondrie.

Pour étre B-oxydés, les acides gras doivent entrer dans le peroxysome. Pour cela, ils doivent étre
activés en acyl-CoA afin d’étre pris en charge par les transporteurs membranaires peroxysomaux
ABCD, dont on distingue trois transporteurs différents : ABCD1, ABCD2 et ABCD3. Ces
transporteurs ont des sensibilités de substrats différents : ABCD1 et ABCD2 ont des fonctions
redondantes et transportent principalement les acides gras saturés et mono-insaturés. Cependant,
ABCDL1 présente une spécificité plus importante pour le C24:0 et le C26:0 que ABCD2. ABCD2
présente une spécificité plus importante pour les acides gras poly-insaturés C22:6 et C24:6.
ABCD3 est impliqué dans le transport des acides gras a chaine longue, des acides gras branchés,
(acide pristanique et phytanique), ainsi que des acides di- et tri-hydroxycholestanoiques (DHCA
et THCA) (Kawaguchi et al., 2016).

A chaque cycle de p-oxydation peroxysomale plusieurs réactions enzymatiques se succédent :
a,B-déshydrogénation, hydratation (de la double liaison), déshydrogénation a nouveau et enfin
clivage thiolytique. Les acides gras se retrouvent raccourcis de deux atomes de carbones et un

acetyl-coenzyme A (acétyl-CoA) est formé (Figure 17) (Kemp et al., 2011).
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Figure 17 : Transport et g-oxydation peroxysomale des acides gras

Fonctions des transporteurs ABC peroxysomaux de mammiféres dans l'importation d'AGTLC,
d'acide pristanique, d'acide di- et trihydroxycholestanoique (DHCA et THCA), d'acide
dicarboxylique (DCA) et d'acide tétracosahexaénoique (C24:6 n-3) vers le peroxysome. Les
peroxysomes contiennent la machinerie enzymatique compléte pour B-oxyder les acides gras. Les
premiéres enzymes sont deux acyl-CoA oxydases (ACOX1 et ACOX2), la seconde étape
implique une protéine bifonctionnelle comportant deux sous-unités (MFP1 et MFP2), la troisieme
étape est réalisée par deux autres enzymes, les thiolases (ACAAL et SCPx). Pour une -oxydation
compléte, les produits finaux doivent étre ensuite transférés dans les mitochondries. Adapté de
(Kemp et al., 2011).

Parmi les enzymes nécessaires a la B-oxydation, la premiére a entrer en jeu est 1’acyl-CoA
oxydase (ACOX). Il existe trois ACOX différentes (la palmytoyl-CoA oxydase ACOX1, la
cholestanoyl-CoA oxydase ACOX2 et la pristanoyl-CoA oxydase ACOX3) (Kemp et al., 2011).
La seconde enzyme de la B-oxydation est une enzyme bi-fonctionnelle qui comporte deux sous-

unités ayant deux activités différentes: enoyl-CoA hydratase et 3-hydroxy-acyl-CoA

déshydrogénase. Cette enzyme est souvent nommée MFP2 (Huyghe et al., 2006). Enfin, la
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derniére étape du clivage thiolytique implique une thiolase. On trouve deux thiolases chez
I’Homme (ACAAL et SCPX) et trois chez les rongeurs (thiolase A, thiolase B et SCPXx).

D’autres substrats ne peuvent étre dégradés que dans le peroxysome. On trouve 1’acide
pristanique (acide 2,4,6,10-tétraméthylpentacholestanoic) ainsi que son précurseur, 1’acide
phytanique (converti en acide pristanique par a-oxydation) et les précurseurs d’acides biliaires :
les acides di- et tri-hydroxycholestanoiques, les acides dicarboxyliques et certains acides gras
polyinsaturés comme 1’acide tétracosahexaénoique (THA ; C24:6 n-3) qui donne I’acide
docosahexaénoique (DHA ; C22:6 n-3) aprés un cycle de B-oxydation. On trouve également
certaines prostaglandines et leucotriénes ainsi que les vitamines E et K (Wanders, 2004; Wanders
et al., 2006).

Les produits de la B-oxydation sont ensuite exportés vers le cytoplasme puis vers la mitochondrie
pour terminer leurs cycles de -oxydation. Pour cela, deux enzymes peroxysomales : la carnitine
octanoyltransférase (COT) et la carnitine acétyltransférase (CAT) sont impliquées. Elles
permettent de substituer I’acyl-COA sur les acides gras par une acylcarnitine via une trans-
estérification. Ainsi, les acides gras peuvent sortir du peroxysome pour entrer dans les
mitochondries par un transporteur (carnitine-acylcarnitine translocase ACAT) (Houten et al.,
2020).

Le peroxysome est également capable de réaliser 1’a-oxydation des acides gras. Cette réaction
concerne les acides gras avec un groupement méthyl sur le carbone 3 qui bloque la 3-oxydation.
L’a-oxydation consiste a retirer un carbone du coté carboxyle (-COOH) de ’acide gras, de facon
que le groupement méthyl se situe ensuite en position 2. De cette maniére, I’acide gras résultant
peut étre B-oxydé classiquement dans le peroxysome. L’a-0xydation convertit 1’acide phytanique
en acide pristanique. Une déficience en a-oxydation induit une accumulation en acide phytanique

et est connue sous le nom de maladie de Refsum (Wanders, 2004).
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3.2.4.7.4 Métabolisme du glyoxylate

Chez ’Homme, le glyoxylate est formé dans les mitochondries, le cytosol ou les
peroxysomes comme intermédiaire dans le cycle du glyoxylate. Ce cycle est un dérivé du cycle
de Krebs qui prévient la conversion du glyoxylate en oxalate, toxique pour la cellule. On retrouve
dans les peroxysomes du foie I’alanine: glyoxylate aminotransférase (AGT), qui utilise I’alanine
pour convertir le glyoxylate en glycine et I’empéche de s’accumuler pour donner de 1’oxalate par

action de la lactate déshydrogenase (LDH) (Wanders et al., 2018).

3.2.4.7.5 Catabolisme des acides aminés

Les peroxysomes contiennent une D-amino acide oxydase qui oxyde les D-isomeéres des
acides aminés neutres et basiques, ainsi qu’une D-aspartate oxydase qui oxyde les acides aminés
acides (Van Veldhoven et al., 1991). De plus, les peroxysomes contiennent aussi une glutaryl-
CoA oxydase (peroxysomale et mitochondriale) qui convertit la lysine, ’hydroxylysine et le

tryptophane en glutaryl-CoA (Vamecq et al., 1984).

3.2.4.7.6 Autres fonctions du peroxysome

Outre les fonctions métaboliques majeures décrites précédemment, le peroxysome
posséde d’autres activités : une implication dans la voie des pentoses phosphates (Antonenkov,
1989; Wanders et al., 2006), dans 1’oxydation des polyamines (Wu et al., 2003), dans le
métabolisme des isoprénoides et du cholestérol (Kovacs et al., 2003). En effet, plusieurs enzymes
participant a la synthese du cholestérol sont peroxysomales : 1’acétoacétyl-CoA thiolase, ’HMG-
CoA synthase, [I'hydroxy-méthyl-glutaryl-CoA réductase, la mévalonate Kkinase, la

phosphomévalonate kinase, la mévalonate diphosphate décarboxylase, 1’isopentényl diphosphate
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isomérase et la farnesyl diphosphate synthase (Faust et al., 2014; Kovacs et al., 2003). Enfin, le
peroxysome peut étre impliqué dans la réponse immunitaire et 1’inflammation (Di Cara et al.,

2019).

Le peroxysome contribue a de nombreuses voies métaboliques, toute modification ou
perturbation de ce dernier peut avoir des conséquences importantes sur I’homéostasie cellulaire et
induire des maladies graves. Des facteurs intrinséques d’origine génétique, mais aussi
extrinseques environnementaux, pourraient participer aux dysfonctions peroxysomales. Ainsi, le
7KC formé de facon endogeéne ou apporté par 1’alimentation pourrait prendre part a 1’altération

des peroxysomes.

3.2.4.7.7 Dysfonctions peroxysomales induites par le 7TKC

Il a été montré que le 7KC pouvait induire des modifications peroxysomales au niveau de
son métabolisme, notamment en provoquant une diminution de I’expression de transporteurs
membranaires peroxysomaux tels que ABCD1, ABCD2 et ABCD3 (fréquemment utilisé en tant
que marqueur de masse peroxysomale) mais également au niveau d’enzymes impliquées dans la
B-oxydation des acides gras a tres longue chaine (ACOX1, MFP2) sur des cellules microgliales
BV-2 (Debbabi et al., 2016). Sur la méme lignée cellulaire, le 7KC induit également une
diminution de I’expression de PEX14 (peroxine impliquée dans la biogénése des peroxysomes) et
de PACOXI1 tandis que l’activité de la catalase est augmentée (Nury et al., 2017). Dans le
contexte de I’X-ALD, qui est une maladie génétique peroxysomale caractérisée par une mutation
du géne ABCD1, des taux élevés de 7KC plasmatiques ainsi d’autres marqueurs de stress

oxydant (9/13-HODE, 7p-OHC) ont été mesurés. Il est supposé que le 7KC amplifierait les effets
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de la maladie au niveau peroxysomal mais également au niveau des autres organites (Nury et al.,
2017). Des effets comparables ont été montrés sur les oligodendrocytes murins 158N au niveau
des transcrits ABCD1, ABCD3, ACOX1 et MFP2 (Badreddine et al., 2017; Vejux et al., 2020).
Ces effets du 7KC sur le peroxysome et son activité se traduisent par une accumulation
d’AGTLC aussi connus pour leur toxicité (Nury et al., 2018).

Les mécanismes de toxicit¢ du 7KC sur le peroxysome ne sont pas connus a I’heure actuelle.
Néanmoins, il est peu probable que la toxicité du 7KC passe par une inactivation des récepteurs
PPARs puisque des agonistes (fibrates) n’ont pas d’effet. L’utilisation d’agonistes et
d’antagonistes de LXR ne modifie pas non plus la toxicité du 7KC. En revanche, la diminution
du métabolisme du cholestérol et des altérations probables de son transport intracellulaire
pourrait impacter la mitochondrie, ce qui entrainerait des problemes de [-oxydation
peroxysomale. Par ailleurs, il semble que I’inactivation de certains transporteurs du cholestérol

(ORPs) diminue ou augmente la biogenese et/ou I’activité peroxysomale.

3.3 Catabolisme du 7KC

Le 7KC est un composé que les cellules ont des difficultés a métaboliser. 1l existe
néanmoins des moyens pour éliminer le 7KC et diminuer ses effets toxiques. La plupart des voies
du metabolisme du cholestérol peuvent s’appliquer au métabolisme des oxystérols. Les
principales voies métaboliques sont 1’estérification, 1’oxydation, la sulfation et la réduction. Elles
ont pour but de servir au transport des oxystérols et a leur élimination par exemple en formant des
acides biliaires. La formation des acides biliaires intervient au niveau du foie par différentes
voies : la voie de la 7a-hydroxylase, de la 27-hydroxylase, de la 24-hydroxylase et de la 25-
hydroxylase (Crosignani et al., 2011; Griffiths et al., 2020).
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Il est possible que les oxystérols, et par conséquent le 7KC, soient estérifiés au méme titre que le
cholestérol. L’estérification des oxystérols est aussi réalisée par I’action de 1I’Acyl CoA
cholesterol Acyl Transferase (ACAT) dans les cellules ou de la Lecithin-Cholesterol
Acyltransferase (LCAT) dans le plasma (Brown et al., 2009; Szedlacsek et al., 1995). De plus, la
cytotoxicite des oxystérols est réduite par leur estérification en empéchant leur accumulation et
en diminuant leur action pro-apoptotique (La Marca et al., 2014; Monier et al., 2003). Chez des
patients souffrant d’une mutation de LCAT, les taux plasmatiques de 7KC libre sont augmentés
tandis que le 7KC estérifié est diminué (Yamamuro et al., 2020).

Le 7KC peut étre sulfaté par la sulfotransférase 2B1b (SULT 2B1b), ce qui diminue sa toxicité
(Fuda et al., 2007). Il peut étre également pris en charge par CYP27A1 pour former du 270H-
7KC (Lyons et al., 2001; Pariente et al., 2019).

La nature hydrophobe des oxystérols fait qu’ils sont généralement présents dans les
environnements lipidiques tels que les membranes plasmiques ou les gouttelettes lipidiques.
Ainsi, ils ne peuvent pas étre éliminés directement des cellules mais seulement par le biais de
transporteurs spécialisés. Il semble que seuls les transporteurs membranaires ATP-binding
cassette, subfamilly A, member 1 (ABCA1) et ATP-binding cassette, subfamilly G, member 1
(ABCG1) soient capables d’éliminer des oxystérols en les transportant a 1’extérieur des cellules.
ABCA1 et ABCGL1 permettent le transport des phospholipides et du cholestérol/oxystérols vers
les HDL via I’ApoAl (protéine majeure des HDL). Il a été montré sur des macrophages de souris
que la protection contre la mort cellulaire induite par des OXLDL (contenant du 7KC) était
specifiquement dépendante d’ABCG1 mais pas d’ABCAIL. Sur des cellules épithéliales
embryonnaires de rein (HEK293), le 7a-OHC, le 7B-OHC et le 25-OHC sont aussi transportés
par ABCG1. Le 25-OHC est également transporté par ABCAL (Brown et al., 2009; Terasaka et

al., 2007). De plus, une accumulation de 7KC est observée dans des macrophages de souris
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ABCG1 -/- (Tall, 2008). Sur des macrophages murins J774, un traitement par du glycolaldhéyde
et de OxLDL diminue I’expression d’ABCA1 et ABCGI, et induit une baisse de 1’efflux de 7KC
et son accumulation (lborra et al., 2011). Les oxystérols oxydés sur la chaine latérale (24(S)-
OHC, 27-OHC et 25-OHC) font figure d’exception puisqu’ils sont capables de traverser d’eux
méme les membranes lipidiques (Bjorkhem, 2006).

Le 7KC peut également étre pris en charge par la 11p-HSD1 (enzyme qui réduit la cortisone en
cortisol) au niveau hépatique pour étre réduit en 78-OHC (Mutemberezi et al., 2016; Pariente et
al., 2019). De plus, il existe des enzymes bactériennes (cholestérol oxydases) pouvant dégrader le

7KC (Ghosh et al., 2016; Mathieu et al., 2008; Mathieu et al., 2010).

4. Molécules cytoprotectrices vis-a-vis du 7-cétocholestérol

Le 7KC entraine des dysfonctions des organites (mitochondrie, lysosome, peroxysome,
RE) et agit sur la balance Redox, la production d’énergie, et les flux ioniques. Il contribue au
développement de pathologies trés variées : maladies cardiovasculaires, oculaires, pulmonaires,
intestinales, neurodégénératives et maladies géenétiques rares ou non. Le 7KC étant un composé
qui est peu ou pas métabolisé dans les cellules, a 1’exception du foie, il pourrait s’accumuler au fil
du temps, ce qui favoriserait sa toxicité. Il est donc important d’identifier des molécules
synthétiques ou naturelles pouvant s’opposer a ses effets toxiques. Actuellement, différents
composés sont connus comme ayant des activités cytoprotectrices vis-a-vis du 7KC : des
molécules naturelles (polyphénols, tocophérols, vitamines, lipides ou mélanges de lipides) et des

molécules synthétiques.
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4.1 Tocophérols

Le terme vitamine E caractérise un ensemble de huit isomeéres, quatre tocophérols avec
une chaine latérale C16 saturée (a-tocophérol, p-tocophérol, y-tocophérol et d-tocophérol) et
quatre tocotriénols avec une chaine latérale contenant trois insaturations (a-tocotriénol,
B-tocotriénol, y-tocotriénol et 5-tocotriénol) (Figure 18) (Rimbach et al., 2002). Ces molécules
sont présentes en grande quantité dans des produits d’origine naturelle alimentaire comme les
poissons gras, des huiles végétales (huile d’argan, d’olive, de pépins de raisin, de graines de
chardon-Marie) ou encore dans des graines (amandes, noisettes, soja) (Badreddine et al., 2017;

Brahmi et al., 2019; Meddeb et al., 2018).

o CH; CH; CH;
B CH; H CH;
5 H H CH, CH,

Tocophérol : chaine latérale phytyl

Figure 18 : Structure moléculaire des isomeres de vitamine E.

La vitamine E est un ensemble de huit molécules : quatre tocophérols avec une chaine latérale
C16 saturée (a-tocophérol, B-tocophérol, y-tocophérol et 5-tocophérol) et quatre tocotriénols avec
une chaine latérale contenant trois insaturations (o-tocotriénol, B-tocotriénol, y-tocotriénol et
d-tocotriénol). D’aprés (Rimbach et al., 2002).

Ces molécules liposolubles ont des effets biologiques différents en fonction des isomeres, mais
elles ont comme point commun une activité antioxydante au sein de 1’organisme en neutralisant
les radicaux libres oxygénés et azotés. Leur capacité antioxydante provient du groupement

phénolique hydroxyl qui peut donner un ion H* aux radicaux libres. La vitamine E oxydée
y
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devient alors un radical peu réactif qui peut étre régénéré par la vitamine C (Chan, 1993).
L’efficacité de I’activité antioxydante de la vitamine E est modulée par deux facteurs : la mobilité
de la molécule dans la membrane cellulaire déterminée par la chaine latérale et le nombre de
fonctions méthyl (-CH3) portées par I’anneau chromanol (plus il est important et plus la capacité
antioxydante est élevee). Ainsi, les isoméres a- sont les plus actifs (Rimbach et al., 2002). L’a-
tocophérol est considéré comme 1’isoforme la plus active biologiquement en raison de son
affinité elevée pour la protéine de transfert du tocophérol (PTT) qui permet sa sécrétion dans les
lipoprotéines par les hépatocytes (Thakur et al., 2010). La « Plasma phospholipid transfer
protein » (PLTP) transfert ensuite I’a-tocophérol plasmatique vers les tissus (Albers et al., 2012).
De plus, I’a-tocophérol est capable de traverser la BHE pour étre actif dans le systéme nerveux
central (Lee et al., 2019).

Le réle de I’a-tocophérol dans la protection contre les effets toxiques du 7KC est documenté sur
différents types cellulaires. Sur des cellules monocytaires U937, I’a-tocophérol diminue les effets
toxiques du 7KC sur le potentiel membranaire mitochondrial, le relargage de cytochrome c et
I’apoptose ainsi que la formation de vésicules autophagiques (Lizard et al., 2000; Miguet-Alfonsi
et al., 2002). L’a-tocophérol préserve I’activation de la voie PI3-K/PDK-1/Akt qui est déficiente
lorsque les cellules U937 sont traitées par le 7KC (Vejux et al., 2009a).

Sur des cellules musculaires lisses A7R5, I’a-tocophérol protége de la toxicité du 7KC en
diminuant son incorporation dans les radeaux lipidiques ainsi qu’en activant la voie Akt/PKB. En
revanche, le y-tocophérol ne permet pas de protéger du 7KC sur ce méme modele (Royer et al.,
2009).

Sur des cellules de neuroblastome N2a, I’a-tocophérol inhibe le stress oxydant, la dépolarisation

des mitochondries et la mort cellulaire induite par le 7KC (Yammine et al., 2020a).
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Sur des cellules microgliales BV-2, le 7KC induit une mort cellulaire ainsi que des dommages
peroxysomaux qui peuvent étre en partie inhibés par I’a-tocophérol (400 uM). Dans ce cas, le y-
tocophérol (400 pM) est également capable d’induire une cytoprotection mais le Trolox, un
antioxydant synthétique dérivé de la vitamine E, n’est pas cytoprotecteur (Debbabi et al., 2016;
Nury et al., 2017).

Sur des oligodendrocytes 158N, le 7KC induit également une mort cellulaire qui est inhibée par
I’a-tocophérol. L’accumulation du 7KC dans les radeaux lipidiques est également diminuée
(Leoni et al., 2017; Nury et al., 2018; Nury et al., 2015; Nury et al., 2014; Ragot et al., 2011;
Ragot et al., 2013). Il est notable que I’a-tocotriénol, bien qu’ayant un potentiel antioxydant
équivalent a celui de I’a-tocophérol, ne permet pas de protéger du 7KC (Nury et al., 2018).
L’origine de cette différence de protection entre les deux molécules n’est pas actuellement
établie. Des résultats similaires obtenus avec du 24(S)-OHC ont été obtenus sur des
neuroblastomes humains SH-SY5Y. Cette différence de cytoprotection pourrait avoir pour
origine des modifications membranaires différentes puisque I’a-tocophérol diminue la fluidité

membranaire alors que I’a-tocotriénol non (Nakazawa et al., 2017).

4.2 Terpénoides

Les terpénoides ou isoprénoides, définissent un groupe de molécules dont le point
commun est la présence d’un ou de plusieurs groupements isoprene (Figure 19). Ce sont des
molécules pouvant contenir plusieurs cycles aromatiques qui sont trés présentes dans le regne
végétal et dont font partie les phytostérols et certains caroténes. Sur des macrophages THP-1, le
lycopene (le caroténoide majoritaire des tomates) diminue 1’inflammation causée par le 7KC au

niveau de la production de cytokines (IL-1p, IL-6 at IL-8) ainsi que I’augmentation d’expression
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de NOX4. Le lycopene diminue également la production d’ERO et I’activation de la voie JNK,

ERK1/2, p38 MAP kinase induite par le 7KC (Palozza et al., 2010; Palozza et al., 2011).

=

Figure 19 : Structure chimique du groupement isopréene
Les terpénoides (ou isoprénoides) forment une classe de composés organiques dérivant de
I’assemblage d'unités isopréniques a cinq atomes de carbone.

4.3 Composés phenoliques

Les composés phénoliques regroupent les molécules comprenant un ou plusieurs cycles
benzéne portant un ou plusieurs groupements hydroxyl. On trouve parmi ces molécules les
polyphénols, qui regroupent eux-mémes différentes sous-catégories comme les acides
phénoliques, des stilbénes, des lignanes ou encore des flavonoides (Figure 20) (Pandey et al.,
2009). Ces molécules d’origine végétale présentent de fortes capacités antioxydantes et peuvent
étre utilisées pour protéger contre des maladies inflammatoires chroniques, cardiovasculaires,
oculaires, neurodégénératives et des cancers (Fraga et al., 2019; Vauzour et al., 2010). Le 7KC
étant impliqué dans ces pathologies, des études ont été menées afin de définir si des polyphénols
pouvaient avoir une activité cytoprotectrice a I’encontre du 7KC (Brahmi et al., 2019). Des
macrophages J774A.1 traitées par de 1’épicatéchine (un flavonoide) sont protégés de 1’élévation
des taux d’ERO et de la mort cellulaire induite par le 7KC (Leonarduzzi et al., 2006). Des

neuroblastomes NZ2a traités au 7KC sont protégés par différents polyphénols (resvératrol,
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apigenine et quercétine) : inhibition de la dépolarisation des mitochondries, de 1’élévation du

stress oxydant et de la mort cellulaire (Yammine et al., 2020a; Yammine et al., 2020c).

Polyphénols
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Figure 20 : Structure chimique de base des différentes classes de polyphénols.

Les polyphénols regroupent différentes sous-catégories comme les acides phénoliques, des
flavonoides, divisés eux-mémes en sous catégories (anthocyanes ou anthoxantines) et des non-
flavonoides (stilbénes et lignans).

Sur des macrophages humains isolés, I’inflammation causée par le 7KC est inhibée par le
resvératrol (Buttari et al., 2014). Dans le cadre de la DMLA, sur des cellules ARPE-19 traitées au
7KC, la production d’ERO, de cytokines pro-inflammatoires et la mort cellulaire sont inhibées

par le resvératrol (Dugas et al., 2010). L’inflammation (production d’IL-6) causée par du 7KC ou

du lipopolysaccharide sur les cellules ARPE-19 est inhibée par de I’acide férulique (Kohno et al.,
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2020). En revanche, le resvératrol et un autre polyphénol, I’acide ellagique, n’ont pas d’effet sur
la toxicité du 7KC sur des oligodendrocytes 158N (Ragot et al., 2013). Sur des cellules
entérocytaires Caco-2, I’inflammation et 1’altération des jonctions serrées induite par un mélange
d’oxystérols contenant du 7KC (42,96% de 7KC, 32,3% d’a-époxycholestérol, 5,76% de
B-époxycholestérol, 4,26% de 7a-OHC et 14,71% de 7B-OHC) est inhibée par 1’épicathéchine
(Deiana et al., 2017). Sur des cellules endothéliales ISO-HAS traitées au 7KC, 1’adhésion de
macrophages U937 est augmentée ainsi que 1’expression de protéines d’adhésion : ces effets sont
inhibés par 1’épigallocatéchine gallate (Yamagata et al., 2013). L hydroxytyrosol et le tyrosol,
deux composés phénoliques extraits de I’huile d’olive, protegent les cellules Caco-2 du stress

oxydant induit par le 7KC (Atzeri et al., 2016).

4.4 Acides gras

Il a aussi été montré que des acides gras pouvaient générer une cytoprotection a I’encontre
du 7KC sur différents types cellulaires (Brahmi et al., 2019). Sur des cellules monocytaires
U937, le 7KC peut étre estérifié par 1’acide oléique (C18:1 n-9), ce qui serait a 1’origine de la
diminution de sa toxicité. L’exposition a du 7KC-oléate n’entraine aucun effet délétere sur les
cellules U937 (Monier et al., 2003). L’acide oléique est retrouvé en grande quantité dans des
huiles naturelles alimentaires telles que 1’huile d’olive, ’huile d’argan ou I’huile de graines de
chardon-Marie (Meddeb et al., 2017; Meddeb et al., 2018; Zarrouk et al., 2019). De plus, sur des
oligodendrocytes murins (158N), des cellules microgliales murines (BV-2) et des neuroblastomes
murins (N2a), I’acide oléique diminue les effets toxiques du 7KC sur les organites (peroxysome,

mitochondrie, lysosome) ainsi que sur la production d’ERO (Badreddine et al., 2017; Debbabi et
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al., 2016; Debbabi et al., 2017; Yammine et al., 2020a). 1l est important de noter que I’isomére
trans- de I’acide oléique, 1’acide élaidique, ne protége pas contre le 7KC (Debbabi et al., 2017).

L’acide docosahexaénoique (DHA ; C22:6 n-3) est aussi connu pour s’opposer aux effets du 7KC
sur les cellules. Ainsi, sur les cellules 158N, BV-2 et N2a, le DHA atténue la toxicité du 7KC au
niveau de la production d’ERO, et des organites (peroxysome, mitochondrie, lysosome) au méme
titre que 1’acide oléique (Debbabi et al., 2017; Nury et al., 2015; Nury et al., 2017; Yammine et
al., 2020a; Zarrouk et al., 2015). Des précurseurs de synthése du DHA, 1’acide
eicosapentaénoique (EPA, C20:5 n-3) et I’acide a-linolénique (ALA ; C18:3 n-3) diminuent aussi
les effets du 7KC sur les cellules N2a au niveau de la production d’ERO, du potentiel
membranaire mitochondrial et de I’induction de mort cellulaire (Yammine et al., 2020a). L’acide
sterculique (un acide gras cyclopropéne) protége les cellules rétiniennes ARPE-19 du stress du

réticulum induit par le 7KC (Huang et al., 2012; Huang et al., 2014).

4.5 Mélanges de molécules et huiles

Des mélanges synthétiques ou naturels de molécules sont également connus pour pouvoir
atténuer les effets toxiques du 7KC. Il peut s’agir d’extraits de plantes comme des huiles, ou de
broyats. Sur des oligodendrocytes 158N et des cellules microgliales BV-2, I’huile de graines de
chardon-Marie, 1’huile d’olive et I’huile d’argan protégent de la mort cellulaire induite par le
7KC. Ces huiles sont riches en a-tocophérol, acide oléique (C18:1 n-9) et polyphénols
(Badreddine et al., 2017; Meddeb et al., 2018; Zarrouk et al., 2019). Le melange a-tocophérol
(400 pM) et DHA (50 puM) protége aussi les cellules 158N de la mort cellulaire induite par le
7KC (Nury et al., 2015). De maniere indirecte, la formation de 7KC induite par le stress oxydant

dans une solution ou sur des cellules Caco-2, est inhibée par des traitements avec des extraits
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polyphénoliques de vins rouge et blanc ainsi que par des extraits phénoliques d’huile d’olive dont
les composés majoritaires sont le tyrosol, 1’hydroxytyrosol et 1’alcool homovanillique (Deckert et
al., 2002; Deiana et al., 2010; Tian et al., 2011). Une nourriture enrichie par un extrait de brocoli
inhibe également 1’oxydation du cholestérol induite par un exercice physique intense chez des
rats (Cardenia et al., 2017). Un extrait méthanolique de Clinacanthus nutans (100 pg/mL), une
plante utilisée en médecine traditionnelle, inhibe la toxicité et 1I’inflammation induite par du 7KC
(30 uM) sur des cellules microvasculaires endothéliales cérébrales humaines hCMEC/D3 (Kuo et
al., 2020). Enfin, I’ergothionéine, un antioxydant synthétisé par des bactéries et des champignons
inhibe aussi la toxicité et 1’inflammation induite par du 7KC (30 pM) sur des cellules

microvasculaires endothéliales cérébrales humaines hCMEC/D3 (Koh et al., 2020).

4.6 Autres molécules naturelles

Il existe d’autres molécules n’entrant pas dans les catégories précédentes qui ont montré
une protection vis-a-vis du 7KC. L’indicaxanthine, un pigment jaune végétal antioxydant extrait
des figues de barbarie, a montré une protection contre 1’apoptose sur des monocytes/macrophages
THP-1 traités par du 7KC. L’indicaxanthine empéche la suractivation de NOX4, de NF-xB et
maintient I”’homéostasie calcique en prévenant les dommages aux mitochondries (Tesoriere et al.,
2014b; Tesoriere et al., 2013). De plus, a des concentrations de 1 a 5 mM, équivalentes aux
niveaux plasmatiques apres consommation de figues de barbarie, 1’indicaxanthine empéche
I’éryptose (apoptose des érythrocytes) induite par le 7KC (Tesoriere et al., 2015). Des molécules
antioxydantes déja presentes dans les cellules peuvent également avoir des propriétés protectrices
contre le 7KC. Le glutathion (GSH) et la N-acétyl-cystéine (NAC) protégent de I’augmentation

des EROs et de I’apoptose induite par le 7KC sur des cellules U937 (Lizard et al., 1998; Lizard et
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al., 2000). Sur des cellules précurseurs d’ostéoblastes MC3T3-E1, le 7KC induit une élévation du
stress oxydant, un stress du réticulum et de 1’apoptose, tous ces effets sont inhibés par la NAC
(Sato et al., 2017).

Il a aussi été montré qu’un phospholipide présent dans les endosomes tardifs, le
bis(monoacylglycéro)phosphate (BMP) pouvait réduire la formation de 7KC intracellulaire dans
des macrophages RAW264.7 chargés par des OXLDL. La toxicité des OXLDL est également
réduite par le BMP. Ces effets pourraient provenir de ses propriétés antioxydantes mais
également d’une interaction entre BMP et ORP11 qui favoriserait 1’export du cholestérol des
endosomes tardifs et empécherait ainsi son oxydation en 7KC dans ces derniers (Arnal-Levron et

al., 2013; Arnal-Levron et al., 2019).

4.7 Molécules synthétiques

Une molécule synthétique utilisée dans le traitement de la sclérose en plaques, le
diméthylfumarate (DMF) a une activité cytoprotectrice contre le 7KC. Le DMF est un activateur
de Nrf2, un facteur de transcription régulant I’expression de genes de la régulation de 1’équilibre
Redox. Sur des oligodendrocytes 158N, le DMF protége de 1’oxyapoptophagie (référencée

comme oxiapoptophagy dans les bases de données) induite par le 7KC (Zarrouk et al., 2017).

4.8 Enzymes bactériennes

Une alternative pour diminuer les effets toxiques du 7KC sur les cellules serait
d’augmenter son catabolisme. Il est connu que le 7KC peut étre pris en charge par CYP27A1

pour former du 270H-7KC ou bien par la 11B-HSD1 pour étre converti en 73-OHC (Heo et al.,
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2011; Mutemberezi et al., 2016). Néanmoins, ces enzymes ne sont pas exprimees de fagon
ubiquitaire. Depuis les années 2000, une méthode alternative appelée « bioremédiation » a été
décrite. Cette méthode consiste a utiliser des enzymes (cholestérol oxydases) capables de
métaboliser le 7KC pour compenser ce déficit dans la plupart des cellules humaines. En effet, des
bactéries ont la capacité¢ de métaboliser facilement le 7KC afin de I’utiliser comme source de
carbone. Différentes souches ont été identifiées : Proteobacterium, Sphingomonas, Nocardia,
Rhodococcus et Pseduomonas (Ghosh et al., 2016; Mathieu et al., 2008; Mathieu et al., 2010).
Chez Rhodococcus jostii RHAL, le 7KC est dégradé par la chaine latérale en C17, puis la
fonction cétone en C7 a son tour et enfin les cycles A et B du noyau stéroide. Différents
métabolites résultent de cette dégradation: parmi eux, on trouve le 3,4-dihydroxy-9,10-
séconandrost-1,3,5(10)-triene-9,17-dione (3,4-DHSA) et 1’acide propionique 3,4-DHSA (3,4-
DHSAP) (Mathieu et al., 2010).

Lorsque la cholestérol oxydase de Chromobacterium DS-1 (DS1-CHO) est ciblée au lysosome de
fibroblastes humains, le 7KC est dégradé et la viabilité cellulaire est augmentée (Mathieu et al.,
2012). Dans des conditions optimales, la souche Rhodococcus erythropolis MTCC 3951 peut
dégrader en 15 jours 93 % du 7KC d’une solution a 1 g/L (Ghosh et al., 2017).

Il est possible que le microbiote intestinal ait un impact sur la formation et / ou la dégradation
d’oxystérols directement dans 1’intestin, ou bien en modifiant des activités d’enzymes impliquées
dans le métabolisme du cholestérol (métabolisme des acides biliaires) et des oxystérols. Sur des
rats sans microbiote, 1’activité de CYP7A1 est augmentée ainsi que le taux de 7KC (Bhowmik et
al., 2012). La modification du microbiote a des visées préventives ou thérapeutiques pourrait étre
utilisée a I’avenir de maniére a diminuer les taux d’oxystérols présents dans I’intestin avant leur

passage dans 1’organisme.
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Problématiques et objectifs du travail de
these
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Une augmentation du stress oxydant menant a la formation de 7KC est impliquée dans de
nombreuses pathologies, comme les maladies inflammatoires chroniques et liées a I’age
(maladies cardiovasculaires, maladies de 1’intestin), les maladies oculaires (DMLA, cataracte) et
certaines maladies neurodégénératives d’origine génétique ou non (Alzheimer, Parkinson,
Sclérose en plaques, Niemann Pick et X-ALD) (Anderson et al., 2020).

Dans ces maladies, la toxicité du 7KC envers les organites cellulaires comme la mitochondrie, le
lysosome ou encore le RE est plutét bien caractérisée. Cependant, jusqu’a maintenant, il n’existe
pas de données concernant les effets du 7KC sur le peroxysome.

Des modifications du métabolisme peroxysomal, caractérisees par une diminution des taux de
plasmalogenes (70 % des lipides de la gaine de myéline et 18 % des phospholipides totaux sont
des plasmalogénes), ont été observées dans la maladie d’Alzheimer, de Parkinson et la sclérose
en plaques. Le taux de plasmalogenes, dont la synthése nécessite 1’intervention de deux enzymes
peroxysomales, semble étre corrélé a la sévérité de la pathologie (Dragonas et al., 2009; Gray et
al., 2014; Su et al., 2019). Dans un modele murin d’athérosclérose, une diminution des taux de
plasmalogenes plasmatiques a également été mise en évidence (Rasmiena et al., 2015). D’autres
altérations caractérisees par un déficit de la B-oxydation peroxysomale ont également été
observées dans ces maladies comme I’accumulation d’AGTLC (C22 :0, C24 :0 et C26 :0) (Jo et
al., 2019; Kou et al., 2011).

Ces modifications du metabolisme lipidique (plasmalogenes et AGTLC) liées au peroxysome
dans certaines maladies (inflammatoires chroniques et liées a 1’age, maladies rares) renforcent
I’hypothése d’une implication de cet organite dans ces pathologies et suggerent des altérations
fonctionnelles du peroxysome sous I’effet du 7KC. Cette hypothese a été étudiée au cours des
travaux de thése qui traitent des effets du 7KC sur le peroxysome en utilisant des cellules

nerveuses : oligodendrocytes murins 158N (Baarine et al., 2009). Ces cellules nerveuses sont en
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effet bien adaptées pour étudier le stress oxydant, la mort cellulaire (apoptose et autophagie), la
contribution du peroxysome dans ces différents evénements et les relations du peroxysome avec

les autres organites (Vejux et al., 2020).

Le travail de these a abordé les points suivants :

» Caractérisation in vitro, sur des oligodendrocytes murins 158N, des effets du 7KC sur le
stress oxydant et la mort cellulaire : notion d’oxyapoptophagie
» Caractérisation in vitro des effets du 7KC sur le métabolisme peroxysomal

> Identification de lipides cytoprotecteurs pour diminuer la toxicité du 7KC

Afin de répondre a ces différents objectifs, les résultats des travaux de these seront présentés sous

la forme de plusieurs publications.

Article 1: Nury T, Sghaier R, Zarrouk A, et al. Induction of peroxisomal changes in
oligodendrocytes treated with 7-ketocholesterol: Attenuation by a-tocopherol. Biochimie.

2018;153:181-202.

Article 2 : Nury T, Yammine A, Caccia C, Leoni V, Hichami A, Pande A, Majeed M, Atanasov
A, Vejux A, Lizard G. Prevention of 7-ketocholesterol-induced cytotoxicity by fatty acids,
Lorenzo's oil and sulfo-N-succinimdyl oleate (SSO) on 158N cells: benefits of SSO and

mechanisms of cytoprotection.

Article 3 : Nury T, Yammine A, Menetrier F, Zarrouk A, Vejux A, Lizard G. 7ketocholesterol

and 7p-hydroxycholesterol-induced peroxisomal disorders in glial, microglial and neuronal
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cells: potential role in neurodegeneration. Advances in Experimental Medicine and Biology,
Vol. 1299, Gérard Lizard (Eds): Peroxisome Biology: Experimental Models, Peroxisomal

Disorders and Neurological Diseases. Chapter 7. 2021. doi: 10.1007/978-3-030-60204-8.

Article 4 : Nury T, Zarrouk A, Yammine A, Mackrill JJ, Vejux A, Lizard G. Oxiapoptophagy:
a type of cell death induced by some oxysterols. Br J Pharmacol. 2020;10.1111/bph.15173.

d0i:10.1111/bph.15173.

Article 5 : Nury T, Lizard G, Vejux A. Lipids Nutrients in Parkinson and Alzheimer’s

Diseases: Cell Death and Cytoprotection. Int J Mol Sci. 2020;21(7):2501.

Mieux connaitre les mécanismes de la cytotoxicité induite par le 7KC sur les cellules du systeme
nerveux central, son action au niveau du peroxysome et identifier des molécules cytoprotectrices
pour s’opposer aux effets délétéres de cet oxystérol pourrait ouvrir de nouvelles perspectives
thérapeutiques pour prévenir et/ou traiter les maladies neurodégénératives mais aussi des

maladies liées a 1’age et inflammatoires chroniques qui ont en commun des taux élevés de 7KC.
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Article 1

Induction of peroxisomal changes in
oligodendrocytes treated with
7-ketocholesterol : Attenuation by
a-tocopherol

Thomas Nury, Randa Sghaier, Amira Zarrouk, Franck Ménétrier, Tugba Uzun, Valerio Leoni,
Claudio Caccia, Wiem Meddeb, Amira Namsi, Khouloud Sassi, Wafa Mihoubi, Jean-Marc

Riedinger, Mustapha Cherkaoui-Malki, Thibault Moreau, Anne Vejux, Gérard Lizard

Biochimie. 2018, 153:181-202
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Dans ce premier article, nous avons étudié le rdle du peroxysome dans la mort cellulaire
induite par le 7KC en caractérisant les dysfonctions peroxysomales induites par ce dernier sur un
modele d’oligodendrocytes murins 158N. Nous avons aussi cherché a identifier des molécules
capables d’inhiber les effets toxiques du 7KC en prévenant les dysfonctions peroxysomales,
mitochondriales.

Pour cela, les cellules 158N ont été traitées pendant 24 heures par du 7KC en utilisant d’une part
une concentration faiblement toxique (25 pM) n’induisant pas de mort cellulaire par apoptose, et
d’autre part, une concentration toxique (50 uM) induisant de la mort cellulaire.

Dans ces conditions, les niveaux d’ERO ont été évalués : production d’anions superoxydes, de
peroxyde d’hydrogene ainsi que I’activité et I’expression de la catalase. L’impact sur 1’apoptose
et ’autophagie a été évaluée par western blotting. Au niveau de la mitochondrie, une mesure des
taux de cardiolipines, du potentiel membranaire mitochondrial (Aym) et de la morphologie ont
¢été réalisés. Enfin, I’aspect et la distribution des peroxysomes ont été étudiés par microscopie
électronique a transmission en évaluant le niveau d’expression du transporteur ABCD3 en
microscopie confocale. L’impact du 7KC sur le métabolisme peroxysomal a par ailleurs été
étudié en mesurant les taux de plasmalogenes et d’AGTLC, ainsi que les niveaux de transcrits de
transporteurs peroxysomaux (ABCD1 et ABCD3) et d’enzymes peroxysomales (ACOX1 et MFP-
2, impliquées dans la B-oxydation, DHAPAT et ADHAP-S, impliquées dans la synthese des
plasmalogenes).

Les effets cytoprotecteurs de I’a-tocophérol et de 1’a-tocotriénol, deux composants de la vitamine
E, qui est bien connue pour ses propriétés protectrices contre le 7KC, ont également été mesurés
en prenant en compte les effets sur les paramétres précédemment cités (Lizard et al., 2000; Nury

etal., 2017; Ragot et al., 2011; Vejux et al., 2009a).
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Il ressort de ce travail que le 7KC a forte concentration (50 uM), induit une augmentation du
stress oxydant (augmentation de 1’activité catalase et des niveaux d’ERO) et de la mort cellulaire
par apoptose (Caspase-3 et PARP clivée), accompagnée de critéres d’autophagie (augmentation
du ratio LC3-11 / LC3-1, augmentation de p62 et présence de vésicules autophagiques (incluant
des peroxysomes : pexophagie) en microscopie électronique a transmission). L’ensemble de ces
événements conduisant a la mort des cellules 158N a été caractérisé sous le terme
d’oxyapoptophagie (Oxydation + Apoptose + Autophagie). Des modifications du métabolisme
(accumulation d’AGTLC ; diminution de I’expression d’ABCD3 et des niveaux de transcrits
d’ABCD1, ABCD3, ACOX1, MFP-2 et DHAPAT) et de la morphologie peroxysomale ont
également été observées (peroxysomes déformés et regroupés).

Lorsque le 7KC est utilisé a plus faible concentration (25 puM), il n’induit pas de mort cellulaire
mais une faible augmentation des ERO. Par ailleurs, 1’autophagie est activée (augmentation du
ratio LC3-Il / LC3-1, augmentation de p62 et présence de vésicules autophagiques) et de faibles
modifications mitochondriales sont observées (baisse du Aym). En revanche, les modifications
peroxysomales sont équivalentes a celles induites par le 7KC a forte concentration.

Les travaux de cet article ont montré que :

> Le 7KC induit des perturbations peroxysomales fonctionnelles et morphologiques,

\4

Le peroxysome est plus sensible que la mitochondrie a la toxicité induite par le 7KC,

\4

L’autophagie (pexophagie) induite par le 7KC précede la mort cellulaire,
» L’o-tocophérol inhibe 1I’oxyapoptophagie ainsi que les dysfonctions peroxysomales et

mitochondriales induites par le 7KC.
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The involvement of organelles in cell death is well established especially for endoplasmic reticulum,
lysosomes and mitochondria. However, the role of the peroxisome is not well known, though peroxi-
somal dysfunction favors a rupture of redox equilibrium. To study the role of peroxisomes in cell death,
158 N murine oligodendrocytes were treated with 7-ketocholesterol (7 KC: 25—50 uM, 24 h). The highest
concentration is known to induce oxiapoptophagy (OXldative stress + APOPTOsis + autoPHAGY),
whereas the lowest concentration does not induce cell death. In those conditions (with 7 KC: 50 pM)
morphological, topographical and functional peroxisome alterations associated with modifications of the
cytoplasmic distribution of mitochondria, with mitochondrial dysfunction (loss of transmembrane
mitochondrial potential, decreased level of cardiolipins) and oxidative stress were observed: presence of
peroxisomes with abnormal sizes and shapes similar to those observed in Zellweger fibroblasts, lower
cellular level of ABCD3, used as a marker of peroxisomal mass, measured by flow cytometry, lower mRNA
and protein levels (measured by RT-qPCR and western blotting) of ABCD1 and ABCD3 (two ATP-
dependent peroxisomal transporters), and of ACOX1 and MFP2 enzymes, and lower mRNA level of
DHAPAT, involved in peroxisomal -oxidation and plasmalogen synthesis, respectively, and increased
levels of very long chain fatty acids (VLCFA: C24:0, C24:1, C26:0 and C26:1, quantified by gas chroma-
tography coupled with mass spectrometry) metabolized by peroxisomal B-oxidation. In the presence of
7 KC (25 uM), slight mitochondrial dysfunction and oxidative stress were found, and no induction of
apoptosis was detected; however, modifications of the cytoplasmic distribution of mitochondria and
clusters of mitochondria were detected. The peroxisomal alterations observed with 7 KC (25 uM) were
similar to those with 7 KC (50 uM). In addition, data obtained by transmission electron microcopy and
immunofluorescence microscopy by dual staining with antibodies raised against p62, involved in
autophagy, and ABCD3, support that 7 KC (25—50 uM) induces pexophagy. 7 KC (25—50 pM)-induced
side effects were attenuated by «-tocopherol but not by z-tocotrienol, whereas the anti-oxidant prop-
erties of these molecules determined with the FRAP assay were in the same range. These data provide
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evidences that 7 KC, at concentrations inducing or not cell death, triggers morphological, topographical
and functional peroxisomal alterations associated with minor or major mitochondrial changes.
© 2018 Elsevier B.V. and Société Francaise de Biochimie et Biologie Moléculaire (SFBBM). All rights

reserved.

1. Introduction

Within the cell, the organelles (mitochondria, lysosomes,
peroxisome, Golgi apparatus, and endoplasmic reticulum) are in-
dividual structures assuming essential functions which are
required for efficient cellular activity. Besides the involvement of
these organelles in cell metabolism, it is clearly established that
mitochondria, lysosomes and endoplasmic reticulum contribute in
different forms of cell death [1,2] whereas little is known on the
part taken by the peroxisome.

The influence of mitochondria on cell death is the consequence
of the key role played by this organel in apoptosis (type I cell death)
[1,2]. It is well established that the two main forms of apoptosis
(extrinsic pathway/cell death receptor pathway; intrinsic pathway/
mitochondrial pathway) as well as the perforin/granzyme pathway
(triggered by cytotoxic T cells) induce a loss of transmembrane
mitochondrial potential (AWm) and are associated with a cascade of
caspase (Cysteinyl-ASPartate-cleaving proteASES) activation [3]. In
certain conditions, the loss of A¥m can favor the release by the
mitochondria of apoptosis inducing factor (AIF) [4] and endonu-
clease G (EndoG) which trigger capase-independent cell death [5].
Apoptosis can lead to secondary necrosis: secondary necrotic cells
are characterized by an externalization of phosphatidylserine and
are progressively more permeable to propidium iodide or amino-
actinomycine D (revealing alterations in the plasma membrane)
whereas apoptotic cells are characterized by an externalization of
phosphatidylserine but are not permeable to propidium iodide or
aminoactinomycine D [6,7]. In necrosis (type IlI cell death/primary
necrosis/accidental necrosis), no caspase activation occurs and the
cells are characterized by an externalization of phosphatidylserine
and by an increased permeability to propidium iodide or amino-
actinomycine D [6,7]. In these conditions, mitochondrial depolari-
zation is often associated with the mitochondrial swelling resulting
from a sudden rupture of osmolarity. This rupture leads to oncosis,
which precedes necrosis [8]; hence, the mitochondria plays a
passive role in necrosis. In necroptosis, which, corresponds to a
regulated form of necrosis [9], the RIPK3 (Receptor Interacting
Protein serine/threonine Kinase 3) protein and the MLKL (Mixed
Lineage Kinase Domain-like) protein are required [10]. In pyrop-
tosis, an inflammatory form of regulated cell death, the activation of
the inflammasome leads to caspase-1—dependent mitochondrial
damages and dysfunctions of the organelle [11].

The concept of lysosomal cell death was mentioned by Christian
de Duve, who also did pionnering work on the peroxisome [12].
Because of the hydrolytic capacity of lysosomal enzymes, de Duve
defined lysosomes as ‘suicide bags’ that can cause cell and tissue
autolysis [13]. This form of cell death is mainly carried out by
lysosomal enzymes (cathepsin proteases, hydrolases) and can have
necrotic or apoptotic features. This notion of lysosomal cell death/
type I cell death [1] leads to the concept of autophagy [14], espe-
cially of macro-autophagy where the lysosome fuses with the
autophagosome to yield the autophagolysosome [15].

Beside the role taken by mitochondria and lysosomes in cell
death, it is also well established that stress on the endoplasmic
reticulum can trigger cell death mechanisms. The endoplasmic
reticulum is an organelle with multiple functions, notably in

protein synthesis. Thus, disturbances in endoplasmic reticulum
function can lead to a cell stress response, unfolded protein
response (UPR), which is used to compensate cell damages but
which can induce cell death if endoplasmic reticulum dysfunction
is severe or prolonged [ 16,17].

Currently, little is known about Golgi apparatus and the cell
death process. However, several proteins ensuring the structural
integrity of Golgi apparatus are degradated by caspases during
apoptosis [18]. Some instances of apoptosis also involve the
degradation of proteins involved in anterograde vesicle transport
[19]; this results in a severe secretory impairment, as well as
degradation of enzymes and transporters participating in ceramide
metabolism [20]. Although the cleavage of Golgi proteins often
amplifies apoptotic signals, these alterations do not seem to be
involved in the apical regulation of cell death [21].

At the moment, the role of the peroxisome in cell death is few
investigated [22]. Peroxisomes are devoid of DNA, and have a
single-limiting membrane [23]. Elongated tubular (>2pm in
length) or spherical (0.1-1 pm) peroxisomes including rod shape
peroxisomes can be observed depending on the cell type [23-25].
It is hypothesized that peroxisomes (originally called microbodies)
are a vestige of an ancient organelle, and thus the peroxisome is
considered a ‘fossil organelle’, metablolizing oxygen in the ances-
tors of eucaryotic cells [23]. When oxygen produced by photosyn-
thetic bacteria began to accumulate in the atmosphere, it would
have been toxic to most organisms. Peroxisomes could have been
used to lower the intracellular oxygen concentration but not
effectively. The development of mitochondria would then have
appeared with the advantage of coupling oxygen consumption to
energy production in the form of ATP by means of mitochondrial
oxidative phosphorylation [26]. The peroxisome contributes to
several major metabolic processes: beta-oxidation of very long
chain fatty acids, biosynthesis of ether phospholipids (plasmal-
ogens) and metabolism of reactive oxygen species [23]. The name
peroxisome stems from the ability of these organelles to synthetize
and degrade hydrogen peroxide (H,0;). The evolution of peroxi-
somes illustrates symbiogenesis: newly born peroxisomes are
hybrid organelles deriving from mitochondria and endoplasmic
reticulum [27,28]. In addition, metabolic connections exist between
peroxisomes and mitochondria [29,30]. In yeast, some data suggest
that peroxisomes are implied in the regulation of necrosis. Thus,
S. cerevisiae PEX6 deleted cells display hallmarks of necrosis and
strongly elevated formation of ROS [31]; in H. polymorpha meth-
ylotrophic yeast, deletion of PMP20 leads to pronounced induction
of necrosis [32]. In Pex5 knockout mice, the abscence of peroxi-
somes in hepatocytes causes endoplasmic reticulum and mito-
chondrial abnormalities [33,34]; the latter were characterized by i)
reduced activity in complex I, Ill, and V, ii) differentially affected
respiratory complexes (reduction in complexes I and Ill, incomplete
assembly of complex V, normal activity of complexes II and IV), iii)
depleted mitochondrial DNA and iv) increased permeability and
fluidity in mitochondrial membranes leading to a collapse of the
mitochondrial inner membrane potential [34,35]. These observa-
tions are in line with several studies which support the concept of
peroxisomal interactions and cross-talk between peroxisomes and
other subcellular compartments [36], and key connections between
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peroxisomes and mitochondria for biogenesis and activity
[29,30,37]. Furthermore, on 158 N murine oligodendrocytes, the
production of reactive oxygen species (ROS) is potentiated when
the peroxisomal proteins ABCD1 and ACOX1 are inactivated using
RNA interference [38]. In aging and neurodegeneration, it has been
proposed that peroxisomal dysfunctions could favor secondary
mitochondrial alterations which could contribute to cell death [39].
Altogether, the various observations made on yeasts, cells and mice
support the hypothesis that the peroxisome could play an active
role in cell death. However, additional studies are required to
identify the role of peroxisomes in the induction and progression of
the cell death process.

In a number of old-age and chronic diseases, including Alz-
heimer's disease (AD) [40,41], eye diseases (cataract, age related
macular degeneration (ARMD)) [42,43], colorectal inflammation
[44,45] and cardiovascular diseases [46], oxidative stress, inflam-
mation and/or organelle dysfunction (mainly mitochondrial
dysfunction) are often observed. In AD and multiple sclerosis (MS),
peroxisome dysfunction is also suspected [47,48]. In addition, these
different diseases are frequently associated with increased levels of
7-ketocholesterol (7 KC; also named 7-oxocholesterol) in associ-
ated tissue lesions, cerebrospinal fluid and/or plasma [40,46,49,50].
7 KC [51] is often found at increased levels in certain foods [52,53];
it results from cholesterol auto-oxidation [54,55] and can be
formed endogeneously in different cell types [56]. As 7 KC is able to
trigger oxidative stress, to favor cytokines secretion and to stimu-
late an apoptotic mode of cell death associated with autophagic
criteria, named oxiapoptophagy, on numerous cell types from
different species [57-60], it is strongly suspected that 7 KC could
play key roles in the activation of the above mentioned diseases. In
addition, as 7 KC accumulates in human cells, it is important to
specify which organelles and which signaling pathways are
affected by this compound,in order to identify natural and syn-
thetic molecules [61,62] and new strategies, such as bioremediation
[63—66], to impair its side effects. Currently, it is clearly established
that elevated 7 KC concentrations lead to mitochondrial dysfunc-
tion contributing to the induction of apoptosis [58,67]. Lysosomal
dysfunction, which could be a consequence of the accumulation of
7 KC in this organelle, has also been reported [68,69]. These lyso-
somal dysfunctions favor the release of proteolytic enzymes in the
cytoplasm and are involved in 7 KC-induced cell death [70,71]. In
addition, the observation by transmission electron microscopy
(TEM) of myelin figures inside cytoplasmic vacuoles of different
sizes, assimilated to phospholipidosis [58,72], evokes activation of
endoplasmic reticulum autophagy (reticulophagy). With 7KC,
structures echoing mitophagy are also frequently observed. Thus,
under treatment with 7 KC, data support that the lysosome con-
tributes to different forms of autophagy [59,73,74]. Whether 7 KC-
induced autophagy is protective or lethal remains to be seen.
However, little is known about the impact of 7 KC on peroxisomes.
It is worth noting that in the brain of patients with AD, elevated
levels of 7 KC are observed [41] as well as i) enhanced numbers of
peroxisomes, ii) abnormal levels of plasmalogens (the first two
steps in plasmalogen biosynthesis take place in the peroxisomes via
the DHAPAT (dihydroxyacetonephosphate acyltransferase) and
ADHAPS (alkyldihydroxyacetonephosphate synthase) peroxisomal
enzymes located on the luminal side of the peroxisomal mem-
brane) [75~78), and iii) increased levels of very long chain fatty acid
(VLCFA), which are metabolized in the peroxisome [47,79]. This
leads us to suspect that 7 KC has an effect on peroxisomal biogen-
esis and activity. In addition, increased levels of VLCFA have been
found in the plasma of patients with AD [48]. Furthermore, in 158 N
and BV-2 cells treated with 7 KC, reduced mRNA and protein levels
in peroxisomal transporters (ABCD1, ABCD2, ABCD3) and enzymes
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involved in peroxisomal B-oxidation (ACOX1, MFP2) have been
described [60,80,81].

Currently, the role of mitochondria, endoplasmic reticulum and
lysosome in 7 KC-induced cell death is clearly established. How-
ever, additional studies are required i) to define the role of perox-
isomes in 7 KC-induced cell death and ii) to determine whether
molecules which impair oxidative stress, mitochondrial and lyso-
somal dysfunction, caspase activation leading to apoptosis and
autophagy associated with 7 KC-induced cell death also prevent
peroxisomal damage.

In this context, in order to define how peroxisomes influence
cell death, 158 N murine oligodendrocytes provide a relevant model
i) to evaluate the relationship between oxidative stress and cell
death, ii) to specify the role played by the organelles in these
processes, iii) to determine the interactions between mitochondria
and peroxisome, and iv) to identify natural and synthetic mole-
culesto prevent the cytotoxic effects of 7 KC [29,60,71,82].

In the present study, 158 N cells were cultured with 7 KC con-
centrations inducing minor and major cytotoxic effects, and the
impact on mitochondria and peroxisomes were determined. As o~
tocopherol is known to counteract 7 KC-induced cytotoxicity
[59,83], its ability to prevent peroxisomal dysfunctions was also
studied. Furthermore, a-tocopherol was compared with o-toco-
trienol, which shares a common chromanol ring with a-tocopherol
(R1 = CH3; R2 = CH3), whereas the farnesyl moiety of a-tocopherol
and o-toctrienol are different: three unsaturated versus no double
bonds on the farnesyl moiety of o-tocopherol and w-tocotrienol,
respectively [84,85]. With 7KC (25 uM), marked peroxisomal
dysfunction associated with slight effects on mitochondria were
observed, whereas with 7KC (50uM) both peroxysomal and
mitochondrial dysfunctions were detected. Notably, the prevention
of 7 KC-induced cell death was only observed with a-tocopherol
which was able to impair both mitochondrial and peroxisomal
dysfunction.

2. Materials and methods
2.1. Materials

7-ketocholesterol and a-tocopherol, as well as propidium io-
dide, dihydrorhodamine 123, Hoechst 33342, and saponin were
provided by Sigma-Aldrich (St Quentin-Fallavier, France). o-toco-
trienol was provided by Cayman/Interchim (# 10008377). DiOCg(3)
and dihydroethidium (DHE) were from Life Technologies/Thermo
Fisher Scientific (Courtaboeuf, France). Ferric chloride was obtained
from Carlo-Erba (Milan, Italy), and the fluorescent mounting me-
dium was obtained from Dako (Copenhagen, Denmark). The rabbit
polyclonal antibody raised against ABCD3 (# PA1-650) was ob-
tained from Pierce/Thermo Fisher Scientific and the goat anti-rabbit
secondary antibody coupled with Alexa 488 was from Abcam (#
ab150077). The caspase-3 antibody (rabbit polyclonal antibody)
was from Ozyme/Cell Signaling (# 9662). The antibody raised
against PARP (rabbit polyclonal antibody) was from Ozyme/Cell
Signaling (# 9532S). The LC3-I/Il (rabbit polyclonal antibody
#18918) and p-actin antibody (mouse monoclonal antibody
#A2228) were from Sigma-Aldrich. Horseradish peroxidase-
conjugated goat anti-rabbit (# 7074) was from Cell Signaling. The
chemiluminescence detection kit (# 34096; Supersignal West
Femto Maximum Sensitivity Substrate, Thermo-Scientific) and
iScript cDNA Synthesis Kit were provided by Bio-Rad (# 1708891;
Marne la Coquette, France). The RNeasy Mini Kit was obtained from
Qiagen (# 74104; Courtaboeuf, France)), and the FG Power SYBR
Green was from Thermo Fisher Scientific (# 10658255).
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2.2. Culture and treatments of 158 N murine oligodendrocytes

Murine oligodendrocytes (158 N) [86] were seeded either in
Petri dishes (30,000 cells/cm?, 100 mm in diameter; 10 mL of cul-
ture medium), or in six-well plates (240,000 cells per well with
2 mL of culture medium). They were cultured in Dulbecco's Modi-
fied Eagle Medium (DMEM) containing 5% (v/v) heat-inactivated
fetal bovine serum (Dutscher, Brumath, France) and 1% antibiotic
(penicillin, streptomycin). The incubation was performed at 37 °C in
a humidified atmosphere containing 5% CO,. For subcultures, cells
were trypsinized (0.05% trypsin-0.02% EDTA solution), and
passaged twice a week.

7 KC (stock solution) was prepared at 2 mM as previously
described [87]. After 24 h of culture, 158 N cells were incubated
with 7 KC (25—50 uM) for 24 h without or with a-tocopherol or o-
tocotrienol.

2.3. Ferric reducing antioxidant power (FRAP) assay

The ferric reducing antioxidant power (FRAP) assay measures
the antioxidant potential of compounds or of mixtures of com-
pounds through the reduction of ferric iron (Fe**) to ferrous iron
(Fe?*) [88—90]. This method, which was realized as previously
described [80,81], was used to compare the antioxidant potential of
o-tocopherol and o-tocotrienol, as compared with Trolox used as
the positive reference. a-tocopherol, a-tocotrienol and Trolox were
prepared in a range of concentrations from 0 to 5mM in ethanol.
The antioxidant potential of a-tocopherol, and a-tocotrienol eval-
uated with the FRAP method was estimated in Trolox equivalent
(1 mol of a-tocopherol, and a-tocotrienol is equivalent to X mole of
Trolox; X was determined with the calibration curve obtained with
Trolox).

2.4. Fluorescein diacetate (FDA) test

Fluorescein diacetate (FDA) is a cell-permeant esterase substrate
used as a viability probe [91]. The viability of 158 N murine oligo-
dendrocytes was quantified with FDA (Sigma-Aldrich). At the end
of the treatment, cells were incubated in the dark with FDA (15 pg/
mL, 10 min) rinsed with PBS, and lysed with 10 mM Tris-HCl solu-
tion containing 1% sodium dodecyl sulfate (SDS). Fluorescence in-
tensity (A Excitation: 485 nm, A Emission: 538 nm) was measured
with a TECAN fluorescence microplate reader (Sunrise spectro-
photometer, TECAN, Lyon, France). The experiments were realized
in triplicate. The data were expressed as percentage of control.

2.5. Quantification of cells with depolarized mitochondria with
DiOCs(3)

Variations in the mitochondrial transmembrane potential
(AWm) were measured with 3,3’- dihexyloxacarbocyanine iodide
(DiOCg(3). Cells were stained for 15minat 37 °C with DiOCg(3)
(40 nM); mitochondrial depolarization (loss of A¥m) is indicated
by a decrease in green fluorescence collected through a
520+ 10 nm bandpass filter on a Galaxy flow cytometer (Partec,
Miinster, Germany). For each sample, 10,000 cells were analyzed,
and the fluorescence was measured on a logarithmic scale. Data
were analyzed with Flomax (Partec) or Flowjo (Tree Star Inc.,
Ashland, OR, USA) software.

2.6. Measurement of reactive oxygen species with dihydroethidium
and dihydrorhodamine 123

Overproduction of superoxide anion (O®7) and hydrogen
peroxide (H202) were detected with dihydroethidium (DHE) [92]

and dihydrorhodamine 123 (DHR123) [92,93], respectively. DHE
(1.6 mM) was prepared in dimethyl sulfoxide (DMSO, Sigma-
Aldrich), and used at 2 puM. DHR123 (2mM) was prepared in
DMSO, and used at 6 uM. After 15minat 37 °C, the fluorescent
signals of DHE and DHR123 stained cells were collected through a
590/20 nm and a 520/20nm band pass filter, respectively, on a
logarithmic scale on a Galaxy flow cytometer (Partec); 10,000 cells
were acquired; data were analyzed with Flomax (Partec) or Flow]Jo
(Tree Star Inc.) softwares.

2.7. Flow cytometric quantification of dead cells by staining with
propidium iodide

Cells were stained with propidium iodide (PI: 1 png/mL), which
stains dead cells or cells with damaged cytoplasmic membranes
[91]. Fluorescence was collected through a 630 longpass filter on a
Galaxy flow cytometer (Partec): 10,000 cells were acquired. Data
were analyzed with Flomax (Partec) or FlowJo (Tree Star Inc.)
softwares.

2.8. Evaluation of mitochondrial topography by fluorescence
microscopy

Cells were cultured on glass slides in six well plates. At the end
of the treatment, cells were washed once with pre-warmed culture
medium without FBS, and incubated with pre-warmed culture
medium without FBS containing Mitotracker red (Thermo Fischer
Scientific; 100 nM) for 30 min at 37 °C in a humidified atmosphere
containing 5% CO,. The cells were then washed with filtered PBS
(0.2pum) and fixed with filtered paraformaldehyde (PFA: 4%;
15 min at room temperature). After washing with filtered PBS, cells
were counterstained with Hoechst 33342 (1 pg/mL). The slides
were then mounted in fluorescent mounting medium (DakoCyto-
mation, Dako, Coppenhagen, Denmark), and stored in the dark at
4°C until examination under a fluorescent microscope coupled
with an Apotome (Imager M2, Zeiss, Jena, Germany). The fluores-
cent signals of the samples were collected with the ZEN software
(Zeiss).

2.9. Confocal microscopy evaluation of the level and topography of
ABCD3 peroxisomal transporter revealed by indirect
immunofluorescence

Cells were cultured on glass slides in a six well plates. After
treatment, cells were washed with PBS and fixed with a 2% para-
formaldehyde/PBS solution (15 min, room temperature (RT)). After
washing in PBS, adherent cells were permeabilized with PBS/0.05%
saponin/10% FBS, named PFS buffer (30 min, RT), and incubated
with the ABCD3 antibody (1/500) diluted in PFS buffer (1 h, RT). At
the end of the incubation time, cells were washed in PBS and
incubated with a goat anti-rabbit antibody coupled wit 488-Alexa
diluted at 1/500 in PFS buffer (30 min in the dark, RT). After
washing in PBS, cells were counterstained with Hoechst 33342
(1 pg/mL). The slides were mounted in fluorescent mounting me-
dium (Dako, Coppenhagen, Denmark), stored in the dark at 4°C,
and examined with a confocal microscope (Leica TCS SP8, Wetzlar,
Germany). Heechst fluorescence was collected as follows: excita-
tion: 405 nm; emission 410/675 nm. 488-Alexa fluorescence was
collected as follows: excitation 488 nm; emission 493/739 nm.
Images were realized with the LASX software (Leica).

2.10. Flow cytometric quantification of ABCD3 peroxisomal
transporter

Adherent cells were detached by trypsinization, mixed with
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non-adherent cells, and fixed with paraformaldehyde (Sigma-
Aldrich) diluted in PBS (2%, RT, 15 min). After two washes in PBS, the
cells were incubated (RT, 30 min) in PBS/10% FBS/0.05% saponin
(Sigma-Aldrich), named PFS buffer. After washing in PBS, the cells
were incubated with a rabbit polyclonal antibody raised against
ABCD3 (# 11523651, Pierce/Thermo Fisher Scientific). The cells
were incubated (RT, 1 h) with the ABCD3 antibody diluted (1/500)
in PFS buffer. After two washes in PBS, the cells were incubated
(30min) in the dark with a goat anti-rabbit secondary antibody
coupled with Alexa 488 (1/500) in PFS buffer. After washing in PBS,
the cells were resuspended in PBS and analyzed on a Galaxy flow
cytometer (Dako/Partec). Fluorescence was collected on
10,000 cells through a 520/20nm bandpass filter; data were
analyzed with Flow]Jo software (Tree Star Inc.). Absolute and con-
jugated controls were done for the different conditions of
treatments.

2.11. Visualization of LAMP1 expression pattern and evaluation of
pexophagy (colocalization of p62 and ABCD3) by fluorescence
microscopy

Cells were cultured on glass slides in six well plates. At the end
of the treatment, cells were washed with PBS and fixed with 4%
filtered PFA (0.2 um) for 15 min at room temperature. After washing
in PBS, cells were permeabilized with PBS/0.05% saponin/10% FBS
(30 min, room temperature), and incubated with a rabbit polyclonal
anti-ABCD3 antibody (Pierce/Thermo Fisher Scientific, diluted 1/
500), a mouse monoclonal anti-p62 antibody (Abcam, Paris, France,
#ab56416; diluted 1/300) or a rabbit polyclonal anti-LAMP1 anti-
body (Abcam #ab24170, diluted 1/300). The antibodies were
diluted in PBS/0.05% saponin/10% FBS (1 h, room temperature).

At the end of the incubation time, cells were washed in PBS and
incubated either with a goat anti-rabbit antibody Alexa-546 (1/
500) or a goat anti-mouse Alexa 488 (1/500) diluted in PBS/0.05%
saponin/10% FBS (30min in the dark, room temperature). After
washing in PBS, cells were counterstained with Hoechst 33342
(1 pg/mL). The slides were then mounted in fluorescent mounting
medium (DakoCytomation), and stored in the dark at 4°C until
examination under a fluorescent microscope coupled with an
Apotome (Imager M2, Zeiss). The fluorescent signals of the samples
were collected with the ZEN software (Zeiss).

2.12. Transmission electron microscopy of peroxisomes and
mitochondria

Transmission electron microscopy was used to simultaneously
visualize and quantify peroxisomes, and to visualize mitochondria
in 158 N cells cultured for 24 h in the absence or in the presence of
7 KC (25 uM) without or with a-tocopherol (400 uM); the vehicle
control was ethanol (EtOH: 0.6%). Peroxisomes were quantified on
10 cells, and data were expressed as mean + standard deviation
(SD). Hepatic sections of 9- to 10-week-old C57 Black/6 males and
wild type human fibroblasts were used as positive controls for
peroxisomal analysis; fibroblasts from Zellweger patients were
used as negative control. Normal fibroblasts and fibroblasts from
Zellweger patients were a generous gift from Dr K. Heng Ng (Bicétre
Hospital, Kremlin-Bicetre, France) [94]. For peroxisomal localiza-
tion, cells and tissue sections were prepared as follows [86,95]. On
cultured cells (wild type human fibroblast, fibroblasts from Zell-
weger patients, and untreated or treated-158 N cells), transmission
electron microscopy was realized on adherent cells in culture wells.
The samples were fixed for 1 hat 4°C in 2.5% (w/v) glutaraldehyde
diluted in cacodylate buffer (0.1 M, pH 7.4), washed in cacodylate
buffer (0.1 M, pH 7.4), incubated in the dark for 1hat 21°C in
Tris—HCI (0.05M, pH 9.0) containing diaminobenzidine (2.5 mg/
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mL) and H»02 (10 u$props_valuefliterPattern}/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 74) for 1 hat 21 °C in the dark, and rinsed in cacodylate
buffer (0.1 M, pH 7.4). The preparations were then dehydrated in
graded ethanol solutions and embedded in Epon. Ultra-thin sec-
tions (80—82 nm) were cut with an ultramicrotome, contrasted
with uranyl acetate and lead citrate, and examined under an H7500
electron microscope (Hitachi, Tokyo, Japan).

2.13. Lipid extraction

For cardiolipins and plasmalogens analysis, cell pellets (around
5 x 10° cells) were spiked with 100 ng and 150 ng of 17:0/17:0
phosphatidylethanolamin and 14:0/14:0/14:0/14:0 cardiolipin
used as internal standard, respectively. Total lipids were extracted
with the Folch method [96]. Extracts were dissolved with 100 puL of
chloroform/methanol/distilled water 60/30/4.5, and 1-8 uL were
used for lipidomics analysis. Lipid standards and chemicals of the
highest grade available were from Avanti Polar Lipids (Coger SAS,
Paris, France) and Sigma Aldrich, respectively. LC-MS/MS quality
grade solvents were from Thermo Fischer Scientific.

2.14. Characterization and quantification of cardiolipins by liquid
chromatography tandem mass spectrometry (LC-MS/MS)

Cardiolipins were analyzed by LC-MS/MS (Agilent 6460 QqQ
mass spectrometer, Agilent Technologies, Santa Clara, CA, USA)
operating in negative selected reaction monitoring ion mode as
described by Peyta et al. [97]. Lipid extracts were solubilized in
100 uL of CHCl3/MeOH/H,0 (60/30/4.5); LC—MS/MS analysis of
cardiolipins was conducted as previously described [98].

2.15. Characterization and quantification of plasmalogens by liquid
chromatography tandem mass spectrometry (LC-MS/MS)

Phosphatidylethanolamines (PE) were analyzed by LC-MS/MS
on an Agilent 6460 QqQ mass spectrometer (Agilent Technolo-
gies) using the same chromatographic conditions as previously
described [98]. Acquisition was performed on an Agilent 6460 QqQ
mass spectrometer operating in positive selected reaction moni-
toring ion mode (source temperature 325 °C, nebulizer gas flow
rate 10 L/min, sheath gas flow 11L/min, temperature 300°C,
capillary 3500 V, nozzle 1000 V). Fragmentor and collector voltages
were set up at 136V and 12V respectively.

Transitions: [M+H]" — [M + H-141]", corresponding to the
neutral loss of the phosphoethanolamine moiety, were used for the
quantification of phosphatidylethanolamines. Transitions: [M+H]"
— 364, [M+H]" — 392,[M+H]" — 390 were used for p16:0, p18:0
and p18:1 pPE species, respectively. Each PE and pPE was semi-
quantified by calculating their response ratio with regard to 17:0/
17:0 PE used as internal standard.

2.16. Characterization and quantification of fatty acids and sterols
by gas chromatography coupled with mass spectrometry (GC/MS)

Total fatty acids, including very long chain fatty acids, were
analyzed by GC/MS on a HP7890A Gas Chromatograph equipped
with an HP7683 injector and a HP5975C Mass Selective Detector
(Agilent Technologies) as described by Blondelle et al. [99]. Fatty
acids were quantitated by calculating the relative response ratios to
their closest internal standard. Calibration curves were obtained
with fatty acid authentic standards (14:0,15:0,16:0,17:0, 18:0, 19:0,
20:0, 21:0, 22:0, 24:0, 26:0, 16:1n-7, 18:1n-7, 18:1n-9, 18:2n-6,
18:3n-3, 18:3n-6, 20:2n-6, 20:3n-3, 20:4n-6, 20:5n-3, 22:3n-3,
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22:5n-6, 22:6n-3) processed as cell pellets.

Sterol analysis (7p-hydroxycholesterol, cholestane-38, 50, 6f-
triol) was realized by GC—MS on a Clarus 600D (Perkin Elmer, USA).
The GC was equipped with an Elite column (30 m x 0.32 mm id x
0.25 mm film; Perkin Elmer, USA) and injection was performed in
splitless mode using helium (1 mL/min) as carrier gas. temperature
program (initial temperature of 80 °C was held for 1 min, followed
by a linear ramp of 10 °C/min to 220 °C, 20 °C/min to of 280 °C and
5 °C/min up to 290 °C, which was held for 10 min. Peak integration
was performed manually, and sterols were quantified from
selected-ion monitoring analyses against internal standards using
standard curves.

2.17. Polyacrylamide gel electrophoresis and western blotting

Adherents and floating cells were collected, washed in PBS and
lysed for 30 min on ice 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,
2mM EDTA and 50 mM NaF) containing a complete protease in-
hibitor cocktail (Roche Diagnostics, Indianapolis, IN, USA) diluted 1/
25. Stock solution (25X) of a complete protease inhibitor cocktail
was prepared by diluting one tablet in 2 mL of distilled water. Cell
lysates were cleared by centrifugation at (20 min, 20,000 g). In the
supernatant, the protein concentration was measured using bicin-
choninic acid assay (Thermo Fischer Scientific). Seventy micro-
grams of protein were diluted in a loading buffer (125 mM Tris- HCI,
pH 6.8, 10% p-mercaptoethanol, 4.6% SDS, 20% glycerol, and 0.003%
bromophenol blue), analyzed on a 14% SDS-PAGE gel for caspase-3
or LC-3 and B-actin, 8% for PARP, and transferred onto a nitrocel-
lulose membrane (Thermo Fischer Scientific). After blocking
nonspecific binding sites (1 h) with 5% milk powder in PBST (PBS,
0.1% Tween 20, pH 7.2), the membranes were incubated overnight
(4°C) with the primary antibody diluted in PBST. The antibodies
directed against caspase-3 (detecting endogenous levels of full
length casapase-3 (35kDa) and the large fragment of caspase-3
resulting from cleavage (17 kDa) (Cell signaling/Ozymes, Trois-
Rivieres, Canada), and LC3-1I/LC3-I (detecting LC3-1 (16 kDa) and
LC3-1I (18 kDa)) (Sigma-Aldrich), and PARP (detecting endogenous
level of full length PARP (110 kDa) and the 89 kDa cleaved fragment
of PARP) (Cell signaling), ABCD3 (Thermo Fisher Scientific), ABCD1
[86,100] and MFP2 (Gentex/Euromedex, Souffelweyersheim,
France; #GTX114978) were rabbit polyclonal antibodies; they were
used at a final dilution of 1/1000. ACOX1 rabbit antibody [86,100]
detecting two ACOX1 isoforms at 70 and 50 kDa was used at 1/250.
The polyclonal goat antibody detecting catalase (R&D systems,
Abingdon, UK) was used at 1/400.

An antibody directed against p-actin (mouse monoclonal anti-
body) was used (final concentration: 1/10,000). The membrane was
then washed twice with PBST and incubated (1 h, room tempera-
ture) with horseradish peroxidase-conjugated goat anti-rabbit,
rabbit anti-goat or goat anti-mouse diluted at 1/5000 in 1% milk
powder in PBST (PBS, 0.1% Tween 20, pH 7.2). The membrane was
washed with PBST and revealed using an enhanced chem-
iluminescence detection kit (Supersignal West Femto Maximum
Sensitivity Substrate, Thermo-Scientific) and Chemidoc XRS" (Bio-
Rad). Band intensity was determined with Image Lab software (Bio-
Rad).

2.18. Quantification of gene expression assciated with peroxisomal
B-oxidation (Abcd3, Acox1, and Mfp2) and plasmalogen biosynthesis
(DHAPAT, ADHAPS) by RT-gPCR

Total mRNA from 158 N cells were extracted and purified using
the RNeasy Mini Kit (Qiagen). 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 of 1.8—2.2 were considered satisfactory). One
microgram of total mRNA was used for reverse transcription with
the iScript cDNA Synthesis Kit (Bio-Rad) according to the following
protocol: 5 min at 25 °C, 20 min at 46 °C, 5 min at 95 °C. cDNA were
amplified using the FG Power SYBR Green (Thermo Fischer Scien-
tific). All PCR reactions were realized on an Applied Biosystem Step
One plus QPCR machine (Life Science Technologies). The primer
sequences were the following:

% Abcd1: forward 5'-acatccctatcatcacacccactg -3' and reverse 5'-
gagaactcttgccacagecattg -3’

<+ Abcd2: forward 5'-gttcaaagagaaggaggatgggatg -3’ and reverse 5'-
tgctcacggeactggtacatte -3’

< Abcd3: forward 5'-ctgggcgtgaaatgactagattg-3' and reverse 5'-
cttctectgttgtgacaccattg-3'

< Acox1: forward 5'-gcccaactgtgacttccatt-3' and reverse 5'-ggcatg-
taacccgtagcact-3'

< Mfp2: forward 5'-aggggacttcaagggaattgg-3' and reverse 5-
gectgcttcaactgaategtaa-3'

< DHAPAT: forward 5'-atggacgttcctagctcctcc -3' and reverse 5'-
gcggggtgtageacttcatt -3’

< ADHAPS: forward 5'-aatggatggggctacaatgattc -3’ and reverse 5'-
tccagacttactccaagggtg -3

Thermal cycling conditions were as follows: activation of DNA
polymerase at 95 °C for 10 min, followed by 40 cycles of amplifi-
cation at 95°C for 155,60 °C for 30 s, and 72 °C for 30, followed by
a melting curve analysis to test for the absence of non-specific
products. Gene expression was quantified using cycle to threshold
(Ct) values and normalized by the 36B4 reference gene (forward 5'-
gcgacctggaagtccaacta -3’ and reverse 5 -atctgettggageccacat -3'). The
quantitative expression of Abcd1, Abcd3, Acox1, Mfp2, DHAPAT and
ADHAPS was determined as fold induction of the control.

2.19. Statistical analysis

The experimental data are mean +standard deviation (SD).
Statistical analyses were realized using SigmaStat 2.03 software
(Systat Software) with the Mann-Whitney test. Data were consid-
ered statistically different at a P-value of 0.05 or less.

3. Results

3.1. Assessment of the cytoprotective effects of a-tocopherol and -
tocotrienol

Because 7-ketocholesterol (7 KC) is associated with numerous
diseases and induces side effects (oxidative stress, inflammation)
which lead to cell death, it is important to identify natural and
synthetic compounds capable of counteracting its cytotoxic activ-
ities. Certain tocopherols have been shown to have cytoprotective
activities. Trolox reportedly prevents 7 KC-induced cell death on
nerve cells, PC12 and SH-SY-5Y [101,102]. On human promonocytic
U937 cells, 158 N murine oligodendrocyte cells and murine micro-
glial BV-2 cells, cytoprotective effects have been observed for o-
tococopherol [80,81,87,103]. In addition, on BV-2 cells, ¥-tocopherol
was able to prevent 7 KC-induce side effects, but the same was not
observed for Trolox [80]. Seeing as some tocopherols are able to
impair 7 KC-induced cytotoxicity, we evaluated the ability of -
tocotrienol to prevent 7 KC (25-50 uM)-induced cell death
comparatively to o-tocopherol on 158 N cells. Interestingly, with
the FRAP test, similar anti-oxidant capacities were observed for -
tocopherol (1.13 + 0.47 Trolox equivalent (mM)) and o-tocotrienol
(0.98 + 0.53 Trolox equivalent (mM)) (Fig. 1A). With a-tococopherol
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Fig. 1. Antioxidant properties of a-tocopherol (2-toco) and a-tocotrienol (z-t3), evaluation of their cytotoxicity and cytoprotective effects. The antioxidant properties of -
tocopherol (z-toco) and a-tocotrienol (2-t3) were determined with the FRAP assay as previously described [80,81] (A). Their cytotoxic effects were determined by fluorimetry with
the FDA test on 158 N treated for 24 h with different concentrations of a-toco (12.5, 25, 50, 100, 200 and 400 uM) and #-t3 (12.5, 25, 50,100, and 200 uM ) (B). Their ability to prevent
7 KC-induced cell death was evaluated on 158 N cells taken after 24 h of culture, and further cultured without and with 7 KC (2550 pM) in the absence or in the presence of z-toco
(25 and 400 pM) or =-t3 (25 M) for an additional 24 h period of time (C). Significance of the differences between control (untreated cells) and 7 KC-treated cells; Mann Whitney
test: *P < 0.05 or less. Significance of the differences between 7 KC-treated cells and (7 KC + a-toco (or -t3)) - treated cells; Mann Whitney test: #P < 0.05 or less. No significant
differences were found between control and vehicle-treated cells (Ethanol (EtOH0.6%).
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(range of concentrations from 12.5 to 400 uM) no cytotoxic effects
were found with the FDA test, whereas with a-tocotrienol (range of
concentration from 12.5 to 200 uM), marked cytotoxic effects were
observed at 50, 100 and 200 uM (Fig. 1B). No significant differences
between control (untreated cells) and vehicle (ethanol (EtOH)
0.015%—0.85%) were observed (Fig. 1B). At the highest non-toxic
concentration of o-tocotrienol (25 uM), as well as with o-tocoph-
erol (25uM), no cytoprotective effects were observed (Fig. 1C).
However, as previously described on numerous cell types and
evaluated with the FDA test, a-tococopherol (400 M) was able to
attenuate 7 KC (25—50 uM)-induced cytotoxicity (Fig. 1C). Conse-
quently, for further experiments the ability to prevent 7 KC-induced
side effects was only realized with o-tococopherol (400 uM). In
addition, slight cytotoxic effects were seen with 7 KC (25 uM) and
marked cytotoxic effects were observed at 7 KC (50 uM) upon FDA
testing (Fig. 1C).

3.2. Concentration-dependent effect of 7-ketocholesterol on
cytoplasmic membrane damage, mitochondrial dysfunction (loss of
transmembrane mitochondrial potential, decreased level of
cardiolipins) and mitochondrial topography

FDA test results underline that 7KC (25 uM) induces slight
cytotoxic effects whereas 7 KC (50 uM) is strongly cytotoxic. To
investigate these results further, 158 N cells were cultured for 24 h
with or without 7 KC (25—50 uM), and the percentage of cells with
altered plasma membranes (propidium iodide (PI) positive cells
considered as dead cells) [91,104] and with depolarized mito-
chondria (DiOCg(3) negative cells) were determined. No statisti-
cally significant differences were observed between untreated
(control) and vehicle (EtOH 0.6%)-treated cells (Fig. 2A—B). In the
presence of 7 KC (50 uM), in comparison with untreated (control)
and vehicle (EtOH 0.6%)-treated cells, a marked and significant
increase of the percentage of PI positive cells and of DiOCg(3)
negative cells was found (Fig. 2A-B). In the presence of 7 KC
(25 uM), in comparison with untreated (control) and vehicle (EtOH
0.6%)-treated cells, significant increases of PI positive cells and
DiOCg(3) negative cells were found. This data supports the idea that
7 KC (25 uM) has onlhy slight cytotoxic effects seeing as the effects
were more pronounced for 7 KC (50 uM) (Fig. 2A—B). In the pres-
ence of a-tocopherol (400 uM), the enhancement of PI positive cells
was strongly attenuated, and DiOCg(3) negative cells were observed
after treatment with 7 KC (25—50 uM) (Fig. 2A—B).

In 7 KC (50 pM)-treated 158 N cells, we previously have reported
that the loss of transmembrane mitochondrial potential (AWm)
measured with DiOC6(3) was associated with a decrease of oxida-
tive phosphorylation revealed by reduced NAD* and ATP levels and
with lower levels of the organic acids (pyruvate, citrate, fumarate,
succinate) of the tricarboxylic acid (TCA) cycle [105]. Therefore, we
found it relevant to investigate whether the loss of AWm was also
associated with reduced levels of cardiolipins. Indeed, these spe-
cific mitochondrial phopholipids are located in the inner mito-
chondrial membrane and contribute to the maintenance of AWYm
(one cardiolipin molecule interacts with two protons (H")) [ 106].
Compared to untreated (control) or vehicle (EtOH 0.6%)-treated
cells, which have similar cardiolipin contents, decreased levels of
total cardiolipins was observed with 7 KC (25-50 uM) treatment
(Fig. 2C). Surprisingly, decreased levels of total cardiolipins were
also revealed with o-tocopherol treatment in the three indepen-
dent experiments, whereas no cytotoxic effects were observed with
this compound (FDA, Pl and DiOCg(3) tests) (Fig. 2C). In addition,
the decrease of total cardiolipins observed under treatment with
7 KC was not impaired by a-tocopherol though this compound was
able to attenuate 7 KC-induced loss of A¥m (Fig. 2C).

The mitochondrial topography was studied by fluorescence

microscopy after staining with Mitotracker red (Supplementary
Fig. 1). In 7 KC (25—50 pM)-treated cells, clusters of mitochondria,
which could also suggest mitochondrial morphological changes,
were observed. These modifications were totally counteracted
when 7 KC (25 pM) was associated with alpha-tocopherol, whereas
some cells with an abnormal cytoplasmic distribution of the
mitochondria were still observed with 7 KC (50 uM). We did not
found differences between control and vehicle-treated cells.

3.3. Concentration dependent effect of 7-ketocholesterol on
superoxide anion and hydrogen peroxide overproduction, and
catalase activity

Superoxide anion (O ") production, hydrogen peroxide (H;0)
production and catalase activity were quantified on 158 N cells
cultured for 24 h with or without 7 KC (25—50 uM) in the absence
or in the presence of #-tocopherol (400 uM) and/or o-tocotrienol
(25 uM; the highest non-cytotoxic concentration determined with
the FDA test). Superoxide anions and hydrogen peroxide produc-
tion were detected by flow cytometry after staining with dihy-
droethidium (DHE) and dihydrorhodamine 123 (DHR123). No
significant differences were observed between untreated (control),
vehicle (EtOH 0.6%)-treated cells, a-tocopherol (400 uM) and o-
tocotrienol (25 uM) (Fig. 3A—B). A slight increase of cells over-
producing superoxide anions and hydrogen peroxide were
observed with 7 KC (25 uM) treatment (Fig. 3A—B). A marked and
statistically significant increase of cells overproducing superoxide
anions and hydrogen peroxide was observed in the presence of 7 KC
(50 uM) (Fig. 3A—B). The increase in cells overproducing superoxide
anions and hydrogen peroxide was impaired when 7 KC was asso-
ciated with a-tocopherol (400 uM), whereas o-tocotrienol (25 uM)
did not have a protective effect (Fig. 3A—B). An increase in 7 KC-
induced superoxide anion production was observed in the presence
of o-tocotrienol (25 uM) (Fig. 3A). The increased production of 03 -
and H»0» was associated with a lipid peroxidation process revealed
by enhanced cellular levels of 7B-hydroxycholesterol and choles-
tane-3f,50,6B-triol normalized in part by o-tocopherol
(Supplementary Fig. 2).

In addition, as an increased proportion of cells overproducing
H20; was observed with 7 KC (25—50 uM) treatment, the impact of
this oxysterol on catalase, a specific peroxisomal enzyme which
degrades hydrogen peroxide into water and dioxygen (2 HyO; — 2
H,0 + 03), was defined Whereas no effect of 7KC (25uM) on
catalase activity was observed (comparatively to untreated-,
vehicle- and o-tocopherol-treated cells which demonstrated
similar activity), a significant increase in catalase activity was found
with 7KC (50 uM) treatment (Fig. 3C). When a-tocopherol was
associated with 7 KC, no normalization of catalase activity was
detected: catalase activity in 7 KC and (7 KC + o-tocopherol)-
treated cells were similar (Fig. 3C). Noteworthy, by western blot-
ting, no increased level of catalase was found with 7 KC (25 pM);
however, a significant increased level of catalase was detected
under treatment with 7 KC (50 uM) supporting that the enhance-
ment of catalase activity could be due to the higher catalase level,
and that 7 KC, used at a high concentration (50 uM), favors catalase
expression and/or stability (Fig. 3C). Whereas the catalase level was
lower in (7 KC (50 puM) + g-tocopherol) than in 7 KC (50 uM), the
catalase activity was similar in these two conditions (Fig. 3C).

3.4. Effect of 7-ketocholesterol on apoptosis and autophagy
induction

Apoptosis and autophagy were biochemically evaluated on
158 N cells cultured for 24 h with or without 7 KC (25—50 uM) in
the absence or in the presence of o-tocopherol. In agreement with
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Fig. 2. Effect of 7-ketocholesterol on plasma membrane permeability, transmembrane mitochondrial potential and total cardiolipins content. 158 N murine oligodendro-
cytes were taken after 24 h of culture (70-80% confluency); they were further cultured without and with 7 KC (25-50 uM) associated or not with z-tocopherol (400 uM) for an
additional 24 h period of time. They were analyzed by flow cytometry after staining with propidium iodide (PI) (to evaluate plasma membrane damage) (A) and DiOCg(3) (to
evaluate transmembrane mitochondrial potential) (B). The percentage of PI positive cells and of cells with depolarized mitochondria were determined. In addition, total cardiolipins
content was determined by LC-MS/MS (C). Significance of the differences between control (untreated cells) and 7 KC-treated cells; Mann Whitney test: “P < 0.05 or less. Significance
of the differences between 7 KC-treated cells and (7 KC + a-tocopherol) - treated cells; Mann Whitney test: #P < 0.05 or less. No significant differences were found between control,
vehicle-treated cells (Ethanol (EtOH: 0.6%) and a-tocopherol.
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and on catalase activity and expression. 158 N murine oligodendrocytes taken after

24 h of culture, and further cultured without and with 7 KC (2550 uM) associated or not with a-tocopherol (400 pM) or a-tocotrienol (25 pM) for an additional 24 h period of time,
were analyzed by flow cytometry with dihydroethidium (DHE; evaluation of superoxide anion (0®") production) (A) and dihydrorhodamine 123 (DHR123; evaluation of hydrogen

peroxide (H,0,) production) (B); catalase activity and ion was also m

d (C). Significance of the differences between control (untreated cells) and 7 KC-treated cells;

Mann Whitney test: “P < 0.05 or less. Significance of the differences between 7 KC-treated cells and (7 KC + a-tocopherol (or #-tocotrienol)) - treated cells; Mann Whitney test:
#P < 0.05 or less. No significant differences were found between control and vehicle-treated cells (Ethanol (EtOH: 0.6%).

previously reported data, western blot [59,103] revealed an in-
duction of apoptosis and autophagy with 7 KC (50 uM): presence of
cleaved caspase-3, fragmentation of poly(ADP-ribose)-polymerase
(PARP), and activation of LC3-I in LC3-II (increased ratio LC3-II/
LC3-I) (Fig. 4; supplementary Fig. 3). Similarly, in agreement with
previous data [81], no cleaved caspase-3 and no cleaved PARP were
observed under treatment with 7 KC (25 uM) (Fig. 4). At this con-
centration, a slight increase of the LC3-1I/LC3-I ratio was observed
(Fig. 4). The ability of 7KC (25—50 uM) to induce apoptosis and
autophagy was strongly attenuated by a-tocopherol: the presence
of cleaved-caspase-3 was strongly reduced and at the threshold for
detection, PARP cleavage was strongly attenuated but detectable,
and the ratio LC3-11/LC3-I was similar to control and vehicle-treated
cells (Fig. 4).

3.5. Effect of 7-ketocholesterol on the level of ABCD3, a major
peroxisomal membrane component

ABCD3, the peroxisomal membrane protein (ATP binding
cassette subfamily D member 3) which is a major and common
constituent of peroxisomes in different tissues, is frequently used to
evaluate peroxisomal mass [107,108]. In the peroxisomal mem-
brane, ABCD3 is involved in the transport of pristanic acid, dicar-
boxylic acid, and of bile acid intermediates (di- and tri-
hydroxycholestanoic acid (DHCA/THCA)) [ 109]. It can be detected

and quantified by various complementary methods including
western blotting, microscopy and flow cytometry methods [60,110].
After staining with a rabbit polyclonal antibody raised against
ABCD3, stacks of confocal microscope images obtained on control,
vehicle-treated cells (EtOH 0.6%), a-tocopherol (400 uM) and 7 KC
(25—50 uM)-treated cells with or without o-tocopherol reveal
major differences in comparison to untreated and vehicle-treated
cells. A higher density of peroxisomes was observed in the cyto-
plasm of 7 KC (25—50 uM)-treated cells. While the peroxisomes are
homogeneously distributed in the cytoplasm of the control and
vehicle-treated cells, they were preferentially accumulated in a
particular area of the cytoplasm in 7 KC-treated cells (Fig. 5A). It is
important to underline that in our experimental conditions,
confocal microscopy was used on adherent cells. Because the loss of
cell adhesion occurs before the loss of A¥'m with 7 KC treatment
[111], our data suggest that the topographical peroxisomal changes
might precede mitochondrial dysfunction. In addition, the effect of
7 KC on the peroxisomal mass, previously reported on 7 KC-treated
BV-2 cells [60,80] was confirmed by flow cytometry. The analysis of
ABCD3 levels on 158 N cells (adherent + non-adherent cells)
revealed no differences between untreated- (control), vehicle- and
o-tocopherol-treated cells, but a significant increase of the per-
centage of cells with reduced ABCD3 level under treatment with
7 KC (25—-50 uM) (Fig. 5B). In addition, a significant decrease of the
mean fluorescence intensity (MFI) of cells expressing ABCD3 was
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Fig. 4. Effect of 7-ketochok on apoptosis and hagy induction. 158 N murine oligodendrocytes were taken after 24 h of culture; they were further cultured without

and with 7 KC (25-50 pM) associated or not with a-tocopherol (400 uM) for an additional 24 h period of time. They were analyzed by western blotting. Apoptosis was evaluated by
caspase-3 activation (cleaved caspase-3), and PARP fragmentation, and autophagy by conversion of LG3- to LC3-II [increased ratio (LC3-11/LC3-1)]. The EtOH value (0.6%) corresponds
to the highest final EtOH concentration in the culture medium. No difference was observed between control and vehicle (EtOH}-treated cells. Data shown are representative of three
independent experiments. The densitometric values of the ratio [LC3-11/LC3-1] are presented in Supplementary Fig. 3.

observed under treatment with 7 KC (25-50 uM) (Fig. 5B). In the
presence of ¢-tocopherol, topographical changes in the peroxi-
somes were attenuated as well as the reduced expression of ABCD3
(Fig. 5B); however, the percentage of cells with reduced ABCD3
level in (7 KC + o-tocopherol)-treated cells remains higher than in
vehicle treated-cells (Fig. 5B).

3.6. Induction of morphological peroxisomal modifications under 7-
ketocholesterol treatment and activation of pexophagy

Peroxisomes are round cytoplasmic structures which can be
detected by transmission electron microscopy (TEM) based on
catalase activity after staining with diaminobenzidine [23,112,113].
This organelle has been previously observed by TEM in 158 N cells
[35,86]. At the moment, it is well established that in patients with

peroxisomal disorders, peroxisomes with abnormal shapes and
sizes can be observed [112,114]. In addition, biochemical and
morphological changes in peroxisomes have been described in
response to infections, drugs and toxins [115]. On 158 N cells,
cultured with or without 7 KC, associated with o-tocopherol or not,
it was therefore of interest to study the morphological character-
istics of peroxisomes. On liver tissue sections (Fig. 6A), peroxisomes
and mitochondria were clearly detected. Regular peroxisomes were
also observed on wild type human fibroblasts (Fig. 6B), whereas in
fibroblasts from Zellweger patients, no peroxisome with round and
regular shapes were detected: few DAB positive structures, which
can denote morphologically abnormal peroxisomes, were observed
(Fig. 6C—E).

In untreated (control) (Fig. 7A), vehicle (EtOH 0.6%)-treated
(Fig. 7B), and o-tocopherol (400 uM)-treated 158 N cells (Fig. 7F),
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and expression of a major peroxisomal membrane component (ABCD3). 158 N murine oligodendrocytes, taken after 24 h

of culture and further cultured without and with 7 KC (2550 uM) associated or not with of z-tocopherol (400 M) for an additional 24 h period of time, were analyzed by confocal
microscopy (A), and flow cytometry (B). ABCD3 level was revealed with a rabbit polyclonal antibody. Data shown are representative of 3 independent experiments. The white
arrows point towards cells with an accumulation of peroxisomes in a particular area of the cytoplasm. Significance of the differences between control (untreated cells) and 7 KC-
treated cells; Mann Whitney test: *P < 0.05 or less. Significance of the differences between 7 KC-treated cells and (7 KC + a-tocopherol) - treated cells; Mann Whitney test:
#P < 0.05 or less. No significant differences were found between control and vehicle-treated cells (Ethanol (EtOH: 0.6%).

round peroxisomes and numerous mitochondria were clearly
observed. The quantity of total peroxisomes was the following;
control: 2.3 + 0.8 (median: 2.5); vehicle: 2.4 + 0.9 (median: 2.5); o-
tocopherol: 2.5+ 0.7 (median: 3.0). In 7-ketocholesterol (7 KC:
25 uM)-treated cells, peroxisomes with abnormal sizes and shapes
(evoking DAB positive structures observed in Zellweger fibroblasts)
were observed (Fig. 7C, D, E); DAB-positive structures were also
identified in vacuoles evoking a pexophagy process (Fig. 7C). In
(7 KC(25 uM) + a-tocopherol (400 uM))-treated cells, mainly round
peroxisomes were observed (Fig. 7G), demonstrating the ability of
o-tocopherol to impair the peroxisomal morphological changes
induced by 7KC. The quantity of total peroxisomes was the
following in 7 KC— and (7 KC + o-tocopherol)-treated cells; 7 KC:
2.7 + 1.1 (median: 2.5); (7 KC + a-tocopherol): 2.7 + 0.8 (median:
3.0). There was no significant difference with control, vehicle and -
tocopherol. However, whereas no peroxisome with abnormal sizes
and shapes were found in control, vehicle- and o-tocopherol-
treated cells, there was a significant increase of peroxisomes with
abnormal sizes and shapes in 7 KC-treated cells (1.7 + 0.8; median:
1.5); this increase was significantly attenuated in the presence of a-
tocopherol (7 KC + o-tocopherol: 0.7 + 0.4 (median: 1)). It is
important to underline that in our experimental conditions, TEM

(specifically adapted to visualize the peroxisomes) was done on
adherent cells. Thus, under treatment with 7 KC, as the loss of cell
adhesion occurs before the loss of AWm [111], our data suggest that
the morphological peroxisomal alterations might precede mito-
chondrial dysfunction.

On the basis of ultrastructural features observed by electron
microscopy suggesting pexophagy, complementary analyses were
performed by immunofluorescence. With the use of an antibody
recognizing the lysosomal-associated membrane protein 1
(LAMP1), the presence of large cytoplasmic dots, which can be
considered as autolysomes [116] support the ability of 7KC
(25-50 uM) to induce autophagy; this autophagic process was
strongly attenuated by o-tocopherol (Supplementary Fig. 4). To
demonstrate the occurrence of pexophagy during 7 KC-induced
autophagy, a dual immunofluorescence staining procedure was
used. To this end, 7 KC-treated cells were simultaneously stained
with a mouse monoclonal antibody raised against p62, present in
the phagophore and the autophagosome [116], and with a rabbit
polyclonal antibody directed against the peroxisomal transporter
ABCD3, present in the peroxisomal membrane and considered as a
marker of the peroxisomal mass. In those conditions, vesicles
simultaneously expressing p62 and ABCD3 were considered as
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Fig. 6. Transmission electron microscopy analysis of peroxisomes and mitochondria on liver tissue sections and on wild type and Zellwegy

human fibroblasts. Livers of 9-

to 10-week-old C57 Black/6 males (A) and wild type human fibroblasts (B) were used as positive controls for peroxisome analysis. Round peroxisomes were noticeably observed in
the presence of diaminobenzidine (DAB) and H;0,; several mitochondria (m) were also detected in the liver. In Zellweger fibroblasts (C, D, E), compared with murine hepatocytes
and wild type fibroblasts, no round peroxisomes were observed; however, few DAB positive structures, with various shapes, which could evocate abnormal peroxisomes, were
detected. Data shown are representative of three independent experiments. N: nucleus; m: mitochondria; white arrows point towards peroxisomes/DAB positive structures.

pexophagic vesicles. These vesicles correspond to yellow fluores-
cent spots from different sizes resulting from the colocalization of
p62 (revealed with Alexa 488 which emits a green fluorescence
when excited with a blue light) with ABCD3 (revealed with Alexa
546 which emits a red fluorescence when excited with a green
light) (Supplementary Fig. 5A and B). This colocalization of p62 and
ABCD3 supports the hypothesis that 7KC (25—-50uM) induces
pexophagy. This pexophagic process was counteracted by o-
tocopherol (Supplementary Fig. 5A and B).

3.7. Effect of 7-ketocholesterol on plasmalogens and very long chain
fatty acids levels

It is well establihed that the peroxisome plays key roles in lipid
metabolism including etherphospholipid/plasmalogens biosyn-
thesis and B-oxidation of very long chain fatty acids (VLCFA) [117].
In addition, it also contributes to bile acid synthesis and eicosanoid
degradation [118,119]. Consequently, structural and/or functional
alterations of the peroxisome can inflence plasmalogen and VLCFA
levels. Therefore, the impact of 7 KC (25—50 uM) with or without o-
tocopherol (400 M) on plasmalogen and VLCFA levels was studied
on 158N cells after 24 h of treatment. Similar (C24:0, C24:1 n-9,
(C26:0 and C26:1 n-9) levels were found in control, vehicle- and o~
tocopherol-treated cells (Ethanol (EtOH): 0.6%) (Fig. 8A—E). No
modification of total plasmalogens was detected in 7KC
(2550 uM)-treated cells with or without a-tocopherol (Fig. 8A).
On the contrary, enhanced levels of C24:0 (tetracosanoic acid),
C24:1 n-9 (nervonic acid), C26:0 (hexacosanoic acid) and C26:1 n-9
(ximenic acid/17-hexacosanoic acid) were increased in the pres-
ence of 7 KC (25-50 uM) (Fig. 8B—E). This increase was significantly

reduced when 7 KC was associated with a-tocopherol (Fig. 8B—E).
The enhanced level of VLCFA observed in the presence of 7 KC
suggests peroxisomal f-oxidation deficiency. It was therefore of
interest to specify the impact of 7KC on the mRNA levels of
peroxisomal transporters and enzymes.

3.8. Effect of 7-ketocholesterol on gene expression of transporters
and enzymes involved in peroxisomal §-oxidation (ABCD1, ABCD2,
ACOX1, MFP2), plasmalogen synthesis (DHAPAT, ADHAPS), and
transport of pristanic acid, dicarboxylic acid, and bile acid
intermediates (ABCD3)

The B-oxidation of VLCFA (C > 22 such as C24:0, C24:1 n-9,
C26:0 and C26:1 n-9) occurs in the peroxisome and requires the
peroxisomal transporter ABCD1 and enzymes of the peroxisomal -
oxidation (ACOX1, MFP2) [117]. The first two enzymes required for
plasmalogen synthesis (DHAPAT, ADHAPS) are localized on the
luminal side of the peroxisomal membrane [75,78]. ABCD3 protein
is considered a suitable marker of peroxisomal mass [107,108], and
is also a transporter of pristanic acid, dicarboxylic acid, and bile acid
intermediates [109]. Therefore, the impact of 7KC (25-50 uM),
with or without o-tocopherol (400 uM), on these parameters was
studied by RT-qPCR on 158 N cells after 24 h of treatment. The Ct
values of the peroxisomal proteins (ABCD1, ABCD2, ACOX1, and
MFP2) and ABCD3 as well as of the reference gene in untreated
158N cells were as follows: Abcd1: 26.3 +0.3; Abcd2 > 30: Abcd3:
22.0+0.5; Acox1: 22.9 + 0.6; Mfp2: 27.8 +0.7; 36B4: 15.7 + 0.1, they
were in the range of those previously obtained [81].In 158 N cells,
ABCD2 mRNA, which was very weakly expressed (Ct> 30), was not
further studied in different culture conditions. Similar ABCD1,
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Fig. 7. T ission ek and

microscopy ysis of p
absence or presence of u-tocopherol. 158 N murine oligodendrocytes were taken after 24 h of culture, and further cultured without and with 7 KC (2550 M) associated or not
with a-tocopherol (400 M) for an additional 24 h period of time. In untreated cells (control) (A), vehicle (EtOH 0.6%)-treated cells (B), and «-tocopherol (400 uM)-treated cells (F),
round peroxisomes were clearly detected in the presence of diaminobenzidine (DAB) and H,0; as well as numerous mitochondria. In 7-ketocholesterol (25 pM }-treated cells (C, D,
E), peroxisomes with abnormal size and shapes were observed; DAB-positive structures were also identified in vacuoles evoking a pexophagy process (C). In (7-ketocholesterol + o-

dria on 158 N murine oligodendrocytes cultured with or without 7-ketocholesterol in the

tocopherol)-treated cells, mainly round peroxisomes were observed (G). Data shown are

arrows point towards peroxisomes (DAB positive structures).

ABCD3, ACOX1 and MFP2 mRNA levels were found in control,
vehicle ((Ethanol (EtOH): 0.6%) and o-tocopherol-treated cells
(Fig. 9A—D). It is worth noting that the mRNA levels of ABCD1,
ABCD3, ACOX1 and MFP2 were affected in 158 N cells treated with
7 KC (25 and 50 uM) (Fig. 9). The most significant decrease of mRNA
levels was observed with ABCD1 (ABCD1>ABCD3>ACOX1>MFP2)
(Fig. 9A-D). Interestingly, in the presence of u-tocopherol, the
decrease of ABCD1 and ACOX1 induced by 7 KC (50 uM) in mRNA
levels was significantly attenuated (Fig. 9). a-tocopherol had no or
slight effects on the decrease in mRNA levels of ABCD3 and MFP2

. i

ive of three i experiments. N: nucleus; m: mitochondria; white

(Fig. 9A—D). The Ct values of DHAPAT and ADHAPS were 24.2 + 0.7,
and 25.9 + 2.5, respectively. Decreased levels of DHAPAT mRNA
were observed with 7KC (25—50 uM). The decrease induced by
7 KC (25 uM) was counteracted in the presence of a-tocopherol, and
no protective effect was observed for o-tocopherol with 7KC
(50 uM) (Fig. 9E). Similar levels of ADHAPS mRNA were measured in
untreated cells, vehicle ((Ethanol (EtOH): 0.6%) and a-tocopherol-
treated cells, as well as in 7 KC(25—-50 uM) with or without o-
tocopherol (Fig. 9F). As antibodies raised against ABCD1, ABCD3,
ACOX1 and MFP2 were available, the corresponding protein levels
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Fig. 8. Effects of 7-ketoch

shown are representative of three independent experiments. Significance of the differences between control (untreated cells) and 7 KC-treated cells; Mann Whitney test:

195

and very long chain fatty acid (VLCFA) levels. 158 N murine oligodendrocytes were taken after 24 h of culture, and were
further cultured without and with 7 KC (2550 M) associated or not with a-tocopherol (400 M) for an additional 24 h period of time. The level of total plasmologens was

determined by liquid chromatography tandem mass spectrometry (LC-MS/MS) (A). The level of VLCFA (C24:0; C24:1 n-9; C26:0; C26:1 n-9) was determined by GC/MS (B-E). Data

‘P <0.05

or less. Significance of the differences between 7 KC-treated cells and (7 KC -+ a-tocopherol (or a-tocotrienol)) - treated cells; Mann Whitney test: #P < 0.05 or less. No significant
differences were found between control and vehicle-treated cells (Ethanol (EtOH: 0.6%).
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Fig. 9. Effects of 7-ketochol 1 on p 1genes : Abed 1, Abed3, Acox1, Mfp2, DHAPAT and ADHAPS. 158 N murine oligodendrocytes were taken after 24 h of

culture, and were further cultured wnhout and with 7KC (25 50 1M) in the absence or in the presence of z-tocopherol (400 uM) for an additional 24 h period of time. The incidence
of 7KC, with or without z-tocopherol, on the mRNA expression of transporters and enzymes of the peroxisomal f-oxidation (ABCD1, ACOX1, MFP2) (A-C), of ABCD3 (D), and of the
first two peroxisomal enzymes involved in plasmalogens synthesis (DHAPAT, ADHAPS) (E-F) was evaluated by RT-qPCR. Abad2 which is very slightly expressed (Ct > 30) is not
represented on the figure. Data shown are representative of three independent experiments. Significance of the differences between control (untreated cells) and 7 KC-treated cells;
Mann Whitney test: *P < 0.05 or less. Significance of the differences between 7 KC-treated cells and (7 KC + «-tocopherol (or a-tocotrienol)) - treated cells; Mann Whitney test:
#P < 0.05 or less. No significant differences were found between control and vehicle-treated cells (Ethanol (EtOH: 0.6%).
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were determined by western blotting. Data obtained are in agree-
ment with RT-qPCR analysis mainly with the highest concentration
of 7 KC (Supplementary Fig. 6A and B) supporting a peroxisomal f-
oxidation deficiency rather than an activation of elongase.

4. Discussion

The enhanced levels of 7 KC in the tissues and/or fluids of pa-
tients with cardiovascular diseases, some eye diseases, neurode-
generative diseases, colorectal inflammatory diseases/Bowel
diseases and some types of cancer has strongly reinforced the in-
terest granted to this oxysterol which is essentially formed by auto-
oxidation [54,55] and which accumulates during aging in different
types of cells [40,46]. Due to the aging of the population, as the
frequency of diseases associated with increased levels of 7 KC is
expected to increase, it is important to know the molecular
mechanisms associated with the toxicity of this oxysterol better, in
order to identify new molecules and to develop new strategies
capable of counteracting its deleterious effects. At the moment, the
impact of 7 KC on the organelles, mainly mitochondria and lyso-
somes, is quite well recognized [51,58]. However, little is known
about the effect of 7 KC on the peroxisome, which is tightly con-
nected with mitochondria and endoplasmic reticulum
[29,36,78,120], and which is important for lipid metabolism, the
regulation of redox homeostasia, of non cytokinic inflammation
and in the myelination process [117,119,121,122]. In addition, recent
findings suggest that biochemical processes governed by the
peroxisome may also play a critical role in regulating cellular aging
[30,123]. In the present study realized on 158 N murine oligoden-
drocytes, we report the occurrence of peroxisomal alterations both
with 7KC (25uM) and with 7 KC (50 uM) which are slightly and
strongly cytotoxic, respectively. With 7 KC (25 uM), peroxisomal
dysfunction associated with slight effects on mitochondria were
observed, whereas with 7 KC (50 uM) both peroxysomal and
mitochondrial dysfunctions, associated with an induction of oxia-
poptophagy, were detected.

In agreement with previous data reported on numerous cell
types, 7 KC (50 uM) is strongly cytotoxic and triggers cell death [58].
Indeed, 7 KC (50 uM) is a potent inducer of oxidative stress
(including overproduction of superoxide anion and hydrogen
peroxide) and induces mitochondrial dysfunction (loss of A¥m)
leading to a mode of cell death by apoptosis (presence of cleaved
caspase-3 and cleaved PARP) associated with a marked activation of
LC3-1 in LC3-1I, which is an autophagic criteria. This particular type
of cell death, which has also been observed on 158 N cells treated
with 24S-hydroxycholesterol and 7p-hydroxycholesterol as well as
on murine microglial BV-2 cells treated with 7 KC, is named oxia-
poptophagy (OXldation + APOPTOsis + autoPHAGY) [57,60,103].On
158 N cells, it is likely that 7 KC (50 uM)-induced oxiapoptophagy is
associated with marked mitochondrial dysfunction, including the
alteration of oxidative phosphorylation, which could result from
lipid anabolism dysfunction, especially on tricarboxylic (TCA) cycle
intermediates [105]. The present study brings additional informa-
tion on the impact of 7KC (50 uM) on mitochondria and on
oxidative stress. Thus, 7 KC (50 uM) also decreases the quantity of
cardiolipins, which are specific mitochondrial phospholipids pre-
sent in the inner mitochondrial membrane and which contribute to
oxidative phosphorylation [107]. In addition, the enhancement of
catalase activity and of catalase level observed with 7 KC (50 uM)
could occur to prevent and attenuate the increased production of
H,0,. Altogether, these data underline that mitochondrial
dysfunction and oxidative stress are major events in 7 KC (50 uM)-
induced cell death, and they also reinforce the importance of
developing strategies to prevent mitochondrial dysfunction and
overproduction of reactive oxygen species (ROS) in order to impair
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7 KC-induced side effects. Contrary to 7 KC (50 uM), slight cytotoxic
effects were observed with 7 KC (25 uM): a small percentage of cells
overproducing superoxide anions were detected; small percent-
ages of cells with altered plasma membrane and depolarized
mitochondria were found; no cleaved caspase-3 and cleaved PARP,
which are apoptotic criteria, were revealed, and a slight increase in
the (LC3-1I/LC3-1) ratio was noticed. In these two situations, it was
of interest to define the impact of 7 KC on the peroxisome.

Indeed, at the moment, no information is available about the
role of the peroxisome in the numerous forms of cell death
described [9] whereas there is lot of evidence that this organelle is
tighly connected with the endoplasmic reticulum and the mito-
chondria [37] which play key roles in several types of cell death
[124].

In 7 KC (50 uM)-induced oxiapoptophagy, the data obtained by
confocal microscopy and transmission electron microscopy (TEM)
for murine oligodendrocyte 158 N cells show topographical,
morphological and functional dysfunction of the peroxisome. Per-
oxisomes of abnormal size and shapes, echoing those observed in
Zellweger fibroblasts, were detected. This suggests the alteration of
different partners and processes involved in peroxisome biogen-
esis. Decreased levels of the ABCD3 transporter (a marker of
peroxisomal mass) were noticed in flow cytometry, RT-qPCR and
western blotting evaluations. In addition, lower mRNA and protein
levels of the ABCD1 transporter and of the enzymes ACOX1 and
MFP2 associated with peroxysomal B-oxidation was found. On
murine microglial BV-2cells treated with 7KC (50uM, 24h),
reduced levels of ABCD3 have also been reported as well as
decreased expression of Abcd1, Acox1 and Mfp2 [60,80]. The lower
level of peroxisomal proteins could be due to their reduced ex-
pressions, and/or to the degradation of peroxisome in autophagic
vesicles suggesting the ability of 7 KC to trigger pexophagy. This
latter argument is supported by TEM, western blotting (increased
ratio (LC3-II/LC3-I)) and analysis by fluorescence microscopy
(LAMP1 staining pattern and colocalization of p62 with ABCD3). As
7KC is a ligand and an inhibitor of the cholesterol-5,6-epoxide
hydrolase [125] which also binds Tamoxifen and analogues [126]
as well as dendrogenin A (DDA) [127,128], which are two potent
inducers of autophagy, it would be important to determine
whether the metabolic pathways activated by 7 KC are similar or
not to those described with Tamoxifen and DDA. At the moment,
7 KC induced-autophagy is rather considered as a cellular defense
mechanism and as an adaptive survival strategy that permit to
recycle cellular components and to eliminate damages organelles
[73]. Atthe opposite of 7 KC, DDA has been shown to trigger a lethal
autophagic process involving the nuclear receptors Liver X Recep-
tor-f (LXR-B)/Retinoic X Receptor (RXR) [127,128]. Therefore, it
would be of interest to precise the part taken by LXR-/RXR in 7 KC-
induced autophagy, especially in 7 KC-induced pexophagy. The
similar impacts of 7KC (50 uM) on glial (oligodendrocytes) and
microglial cells at the peroxisomal level [60,80,81] suggest a gen-
eral phenomenom which could affect all the cells exposed to 7 KC.
Consequently, peroxisomal damage could occur in numerous major
diseases where increased 7 KC levels have been reported such as
cardiovascular diseases, eye diseases (cataract, age related macular
degeneration (ARMD)) and neurodegenerative diseases
[40,129,130]. Based on data obtained on knockout mice deficient in
some peroxisomal B-oxidation enzymes [131,132], the alteration of
the peroxisome induced by 7 KC could have dramatic consequences
on brain function. In addition, the mRNA level of the peroxisomal
DHAPAT enzyme which is involved in plasmalogen biogenesis was
also reduced in the presence of 7KC (50uM), suggesting that
different enzymes located in the peroxisome could be affected.
However, the mRNA level of the peroxisomal ADHAPS enzyme, also
involved in plasmalogen biogenesis, was not modified, which
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illustrates the selective side effects of 7 KC. Notably, the decreased
mRNA and protein level of ABCD1, ACOX1 and MFP2 was associated
with an intracellular accumulation of VLCFA (C24:0, C24:1, C26:0
and C26:1) suggesting alterations to the different partners of
peroxisomal B-oxidation, whereas an impact of 7 KC on the activ-
ities of elongases, such as ELOVL6 (C18:0—C22:0) and ELOVL1
(C24:0—-C26:0) can not be excluded [133]. However, total plas-
malogens did not decrease. In the brain, the effects of 7 KC (50 uM)
on the peroxisome, subsequently leading to accumulation of VLCFA
which are known for their ability to favor oxidative stess and cell
death on oligodendrocytes, astrocytes and neurons [38,134,135],
could further amplify 7KC-induced cytotoxicity and neuro-
degeneration [39]. Indeed, it is known that peroxisomal dysfunc-
tion enhances two major events associated with numerous
neurodegenerative diseases: oxidative stress and mitochondrial
dysfunction [29,38,39]. It is important to underline that peroxi-
somal dysfunction has also been described in 158 N cells treated
with 7B-hydroxycholesterol and 24S-hydroxycholesterol, both of
which are involved in different forms of neurodegeneration
[40,129,130] and which are also potent inducers of oxiapoptophagy
[59]. Therefore, cytotoxic oxysterols other than 7 KC can lead to
peroxisomal dysfunction.

Interestingly, under treatment with 7 KC (25 pM, 24 h), which is
slightly cytotoxic (slight increase permeability to PI, slight loss of
AWm, slight overproduction of superoxide anion (0®") and
hydrogen peroxide (H202), no induction of apoptosis (absence of
cleaved-caspase-3 and cleaved PARP), slight induction of LC3-I
activation which is a criteria of autophagy (higher ratio LC3-II/
LC3-1)), several peroxisomal changes were observed on 158 N cells.
Thus, with 7 KC (25 uM, 24 h), the cytoplasmic topography of the
peroxisome as well as of mitochondria was modified, the expres-
sion of ABCD3, a peroxisomal mass marker, was reduced, and the

/@O . \
ISSH cells '\‘@'

levels of peroxisomal mRNA (Abcd1, Abcd3, and DHAPAT) were
lowered. The levels of peroxisomal proteins (ABCD1, ABCD3, ACOX1
and MFP2) were also reduced. These alterations were also associ-
ated with an intracellular accumulation of VLCFA (C24:0, C24:1,
C26:0 and C26:1) which was similar to those observed with 7 KC
(50 uM). As observed with 7 KC (50 uM), no impact on the total
plasmalogen level was detected with 7 KC (25 pM). In addition, by
TEM, important morphological modifications of the peroxisomes
were observed with 7 KC (25 uM). For technical reasons, as the TEM
adapted to peroxisomes detection, was realized on adherent cells,
and as the loss of cell adhesion occurs before the drop of AUm
[111], our data indicate that the morphological peroxisomal alter-
ations probably precede mitochondrial dysfunction, especially
mitochondrial activity. Indeed, mitochondrial topographical
changes were observed by fluorescence microscopy after staining
with Mitotracker red both on 158 N cells treated with 7 KC used at
25 and 50 uM. Altogether, our study demonstrates that a slightly
cytotoxic concentration of 7 KC (25 uM) can induce morphological
and functional peroxisomal alterations similar to a strongly cyto-
toxic concentration of 7 KC (50 uM) (Fig. 10). Altogether, these data
reinforce the need to establish the role of the peroxisome in pro-
cesses, such as oxidative stress and mitochondrial dysfunctions,
which lead to cell death in order to precise the part taken by the
peroxisome in cell death. Yeast could be an interesting comple-
mentary model to further investigate these relationships. Indeed,
yeast is not only a valuable tool to study different forms of cell
death, especially autophagy and apoptosis [14,136], but it is also
widely used to study the peroxisome [137].

Our data also show that a-tocopherol, like oleic acid, olive oil,
and argan oil (two oils rich in a-tocopherol and oleic acid), is able to
attenuate both morphological and/or functional peroxisomal
dysfunction induced by 7kCat both 25 and 50uM [80,81].
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topographical, morphological and functional peroxisomal changes are observed either with slight or strong mitochondrial dysfunctions, slight or strong ROS overproduction and
with or without cell death induction (oxiapoptophagy) on 158 N cells. This cellular model (158 N cells treated with 7 KC) permits to clarify the relationships between peroxisome
and mitochondria (and vis versa) during 7 KC-induced side effects leading either to slight cytotoxic effects (7 KC: 25 uM) or oxiapoptophagy (7 KC: 50 uM).
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However, a-tocopherol was unable to counteract the decrease of
cardiolipins observed under treatment with 7 KC. This data has
similarities to the observations on BV-2 cells. Whereas a-tocoph-
erol also attenuates 7 KC-induced loss of A¥m and oxiapoptophagy
on these cells, it did not normalize the levels of succinic, fumaric,
malic and citric acid which are tricarboxylic acid (TCA) cycle-
associated organic acids [104]. This supports the idea that a full
recovery of mitochondrial functions is not required to escape cell
death. Therefore, as previously suggested, o-tocopherol could be
used in functional foods to prevent 7 KC-associated diseases [80].
This compound is particularly interesting since it is able to cross
intestinal and blood-brain barriers. As high levels of a-tocopherol
are often found in oils (olive and argan oils, milk thistle seeds oil)
[80,81,138], a diet rich in these products might be especially useful
to prevent the bowel diseases often associated with enhanced 7 KC
levels formed either endogeneously or brought on by foods [44,45].
As 7 KC (25—50 uM)-induced side effects were attenuated by o-
tocopherol but not by u-tocotrienol, although the anti-oxidant
properties of these molecules determined with the FRAP method
were in the same range of order, these data reinforce the hypothesis
that the cytoprotective properties of o-tocopherol are not only due
to its antioxidant activities [80,139].

Altogether, our data underline the interest of defining the
contribution of the peroxisome in oxidative stress, mitochondrial
dysfunction and cell death. Our cellular model (158 N cells treated
with 7 KC) is especially useful to establish the interactions between
the peroxisome and the mitochondria, and to determine at which
steps of cell death morphological and functional peroxisomal
changes occur and their role in the process of cell death.

5. Conclusion

It is now well accepted that 7KC, which is associated with
various diseases (cardiovascular disease, eye disease, inflammatory
bowel diseases and some types of cancer) induces a complex type
of cell death (oxiapoptophagy) associated with various types of
organelle dysfunction (mitochondria, lysosomes, endoplasmic re-
ticulum) [71,105,140]. The results obtained demonstrate that 7 KC
also induces significant topographical, morphological and func-
tional alterations of the peroxisome. Since the proper functioning of
the peroxisome is essential for the control of redox and lipid ho-
meostasis, these results suggest that the peroxisome could also be
involved in the process of cell death induced by 7KC. In this
context, it would be of interest to define the impact of other bio-
logical, physical or chemical cytotoxic agents on the peroxisome to
precise the part taken by this organelle in the cell death process.
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Supplementary Fig. 1: Evaluation of the effect of 7-ketocholesterol on mitochondrial topography.
158N murine oligodendrocytes were cultured on glass coverslips. They were taken after 24 h of culture
and were further cultured without and with 7KC (25-50 uM) in the absence or in the presence of a-
tocopherol (400 uM) for an additional 24 h period. The mitochondria were stained with Mitotracker red,
and the nuclei were stained with Hoechst 33342. The observations were realized under a fluorescent
microscope coupled with an Apotome.
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Supplementary Fig. 2: Induction of lipid peroxidation by 7-ketocholesterol. 158N murine
oligodendrocytes were taken after 24 h of culture and were further cultured without and with 7KC (25-50
uM) in the absence or in the presence of a-tocopherol (400 uM) for an additional 24 h period. Lipid
peroxidation was revealed by increased cellular levels of 78-hydroxycholesterol and cholestane-3p,5a,60-
triol which were normalized by o-tocopherol (400 pM). Oxysterols were quantified as previously
described [104].
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Supplementary Fig. 3: Quantitative analysis of the ratio [LC3-11 / LC3-1]. The mean * SD of the ratio
[LC3-1l / LC3-1] presented in Fig. 4 have been calculated from the data obtained in 3 independent
experiments. Significance of the differences between control (untreated cells) and 7KC-treated cells;
Mann Whitney test: * P<0.05 or less. Significance of the differences between 7KC-treated cells and (7KC
+ a-tocopherol- treated cells; Mann Whitney test: # P<0.05 or less. No significant differences were found
between control and vehicle-treated cells (Ethanol (EtOH: 0.6%).
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Supplementary Fig. 4: Evaluation of the effect of 7-ketocholesterol on the LAMP1 expression
pattern. 158N murine oligodendrocytes were taken after 24 h of culture, and further cultured without and
with 7KC (25-50 uM) in the absence or in the presence of a-tocopherol (400 uM) for an additional 24 h
period of time. With the use of an antibody recognizing the lysosomal-associated membrane protein 1
(LAMP1), the presence of large red cytoplasmic dots, which can be considered as autolysomes support the
ability of 7KC to induce autophagy which was strongly attenuated by o-tocopherol. The nuclei were
stained with Hoechst 33342. The observations were realized under a fluorescent microscope coupled with
an Apotome.
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7KC (25 pM) +
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Supplementary Fig. 5: Evaluation of the effect of 7-ketocholesterol-induced pexophagy by
fluorescence microscopy (colocalization of p62 and ABCD3). 158N murine oligodendrocytes were
taken after 24 h of culture, and further cultured without and with 7KC (25-50 M) in the absence or in the
presence of a-tocopherol (400 uM) for an additional 24 h period of time (A-B). Cytoplasmic vesicles
simultaneously expressing p62 and ABCD3 were considered as pexophagic vesicles. These vesicles
(white arrows) correspond to yellow fluorescent spots resulting from the colocalization of p62 (revealed
with Alexa 488 which emits a green fluorescence when excited with a blue light) with ABCD3 (revealed
with Alexa 546 which emits a red fluorescence when excited with a green light). Pexophagic vesicles from
different sizes are observed especially at high magnification (B). The nuclei were stained with Hoechst
33342. The observations were realized under a fluorescent microscope coupled with an Apotome.
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Supplementary Fig. 6: Effects of 7-ketocholesterol on peroxisomal proteins expression: ABCD1,
ABCD3, ACOX1, MFP2, DHAPAT and ADHAPS. 158N murine oligodendrocytes were taken after 24
h of culture, and were further cultured without and with 7KC (25-50 uM) in the absence or in the presence
of a-tocopherol (400 pM) for an additional 24 h period of time. The incidence of 7KC, with or without a-
tocopherol, on the level of transporters and enzymes of the peroxisomal -oxidation (ABCD1, ABCD3,
ACOX1, MFP2), and on the level of the first two peroxisomal enzymes involved in plasmalogens
synthesis (DHAPAT, ADHAPS) was evaluated by western blotting (A). Data shown are representative of
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three independent experiments. Mean + SD of the densitometric values of ABCD1, ABCD3, ACOX1,
MFP2, DHAPAT, and ADHAPS obtained by western blotting from 3 independent experiments (B).
Significance of the differences between control (untreated cells) and 7KC-treated cells; Mann Whitney
test: * P<0.05 or less. Significance of the differences between 7KC-treated cells and (7KC + a-tocopherol)
- treated cells; Mann Whitney test: # P<0.05 or less. No significant differences were found between
control and vehicle-treated cells (Ethanol (EtOH: 0.6%).
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Prevention of 7-ketocholesterol-induced
oxlapoptophagy by fatty acids and sulfo-N-
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cytoprotective mechanisms
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Il a été montré dans le premier article que le 7KC induit des dysfonctions mitochondriales
et peroxysomales. Ces altérations sont accompagnées d’une ¢lévation de marqueurs de
I’autophagie et de I’apoptose. L’augmentation simultanée du stress oxydant, de I’apoptose et de
I’autophagie sous ’effet du 7KC a été qualifiée d’oxyapoptophagie (stress Oxydant + Apoptose

+ Autophagie).

Le second article s’inscrit dans la continuité de ces travaux et a pour objectif d’identifier des
composés lipidiques, autres que 1’o-tocophérol, qui seraient capables d’inhiber
I’oxyapoptophagie induite par le 7KC sur les oligodendrocytes murins 158N. Actuellement, peu
de molécules possédent ces propriétés cytoprotectrices vis-a-vis du 7KC. Les seules connues pour
I’instant sont I’a-tocophérol, 1’acide oléique (AO, C18:1 n-9), I’acide docosahexaénoique (DHA,
C22:6 n-3), le diméthylfumarate (DMF) ainsi que certaines huiles naturelles (huile d’argan,
d’olive et de graines de chardon-Marie) (Badreddine et al., 2017; Debbabi et al., 2016; Meddeb
et al., 2018; Nury et al., 2015; Nury et al., 2017; Nury et al., 2014; Zarrouk et al., 2019; Zarrouk
etal., 2017).

Afin d’identifier de nouvelles molécules lipidiques protectrices, différents acides gras et dérivés
ont été testés sur le modele d’oligodendrocytes murins 158N traité par du 7KC (50 uM) pendant
24h. Le DHA et ses précurseurs : I’acide a-linolénique (ALA; C18:3 n-9) et I’acide
eicosapentaénoique (EPA ; C20:5 n-3), I’huile de Lorenzo (mélange d’acide oléique (C18:1 n-9)
et d’acide érucique (EA ; C22:1 n-9) dans un ratio 4:1) ainsi qu’un dérivé chimique de 1’acide
oléique, le sulfo-N-succinimidyl oléate (SSO). L’a-tocophérol, le DHA et I’AO ont été utilisés
comme contrdles positifs de cytoprotection. La capacité de ces molécules a inhiber
I’oxyapoptophagie a été évaluée en mesurant les altérations de la membrane plasmique (taux de

cholestérol et marquage par la mérocyanine 540), les dysfonction mitochondriales (baisse du
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Aym) et peroxysomales (accumulation d’AGTLC), la production d’ERO (anions superoxydes,
peroxyde d’hydrogeéne, activité catalase) 1’induction d’apoptose (clivage de la caspase-3 et de
PARP, expression de Bad, Mcl-1 et phospho-Mcl-1) et de I’autophagie (ratio LC3-11/ LC3-1).

Ce travail a montré que I’a-tocophérol ainsi que les acides gras n-3 et n-9 (ALA (50 uM), EPA
(50 uM), DHA (50 uM), OA (100 puM)), I’huile de Lorenzo (AO 100 uM + EA 25 puM), et le
SSO (50 uM) atténuent 1’augmentation du stress oxydant induite par le 7KC. Ils normalisent le
potentiel membranaire des mitochondries (Aym) et corrigent les dysfonction peroxysomales
(normalisation de 1’accumulation d’AGTLC intracellulaires). Au niveau membranaire, les
perturbations lipidiques de la membrane plasmique révélées par la mérocyanine 540 et par le
niveau de cholestérol ont également été en partie corrigées. Enfin, ces molécules et I’huile de
Lorenzo inhibent 1’autophagie (normalisation du ratio LC3-11 / LC3-I) et I’apoptose (diminution
du clivage de PARP et de la caspase-3, normalisation de Mcl-1 et de phospo-Mcl-1 ainsi que du
ratio Bad / Mcl-1). L’acide érucique n’est pas cytoprotecteur.

L’acide oléique et I’huile de Lorenzo, bien qu’ayant montré une protection contre le 7KC,
induisent la formation de gouttelettes lipidiques révélées en microscopie a fluorescence et
cytométrie en flux (marquage par le BODIPY 493/503 et 1’0Oil Red O). La présence de
gouttelettes lipidiques est ¢galement observable lorsque I’ALA, I’EPA et le DHA sont associés
au 7KC. ALA, EPA, DHA et 7KC seuls, n’induisent pas la formation de gouttelettes lipidiques.
Les seules molécules permettant une inhibition de 1’oxyapoptophagie induite par le 7KC sans
formation de gouttelettes lipidiques sont I’a-tocophérol et le SSO. En revanche, le SSO est plus
actif que I’a-tocophérol car il est cytoprotecteur a une concentration de 50 uM alors que I’a-

tocophérol I’est a 400 uM.
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Les travaux de cet article ont montré que :

» Les acides gras n-3 (ALA, EPA, DHA), n-9 (OA), I’huile de Lorenzo (OA + EA (4:1)), et
le SSO inhibent I’oxyapoptophagie induite par le 7KC au méme titre que 1’a-tocophérol,

> Les dysfonctions mitochondriales et peroxysomales induites par le 7KC sont corrigées par
ces molécules,

> Les acides gras n-3 (ALA, EPA, DHA associés au 7KC), I’0OA et I’huile de Lorenzo
induisent la formation de gouttelettes lipidiques,

> Le SSO protege du 7KC deés 50 uM sans induire la formation de gouttelettes lipidiques, ce

qui lui confére un intérét thérapeutique.

Le dépot d’un brevet concernant le SSO et ses capacités cytoprotectrices contre le 7KC est en
cours d’¢élaboration avec la cellule de valorisation et de transfert de technologie de I’Université de

Bourgogne : SATT SAYENS.
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Abstract

Background: 7-ketocholesterol is a cytotoxic oxysterol increased in many chronic inflammatory
diseases and age-related diseases. Inhibiting the toxicity of 7-ketocholesterol is a major challenge
in treating associated diseases.

Experimental approach: The 158N oligodendrocyte model was used to evaluate the
cytoprotective effects of lipids: omega-3 and -9 fatty acids (a-linolenic acid, eicosapentaenoic
acid, docosahexaenoic acid, erucic acid and oleic acid), Lorenzo's oil (a mixture of erucic acid
and oleic acid, 1:4) and sulfo-N-succinimidyl oleate (SSO). The ability of these molecules to
inhibit 7KC-induced oxiapoptophagy (plasma membrane alteration, loss of A¥m, peroxisomal
dysfunction, reactive oxygen species overproduction, induction of apoptosis and autophagy) was
quantified.

Key results: Unlike omega-3 and -9 fatty acids and Lorenzo's oil, SSO does not have toxic effects
over a wide range of concentrations and its cytoprotective effects are not associated with the
accumulation of lipid droplets.

Conclusions: These different characteristics of SSO make it possible to envisage its use for

therapeutic purposes in diseases where 7KC levels are greatly increased.

Keywords: 7-ketocholesterol, a-linolenic acid, eicosapentaenoic acid, docosahexaenoic acid,

oleic acid, erucic acid, Lorenzo’s oil, oxiapoptophagy, sulfo-N-succinimidyl oleate

Abbreviations: a-linolenic acid (ALA), docosahexaenoic acid (DHA), dihydroethidium (DHE);
eicosapentaenoic acid (EPA), erucic acid (EA), fatty acids (FAS); fluorescein diacetate (FDA), 7-
ketocholesterol (7KC), merocyanine 540 (MC540); oleic acid (OA), sulforhodamine 101
(SR101), sulfo-N-succinimidyl oleate (SSO), very long chain fatty acids (VLCFAs), X-linked
adrenoleukodystrophy (X-ALD).

* ‘What is already known’ Few natural and synthetic molecules inhibit the toxicity of 7-ketocholesterol
**What this study adds’ Among the fatty acids and derivatives tested, sulfo-N-succinimidyl oleate

is the most promising
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*<Clinical significance’ sulfo-N-succinimidyl oleate could be used to treat diseases with high 7-
ketocholesterol levels

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 et al., 2004). Some of its oxidized
derivatives (oxysterols) formed either by auto-oxidation or enzymatically, or by both processes
are involved in several diseases (Mutemberezi et al., 2016). Among the oxysterols formed by
auto-oxidation, the most common is 7-ketocholesterol (7KC); indeed, the 7 position on
cholesterol is the most reactive with oxygen and a carbonyl group the most stable form
(Anderson et al., 2020). 7KC is found at increased level in the biological fluids and tissue lesions
of patients with aged-related diseases, some chronic inflammatory diseases and rare diseases
(Brahmi et al., 2019; Brown et al., 1999; Testa et al., 2018; Vejux et al., 2020; Zarrouk et al.,
2014). To prevent these diseases, two strategies are possible. This consists either in promoting the
degradation of 7KC, or in acting on the signaling pathways involved in the cytotoxicity of this
oxysterol which induces oxidative stress and inflammation that can lead to cell death defined as
oxiapoptophagy (OXldative stress, APOPTOsis and autoPHAGY) (Klionsky et al., 2016; Nury et
al., 2014). The alternative application of enzymes from microbial sources to degrade 7KC
(medical bioremediation) is an attractive approach (Mathieu et al., 2008; Schloendorn et al.,
2009). Pharmacological approaches consist in acting on 7KC-activated signaling pathways
through strategies based on the use of natural or synthetic molecules, functionalized nanoparticles
(Targeted ORganelle Nano-Therapy (TORNtherapy)) or chimeric molecules (Brahmi et al.,
2019). Few molecules have been shown to be effective in vitro in preventing 7KC-induced
oxiapoptophagy. These are a-tocopherol, fatty acids (FAs) (oleic acid (OA; C18:1 n-9),

docosahexaenoic acid (DHA; C22:6 n-3)) and dimethyl fumarate, an activator of the Nrf2
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pathway, as well as its major metabolite, mono methyl fumarate (Brahmi et al., 2019). Many 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 by
its ability to prevent the accumulation of 7KC in the lipid rafts (Ragot et al., 2013; Royer et al.,
2009), there is little information on the cytoprotection 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, which
are 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 (a-linolenic acid
(ALA / C18:3 n-9) and eicosapentaenoic acid (EPA / C20:5 n-3)), by comparing their activities,
assessing their deleterious effects and specifying their mechanisms of action. The effect of OA
was also compared to a synthetic analogue, the membrane-impermeable sulfo-N-
hydroxysuccinimidyl ester of oleic acid (SSO) which irreversibly binds CD36 (Coort et al.,
2002). On neuron-BV-2 co-culture and neuron-primary microglia co-cultures, SSO also reduced
the lipopolysaccharide/interferon-y-induced production of nitric oxide, interleukin-6 and tumor
necrosis factor-a, and the protein levels of inflammatory enzymes including nitric oxide synthase
2, cyclooxygenase-2 (COX-2), and p38 mitogen-activated protein kinase in microglia, without
causing cell toxicity (Dhungana et al., 2017). In addition, on isolated rat liver mitochondria, an
inhibition of mitochondrial membrane potential (A¥Ym) and a decrease of mitochondrial complex
Il activity has been reported with SSO (Drahota et al., 2010). Furthermore, since X-ALD is
associated with elevated plasma levels of 7KC (Nury et al., 2017) and Lorenzo's oil composed of

erucic acid (C22:1 n-9) and oleic acid (C18:1 n-9) in a ratio of 1:4 is sometimes administered to
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patients with X-ALD in an attempt to prevent neurodegeneration by reducing levels of very long-
chain fatty acids (VLCFAs) (Prieto Tenreiro et al., 2013), it was considered as essential to
determine the effect of this oil on 7KC-induced cytotoxicity.

In the present study, we evaluated and compared the cytoprotective effects of ALA, EPA, DHA,
OA, EA and SSO as well as of Lorenzo’s oil on 7KC-treated 158N cells which is a relevant
model to identify natural or synthetic molecules able to prevent 7KC-induced cytotoxicity. The
effects of these compounds were compared with those of a-tocopherol, the major component of
Vitamin E, which was used as the reference cytoprotective molecule. Although all compounds
tested, excepted EA, attenuate the toxicity of 7KC, SSO has the most interesting profile: it is not
cytotoxic even at high concentrations and does not induce cytoplasmic accumulation of lipid
droplets. In addition, the ability of SSO to attenuate 7KC-induced plasma membrane alteration is

accompanied by a restoration of cell signaling that controls A¥m and prevents apoptosis.

Methods

Cell culture and treatments

Murine oligodendrocytes (158N) (Baarine et al., 2009) 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) containing 5% (v/v) heat-inactivated fetal bovine
serum (Dutscher, Brumath, France) and 1% antibiotics (penicillin, streptomycin). The incubation
was performed at 37°C in a humidified atmosphere containing 5% CO». For subcultures, cells
were trypsinized (0.05% trypsin-0.02% EDTA solution) and passaged twice a week. 7-
ketocholesterol (7KC; Sigma Aldrich, 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, ref T3251), a-linolenic acid (ALA; Sigma Aldrich, ref
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L2376), eicosapentaenoic acid (EPA; Enzo Life Sciences, ref BML-FA001-0100),
docosahexahenoic acid (DHA; Sigma Aldrich, ref D2534), oleic acid (OA; Sigma Aldrich, ref
01008), erucic acid (EA; Interchim, ref DRE-C13203000), Lorenzo’s oil (EA + OA: ratio 1:4) or
sulfo-N-succinimidyl oleate (SSO; Interchim, ref 11211), or with 7KC associated with ao-
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
dimethylsulfoxide (DMSO, Sigma-Aldrich). The inhibitors of autophagy (Rapamycin (Sigma-
Aldrich; ref 37094); 3-methyl adenine (Sigma-Aldrich; ref M9281)) and of autophagy (z-VAD-
fmk (Bachem, ref 4026865) were prepared and used as previously described (Doria et al., 2019;
Sassi et al., 2019b; Vejux et al., 2007). As we studied the effects of FAs and SSO on 158N cells,
we determined the expression of PPARs and CD36 receptors on these cells. Because of the
expression of PPARs and CD36 by 158N cells, we considered that these latter were suitable for

studying the effects of these compounds (Supplementary Figure 1).

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

The cell-permeant esterase substrate fluorescein diacetate (FDA) (Invitrogen, ref F1303) was
used as a viability probe on 158N cells (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) test
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Suforhodamine 101 (SR101; Sigma Aldrich, ref S7635) 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, 158N 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 pug/mL, 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 535nm / Em 610 nm. The experiments were realized three

times in triplicate, and the data were expressed as percentage 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 microscope (Primovert Zeiss microscope, Jena, Germany) at a x20 magnification.

Digitalized images were obtained with a Zeiss camera (5SMP HD IP).

Evaluation of CD36 expression by indirect immunofluorescence: microscopical and flow
cytometric analysis

For immunofluorescence microscopy, 158N cells were seeded in 6 well plates on glass slides for
24 h before the analysis of CD36 expression. At the end of treatments, cells were washed with
PBS and fixed with a 2% paraformaldehyde / PBS solution (15 min, room temperature (RT)).
After washing in PBS, adherent cells were permeabilized with PBS / 0.05% saponin / 10% FBS
(PFS buffer) for 30 min at RT, and incubated (1 h at RT) with the CD36 antibody (Gentex, ref
GTX100642) diluted 1/200 in PFS buffer. At the end of the incubation time, cells were washed in
PFS buffer and incubated (30 min in the dark, RT) with a goat anti-rabbit antibody coupled with

488-Alexa (Abcam, Paris, France; ref ab150077) diluted at 1/500 in PFS buffer. After washing in
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PBS, cells were counterstained with Hoechst 33342 (Sigma-Aldrich, 1 pg/mL). The slides were
mounted in fluorescent mounting medium (Dako, Coppenhagen, Denmark), stored in the dark at
4°C, and examined with a right fluorescence microspcope (Zeiss).

For flow cytometric analysis of CD36 expression, 158N cells were trypsinized and further stained
in the same conditions than previously described (no counterstaining with Hoechst 33342 was
realized). Cells were analyzed with a BD Accuri C6 flow cytomer (Becton-Dickinson, Franklin
Lakes, NJ, 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 analysis of CD36 expression

was realized using the FlowJo software (Tree Star Inc., Ashland, USA).

Flow cytometric quantification of mitochondrial membrane potential (4 %m) with DiOCeg(3)

Modifications of A¥Ym were measured with 3,3’-dihexyloxacarbocyanine iodide (DiOCs(3))
(Thermo Fischer Scientific, Courtaboeuf, France). At the end of treatments, 158N cells were
trypsinized and resuspended in PBS containing DiOCe(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); 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 percentage of DiOCe(3)

negative cells was determined using the FlowJo software (Tree Star Inc).

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

Merocyanine 540 (MC540) (Sigma Aldrich) is a negatively charged chromophore that binds to
the outer leaflet of the cell membrane. The loss of asymmetry and altered packing of the

membrane enhance MC540 fluorescence (Schlegel et al., 1993; Vejux et al., 2009a). MC540 was
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prepared in absolute ethanol at 2.5 mg/mL. At the end of treatments, adherent and non-adherent
cells were collected and resuspended in culture medium containing MC540 (2.5 pg/mL). Cells
were incubated (10 min, RT), and analyzed with a BD Accuri C6 flow cytometer (Becton-
Dickinson). 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 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 et al., 1990). 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-Dickinson); 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 et al., 2012). The presence of neutral lipids was
investigated by staining with Oil Red O (ORO; Sigma Aldrich). ORO is soluble in neutral lipids
and remains dissolved in triglycerides after washing. To this end, 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
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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,
ref 790389) which permits the observation of the lipid droplets by fluorescence microscopy and
their quantification per cell by flow cytometry (Qiu et al., 2016). For microscopical analysis,
158N cells were seeded on glass slides in 12 well plates. After 24 h of culture, 158N 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 counter staining 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, 158N cells were trypsinized and stained in the same conditions (no counter-
staining 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).
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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, prepared 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 ug,
heptadecanoic acid 100 pg, nonadecanoic acid 5 g, heneicosanoic acid, 2.5 g, tricosanoic acid
1 ug, epicoprostanol 50 pg), butylated hydroxytoluene and EDTA and flushed with argon for 10
min to remove air. Alkaline hydrolysis was allowed to proceed atroom 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 trimethylsilyl ethers with bis(trimethylsilyl)trifluoroacetamide with 1%
trimethylchlorosilane (Pierce).

Gas chromatography - mass spectrometry (GC-MS) analysis was performed on a Agilent 5973
Mass spectrometer connected to a GC 6890 Agilent equipped with an HP-5MS columns (30 m x
0.32 mm 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 metabolites were recognized by retention time and fragmentation

patterns and quantified from total-ion count against internal standards using standard curves for
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the measured FAs, cholesterol and 7KC. Recovery ranged between 94% up to 100% and

precision ranged between 3 up to 7%.

Quantification of catalase gene expression by RT-gPCR
Total mMRNA from 158N cells were extracted and purified using the RNeasy Mini Kit (Qiagen)
and the total mMRNA 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
(Thermo Fischer Scientific). PCR reactions were realized on an Applied Biosystem Step One
plus QPCR machine (Life Science Technologies). The primer sequences were the following:

» Catalase: forward 5°-agcgaccagatgaagcagtg-3°  reverse 5’-tccgctctctgtcaaagtgtg-3°

» 36B4: forward 5'-gcgacctggaagtccaacta -3’ reverse 5'-atctgcttggagcccacat -3’
Thermal cycling conditions were as follows: activation of DNA polymerase 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 to 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 polyacrylamide gel electrophoresis and Western blotting
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Protein analysis was realized as previously described by polyacrylamide gel electrophoresis and
Western blotting (Nury et al., 2018; Nury et al., 2015; Ragot et al., 2011). Cells washed in PBS
were lysed in a RIPA buffer (10 mM Tris-HCI, 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; 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). Seventy micrograms of protein were
diluted in loading buffer (125 mM Tris- HCI, pH 6.8, 10% B-mercaptoethanol, 4.6% SDS, 20%
glycerol, and 0.003% bromophenol blue), separated on a 14% or 8% 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; 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, ref L8918; detecting
LC3-1 (18 kDa) and LC3-1l (16 kDa)), Mcl-1 (monoclonal antibody; Abcam ref ab32087),
Phospho-Mcl-1 (Ser159/Thr163) (rabbit polyclonal antibody; Ozyme / Cell Signalling; ref 4579),
Bad (rabbit polyclonal antibody; Ozyme / Cell Signalling; ref 9292), PARP (rabbit monoclonal
antibody; Ozyme / Cell Signalling; ref 9532; detecting endogenous levels of full length PARP
(110 kDa) and the fragment of PARP resulting from cleavage (89 kDa)) were used at 1/1,000
final dilution. The antibody directed against B-actin (mouse monoclonal antibody; Sigma-

Aldrich, ref A2228) was used at a final concentration of 1/10,000. The membrane was then
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washed twice with PBST and incubated for 1 h at RT with horseradish peroxidase-conjugated
goat anti-rabbit (Cell Signaling, ref 7074) or anti-mouse antibody (Santa-Cruz Biotechnology, ref
sc-2005) diluted at 1/5,000. The membrane was washed with PBST and revealed using an
enhanced chemiluminescence detection kit (Supersignal West Femto Maximum Sensitivity
Substrate, Thermo-Scientific) and Chemidoc XRS+ (Bio-Rad). The level of bands intensity was

measured with Image Lab software (Bio-Rad).

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), eicosapentaenoic acid (EPA),
docosahexaenoic acid (DHA), oleic acid (OA), erucic acid (EA), Lorenzo’s oil (EA + OA; 1:4)
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 of 25 to 200 uM for a 24 h treatment. Lorenzo's oil was used for 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
(Figure 1). More or less marked cytotoxic effects were observed with FAs and Lorenzo's oil.

Thus, as early as 100 uM, ALA, EPA and DHA showed cytoxicities with FDA and SR101 assays
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(Figure 1). OA shows pronounced toxicity only at 200 uM with the FDA assay (Figure 1). EA
only shows slight cytoxic effects at 200 uM (Figure 1). As for 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 pM)] concentrations (Figure 1). In order to subsequently determine the
effects of these compounds on 7KC-induced toxicity, the highest non cytotoxic concentrations
were selected: ALA (50 uM); EPA (50 uM); DHA (50 uM); OA (100 uM); EA (25 uM); SSO

(50 uM); Lorenzo's oil (OA: 100 uM / EA: 25 uM).

Evaluation with the FDA and SR101 tests 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 oligodendrocytes

The effects of ALA (50 pM), EPA (50 pM), DHA (50 uM), OA (100 pM), EA (25 uM), SSO
(50 uM) and Lorenzo's oil (OA: 100 uM / EA: 25 uM) as well as a-tocopherol (400 puM)
associated or not with 7KC (50 uM) were evaluated with the FDA and SR101 assays after 24 h of
treatment on 158N cells (Figure 2). The 50 uM concentration of 7KC was chosen because it
decreases the number of cells by 30 to 50% using the FDA and SR101 assay, respectively; this
30-50% inhibition was confirmed by observation in phase contrast microscopy (Figure 2,
Supplementary Figure 2). Whereas no cytoprotection was found with EA, 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 (Figure 2; supplementary Figure 2). The results
obtained with the FDA and SR101 assays were in agreement with phase contrast microscopy
observations: 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, which are round and float in the culture
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medium, were strongly attenuated by ALA, EPA, DHA, OA, SSO, Lorenzo's oil and a-

tocopherol whereas no cytoprotection was observed with EA (Supplementary Figure 2).

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

As it is known that 7KC (50 uM)-induced cytotoxic effects on 158N cells are associated with
reactive oxygen species (ROS) overproduction, loss of A¥m and peroxisomal dysfunction (Nury
et al., 2018), the effects of ALA (50 pM), EPA (50 uM), DHA (50 pM), OA (100 uM), EA (25
pUM), SSO (50 uM) and Lorenzo's oil (OA: 100 uM / EA: 25 uM) as well as a-tocopherol (400
UM) were evaluated on these parameters (Figure 3). An oxidative stress characterized by an
increase in the percentage of cells overproducing ROS (% DHE positive cells) was detected in
7TKC-treated cells (Figure 3A). In these latter, a drop of A¥m was also revealed with DiOCs(3)
(Figure 3B) as well as peroxisomal dysfunction highlighted by an increase in VLCFAs (C24:0,
C24:1, C26:0 and C26:1) since C24:0 and C26:0 are degraded in the peroxisome by B-oxidation
(Wanders et al., 2006) (Figure 3C). By RT-gPCR, an increased expression of catalase, a
peroxisomal enzyme that catalyzes the dismutation of hydrogen peroxide to oxygen and water (2
H>02 — O2 + H20), was observed in the presence of 7KC and may be an adaptive response to
ROS overproduction (Figure 3D). Whereas EA was inefficient to prevent 7KC-induced ROS
overproduction and loss of A¥Ym, marked cytoprotective effects, in the range of those observed
with a-tocopherol, were observed with ALA, EPA, DHA, OA, SSO and Lorenzo’s oil (Figure
3A-B). When ALA, EPA, DHA, OA, SSO, Lorenzo’s oil and a-tocopherol were associated with
7KC, they strongly reduced the increase in VLCFAs (Figure 3C); this supports that these

compounds attenuate peroxisomal dysfunction and re-establish peroxisomal [-oxidation.
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Moreover, decreased mRNA levels of catalase was observed when 7KC was associated with
ALA, EPA, DHA, OA, SSO, Lorenzo’s oil and a-tocopherol (Figure 3D); these data are in

agreement with the ability of these compounds to decrease ROS overproduction.

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 lipid disturbances at the plasma membrane level

The effects of ALA (50 pM), EPA (50 pM), DHA (50 uM), OA (100 pM), EA (25 uM), SSO
(50 uM), Lorenzo's oil (OA: 100 uM / EA: 25 puM) and SSO (50 uM) as well as a-tocopherol
(400 uM) on 7KC-induced lipid disturbances at the plasma membrane level were evaluated with
MC540 (Vejux et al., 2009a) (Figure 4A) and by the quantification of total cholesterol (Cooper,
1978) (Figure 4B). Comparatively to untreated cells and vehicle (EtOH (0.6%))-treated cells, no
effect on plasma membrane organization and cholesterol content was detected with ALA, EPA,
DHA, OA, EA, SSO, Lorenzo's oil and a-tocopherol (Figure 4A-B). On the other hand, 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 strongly increased
(Figure 4A) and the total cholesterol level per cell was decreased (Figure 4B). Whereas EA was
inefficient, the deleterious effects induced by 7KC on the lipid organization of the plasma
membrane were strongly attenuated with ALA, EPA, DHA, OA, SSO and Lorenzo’s oil as well
as with a-tocopherol (Figure 4A). Similarly, with the exception of SSO, the decrease in
cholesterol level induced by 7KC was attenuated by ALA, EPA, DHA, OA, Lorenzo's oil and a-

tocopherol (Figure 4B).
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Incidence 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

The use of FAs or analogues (SSO) as well as of Lorenzo’s oil led us to specify the incidence of
these compounds i) on the formation of lipid droplets and ii) on the accumulation of 7KC in the
cells. Lipid droplet formation was evaluated with Oil Red O (ORO; brightfield microscopy) and
with Bodipy 493/503 (fluorescence microscopy; flow cytometry). Quantification of 7KC and FAs
was realized by GC-MS. Different effects were observed on intracellular lipid droplets
accumulation with the different FAs (ALA, EPA, DHA, EA and OA), Lorenzo's oil, SSO and a-
tocopherol. By staining with ORO, which colors neutral lipids, a more or less pronounced
accumulation of lipid droplets was observed with ALA, EPA, DHA, OA and Lorenzo’s oil and
the highest quantities of lipid droplets were observed with OA and Lorenzo’s oil whereas only
few cells with lipid droplets were found in the presence of a-tocopherol, EA and SSO
(Supplementary Figure 3). By brightfield microscopy, as ORO staining does not permit an
accurate quantification of cells with lipid droplets and of the amount of neutral lipids per cell a
staining procedure was realized with Bodipy 493/503 (Figure 5). By fluorescence microscopy,
the visualization of lipid droplets with Bodipy 493/503 leads to similar conclusions that with
ORO. Similar fluorescence staining patterns were observed with ALA, EPA, DHA, EA, SSO and
a-tocopherol (weak green fluorescence) and with OA and Lorenzo’s oil (strong green
fluorescence) supporting a weak and a strong accumulation of lipid droplets rich in neutral lipids,
respectively (Figure 5). With 7KC, few lipid droplets were detected with ORO (Supplementary
Figure 3). These data are in agreement with those obtained by flow cytometry with Bodipy
493/503: a significant increase of the ratio [Mean Fluorescence Intensity (MFI) assay / MFI

control] was only observed with OA and Lorenzo’s oil (Figure 5). With 7KC, only few lipid
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droplets were detected: a slight but not significant increase of the MFI ratio was found; no
significant differences were identified between control, vehicle-treated cells and 7KC-treated
cells (Figure 5). When 7KC was associated with ALA, EPA, and DHA, marked accumulation of
lipid droplets characterized by a significantly higher ratio [MFI assay / MFI control] than in
untreated and 7KC-treated cells was observed (the highest levels of lipid droplets per cell were
observed with (7TKC + OA) and (7KC + Lorenzo’s oil) whereas no lipid droplets accumulation
was detected when 7KC was associated with EA, SSO and a-tocopherol (Figure 5). Under
treatment with 7KC, ALA, EPA, DHA, OA, EA and a-tocopherol, the intracellular accumulation
of 7KC was also quantified as well as the intracellular levels of FAs: intracellular accumulations
of 7KC and FAs were observed (Supplementary Figure 4). 7KC accumulation was significantly
decreased with the different compounds used, at the exception of OA (Supplementary Figure

4).

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

The results obtained suggest that the destabilization of plasma membrane lipid organization could
lead to several cellular dysfunctions and in particular to a drop in A¥m. As shown on U937 cells
(Vejux et al., 2009a), it can be assumed that 7KC by altering the plasma membrane would lead to
an inactivation of the signaling pathway which helps to control A¥m via the phosphorylation
state of the Mcl-1 protein which allows the sequestration in the cytoplasm of the pro-apoptotic
proteins Bad and Bax which promote the drop of A¥Ym when interacting with the mitochondria.
In agreement with this hypothesis, 7KC induced-apoptosis was associated with a decreased level
of Mcl-1 linked with an increased level of P-Mcl-1 as well as with a strong increase of the ratio

Bad/Mcl-1 (Figure 6). As previously described on U937 cells, these two results support the
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hypothesis that the increase in P-Mcl-1 leads to an inhibition of Bad sequestration in the
cytoplasm thus favouring its interaction with the mitochondrial membrane to induce the drop of
A¥m (Ragot et al., 2011). In agreement with this hypothesis, supporting an activation of the
mitochondrial pathway, 7KC-induced apoptosis is associated with a cleavage of caspase-3
leading to an activation of this enzyme which contributes to PARP degradation (Figure 6). 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 (Supplementary
Figure 5). In addition, in the presence of 7KC, an activation of LC3-1 into LC3-Il, which is an
autophagic criteria, was observed (Figure 6). 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 Figure 5). When 7KC was combined with FAs (ALA, EPA, DHA) or SSO, as
well as a-tocopherol, the induction of apoptosis and autophagy was greatly reduced (Figure 6).
No pro-apoptototic and pro-autophagic effects were observed when ALA, EPA, DHA, SSO and
a-tocopherol were used alone (Figure 6). These results demonstrate the ability of ®3 FAs (ALA,
EPA, DHA), SSO, and a-tocopherol to oppose mitochondrial depolarization and the induction of

cell death by apoptosis as well as activation of autophagy.

Discussion and conclusions

To counter the cytotoxic effects induced by 7KC, present at increased level in several diseases
(Anderson et al., 2020; Zarrouk et al., 2014), it is essential to identify molecules acting on its
signaling pathways. In the present study, we showed on 158N cells that 3 and ®9 FAs (ALA,
EPA, DHA, OA) Lorenzo's oil, and sulfo-N-succinimidyl oleate (SSO) attenuate the toxicity of

7KC: oxidative stress, mitochondrial and peroxisomal dysfunction, oxiapoptophagy. We also
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report that these cytoprotective lipid compounds enable the activation of signaling pathways that
restore A¥Ym by acting on mitochondrial interaction proteins (Mcl-1 and Bad) to prevent cell
death. Among these different lipids preventing 7KC toxicity, SSO presents the most attractive
profile.

Currently, little is known about the mechanisms associated with the cytoprotection of FAs.
However, it should be noted that among the 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 using MC540 and cholesterol quantification. As the same FAs (ALA, EPA, DHA and
OA) reduce 7KC-induced ROS overproduction revealed with DHE, it is suggested that plasma
membrane alteration 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 cardiolipins and to changes in the phosphatidyl choline /
phosphatidylethanolamine 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 hypothesis that esterification of cholesterol with FAs would
reduce the toxicity of 7KC is therefore not applicable to all FAs. It can be hypothesized that
ALA, EPA, DHA and OA, by modifying the plasma membrane phospholipid composition, could
counter the insertion of 7KC into lipid rafts, as a-tocopherol does (Ragot et al., 2013; Royer et
al., 2009), and restore cell signaling from the plasma membrane that helps preserve

mitochondrial functionality. According to this hypothesis, based on the results obtained on U937
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cells (Vejux et al., 2009a), it can be thought that the functionality of the PIP3 / PDK1 / Akt
signaling pathway passing through GSK3 and which is affected by 7KC (Brahmi et al., 2019),
could be restored by FAs thus promoting Mcl-1 / Bad interactions and the sequestration of the
latter in the cytoplasm. These effects would then contribute to repressing 7KC-induced
mitochondrial depolarization and inhibit apoptosis. 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 et al., 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 the toxicity of
7KC. Moreover, as it has been shown that 7KC-induced autophagy on 158N cells corresponds to
survival autophagy; inhibiting apoptosis by FAs (ALA, EPA, DHA an OA) should theoretically
lead to a reduction in the activation of autophagy, which corresponds to what has been observed.
However, this does not rule out the possibility that FAs can activate autophagy for survival. On
ARPE-19 cells, it has been reported that DHA can both induce endogenous antioxidant activities
and mobilizes selective autophagy of misfolded proteins (Johansson et al., 2015). On DHA-
treated HepG2 cells, an induction of autophagy resulting from ROS overproduction has also been
described (Mei et al., 2011). Although the mechanisms by which FAs induced autophagy protects
against cell death are not fully understood, it is thought to involve multiple mechanisms:
recycling of misfolded and aggregated proteins, removing altered organelles (mitophagy,
pexophagy) and regulating fatty acid-induced lipid accumulation (lipophagy) 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 (EA + OA; 1:4) is used to
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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 VLCFAS), and the 1:4 mixture exhibit the most potent
inhibitory activity; in addition, at the cellular level, treatment with the 1:4 mixture reduced the level of
sphingomyelin with a saturated VLCFA (Sassa et al., 2014). The ability of Lorenzo's oil to inhibit
7KC-induced oxiapotophagy underscores its ability to inhibit ROS overproduction and cell death
induced by this oxysterol; it should be noted that the effects on these parameters are due to AO
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.

It is with the SSO that the most original results have been obtained. This molecule derived from
AO, unlike ALA, EPA, DHA, and AO, is non-toxic over a wide range of concentrations (100 to
400 uM). SSO has been shown to interact with FAT/CD36 receptor at the Lys-164 binding site
resulting in inhibition of fatty acid binding to this receptor; FAT/CD36 is a multifunctional
glycoprotein that facilitates long-chain fatty acid uptake by cardiomyocytes and adipocytes and
uptake of oxidized low density lipoproteins by macrophages (Kuda et al.,, 2013). The
cytoprotective effects of SSO against 7KC are potent as demonstrated by its ability to reduce
7KC-induced overproduction of ROS, apoptosis, and autophagy. Furthermore, unlike other
cytoprotective FAs (ALA, EPA, DHA and OA), SSO does not induce the accumulation of
triglyceride-rich lipid droplets, which is a major advantage when considering further therapeutic
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. In agreement with previous studies, in addition to its ability
to interact with CD36, our data support that SSO has other biological activities (Dhungana et al.,

2017; Drahota et al., 2010).
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Compared to the molecules already identified to inhibit the toxicity of 7KC (Brahmi et al., 2019;
Cilla et al., 2017; Yammine et al., 2020b), this study brings new elements and shows that FAs
(ALA, EPA, DHA and OA), a mixture of FAs (Lorenzo’s oil) and a synthetic derivative of OA
(SSO) are powerful cytoprotectors: they prevent 7KC-induced plasma membrane alterations, loss
of A¥m, apoptosis and autophagy. 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. These different characteristics of SSO make it
possible to envisage its use for therapeutic purposes in diseases where 7KC levels are greatly

increased.
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Figure 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 (EA + OA; 1:4)
as well as a-tocopherol (reference cytoprotective molecule) used alone for a 24 h additional period of
time. 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 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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Figure 2: Evaluation with the fluorescein diacetate and sulforhodamine 101 assays on 158N 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 cells previously cultured for 24 h were further incubated for a 24 h additional period of time with 7-
ketocholesterol (7KC; 50 pM), 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 (EA + OA; 1:4) 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
ALA, EPA, DHA, OA, EA, SSO, Lorenzo’s oil, and 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 and 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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dyl oleate and Lorenzo’s oil on 7-ketocholesterl-induced reactive oxygen

-succinimi
species overproduction and on mitochondrial and peroxisomal dysfunction. 158N cells previously

Figure 3: Effects of a-linolenic acid, eicosapentaenoic acid, docosahexaenoic acid, oleic acid, erucic
cultured for 24 h were further incubated for a 24 h additional period of time with 7-ketocholesterol (7KC;

acid, sulfo-N



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 (EA + OA; 1:4) 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 ROS was determined by flow cytometry after staining with DHE (A), mitochondrial
dysfunction was evaluated by the percentage of cells with altered mitochondria characterized by a loss of
A¥m (this parameter was determined by flow cytometry after staining with DiOCe(3)) (B), and
peroxisomal dysfunction was estimated by the levels of VLCFAs (C24:0, C24:1, C26:0, C26:1) measured
by GC-MS (C) and by the mRNA level of catalase measured by RT-gPCR (D). Data are expressed as
mean * standard deviation (SD) of three independent experiments performed in triplicate. Significance of
the differences between control (untreated cells) and ALA, EPA, DHA, OA, EA, SSO, Lorenzo’s oil, and
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 and 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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Figure 4: 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 lipid disturbances
at the plasma membrane level. 158N cells previously cultured for 24 h were further incubated for a 24 h
additional period of time with 7-ketocholesterol (7KC; 50 pM), FAs (o-linolenic acid (ALA),
eicosapentaenoic acid (EPA), docosahexaenoic acid (DHA), oleic acid (OA), erucic acid (EA)), sulfo-N-
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succinimidyl oleate (SSO), or Lorenzo’s oils (EA + OA; 1:4) 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 ALA, EPA, DHA, OA, EA, SSO, Lorenzo’s oil, and
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 and 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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n-3 fatty acids
EPA (50 uM)

7KC (50 uM) 7KC + o-toco TKC + ALA 7KC + EPA 7KC + DHA

Control EtOH (0.6 %)  a-tocopherol (400 uM) ALA(S0 uM)

20 pm .

DHA (50 uM)

n-9 fatty acids
OA (100 uM) EA (25 uM) Lorenzo’s Oil SSO (50 uM)

TKC + OA TKC + EA 7KC + Lorenzo’s Oil TKC + SSO

Bodipy 493/503

MFI assay / MFI control

Figure 5: 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 cells previously
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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 (EA + OA; 1:4) 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. Cells were observed by fluorescence microscopy and the green fluorescence of Bodipy
493/503 was quantified by flow cytometry, data were expressed as MFI ratio [MFI assay / MFI control].
Data are expressed as mean * standard deviation (SD) of three independent experiments performed in
triplicate. Significance of the differences between control (untreated cells) and treated cells; Mann
Whitney test: * P < 0.05. Significance of the differences between 7KC-treated cells and (7TKC + (ALA,
EPA, DHA, OA, EA, SSO, Lorenzo’s oil and 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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Figure 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 apoptosis and autophagy. Apoptosis and autophagy were characterized by Western blotting with
different antibodies. Apoptosis was evaluated by Mcl-1, P-Mcl-I 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 LC3-11/LC3-I].
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Supplementary Figure 1: Evaluation of CD36 and PPARs expression on 158N cells. A: CD36
expression was determined by immunofluorecence microscopy, flow cytometry and western blotting;
these complementary methods demonstrate the expression of CD36 on 158N. B: Analysis of PPARs by
RT-gPCR also shows expression of PPARa and PPARy in 158N cells. Data shown are representative of
three independent experiments.
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n-3 fatty acids
a-tocopherol (400 uM) ALA(50 nM) EPA (50 ntM)

DHA (50 pM)
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e SN0 Y
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n-9 fatty acid
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Supplementary Figure 2: Evaluation by phase contrast microscopy of the cytotoxicity of 7-
ketocholesterol with or without a-linolenic acid, eicosapentaenoic acid, docosahexaenoic acid, oleic
acid, erucic acid, Lorenzo’s oil and sulfo-N-succinimidyl oleate on 158N cells. 158N cells previously
cultured for 24 h were further incubated for a 24 h additional period of time with 7-ketocholesterol (7KC;
50 pM), FAs (o-linolenic acid (ALA), eicosapentaenoic acid (EPA), docosahexaenoic acid (DHA), oleic
acid (OA), erucic acid (EA)), sulfo-N-succinimidyl oleate (SSO), Lorenzo’s oils (EA + OA; 1:4) or a-
tocopherol, and with 7KC associated with ALA, EPA, DHA, OA, EA, SSO, Lorenzo’s oil or a-
tocopherol. Cytoprotective effects were observed with all compounds excepted EA. Observations were
realized under an inverted Zeiss microscope and digitalized images are shown. Data shown are
representative of three independent experiments.
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Supplementary Figure 3: 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 Oil Red O.
158N cells previously cultured for 24 h were further incubated for a 24 h additional period of time with 7-

ketocholesterol

(7TKC; 50 pM),

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 (EA + OA; 1:4) 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 Oil Red O (ORO) which stains lipid droplets which are rich in

neutral lipids. Cells were observed by brightfield microscopy. Cytoplasmic red dots correspond to lipid

droplets. Data shown are representative of three independent experiments.
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guantification of 7-ketocholesterol, a-linolenic acid,

Cellular
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)), Lorenzo’s oils (EA + OA; 1:4), sulpho-N-succinimidyl oleate (SSO) as well

eicosapentaenoic acid, docosahexaenoic acid, oleic acid and erucic acid. 158N cells previously

Supplementary Figure 4:



as a-tocopherol (reference cytoprotective molecule) or with 7KC associated with ALA, EPA, DHA, OA,
EA, SSO, Lorenzo’s oil, SSO or a-tocopherol. In these different culture conditions, the quantity of 7KC,
ALA, EPA, DHA, OA, and EA was quantified by GC - MS. The data are expressed in quantity of 7KC,
ALA, EPA, DHA, OA, and EA (ng or pg) per pg of proteins. Data are expressed as mean + standard
deviation (SD) of three independent experiments performed in triplicate. Significance of the differences
between control (untreated cells) and 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 and 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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Supplementary Figure 5: Evaluation of the contribution of apoptosis and autophagy in 7-
ketocholesterol-induced cell death. 158N cells previously cultured for 24 h were further incubated for a
24 h additional period of time with 7-ketocholesterol (7KC; 50 uM) associated with z-VAD-fmk (a pan-
caspases inhibitor: 50 uM) or with an activator of autophagy (rapamycin (rapa): 5 uM) or an inhibitor of
autophagy (3-methyl adenine (3-MA) : 15 mM). a-tocopherol (a-toco: 400 uM) was used as reference
cytoprotective molecule. The incidence on cell death was morphologically quantified by phase contrast
microscopy: adherent cells are considered as living cells and round cells floating in the cultured medium
are considered as dead cells. A total number of 300 cells was counted. Data are expressed as mean *
standard deviation (SD) of one experiment performed in triplicate. Significance of the differences between
control (untreated cells) and assays (7KC, o-toco, rapa, 3-MA or z-VAD-fmk-treated cells); Mann
Whitney test: * P < 0.05. Significance of the differences between 7KC-treated cells and (7KC + (a-toco,
rapa, 3-MA or z-VAD-fmk-)-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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Graphical abstract: Prevention of 7-ketocholesterol-induced oxiapoptophagy by ®3 and ®9 fatty
acids (a-linolenic acid, eicosapentaenoic acid, docosahexahenoic acid, oleic acid), Lorenzo’s oil
(erucic acid + oleic acid; 1:4) and sulfo-N-succinimidyl oleate (SSO): SSO benefits and
cytoprotective mechanism
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Le 7KC induit des dysfonctions au niveaux des organites (lysosome, mitochondrie,
réticulum endoplasmique) mais aussi au niveau du peroxysome sur les oligodendrocytes murins
158N. Le peroxysome serait plus sensible que la mitochondrie vis-a-vis du 7KC. En effet, les
dysfonctions peroxysomales semblent apparaitre plus précocement que les dysfonctions
mitochondriales et sans signe de mort cellulaire aboutissant a une déemyélinisation.

Les maladies liées a des dysfonctions du peroxysome sont souvent des maladies
neurodégénératives.

Les peroxysomopathies sont des maladies d’origine génétique dues a des mutations deS génes
codant pour des protéines peroxysomales (peroxines, transporteurs d’acides gras, enzymes de la
B-oxydation). Ces maladies rares se caractérisent généralement par des accumulations d’AGTLC
(C24:0 et C26:0) et des diminutions des taux de plasmalogenes.

Le peroxysome serait aussi impliqué dans le développement des maladies neurodégénératives
fréquentes comme la maladie d’Alzheimer, la maladie de Parkinson et la sclérose en plaques
(Dragonas et al., 2009; Gray et al., 2014; Jo et al., 2019; Kou et al., 2011).

Dans ces maladies, le stress oxydant augmente, ce qui engendre une élévation de I’oxydation du
cholestérol et la formation de 7-hydroxycholestérols toxiques (7p-OHC et 7KC). Ces derniers
peuvent potentiellement prendre part a 1’évolution de ces pathologies.

La revue s’inscrit dans ce contexte et présente les dysfonctions peroxysomales provoquées par les
7-hydroxycholestérols (7-OHC et 7KC) dans des maladies neurodégénératives d’origine

génétique ou non (X-ALD, maladie d’Alzheimer, maladie de Parkinson, sclérose en plaques).
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Abstract

Peroxisomopathies are qualitative or quantitative deficiencies in peroxisomes which lead to
increases in the level of very long-chain fatty acids (VLCFA) and can be associated with more or
less pronounced dysfunction of central nervous system cells: glial and microglial cells. Currently,
in frequent neurodegenerative diseases, Alzheimer's disease (AD) and multiple sclerosis (MS),
peroxisomal dysfunction is also suspected due to an increase in VLCFA, which can be associated

with a decrease of plasmalogens, in these patients. Moreover, in patients suffering from
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peroxisomopathies such as X-linked adrenoleukodystrophy (X-ALD), AD or MS, the increase in
oxidative stress observed leads to the formation of cytotoxic oxysterols: 7-ketocholesterol (7KC),
7B-hydroxycholesterol (7p-OHC). These observations led to the demonstration that 7KC and 7f-
OHC alter the biogenesis and activity of peroxisomes in glial and microglial cells. In X-ALD,
AD and MS, it is suggested that 7KC and 7B-OHC affecting the peroxisome, and which also
induce mitochondrial dysfunctions, oxidative stress and inflammation, could promote
neurodegeneration. Consequently, the study of oxisome in peroxisomopathies, AD and MS, could
help to better understand the pathophysiology of these diseases to identify therapeutic targets for

effective treatments.

Keywords: oxysterol, 7-ketocholesterol, 7p-hydroxycholesterol, peroxisome, very long chain

fatty acids, Alzheimer's disease, multiple sclerosis, X-linked adrenoleukodystrophy.
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ABC: ATP-binding cassette; ACALD: adolescent cerebral adrenoleukodystrophy; ACOX1:
Acyl-CoA oxidase 1; AD: Alzheimer’s disease; ALDP: adrenoleukodystrophy protein; AMN:
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1 - Neurodegeneration and peroxisomal disorders

1.1-Peroxisome and peroxisomopathies

Peroxisomes, which are devoid of DNA, are single cell membrane organelles present in nearly all
eukaryotic cells [26]. Depending on the cell type, elongated tubular (>2 um in length) or spherical
(0.1-1 um) peroxisomes can be observed by transmission electron microscopy (TEM) [25]
(Figure 1). The identification of peroxisomes by immunofluorescence with the use of
appropriated antibodies directed against specific peroxisomal antigens, such as Abcd3, gives
information on the peroxisomal topography (conventional immunofluorescence, confocal
microscopy) and on the peroxisomal mass per cell (flow cytomety) (Figure 2). Peroxisomes are
essential to maintain RedOx homeostasia and have important roles in lipid metabolism: [3-
oxidation of very long chain fatty acids (VLCFAs) and branched fatty acids, synthesis of
docosahexahenoic acid (DHA, C22:6 n-3) and of plasmalogens which are major components of
the myelin sheath [26]. There are also several evidences that peroxisome and mitochondria are
tightly connected organelles playing key roles in cellular ageing [15]. It is now well established
that peroxisomal changes can directly or indirectly affect mitochondrial activity, and reciprocally
[15].

Peroxisomopathies, which are rare diseases of genetic origin affecting the central and / or
peripheric nervous system, include peroxisome biogenesis disorders (Zellweger syndrome),
multiple peroxisomal enzyme deficiency (rhizomelic chondrodysplasia punctata) and single
peroxisomal enzyme deficiency such as X-linked adrenoleukodystrophy (X-ALD, MIM 300100),
Acyl-CoA oxidase deficiency, and D-Bifunctional protein deficiency [5]. X-ALD, which is the
most frequent peroxysomal leukodystrophy of childhood, is characterized by progressive central

nervous system (CNS) demyelination [12]. X-ALD is caused by mutations of the ABCD1 gene
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which encodes for a peroxisomal ABC half-transporter (ATP-binding cassette member 1
(ABCD1) also named adrenoleukodystrophy protein (ALDP)) involved in the import of very long
chain fatty acids (VLCFAS) into the peroxisome [2]. These different forms of peroxysomopathies
are all characterized by increased plasma levels of VLCFASs due to an impaired -oxidation in the
peroxisome and/or increased elongation [8]. The initial diagnosis of peroxysomopathies relies on
the clinical presentation, brain imaging and biochemical analyses of VLCFAs, especially C24:0
and C26:0, which are elevated in the plasma and tissues of patients [8]. Newborn screening is
based on the measurement of C26:0 lysophosphatidylcholine (26:0-lyso-PC) in dried blood spots
[8]. At the moment, several studies have shown cytotoxic effects of VLCFA in vitro and in vivo
[1, 32]. In vitro, on different types of nerve cells (neurons, glial and microglial cells), C24:0 and
C26:0 often induce a non apoptotic mode of cell death associated with Ca®* raise [11], K*
homeostasis disruption [3], reactive oxygen species (ROS) and reactive nitrogen species (RNS)
overproduction [1, 16], and autophagic criteria [6]. In vivo, lysophosphatidylcholine (C24:0)
injection into the parietal cortex of mice led to widespread microglial activation and apoptosis
[7]. However, in human, there is no apparent correlation between the VLCFA level and the
phenotype in X-ALD patients [8]. Therefore, other factors than VLCFA, including lipids and non
lipid compounds, are suspected to trigger neurodegeneration in peroxisomopathies. At the
moment, some signs of oxidative stress, considered as a hallmark of neurodegeneration, have
been detected in the plasma and brain of X-ALD patients [4] and in patients with frequent
neurodegenerative diseases: Alzheimer’s disease (AD), Parkinson’s disease (PD) and multiple
sclerosis (MS) [18]. As VLCFA (C24:0; C26:0) are potent inducers of oxidative stress [1, 16],
they can favor the production of protein and lipid oxidation products capable to trigger cytotoxic

effects. The lipid peroxidation products generated include several aldehydes [1], which are
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known to induce protein carbonylation, as well as some cholesterol oxidation products
(oxysterols) including 7-ketocholesterol (7KC; also named 7-oxocholesterol) and 7f-
hydroxycholesterol (7p-OHC) [1]. 7KC and 7p-OHC, which are mainly formed by cholesterol
auto-oxidation, are strongly cytotoxic [31]. These oxysterols induce a mode of cell death by
oxiapoptophagy involving oxidative stress, apoptosis and autophagy [21], which are hallmarks of
neurodegeneration. Currently, increased levels of 7KC and 73-OHC have been described in the
plasma of patients with different forms of X-ALD [22]: i) cerebral demyelinating, inflammatory
childhood phenotypes (CCALD: childhood cerebral ALD), which is associated with a poor
prognosis and rapidly progresses to dementia and death; ii) cerebral juvenile and adult forms with
demyelination in the CNS (ACALD: adolescent cerebral ALD); iii) adulthood forms without
CNS demyelination (AMN: adrenomyeloneuropathy) defined as a spinal cord and peripheral
nerve disease, and iiii) Addison’s disease, which is characterized by adrenal insufficiency only. It
is therefore hypothesized that 7KC and 7p-OHC could contribute to neurodegeneration in
peroxysomopathies, especially in X-ALD, but also in other major neurodegenerative diseases

[30].

1.2 — Potential involvement of peroxisomal changes in major neurodegenerative diseases:
Alzheimer’s disease and multiple sclerosis

Peroxisomal abnormalities associated with peroxysomopathies led to the clarification of the role
of this organelle in neurodegeneration occurring in frequent neurodegenerative diseases such as
AD and MS. Currently, potential roles of peroxisomes are suspected in AD and in dementia of
the Alzheimer’s type. Indeed, an accumulation of C22:0 and VLCFAs (C24:0; C26:0), all
substrates for peroxisomal -oxidation, was observed in the cortical regions of AD patients with

stages V-VI of the disease compared with those modestly affected (stages I-11); conversely, the
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level of plasmalogens, which need intact peroxisomes for their biosynthesis, was decreased [13].
In addition, in demented patients, including AD patients, the variations of fatty acid levels and
the accumulation of C26:0 in the plasma and red blood cells highlight an alteration of fatty acid
metabolism and point toward possible peroxisomal dysfunction [33]. In MS patients, a reduction
in neuronal peroxisomes in MS grey matter has been reported [10] and alteration in the
metabolism of VLCFAs, which could be a consequence of defective peroxisomes, has been
described [27]. In the brain of patients with AD, increased levels of 7KC and 7p-OHC have also
been shown [29]. It is important to underline that these oxysterols can be formed under the action
of VLCFAs-induced oxidative stress [1], and under stress conditions induced by amyloid-p (ApB)
proteins, mainly AP42, which accumulates in brain lesions of patients with AD. High amount of
7KC have been reported in the cerebrospinal fluid of MS patients [14] as well as low levels [9].
7KC-values might depend on the type of MS considered (Progressive-MS (P-MS) versus
remittent recurrent — MS (RR-MS)) [17]. It is however widely accepted that oxysterols are
considered as bonafide lipid mediators. To be qualified as a bonafide lipid mediator, a lipid
compound should meet three conditions: i) to be endogenous; ii) to have its levels altered
depending on the physiological or pathological situation, and iii) to induce a signaling response
when its levels are altered. As a result, abnormal levels of 7KC (low or high) can alter cellular
behavior. It is therefore hypothesized that 7KC, 7p-OHC could favor peroxisomal and
mitochondrial dysfunction leading to neurodegeneration in patients with AD and MS [30]
(Figure 3). This led us to specify the impact of different concentrations of 7KC and / or 78-OHC
on murine glial cells (murine oligodendrocyte 158N [23], murine microglial BV-2 cells [22],
murine neuronal N2a cells, human neuroblatoma SK-N-BE cells as well as on rat C6 astrocytoma

cells [19, 24] taking into account the effects on organelles (peroxisomes, mitochondria and
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lysosomes), oxidative stress and the ability to induce cell death (apoptosis / necrosis) and to

activate autophagy.

2 - In vitro evidence of 7ketocholesterol and 7p-hydroxycholesterol-induced peroxisomal
damages in nerve cells

The cytotoxic effects of 7KC and 7p-OHC have been studied on several nerve cell lines: murine
oligodendrocyte 158N cells; murine microglial BV-2 cells; murine neuronal N2a cells and C6 rat
glioma cells. On 158N and/or BV-2 cells, 7KC and 7p3-OHC induce a mode of cell death by
oxiapoptophagy (OXldative stress + APOPTOsis + autoPHAGY) characterized by ROS
overproduction revealed by dihydroethidium staining, a decrease of oxidative phosphorylation
associated with a loss of transmembrane mitochondrial potential (A¥m) measured with
DiOCe(3), reduced expression of Bcl-2, caspase-3 activation, poly-ADP-ribose polymerase
(PARP) degradation, and condensation and/or fragmentation of the nuclei which are typical
criteria of oxidative stress and apoptosis [20-22, 28]. Moreover, 7KC and 73-OHC also enhances
cytoplamic membrane permeability to propidium iodide and induces acidic vesicular organelle
formation evaluated with acridine orange which evocate autophagic vesicles in agreement with
observations realized by transmission electron microscopy [20, 28]. In addition, 7KC and 7f-
OHC promotes conversion of microtubule-associated protein light chain 3 (LC3-1) to LC3-l1I
which is characteristic of autophagy [20, 21], and 7KC increases the expression of p62 an
autophagosome cargo protein involved in the sequestosome / aggresome formation preceding the
autophagosome formation [22, 23]. On C6 rat glioma cells, it has been demonstrated that 7f-
OHC induces survival autophagy since rapamycin, an autophagic inducer, and 3-methyladenine,
an autophagic inhibitor, reduce and increase 7p-OHC-induced cell death, respectively [24]. On

158N cells, under treatment with 7KC used at sub-toxic (25 uM, 24 h) and toxic (50 uM, 24 h)
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concentrations important peroxisomal changes were observed even in the absence of
oxiapoptophagy which was only induced at 50 uM [24] (Figure 4). In the presence of 7KC (25
uM), only slight mitochondrial dysfunction and oxidative stress were found as well as
modifications of the cytoplasmic distribution of mitochondria: clusters of mitochondria were
detected. Thus, the peroxisomal alterations observed were similar with 7KC used at 25 and 50
MM [23]: presence of peroxisomes with abnormal sizes and shapes observed by transmission
electron microscopy; lower cellular level of ATP-binding cassette transporter member 3
(ABCD3) used as a marker of peroxisomal mass (measured by flow cytometry); lower mMRNA
and protein levels (measured by RT-gPCR and western blotting) of ABCD1 and ABCD3 (two
ATP-dependent peroxisomal transporters), of two peroxisomal enzymes Acyl-CoA Oxidase 1
(ACOX1) and multifunctional protein 2 (MFP2) enzymes involved in peroxisomal B-oxidation,
and lower mRNA level of dihydroxyacetone-phosphate acyltransferase (DHAPAT), involved in
peroxisomal B-oxidation and plasmalogen synthesis; increased levels of VLCFAs (C24:0, C24:1,
C26:0 and C26:1) quantified by gas chromatography coupled with mass spectrometry
metabolized by peroxisomal B-oxidation. On 158N cells, under treatment with 78-OHC (50 uM,
24 h), morphological alterations of mitochondria and peroxisomes were simultaneously observed
[28]. These data obtained on 158N cells support the following hypotheses: i) the peroxsisome
would be more sensitive to 7KC than the mitochondria (7KC used at 25 puM induced important
peroxisomal changes whereas the mitochondria was slightly affected); ii) peroxisomal changes
can occur without signs of cytotoxicity (induction of oxiapoptophagy); iii) peroxisome changes
could precede mitochondrial dysfunctions required to induce oxiapoptophagy. These peroxisomal
dysfunctions may be associated with oligodendrocyte degeneration and may contribute to
demyelination in X-ALD and MS. On BV-2 cells, 7KC also induced several peroxisomal

modifications: decreased Abcdl, Abcd2, Abcd3, Acoxl and/or Mfp2 mRNA and protein levels,
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increased catalase activity and decreased Acoxl-activity [22]. In microglial cells, 7KC and
7B-OHC-induced peroxisomal alterations may favor the pro-inflammatory phenotype of these

cells, thereby contributing to brain inflammation often seen in neurodegenerative diseases.

3 - Pharmacological consequences of the involvement of 7ketocholesterol and
7p-hydroxycholesterol-induced peroxisomal damages for the treatment of neurodegenerative
diseases

Under the effect of 7KC and 7B-OHC, the signaling pathways involved in oxidative stress,
inflammation and cell death, associated with apoptotic and autophagic criteria, have the
advantage of being fairly well known [28, 31]. This made it possible to identify natural and
synthetic molecules as well as mixtures of molecules (argan, olive and milk thistle oils) [34]
having cytoprotective activities with respect to 7KC and 7B-OHC, and capable to prevent
peroxisomal and mitochondrial dysfunctions. Several molecules are able to attenuate the
cytotoxic effects of 7KC on different cell types but only few are very efficient. Currently, the
only molecules identified strongly counteracting the toxicity of 7KC and 7B-OHC are o-
tocopherol, docosahexaenoic acid (DHA, C22:6 n-3) and oleic acid (C18:1 n-9) [21]; biotin is
only cytoprotective for 73-OHC. Among the synthetic molecules, only dimethyl fumarate
(DMF), marketed under the name Tecfidera for the treatment of MS, as well as its major
metabolite, monomethyl fumarate (MMF), protect against oxiapoptophagy [28]. As more and
more arguments are in favor of relationships between neurodegeneration, peroxisomal and
mitochondrial dysfunction, and the involvement of oxysterols, to oppose the cytotoxic activities
of these molecules could pave the way for new therapeutic approaches in both peroxisomopathies

and frequent neurodegenerative diseases such as AD and MS.

199



4 — Conclusion

Although the auto-oxidation of cholesterol essentially leads to the formation of oxidized
cholesterol derivatives in the 7-position, the formation of oxidized cholesterol derivatives at the
4-, 5- and 6-positions should be studied. An analysis of the oxisome by appropriate analytical
biochemistry methods could also be informative. This approach would also take into account the
metabolites of 7KC and 7B-OHC but also other enzymatically formed oxysterols (24S-
hydroxycholesterol (also named cerebrosterol), 27-hydroxycholesterol, 25-hydroxycholesterol
and derivatives) known to be involved in neurodegeneration. The study of the impact of
oxysterols on the organelles of nerve cells (glial and microglial cells, neurons) in relation to
oxidative stress, inflammation and cell death as well as the incidence of these molecules on
certain nuclear receptors (peroxisome proliferator-activated receptors (PPARS), Liver X receptors
(LXRs) in particular) offers many perspectives to better know and better treat neurodegenerative

diseases.
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Figures Legends
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Figure 1: Identification of peroxisomes in neural cells by transmission electron microscopy.
Peroxisomes can be identified by various techniques including transmission electron microscopy (TEM).
Dark arrows point towards peroxisomes and white arrows towards mitochondria. Round peroxisomes
were observed. The diameters were in the range of 0.5 um in mouse liver, murine oligodendrocytes 158N
and human neuronal SK-NB-E cells, and of 0.1 um in murine neuronal N2a cells.
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Figure 2: Analysis of peroxisomes in neural cells by flow cytometry and fluorescence microscopy.
The peroxisomes were revealed by indirect immunofluorescence with a rabbit polyclonal primary
antibody directed against Abcd3 (ref # 11523651, Pierce / Thermo Fisher Scientific, Montigny le
Bretronneux, France), and with a secondary goat anti-rabbit antibody coupled with 488-Alexa (Thermo
Fisher Scientific). The peroxisomal mass was quantified by flow cytometry. A fluorescent microscope
coupled to an Apotome structured illumination system (Imager M2, Zeiss) was used to visualized the
peroxisomes; the fluorescent signals of the samples were collected with the ZEN software (Zeiss). For
microscopical observations, the nuclei were stained with Hoechst 33342 (2 pg/mL).
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Figure 3: Incidence of peroxisomal dysfunction in neurodegeneration: hypothetic model.
Environmental factors (oxysterols: 7-ketocholesterol (7KC), 7B-hydroxycholesterol (73-OHC)) resulting
from rupture or RedOx homeostasia, which is a hallmark of neurodegenerative diseases, are often
enhanced in the biological fluids and in the brain of patients with neurodegenerative disease. These
oxysterols could trigger peroxisomal and mitochondrial damages which could further favor bioenergetic
failure, overproduction of ROS and activation of inflammatory processes. In turn, these events could
contribute to amplify brain damages via secondary mitochondrial and peroxisomal dysfunctions
contributing to the overproduction of oxysterols, thereby creating an amplification loop [30].
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Figure 4: Association of peroxisomal damages with mitochondrial dysfunctions in 7-ketocholesterol-
treated 158N murine oligodendrocytes. 7-ketocholesterol (7KC)-induced topographical, morphological
and functional peroxisomal changes are observed either with slight or strong mitochondrial dysfunctions,
slight or strong ROS overproduction and without or with cell death induction (oxiapoptophagy) on 158N
cells. The cellular model (158N cells treated with 7KC) has been used to clarify the relationships between
peroxisome and mitochondria (and vis versa) during 7KC-induced side effects leading either to slight
cytotoxic effects (7KC: 25 uM) or oxiapoptophagy (7KC: 50 uM) The figure was reproduced with the
written consent of Elsevier Editor (Nury T et al., Induction of peroxisomal changes in oligodendrocytes
treated with 7-ketocholesterol: Attenuation by a-tocopherol [23]).
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Le 7KC induit une toxicité sur les organites (mitochondrie, lysosome, peroxysome et
réticulum endoplasmique) associée a la mort des cellules nerveuses (oligodendrocytes, microglie,
neurones). Ce type de mort cellulaire inclus trois composantes : une élévation du stress oxydant
(surproduction d’ERO), une activation de I’apoptose impliquant la mitochondrie (chute du Aym,
clivage de la caspas-3 et de PARP) et la présence de marqueurs autophagiques (augmentation du
ratio LC3-Il / LC3-I et de I’expression de p62). Cette mort cellulaire a été qualifiée
d’oxyapoptophagie (stress Oxydant + Apoptose + Autophagie).

Cette notion d’oxyapoptophagie est apparue en 2003 lorsque des cellules monocytaires U937
traitées par du 7KC et du 7B-OHC ont présenté des caractéristiques de mort cellulaire différentes
de celles induites par des agents pro-apoptotiques anti-tumoraux (Miguet-Alfonsi et al., 2002;
Monier et al., 2003).

Mes travaux ont apporté de nouveaux éléments qui démontrent que différents oxystérols (7KC,
7B-OHC et 24(S)-OHC) sont de puissants inducteurs d’oxyapoptophagie sur des cellules
nerveuses (oligodendrocytes (158N), microglie (BV-2) et neurones (N2a)). Des molécules
cytoprotectrices prévenant 1’oxyapoptophagie (acides gras, a-tocophérol, huiles vegétales) sont
également présentées.

La revue fait I’état des connaissances sur la notion d’oxyapoptophagie induite par les oxystérols
et sur les molécules pouvant s’opposer a ce type de mort en soulignant I’intérét qu’elles peuvent
avoir pour traiter les maladies liées a 1’dge (maladies cardiovasculaires, maladies oculaires,
maladies neurodégénératives) et inflammatoires chroniques (maladies inflammatoires

intestinales).
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1 | OXYSTEROLS AND AGE-RELATED

DISEASES

Oxysterols are oxidized forms of cholesterol generated from cholesterol by
auto-oxidation, enzymatic processes, or both. Some of them (7-ketocholesterol,
7B-hydroxycholesterol and 24(S)-hydroxycholesterol), when used at cytotoxic con-
centrations on different cell types from different species (mesenchymal bone marrow
cells, monocytic cells and nerve cells), induce a type of cell death associated with
OXldative stress and several characteristics of APOPTOsis and autoPHAGY, defined
as oxiapoptophagy. Oxidative stress is associated with overproduction of ROS,
increased antioxidant enzyme activities, lipid peroxidation and protein carbonylation.
Apoptosis is associated with activation of the mitochondrial pathway, opening of the
mitochondrial permeability pore, loss of mitochondrial membrane potential,
caspase-3 activation, PARP degradation, nuclear condensation and/or fragmentation.
Autophagy is characterized by autophagic vacuoles revealed by monodansyl-
cadaverine staining and transmission electron microscopy, plus increased ratio of
LC-3II/LC-3l. In addition, morphological, topographical and functional changes of the
peroxisome are observed.

understand their biological activities and the signalling pathways on
which they act, as they are often found in increased amounts in the
tissues and plasma of patients with various age-related diseases

In vitro, some oxysterols have been shown to be cytotoxic in several
human and animal cell types (Mutemberezi, Guillemot-Legris, &
Muccioli, 2016; Otaegui-Arrazola, Menéndez-Carrefo, Ansorena, &
Astiasaran, 2010). Special attention is being paid to 7-ketocholesterol
(7KC) and 7p-hydroxycholesterol (7p-OHC) in order to better

Abbreviations: 245-OHC, 24(S)-hydroxycholesterol; 7KC, 7-ketocholesterol; 73-OHC,
7p-hydroxycholesterol; DHA, docosahexaenoic acid; DHE, dihydroethidine/dihydroethidium;
DHR123, dihydrorhodamine 123; DMF, dimethyl fumarate; MMF, monomethyl fumarate;
mPTP, mitochondrial permeability transition pore; OA, oleic acid.

(Zarrouk et al., 2014). 7KC and 7p-OHC are formed by auto-oxidation
but can also be the product of enzymatic reactions (Vejux
et al, 2020). 7p-OHC can be formed from 7KC by the enzyme
11p-HSD1 and 7KC from 78-OHC by the enzyme 11p-HSD2 (Vejux
et al., 2020). 7KC can also be formed from 7-dehydrocholesterol, an
immediate precursor of cholesterol in the Kandutsch-Russell
pathway, by the enzyme CYP7A1 (Bjorkhem et al., 2014; Shinkyo
et al.,, 2011). 7KC and 7p-OHC are present in high amounts in the
plasma and atheromatous plaques of patients with cardiovascular

Br J Pharmacol. 2020;1-9.
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disease. 7KC is also present in retinal lipid deposits called drusens in
patients with age-related macular degeneration and 7KC and 73-OHC
are present at elevated levels in the cortex of patients with
advanced Alzheimer's disease (Anderson et al., 2020; Rodriguez &
Larrayoz, 2010; Testa, Rossin, Poli, Biasi, & Leonarduzzi, 2018;
Zarrouk et al., 2014). 7KC is also suspected to play an important role
in inflammatory bowel disease (Sottero, Rossin, Poli, & Biasi, 2018).

In the most frequent age-related diseases, which are highly
disabling and represent a high cost to society (cardiovascular, eye and
neurodegenerative diseases), it is now well established that oxidative
stress is increased and can lead to changes in proteins (protein
carbonylation) and lipids (lipid peroxidation) (Jacob, Noren Hooten,
Trzeciak, & Evans, 2013). This lipid peroxidation promotes the
increase in tissue 7KC and 78-OHC that accumulate in the lesions
(Zerbinati & luliano, 2017). This observation has led to questions
about the cytotoxic activities of 7KC and 7p-OHC in terms of the
induction of oxidative stress, cell death and inflammation, which are
known to contribute to the development of major age-related
diseases (cardiovascular disease, age-related macular degeneration
and Alzheimer's disease). The impact of 7KC and 7p-OHC on organ-
elles (mitochondria, peroxisomes, lysosomes and endoplasmic reticu-
lum) necessary for cellular metabolism (energy production, control of
the redox balance and intracellular traffic) is also discussed, as well as
the relationships between oxidative stress, organelle dysfunction and
cell death. These discoveries led to the notion of oxiapoptophagy.

2 | CELLDEATH BY OXIAPOPTOPHAGY

The ability of some oxysterols (25-hydroxycholesterol and 73-OHC)
to induce apoptosis was first described by P. Bischoff's team in
1993 and 1995 in human monocytic U937 and HL60 cells,
murine lymphoma cells and normal thymocytes (Aupeix et al., 1995;
Christ, Luu, Mejia, Moosbrugger, & Bischoff, 1993). Subsequently,
the pro-apoptotic potential of oxysterols (7KC, 7p-OHC, 19-hydroxy-
cholesterol, cholesterol 5a, 6a epoxide and 25-hydroxycholesterol)
was confirmed in bovine aortic endothelial cells (Lizard et al., 1996)
and it was also shown by our laboratory that in human promonocytic
leukaemic U937 cells, 7KC-induced apoptosis also triggers oxidative
stress associated with lipid peroxidation, a decrease of reduced gluta-
thione (GSH) levels and over production of ROS (Lizard et al., 1998).
In rabbit smooth muscle cells (SMCs), it was shown by Martinet,
Schrijvers, Timmermans and Bult (2008) that 7KC caused cell death,
mainly via autophagic vesicle formation, with LC3 (microtubule-
associated protein 1A/1B-light chain 3) processing. These observa-
tions suggested that oxysterols may induce cell death with a simulta-
neous combination of oxidative stress, apoptosis and autophagy. In
2003, the notion of oxiapoptophagy was introduced by demonstrating
that apoptosis in U937 cells induced by 7KC and 7p-OHC
presented characteristics that are clearly distinguishable from those
induced by pro-apoptotic anti-tumour agents such as vinblastine,
cytosine p-D-arabinofuranoside, cycloheximide and staurosporine
(Miguet-Alfonsi et al., 2002; Monier et al., 2003). Indeed, with 7KC

and 7p-OHC, but not with anti-tumour agents, we observed a type of
cell death called oxiapoptophagy, simultaneously associated with
oxidative stress as well as apoptotic and autophagic criteria. In
oxysterol (7KC, 73-OHC,and 24(S)-hydroxycholesterol [24S5-OHC])-
induced oxiapoptophagy, the role of mitochondria, in particular the
opening of the mitochondrial permeability transition pore (mPTP) and
the release of pro-apoptotic components such as cytochrome C, has
been shown at an early stage on different cell types (Anderson
et al., 2020; Zarrouk et al., 2014). In 2005, it was demonstrated that
three pharmacologically distinct inhibitors of the mitochondrial
permeability transition pore (bongkrekic acid, cyclosporin A and
carboxyatractyloside, Briston, Selwood, Szabadkai, & Duchen, 2019)
inhibited U937 oxiapoptophagy caused by 78-OHC, but not cell death
initiated by cholesterol-5p,6p-epoxide, an oxysterol which is cytotoxic
via distinct mechanisms (Ryan, O'Callaghan, & O'Brien, 2005). Cell
death induced by 7KC in the PC12 pheochromocytoma cell line is
abolished by trifluoperazine, which antagonizes both the mitochon-
drial permeability transition pore and the Ca2?* effector protein,
calmodulin (Han, Kim, Han, & Lee, 2007).

The notion of oxiapoptophagy has been gradually confirmed
and it has been clearly established that certain oxysterols
(7KC, 7p-OHC and 24S-OHC) are strong inducers of oxiapoptophagy
(Klionsky et al., 2016; Nury et al., 2014, 2015). These data established
that oxysterols oxidized either on the steroid nucleus or on the side
chain, resulting either from the auto-oxidation of cholesterol
(7KC and 7p-OHC) or enzymatically formed from cholesterol via the
enzyme cholesterol 24-hydroxylase (CYP46A1) such as 24S-OHC
(also called cerebrosterol) (Russell, 2000), can induce oxiapoptophagy.
In our laboratory, oxiapoptophagic cell death was subsequently
demonstrated in human U937 cells and murine nerve cells (oligoden-
drocyte 158N cells, microglial BV-2 cells and neuroblastoma
Neuro-2a/N2a cells) (Leoni et al, 2017; Nury et al, 2015, 2017).
Oxiapoptophagy has also been described on 7KC-treated bone
marrow mesenchymal stem cells from patients with acute myeloid
leukaemia (Paz et al., 2019).

Notably, in these different cells, oxiapoptophagy presents the
same characteristics (Figure 1). In 158N, BV-2 and/or N2a cells, the
oxysterols (7KC, 7p-OHC, and 24S-OHC) trigger an overproduction of
ROS revealed by staining with dihydroethidine/dihydroethidium
(DHE), dihydrorhodamine 123 (DHR123) and/or MitoSOX which
could trigger an enhanced activity of glutathione peroxidase (GPx),
superoxide dismutase (SOD) and catalase as well as lipid peroxidation
and protein carbonylation, a loss of mitochondrial membrane potential
(A¥m) measured with DiOC¢(3), caspase-3 activation, PARP degrada-
tion, reduced expression of Bcl-2, and condensation and/or fragmen-
tation of the nuclei, which are typical criteria of oxidative stress
and apoptosis. They also favour the formation of large cytoplasmic
vacuoles revealed by staining with monodansylcadaverine, considered
as autophagic vacuoles and the activation of LC3-1 into LC3-1I consid-
ered as autophagic criteria connected with the autophagosome
formation (Nury et al., 2015, 2017; Sghaier, Nury, et al., 2019;
Sghaier, Zarrouk, et al., 2019). In BV-2 cells treated with 7KC, an
increase in p62 levels was also reported (Nury et al., 2017). Increased
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FIGURE 1 Morphological and biochemical characteristics of oxiapoptophagy. Oxiapoptophagy is a type of cell death induced by some
oxysterols (7KC, 73-OHC and 24S-OHC) but not by anti-tumoural drugs (vinblastine, cytosine p-D-arabinofuranoside, cycloheximide and
staurosporine). It is characterized by OXldative stress, APOPTOsis and autoPHAGY. Data obtained from murine nerve cells (oligodendrocytes
158N, microglial BV-2 cells, and neuroblastoma N2a cells) are summarized. In 158N, BV-2 and N2a cells, under treatment with 7KC, 7p-OHC and
24S-OHC, oxidative stress is characterized by an overproduction of ROS (e) revealed after staining with DHE, DHR123 and MitoSOX (detection
of ROS overproduction at the mitochondrial level) (Nury et al., 2015; Nury et al., 2018; Yammine et al., 2020), which is considered to contribute
to lipid peroxidation leading to enhanced levels of conjugated dienes (c); in turn, ROS overproduction could trigger an enhanced activity of GPx,
SOD and catalase (a, b, d) (Sghaier, Nury, et al., 2019; Sghaier, Zarrouk, et al., 2019); in N2a cells, under treatment with 7KC, compared to
untreated cells (control), lower mRNA levels of GPx1 were observed whereas higher levels of SOD1 and SOD2 were detected (f). Whatever the
cell type considered (158N, BV-2, and N2a cells), a mode of cell death by apoptosis was observed under treatment with 7KC, 73-OHC and 24S-
OHC; it was characterized by a loss of A¥m (g: increased % of DiOC(3) negative cells); by a modification of the subcellular distribution of the
mitochondria (h: clusters of mitochondria were often observed in oxysterols-treated cells); by a condensation and/or fragmentation of the nuclei
(i) which is characteristic of apoptotic cells; by an internucleosomal DNA fragmentation revealed by the TUNEL assay (Ragot et al., 2013) (j); and
by caspase-3 activation, PARP degradation and lower Bcl-2 level (k); these characteristics support an activation of the mitochondrial pathway
during oxysterol-induced apoptosis. As for autophagy, whatever the cell type considered (158N, BV-2 and N2a cells), it was characterized by both
morphological and biochemical criteria. In 158N and BV-2 cells treated with either 7KC or 7p-OHC, autophagic vacuoles evocating
autophagosome (ap) and autophagolysosome (apl) (Nury et al., 2015) were observed by transmission electron microscopy in the cytoplasm of cells
with condensed and/or fragmented nuclei (apoptotic cells) (I): some of these vacuoles have double membranes and evocate autophagosome (ap),
whereas some others have parts of membranes or no membranes and evocate autophagolysosome (apl) (pictures obtained by transmission
electron microscopy [Nury et al., 2015] were reproduced with the agreement of Elsevier; copyright transfer agreement, licence: 4834241280326,
Dr Gérard Lizard/Elsevier). Moreover, with an antibody raised against the lysosomal-associated membrane protein 1 (LAMP-1) also known as
lysosome-associated membrane glycoprotein 1 or CD107a, large vacuoles resembling autophagic vacuoles were detected (m). In addition, by dual
staining with an antibody directed against the p62 protein localized at the membrane level of the autophagosome and of the autolysosome
(revealed with Alexa 488; green fluorescence) and with an antibody raised against the ABCD3 peroxisomal transporter (revealed with Alexa 546;
red fluorescence), a colocalization of p62 and ABCD3 (yellow dots indicated by white arrows) was observed under a fluorescent microscope
coupled with an Apotome (Zeiss) supporting the occurrence of pexophagy (n) (Nury et al., 2018). In 158N and BV-2 cells treated with 7KC,
7B-OHC or 245-OHC, compared to untreated cells (control), an activation of LC3-Il into LC3-1l associated with a higher ratio (LC3-11/LC3-1) was
observed (Nury et al., 2015; Nury et al., 2017; similar data were obtained on N2a cells: unpublished results) and on BV-2 cells treated with 7KC,

an enhancement of p62 level was found (o) (Nury et al., 2017). It is considered that the most suitable and minimal criteria required to
demonstrate the occurrence of oxiapoptophagy are ROS overproduction, condensation and/or fragmentation of the nuclei associated with
caspase-3 activation and PARP degradation as well as conversion of LC3-| into LC3-II

p62 levels have also been observed with different drugs and when
ROS production results in cytotoxic effects associated with an
increase in potential autophagy substrates (protein aggregates and
misfolded proteins plus altered mitochondria and lysosomes),
endoplasmic reticulum stress may be activated (Chu, 2019; Lamark,
Svenning, & Johansen, 2017; Li, Tan, Miao, Lei, & Zhang, 2015). It
should be noted that whatever the cells considered, 7KC and 73-OHC
always induce ROS overproduction and that in human aortic SMCs,
7KC triggers endoplasmic reticulum stress involving NADPH oxidase-
Nox-4, which leads to ROS overproduction and cell death by apopto-
sis (Pedruzzi et al., 2004). Few elements are currently available to
define whether the observed autophagy is lethal or survival
autophagy. However, activation of an autophagic process at low 7KC
concentrations favours survival autophagy (Nury et al., 2018).

In 158N cells, organelle dysfunction (mitochondria and peroxi-
somes) induced by 7KC during oxiapoptophagy were well character-
ized. The loss of AW, is associated with a decrease of oxidative
phosphorylation revealed by reduced NAD* and ATP, in addition the
cellular lactate is higher while pyruvate, citrate, fumarate and succi-
nate (tricarboxylic acid [TCA] cycle intermediates) are significantly
reduced (Leoni et al,, 2017). In 158N and BV-2 cells, 7KC-induced
oxiapoptophagy, which is associated with an activation of the mito-
chondrial apoptotic pathway, also induces several marked peroxisomal
changes (Nury et al., 2017, 2018). Morphological, topographical and

functional peroxisome alterations linked with modifications of the
cytoplasmic distribution of mitochondria and mitochondrial dysfunc-
tion (loss of AWm and decreased level of cardiolipins) were observed.
This includes the presence of peroxisomes with abnormal sizes
and shapes, lower cellular levels of ABCD3, used as a marker of
peroxisomal mass, lower mRNA and protein levels of ABCD1 and
ABCD3 (two ATP-dependent peroxisomal transporters) and of
acyl-CoA oxidase 1 (ACOX1) and multifunctional protein 2 (MFP2)
enzymes involved in peroxisomal 3-oxidation and plasmalogen synthe-
sis, respectively, and increased levels of very long chain fatty acids
(VLCFA: C24:0, C24:1, C26:0, and C26:1) metabolized by peroxisomal
B-oxidation. It has also been shown that 7KC favours pexophagy
(Nury et al., 2018). As the inactivation of peroxisomal biogenesis or of
peroxisomal p-oxidation induces important mitochondrial modification
and a rupture of redox homeostasis both in vitro and in vivo, it is
suggested that oxysterol-induced peroxisomal dysfunction could
amplify oxidative stress and cell death (Lismont, Nordgren, Van
Veldhoven, & Fransen, 2015).

Currently, no study has been carried out on the detection of
oxiapoptophagic cells in vivo. These are envisaged in readily available
in atheromatous lesion tissues in which markers of oxidative stress,
apoptosis, and autophagy have been revealed (Luo et al., 2016; Yang
et al,, 2017) and in which 7KC can be detected and quantified either
by gas chromatography coupled with MS or by immunostaining with
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specific antibodies. It is therefore technically possible and expected to
demonstrate the highly probable in vivo existence of 7KC-induced
oxiapoptophagy using histological sections of atheromatous lesions in

which 7KC is present in significant amounts.

3 | INHIBITORS OF OXIAPOPTOPHAGY

Considering that cell death by oxiapoptophagy may be associated
with age-related or chronic inflammatory diseases because it is
induced by 7KC and 78-OHC, it is important to identify natural or
synthetic molecules as well as mixtures of molecules to inhibit or
mitigate this type of death. At the moment, only few molecules
(vitamins: a- and y-tocopherol which are components of vitamin E;
biotin which is also named vitamin B8, H or B7; w-3 and w-9 fatty
acids: docosahexaenoic acid [DHA: C22:6 n-3] and oleic acid
[OA: C18:1 n-9]; drugs: monomethyl fumarate [MMF] and dimethyl
fumarate [DMF] and inhibitors of the mitochondrial permeability tran-
sition pore: bongkrekic acid, cyclosporin A and carboxyatractyloside)
or mixtures of molecules (oils:- argan, olive and milk thistle seed oils )
are able to counteract 7KC-, 78-OHC- and/or 24S-OHC-induced
oxiapoptophagy (Table 1). In this context, the most studied molecule
is a-tocopherol, a major component of vitamin E (vit E:- a fat-soluble
vitamin which covers a set of eight organic molecules, four tocoph-
erols [a-, B-, y-, and &-tocopherol] and four tocotrienols [«-, B-, -,
and &-tocotrienol]), which prevents 7KC-, 73-OHC- and 24S-OHC-
induced oxiapoptophagy on 158N cells (Nury et al, 2015, 2018)
and 7KC-induced oxiapoptophagy on BV-2 and N2a cells
(Nury et al., 2017; Yammine et al., 2020). Currently, it is well described
in various cell types that a-tocopherol counteracts 7KC-induced
oxiapoptophagy by reducing the accumulation of 7KC in the lipid rafts
preventing thus the cascade of signals leading to the loss of AWm,
mitochondrial and peroxisomal changes, caspase cascade activation,
apoptosis and autophagy (Brahmi et al., 2019; Vejux et al., 2020).
However, in 158N cells, 7KC-induced side effects were not
attenuated by a-tocotrienol, whereas the antioxidant properties of
a-tocotrienol and a-tocopherol determined with the ferric reducing
antioxidant power (FRAP) assay were in the same range (Nury
et al., 2018). In BV-2 cells, cytoprotective effects of a-tocotrienol and
y-tocopherol were observed, whereas Trolox was inefficient
(Debbabi et al., 2016). In 158N cells, compared to a-tocopherol, the
polyphenols (ellagic acid, resveratrol) as well as ferulic acid have no
cytoprotective effects (Badreddine et al., 2015; Ragot et al., 2013),
whereas in human retinal epithelial pigment cells (ARPE-19), resvera-
trol has some protective effects against 7KC- and 7p-OHC-induced
cell death and vascular endothelial growth factor (VEGF) secretion
(Dugas et al., 2010). As it is well established that a-tocopherol attenu-
ates oxysterol-induced oxidative stress and apoptosis in a wide range
of cells, it is often used as a reference molecule for the identification
of new cytoprotectants (Brahmi et al., 2019). It has also been reported
that biotin (also named Vitamin B8 or H) reduces 7p-OHC-induced
oxiapoptophagy in 158N cells, whereas it is inefficient in preventing
7KC-induced cell death (Sghaier, Zarrouk, et al., 2019). Mediterranean
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and Okinawan diets are rich in ®-3 and w-9 fatty acids such as
docosahexaenoic acid (DHA) and oleic acid (OA) and are also
associated with improved age-related health (Wahl et al., 2019).
Consequently, the cytoprotective effects of DHA and OA were also
studied. In 158N cells, DHA prevents 7KC-, 7p-OHC- and 24S-OHC-
induced oxiapoptophagy (Nury et al., 2015). In addition, greater
cytoprotection was observed when a-tocopherol and DHA were
combined (Nury et al, 2015). In BV-2 cells, DHA and OA
attenuate 7KC-induced side effects characteristic of oxiapoptophagy
associated with mitochondrial and peroxisomal dysfunction (Debbabi
et al., 2016; Debbabi et al., 2017).

In murine 158N oligodendrocytes, DMF and MMF attenuate the
different effects of 7KC and 73-OHC, namely, cell growth inhibition
and/or loss of cell adhesion, decrease of AWm, ROS overproduction,
caspase-3 and PARP cleavage, nuclear condensation and fragmenta-
tion and activation of LC3-l into LC3-1I (Sghaier, Nury, et al., 2019;
Zarrouk et al., 2017).

In 158N and BV-2 cells, edible oils of Mediterranean origin (argan,
olive and milk thistle seed oils), rich in tocopherols and/or OA, also
attenuate oxysterol (7KC, 24S-OHC)-induced oxiapoptophagy and
associated organelle alterations (mitochondria, peroxisome, and
lysosome) (Badreddine et al., 2017; Meddeb et al., 2018; Zarrouk
etal., 2019).

Mechanistically, in addition to the knowledge already acquired on
the cell dysfunctions involved in the induction of oxiapoptophagy
(Brahmi et al., 2019; Vejux et al., 2020), the ability of the different
molecules currently identified to prevent 7KC-, 7p-OHC- and
24S-OHC-induced oxiapoptophagy allows for the development of
new hypotheses on the receptors and signalling pathways that could
be affected by these oxysterols. For 7KC and 7p-OHC, interactions
with the antiestrogen binding site (AEBS) should be considered
(de Medina, Paillasse, Segala, Poirot, & Silvente-Poirot, 2010). For
24S-OHC, which is a liver X receptor (LXR: LXR-a and LXR-) agonist
(Bjorkhem, 2013; Janowski et al., 1999; Lehmann et al., 1997), the role
of this nuclear receptor in 24S-induced oxiapoptophagy is yet to
be specified. In addition, as several oxysterol-binding protein
(OSBP)-related (ORP) proteins regulate organelle lipid composition
and cell signalling (Olkkonen, 2013), an involvement of ORPs in
oxiapoptophagy cannot be excluded. The identification of receptors
associated with oxiapoptophagy should make it possible to better
control this type of death in order to activate or repress it, depending
on the pathologies considered. Furthermore, the cytoprotective activi-
ties of dimethyl fumarate (DMF) and monomethyl fumarate (MMF),
described to activate the nuclear factor, erythroid 2 like 2 (NFR2)
transcription factor, which induces the expression of genes coding for
antioxidant enzymes under stress conditions (Koss-Mikotajczyk
etal., 2019), also open new perspectives to act on oxiapoptophagy via
the NRF2 signalling pathway. In terms of mitochondrial drug targets
for the prevention of oxiapoptophagy the structure of the mitochon-
drial permeability transition pore has not been defined to date,
preventing docking-based routes for the design of new ligands and
there have been multiple limitations to the application of known
mitochondrial permeability transition pore antagonists to clinical
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TABLE 1 Inhibitors of oxiapoptophagy
Inducers of
Inhibitors of oxiapoptophagy oxiapoptophagy
Natural molecules
a-Tocopherol (major component of Vit E) 7KC
7p-OHC
24S-OHC
y-Tocopherol (component of Vit E) 7KC
Biotin (Vit B8 or H) 7p-OHC
DHA (docosahexaenoic acid; C22:6 n-3) 7KC, 7p-OHC,
24S-OHC
7KC
OA (oleic acid; C18:1 n-9) 7KC
Drugs
Dimethyl fumarate (DMF, commercialized 7KC
under the name TECFIDERA)
DMF and monomethyl fumarate (MMF, 7p-OHC
major metabolite of DMF)
mPTP antagonists (bongkrekic acid, 7p-OHC
cyclosporin A, carboxyatractyloside)
Mixture of molecules
«a-Tocopherol + DHA 7KC, 7-OHC,
245-OHC
Argan oil 7KC
Milk thistle seed oil 7KC, 24S-OHC
Olive oil 7KC

settings (Briston et al, 2019). However, several molecules that
are known to block oxysterol-induced cell death are also inhibitors
of the mitochondrial permeability transition pore, including DHA in
rat heart mitochondria (Khairallah et al., 2012), a-tocopherol in rat
liver (Gumpricht et al., 2008), and the olive oil component hydroxy-
tyrosol in a myocardial ischaemia-reperfusion injury model (Miao
et al., 2019). Finally, there is considerable interplay between steroid
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Microglial cells—BV-2
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and mitochondrial function.

One key

mechanism involved in these processes is the translocator protein,
which is involved in cholesterol import into the mitochondria and is
also a putative component of the mitochondrial permeability transi-
tion pore (Briston et al., 2019). Caprospinol is a drug based on the
structure of the naturally occurring oxysterol 22R-hydroxycholesterol,
which acts on the translocator protein and restores cognitive
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impairment in a rat model of AD (Papadopoulos & Lecanu, 2012).
These observations raise the possibility of generating oxysterol-based
ligands for targeting mitochondrial dysfunction in oxiapoptophagic
pathologies, such as Alzheimer's disease, cardiovascular disease and

age-related macular degeneration.

4 | CONCLUSION

Since some age-related diseases involve oxidative stress, apoptosis,
and autophagy, it is very likely that cell death by oxiapoptophagy
will occur at the lesion level in patients affected by these
pathologies. The identification of this type of death could lead to
new approaches to the pathophysiology of these diseases, the
identification of new therapeutic targets, and the development of
new treatments. Moreover, the cellular models available to study
oxiapoptophagy are relevant to define the relationships between
oxidative stress, apoptosis, and autophagy but also to clarify the con-
tribution of peroxisome in cell degeneration and to deepen under-
standing of the relationships between mitochondria and peroxisome
during this process.

4.1 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to
corresponding entries in http://www.guidet opharmacology.org, the
common portal for data from the IUPHAR/BPS Guide to PHARMA-
COLOGY (Harding et al., 2018), and are permanently archived in the
Concise Guide to PHARMACOLOGY 2019/20 (Alexander, Fabbro,
et al, 2019; Alexander, Kelly, et al., 2019) and in the IUPHAR/BPS
Guide to Pharmacology Database (McDonnell & Safi, 2019).

ACKNOWLEDGEMENTS

This work was supported by grants from Univ. Bourgogne (Dijon,
France), Univ. Monastir (Tunis, Tunisia), PHC-ULYSSES (University
College of Cork [UCC], Ireland/Univ. Bourgogne, France), ASSAD
(Association de Soins et Services a Domicile, Louhans, France), SNDA
(Société Nationale de Défense des Animaux; Prix Renard 2018), and
ABASIM (Association Bourguignonne pour les Applications des
Sciences de I'Information en Médecine, Dijon, France).

CONFLICT OF INTEREST
The authors declare no conflicts of interest.

REFERENCES

Alexander, S. P. H., Fabbro, D., Kelly, E., Mathie, A, Peters, J. A,
Veale, E. L., ... CGTP collaborators. (2019). The Concise Guide to
PHARMACOLOGY 2019/20: Enzymes. British Journal of Pharmacol-
ogy, 176, 5297-5396.

Alexander, S. P. H., Kelly, E., Mathie, A, Peters, J. A, Veale, E. L.,
Armstrong, J. F., ... CGTP collaborators. (2019). The Concise Guide to
PHARMACOLOGY 2019/20: Transporters. British Journal of Pharma-
cology, 176, S397-5493.

1 BRITISH 7
\ PHARMACOLOGICAL
SOCIETY

Anderson, A., Campo, A., Fulton, E., Corwin, A., Jerome, W. G. 3rd, &
O'Connor, M. S. (2020). 7-Ketocholesterol in disease and aging.
Redox Biology, 29, 101380. https://doi.org/10.1016/j.redox.2019.
101380

Aupeix, K. Weltin, D. Mejia, J. E., Christ, M., Marchal, J.,
Freyssinet, J. M., & Bischoff, P. (1995). Oxysterol-induced apoptosis in
human monocytic cell lines. Immunobiology, 194(4-5), 415-428.

Badreddine, A., Zarrouk, A., Karym, E. M., Debbabi, M., Nury, T,
Meddeb, W., ... Lizard, G. (2017). Argan oil-mediated attenuation of
organelle dysfunction, oxidative stress and cell death induced by
7-ketocholesterol in murine oligodendrocytes 158N. International Jour-
nal of Molecular Sciences, Oct, 23, 18(10). https://doi.org/10.3390/
ijms18102220

Badreddine, A., Zarrouk, A., Nury, T., El Kharrassi, Y., Nasser, B,
Malki, M. C., .. Samadi, M. (2015). An expeditious synthesis
of spinasterol and schottenol, two phytosterols present in argan
oil and in cactus pear seed oil, and evaluation of their biological
activities on cells of the central nervous system. Steroids, 99(Pt B),
119-124.

Bjorkhem, I. (2013). Five decades with oxysterols. Biochimie, 95(3),
448-454,

Bjorkhem, I., Diczfalusy, U., Lévgren-Sandblom, A., Starck, L., Jonsson, M.,
Tallman, K. .. Guengerich, F. P. (2014). On the formation of
7-ketocholesterol from 7-dehydrocholesterol in patients with CTX and
SLO. Journal of Lipid Research, 55(6), 1165-1172.

Brahmi, F., Vejux, A., Sghaier, R., Zarrouk, A., Nury, T., Meddeb, W., ...
Lizard, G. (2019). Prevention of 7-ketocholesterol-induced side effects
by natural compounds. Critical Reviews in Food Science and Nutrition,
59(19), 3179-3198.

Briston, T., Selwood, D. L., Szabadkai, G., & Duchen, M. R. (2019). Mito-
chondrial permeability transition: A molecular lesion with multiple drug
targets. Trends in Pharmacological Sciences, 40(1), 50-70.

Christ, M., Luu, B., Mejia, J. E., Moosbrugger, |, & Bischoff, P. (1993).
Apoptosis induced by oxysterols in murine lymphoma cells and in nor-
mal thymocytes. Immunology, 78(3), 455-460.

Chu, C. T. (2019). Mechanisms of selective autophagy and mitophagy:
Implications for neurodegenerative diseases. Neurobiology of Disease,
122,23-34.

de Medina, P, Paillasse, M. R, Segala, G., Poirot, M., & Silvente-Poirot, S.
(2010). Identification and pharmacological characterization of
cholesterol-5,6-epoxide hydrolase as a target for tamoxifen and AEBS
ligands. Proceedings of the National Academy of Sciences of the United
States of America, 107(30), 13520-13525.

Debbabi, M., Nury, T., Zarrouk, A., Mekahli, N., Bezine, M., Sghaier, R., ...
Lizard, G. (2016). Protective effects of a-tocopherol, y-tocopherol and
oleic acid, three compounds of olive oils, and no effect of trolox, on
7-ketocholesterol-induced mitochondrial and peroxisomal dysfunction
in microglial BV-2 cells. International Journal of Molecular Sciences,
17(12). https://doi.org/10.3390/ijms17121973

Debbabi, M., Zarrouk, A. Bezine, M., Meddeb, W. Nury, T,
Badreddine, A, ... Lizard, G. (2017). Comparison of the effects of
major fatty acids present in the Mediterranean diet (oleic acid,
docosahexaenoic acid) and in hydrogenated oils (elaidic acid) on
7-ketocholesterol-induced oxiapoptophagy in microglial BV-2 cells.
Chemistry and Physics of Lipids, 207(Pt B), 151-170.

Dugas, B., Charbonnier, S., Baarine, M., Ragot, K., Delmas, D.,
Ménétrier, F., ... Lizard, G. (2010). Effects of oxysterols on cell viability,
inflammatory cytokines, VEGF, and reactive oxygen species produc-
tion on human retinal cells: Cytoprotective effects and prevention of
VEGF secretion by resveratrol. European Journal of Nutrition, 49(7),
435-446.

Gumpricht, E., Devereaux, M. W., Dahl, R., Soden, J. S., Sparagna, G. C.,
Leonard, S. W.,, ... Sokol, R. J. (2008). Resistance of young rat hepatic
mitochondria to bile acid-induced permeability transition: Potential
role of a-tocopherol. Pediatric Research, 64(5), 498-504.

217



NURY ET AL

8 5%, BRITISH
\ PHARMACOLOGICAL,
SOCIETY

Han, J. H, Kim, Y. J, Han, E. S,, & Lee, C. S. (2007). Prevention of
7-ketocholesterol-induced mitochondrial damage and cell death by
calmodulin inhibition. Brain Research, 1137(1), 11-19.

Harding, S. D., Sharman, J. L., Faccenda, E., Southan, C., Pawson, A. J.,
Ireland, S., ... NC-IUPHAR. (2018). The IUPHAR/BPS Guide to PHAR-
MACOLOGY in 2018: Updates and expansion to encompass the new
guide to IMMUNOPHARMACOLOGY. Nucleic Acids Research, 46(D1),
D1091-D1106.

Jacob, K. D., Noren Hooten, N., Trzeciak, A. R., & Evans, M. K. (2013).
Markers of oxidant stress that are clinically relevant in aging and age-
related disease. Mechanisms of Ageing and Development, 134(3-4),
139-157.

Janowski, B. A., Grogan, M. J,, Jones, S. A, Wisely, G. B., Kliewer, S. A,
Corey, E. J., & Mangelsdorf, D. J. (1999). Structural requirements of
ligands for the oxysterol liver X receptors LXRa and LXRp. Proceedings
of the National Academy of Sciences of the United States of America, 96,
266-271.

Khairallah, R. J., Kim, J., O'Shea, K. M., O'Connell, K. A, Brown, B. H.,
Galvao, T., ... Stanley, W. C. (2012). Improved mitochondrial function
with diet-induced increase in either docosahexaenoic acid or
arachidonic acid in membrane phospholipids. PLoS ONE, 7(3), e34402.
https://doi.org/10.1371/journal.pone.0034402

Klionsky, D. J., Abdelmohsen, K., Abe, A., Abedin, M. J., Abeliovich, H.,
Acevedo Arozena, A, et al. (2016). Autophagy, 12(1), 1-222.

Koss-Mikotajczyk, I., Baranowska, M., Todorovic, V., Albini, A., Sansone, C.,
Andreoletti, P, Bartoszek, A. (2019). Prophylaxis of non-
communicable diseases: Why fruits and vegetables may be better che-
mopreventive agents than dietary supplements based on isolated phy-
tochemicals? Current Pharmaceutical Design, 25(16), 1847-1860.

Lamark, T., Svenning, S., & Johansen, T. (2017). Regulation of selective
autophagy: The p62/SQSTM1 paradigm. Essays in Biochemistry, 61(6),
609-624.

Lehmann, J. M., Kliewer, S. A, Moore, L. B. Smith-Oliver, T. A,
Oliver, B. B., Su, J. L., ... Willson, T. M. (1997). Activation of the nuclear
receptor LXR by oxysterols defines a new hormone response pathway.
The Journal of Biological Chemistry, 272, 3137-3140.

Leoni, V., Nury, T., Vejux, A., Zarrouk, A. Caccia, C., Debbabi, M., ...
Lizard, G. (2017). Mitochondrial dysfunctions in 7-ketocholesterol-
treated 158N oligodendrocytes without or with a-tocopherol: Impacts
on the cellular profil of tricarboxylic cycle-associated organic acids,
long chain saturated and unsaturated fatty acids, oxysterols, choles-
terol and cholesterol precursors. The Journal of Steroid Biochemistry
and Molecular Biology, 169, 96-110.

Li, L, Tan, J,, Miao, Y., Lei, P, & Zhang, Q. (2015). ROS and autophagy:
Interactions and molecular regulatory mechanisms. Cellular and Molec-
ular Neurobiology, 35(5), 615-621.

Lismont, C., Nordgren, M., Van Veldhoven, P. P, & Fransen, M. (2015).
Redox interplay between mitochondria and peroxisomes. Frontiers in
Cell and Development Biology, 3, 35. https://doi.org/10.3389/fcell.
2015.00035

Lizard, G., Deckert, V. Dubrez, L., Moisant, M., Gambert, P, &
Lagrost, L. (1996). Induction of apoptosis in endothelial cells treated
with cholesterol oxides. The American Journal of Pathology, 148(5),
1625-1638.

Lizard, G., Gueldry, S., Sordet, O., Monier, S., Athias, A., Miguet, C., ...
Gambert, P. (1998). Glutathione is implied in the control of
7-ketocholesterol-induced apoptosis, which is associated with radical
oxygen species production. The FASEB Journal, 12(15), 1651-1663.

Luo, Y., Lu, S., Zhou, P, Ai, Q. D., Sun, G. B, & Sun, X. B. (2016).
Autophagy: An exposing therapeutic target in atherosclerosis. Journal
of Cardiovascular Pharmacology, 67(3), 266-274.

Martinet, W., Schrijvers, D. M., Timmermans, J. P,, & Bult, H. (2008). Inter-
actions between cell death induced by statins and 7-ketocholesterol in
rabbit aorta smooth muscle cells. British Journal of Pharmacology,
154(6), 1236-1246.

McDonnell DP, Safi R (2019) Liver X receptor-like receptors (version
2019.4) in the IUPHAR/BPS Guide to Pharmacology Database.
IUPHAR/BPS Guide to Pharmacology CITE. 2019(4).

Meddeb, W., Rezig, L., Zarrouk, A., Nury, T., Vejux, A. Prost, M., ...
Lizard, G. (2018). Cytoprotective activities of milk thistle seed oil used
in traditional Tunisian medicine on 7-ketocholesterol and 24S-hydro-
xycholesterol-induced toxicity on 158N murine oligodendrocytes.
Antioxidants (Basel) Jul, 19, 7(7). https://doi.org/10.3390/antiox
7070095

Miao, J., Huang, Z,, Liu, S., Li, X., Jia, P, Guo, Y., ... Jia, D. (2019). Hydroxy-
tyrosol protects against myocardial ischemia reperfusion injury by
inhibiting mitochondrial permeability transition pore opening. Experi-
mental and Therapeutic Medicine, 17(1), 671-678.

Miguet-Alfonsi, C., Prunet, C., Monier, S., Besséde, G., Lemaire-Ewing, S.,
Berthier, A,, ... Lizard, G. (2002). Analysis of oxidative processes and of
myelin figures formation before and after the loss of mitochondrial
transmembrane  potential during  7p-hydroxycholesterol  and
7-ketocholesterol-induced apoptosis: Comparison with various pro-
apoptotic chemicals. Biochemical Pharmacology, 64(3), 527-541.

Monier, S., Samadi, M., Prunet, C., Denance, M., Laubriet, A., Athias, A,, ...
Lizard, G. (2003). Impairment of the cytotoxic and oxidative activities
of 7p-hydroxycholesterol and 7-ketocholesterol by esterification with
oleate. Biochemical and Biophysical Research Communications, 303(3),
814-824.

Mutemberezi, V., Guillemot-Legris, O., & Muccioli, G. G. (2016).
Oxysterols: From cholesterol metabolites to key mediators. Progress in
Lipid Research, 64, 152-169.

Nury, T., Sghaier, R., Zarrouk, A., Ménétrier, F., Uzun, T., Leoni, V., ...
Lizard, G. (2018). Induction of peroxisomal changes in oligodendro-
cytes treated with 7-ketocholesterol: Attenuation by a-tocopherol.
Biochimie, 153, 181-202.

Nury, T., Zarrouk, A., Mackrill, J. J., Samadi, M., Durand, P, Riedinger, J. M.,
... Lizard, G. (2015). Induction of oxiapoptophagy on 158N murine oli-
godendrocytes treated by 7-ketocholesterol-, 7B-hydroxycholesterol-,
or 24(S)-hydroxycholesterol: Protective effects of a-tocopherol and
docosahexaenoic acid (DHA; C22:6 n-3). Steroids, 99(Pt B), 194-203.

Nury, T., Zarrouk, A., Ragot, K., Debbabi, M., Riedinger, J. M., Vejux, A, ...
Lizard, G. (2017). 7-Ketocholesterol is increased in the plasma of X-
ALD patients and induces peroxisomal modifications in microglial cells:
Potential roles of 7-ketocholesterol in the pathophysiology of X-ALD.
The Journal of Steroid Biochemistry and Molecular Biology, 169,
123-136.

Nury, T., Zarrouk, A. Vejux, A, Doria, M., Riedinger, J. M., Delage-
Mourroux, R., & Lizard, G. (2014). Induction of oxiapoptophagy, a
mixed mode of cell death associated with oxidative stress, apoptosis
and autophagy, on 7-ketocholesterol-treated 158N murine oligoden-
drocytes: Impairment by a-tocopherol. Biochemical and Biophysical
Research Communications, 446(3), 714-719.

Olkkonen, V. M. (2013). OSBP-related proteins: Liganding by glyce-
rophospholipids opens new insight into their function. Molecules,
18(11), 13666-13679.

Otaegui-Arrazola, A., Menéndez-Carreno, M., Ansorena, D. &
Astiasaran, |. (2010). Oxysterols: A world to explore. Food and Chemical
Toxicology, 48(12), 3289-3303.

Papadopoulos, V., & Lecanu, L. (2012). Caprospinol: Discovery of a steroid
drug candidate to treat Alzheimer's disease based on 22R-
hydroxycholesterol structure and properties. Journal of Neuroendocri-
nology, 24(1), 93-101.

Paz, J. L, Levy, D., Oliveira, B. A, de Melo, T. C, de Freitas, F. A,
Reichert, C. O,, ... Bydlowski, S. P. (2019). 7-Ketocholesterol promotes
oxiapoptophagy in bone marrow mesenchymal stem cell from patients
with acute myeloid leukemia. Cells May, 21, 8(5). https://doi.org/10.
3390/cells8050482

Pedruzzi, E., Guichard, C., Ollivier, V., Driss, F., Fay, M., Prunet, C,, ...
Ogier-Denis, E. (2004). NAD(P)H oxidase Nox-4 mediates

218



NURY ET AL.

7-ketocholesterol-induced endoplasmic reticulum stress and apoptosis
in human aortic smooth muscle cells. Molecular and Cellular Biology,
24(24), 10703-10717.

Ragot, K., Mackrill, J. J., Zarrouk, A., Nury, T., Aires, V., Jacquin, A, ...
Lizard, G. (2013). Absence of correlation between oxysterol accumula-
tion in lipid raft microdomains, calcium increase, and apoptosis induc-
tion on 158N murine oligodendrocytes. Biochemical Pharmacology,
86(1), 67-79.

Rodriguez, I. R., & Larrayoz, I. M. (2010). Cholesterol oxidation in the ret-
ina: Implications of 7KCh formation in chronic inflammation and age-
related macular degeneration. Journal of Lipid Research, 51(10),
2847-2862.

Russell, D. W. (2000). Oxysterol biosynthetic enzymes. Biochimica et Bio-
physica Acta, 1529(1-3), 126-135.

Ryan, L., O'Callaghan, Y. C., & O'Brien, N. M. (2005). The role of the mito-
chondria in apoptosis induced by 7p-hydroxycholesterol and
cholesterol-5p,6p-epoxide. The British Journal of Nutrition, 94(4),
519-525.

Sghaier, R., Nury, T., Leoni, V., Caccia, C., De Barros, J. P. P, Cherif, A, ...
Mackrill, J. J. (2019). Dimethyl fumarate and monomethyl fumarate
attenuate oxidative stress and mitochondrial alterations leading to
oxiapoptophagy in 158N murine oligodendrocytes treated with 7f-
hydroxycholesterol. The Journal of Steroid Biochemistry and Molecular
Biology. Nov, 194, 105432. https://doi.org/10.1016/j.jsbmb.2019.
105432

Sghaier, R., Zarrouk, A., Nury, T., Badreddine, I., O'Brien, N., Mackrill, J. J.,
... Lizard, G. (2019). Biotin attenuation of oxidative stress, mitochon-
drial dysfunction, lipid metabolism alteration and 7p-hydro-
xycholesterol-induced cell death in 158N murine oligodendrocytes.
Free Radical Research, 53(5), 535-561.

Shinkyo, R, Xu, L., Tallman, K. A, Cheng, Q. Porter, N. A, &
Guengerich, F. P. (2011). Conversion of 7-dehydrocholesterol to
7-ketocholesterol is catalyzed by human cytochrome P4507A1 and
occurs by direct oxidation without an epoxide intermediate. The Jour-
nal of Biological Chemistry, 286(38), 33021-33028.

Sottero, B., Rossin, D., Poli, G., & Biasi, F. (2018). Lipid oxidation products
in the pathogenesis of inflammation-related gut diseases. Current
Medicinal Chemistry, 25(11), 1311-1326.

Testa, G., Rossin, D., Poli, G., Biasi, F., & Leonarduzzi, G. (2018). Implication
of oxysterols in chronic inflammatory human diseases. Biochimie, 153,
220-231.

Vejux, A., Abed-Vieillard, D., Hajji, K., Zarrouk, A., Mackrill, J. J., Ghosh, S.,
... Lizard, G. (2020). 7-Ketocholesterol and 7p-hydroxycholesterol:

: BRITISH 9
PHARMACOLOGICAL
SOCIETY

in vitro and animal models used to characterize their activities and to
identify molecules preventing their toxicity. Biochemical Pharmacology,
173, 113648. https://doi.org/10.1016/j.bcp.2019.113648

Wahl, D., Solon-Biet, S. M., Cogger, V. C,, Fontana, L., Simpson, S. J., Le
Couteur, D. G, & Ribeiro, R. V. (2019). Aging, lifestyle and dementia.
Neurobiology of Disease, 130, 104481. https://doi.org/10.1016/j.nbd.
2019.104481

Yammine, A., Nury, T., Vejux, A, Latruffe, N., Vervandier-Fasseur, D.,
Samadi, M., ... Lizard, G. (2020). Prevention of 7-ketocholesterol-
induced overproduction of reactive oxygen species, mitochondrial dys-
function and cell death with major nutrients (polyphenols, ®3 and »9
unsaturated fatty acids) of the Mediterranean diet on N2a neuronal
cells. Molecules, 25(10), E2296. https://doi.org/10.3390/molecules
25102296

Yang, X., Li, Y., Li, Y., Ren, X., Zhang, X., Hu, D., ... Shang, H. (2017). Oxida-
tive stress-mediated atherosclerosis: Mechanisms and therapies. Fron-
tiers in Physiology, 8, 600. https://doi.org/10.3389/fphys.2017.00600

Zarrouk, A., Martine, L., Grégoire, S., Nury, T., Meddeb, W., Camus, E,, ...
Lizard, G. (2019). Profile of fatty acids, tocopherols, phytosterols and
polyphenols in Mediterranean oils (argan oils, olive oils, milk thistle
seed oils and nigella seed oil) and evaluation of their antioxidant and
cytoprotective activities. Current Pharmaceutical Design, 25(15),
1791-1805.

Zarrouk, A., Nury, T., Karym, E. M., Vejux, A., Sghaier, R., Gondcaille, C., ...
Lizard, G. (2017). Attenuation of 7-ketocholesterol-induced over-
production of reactive oxygen species, apoptosis, and autophagy by
dimethyl fumarate on 158N murine oligodendrocytes. The Journal of
Steroid Biochemistry and Molecular Biology, 169, 29-38.

Zarrouk, A., Vejux, A, Mackril, J., O'Callaghan, Y. Hammami, M.,
O'Brien, N., & Lizard, G. (2014). Involvement of oxysterols in age-
related diseases and ageing processes. Ageing Research Reviews, 18,
148-162.

Zerbinati, C., & luliano, L. (2017). Cholesterol and related sterols autoxida-
tion. Free Radical Biology & Medicine, 111, 151-155.

How to cite this article: Nury T, Zarrouk A, Yammine A,
Mackrill JJ, Vejux A, Lizard G. Oxiapoptophagy: A type of cell
death induced by some oxysterols. Br J Pharmacol. 2020;1-9.
https://doi.org/10.1111/bph.15173

219



220



Article 5

Lipids Nutrients in Parkinson and
Alzheimer's Diseases: Cell Death and
Cytoprotection

Thomas Nury, Gérard Lizard, Anne Vejux

Int J Mol Sci, 2020, 21(7),2501

221



Le 7KC induit une mort par oxyapoptophagie (stress Oxydant + Apoptose + Autophagie)
sur les oligodendrocytes murins 158N. Cette mort cellulaire peut étre inhibée par différents
composés lipidiques : 1’a-tocophérol, 1’acide docosahexaénoique (DHA) et ses précurseurs (acide
eicosapentaénoique (EPA) et acide a-linolénique (ALA)), ’acide oléique, I’huile de Lorenzo
(acide oléique + acide érucique (4:1)) ainsi qu’un dérivé chimique de I’acide oléique : le sulfo-N-
succinimidyl Oléate (SSO).

Ces composés lipidiques pourraient donc jouer un rdle non négligeable dans la prévention et le
traitement des maladies impliquant le 7KC notamment la maladie d’Alzheimer la maladie de
Parkinson.

Ces deux pathologies ont en commun des dysfonctions cellulaires telles qu’une élévation du
stress oxydant, de I’inflammation, de la mort cellulaire impliquant la mitochondrie, et une
accumulation de protéines dont I’élimination normale fait défaut (le peptide AP et la protéine tau
pour la maladie d’Alzheimer et 1’a-synucléine dans la maladie de Parkinson). Il existe
actuellement plusieurs études in vitro et in vivo montrant que certains nutriments lipidiques,
incluant des huiles végétales et animales, des huiles fonctionnalisées et des acides gras,
pourraient étre utilisés dans la maladie d’ Alzheimer et dans la maladie de Parkinson.

La revue présentée fait état des différents nutriments lipidiques neuroprotecteurs (acides gras,

huiles végétales et animales) ayant montré des propriétés in vitro et/ou in vivo.

222



International Journal of

Molecular Sciences r;‘\n\l’y

Review
Lipids Nutrients in Parkinson and Alzheimer’s
Diseases: Cell Death and Cytoprotection

Thomas Nury'", Gérard Lizard *’ and Anne Vejux *'=

Biochemistry of the Peroxisome, Inflammation and Lipid Metabolism” EA 7270, Team Bio-peroxIL, Université de
Bourgogne Franche-Comté /Inserm, 21000 Dijon, France; thomas.nury@u-bourgogne.fr
* Correspondence: gerard.lizard@u-bourgogne.fr (G.L.); anne.vejux@u-bourgogne.fr (A.V.);

Tel.: +33-3-80-39-37-01 (A.V.); Fax.: +33-3-80-39-62-50 (A.V. & G.L.)

check for
Received: 5 March 2020; Accepted: 1 April 2020; Published: 3 April 2020 updates

Abstract: Neurodegenerative diseases, particularly Parkinson’s and Alzheimer’s, have common
features: protein accumulation, cell death with mitochondrial involvement and oxidative stress.
Patients are treated to cure the symptoms, but the treatments do not target the causes; so, the disease
is not stopped. It is interesting to look at the side of nutrition which could help prevent the first signs
of the disease or slow its progression in addition to existing therapeutic strategies. Lipids, whether in
the form of vegetable or animal oils or in the form of fatty acids, could be incorporated into diets with
the aim of preventing neurodegenerative diseases. These different lipids can inhibit the cytotoxicity
induced during the pathology, whether at the level of mitochondria, oxidative stress or apoptosis and
inflammation. The conclusions of the various studies cited are oriented towards the preventive use of
oils or fatty acids. The future of these lipids that can be used in therapy/prevention will undoubtedly
involve a better delivery to the body and to the brain by utilizing lipid encapsulation.

Keywords: lipids nutrients; apoptosis; oxidative stress; mitochondria; synuclein; amyloid; Tau;
Parkinson’s disease; Alzheimer’s disease

1. Introduction

Neurodegenerative diseases, a major societal issue, are pathological conditions that affect neurons,
condemning them to certain death. This term covers a heterogeneous group of diseases affecting
different populations of neurons of the nervous system (brain and spinal cord), i.e., around 100
pathologies. In this review, we will focus on the most frequent: Alzheimer’s disease and Parkinson’s
disease. The mechanisms of cell death have been well-studied in vitro and in vivo, both in animal
models of these pathologies and in humans. Many mechanisms are common to these different
pathologies; what differentiates them is the type of neurons affected and its environment. Parkinson’s
disease is a chronic pathology characterized by the destruction of dopaminergic neurons at the level of
the substantia nigra. These innervate the central grey nuclei and, more particularly, a structure involved
in the control of motor functions, the striatum. One of the common mechanisms of neurodegeneration is
the toxic aggregation of proteins. Once their synthesis is complete, proteins acquire a three-dimensional
organization that allows them to perform their function. Under normal conditions, if misfolding
occurs, it is either corrected or the misfolded proteins are eliminated by either the ubiquitin-proteasome
pathway or by autophagy. Under pathological conditions, these misfolded proteins are not eliminated;
they will aggregate and take the form of intranuclear or intracytoplasmic inclusions, or extracellular
aggregates called senile plaques, which inhibit many subcellular functions [1-3]. For example, in
Alzheimer’s disease, there are senile plaques and tau protein aggregates. In Parkinson’s disease,
there are a-synuclein aggregates in the form of Lewy bodies or Lewy neurites. A loss of activity
of these proteins, a gain in neurotoxic function or the induction of an inflammatory process could
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explain the toxicity of these aggregates. These aggregates could also induce apoptosis of neurons
associated with mitochondrial dysfunction; another process common to various neurodegenerative
pathologies. Since the mitochondria are closely related to the peroxisomes, mitochondrial dysfunction
can adversely affect peroxisomal activity. The third common process in neurodegeneration is the
presence of oxidative stress with increased production of reactive oxygen species: the superoxide
ion Oy7, the peroxynitrite ion ONOO-, the hydroxyl radical HO and other molecular species such as
hydrogen peroxide H,O,. Firstly, this review will present the commonalities between Parkinson’s and
Alzheimer’s disease: protein accumulation, mitochondrial dysfunction and cell death, followed by
oxidative stress. Subsequently, the lipids that can protect against cell death will be discussed in the
form of vegetable, animal and functionalized oils and by individual fatty acids.

2. Mechanisms Common to Neurodegenerative Diseases

Among the mechanisms common to the two most-frequent neurodegenerative diseases in
humans, Parkinson’s and Alzheimer’s disease, protein aggregation associated with altered protein
degradation systems, mitochondrial dysfunction associated with cell death and oxidative stress
were identified. These characteristics and common features will be described for these two
neurodegenerative pathologies.

2.1. Protein Aggregation and Alteration of Protein Degradation Systems

In Parkinson’s and Alzheimer’s disease, the proteins that primarily aggregate are x-synuclein,
Tau and -amyloid proteins, respectively, although the latter are also found in Parkinson’s disease.
Insoluble x-synuclein fibrils make up the Lewy bodies and Lewy neurites. These are predominantly
present in the pigmented neurons of the substantia nigra and in other neuronal populations at the
peripheral and central levels [4-6]. Lewy bodies are present in the dopaminergic neurons of substantia
nigra pars compacta and are round intraneuronal and positive round inclusions of x-synuclein and
ubiquitin [6]. Lewy neurites are abnormal neurites with a-synuclein filaments and granular material
that accumulate in the amygdala and striatum of Parkinsonian patients [7]. Lewy neurites can inhibit
neuronal transport and, thus, compromise neuronal function and survival. In Alzheimer’s disease, the
alterations identified are amyloid plaques and neurofibrillary degeneration. The role of two proteins
have been identified: Tau protein and Amyloid precursor protein (APP). The APP protein can be
proteolyzed to generate the A3 peptide. When this peptide aggregates, amyloid plaques are formed [8].
Neurofibrillary degeneration consists of argentophilic neurofilaments located in the pericaryon of
certain cortical neurons but are also found within myelinated axons, dendrites and synapses [9].
The density of these neurofibrillary accumulations in the neocortex is directly correlated with the
severity of the disease [10]. Neurofibrillary tangles consist of hyper-phosphorylated Tau proteins
organized in paired helical filaments. Amyloid plaques consist of extracellular deposits of peptide Af.
These plaques are surrounded by glial cells containing phagocytic lysosomes, as well as amyelinic
neurites. These plaques are preferentially located in certain areas of the brain, particularly the cortex,
striatum and cerebellum. They undergo maturation during their evolution and, thus, present a specific
morphology. The less mature plaques are referred to as diffuse plaques. They are formed of amorphous,
low-density aggregates of peptides Ap. Mature plaques contain very dense aggregates of the peptide
Ap. They are associated with neurodegeneration and astroglial reactivity.

There are different systems for the removal of malformed proteins, including the two pathways
involved in the degradation of a-synuclein: the ubiquitin-proteasome system (UPS) and the
autophagy-lysosome pathway (ALP) [11,12]. What differs between these two pathways is the
type of proteins that are recognized—for the UPS system: short-lived soluble proteins and for the ALP
pathway: long-lived macromolecules, cytosolic components and dysfunctional organelles. In the case
of Parkinson’s disease, one of the pathways of the ALP system, chaperone-mediated autophagy (CMA),
is involved. It is known that CMA activity is linked to levels of LAMP-2A (the receptor of the CMA
pathway which bind to chaperones who have recognized proteins possessing the KFERQ motif), and in
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the substantia nigra of patients’ brains, the expression of LAMP-2A is particularly diminished [13-15].
This reduction is thought to be related to the accumulation of x-synuclein and nigral cell death [16]. In
addition to the deregulation of the CMA system, an accumulation of autophagosomes and changes in
enzyme content and acidification of the lysosomes were observed [17-19]. In Alzheimer’s disease,
it has been suggested that proteasome inhibition may explain the accumulation of A inside cells
in multivesicular bodies [20]. Similarly, proteasome inhibition, both in vitro and in vivo, increases
peptide levels A [21]. In addition, extracellular AP entering the cytosolic compartment can inhibit
proteasome activity in cultured neurons, leading to its accumulation in the cytosol [21].

2.2. Mitochondrial Dysfunction and Cell Death

In the case of Parkinson’s disease, it has been established that mitochondria are involved via
a deficiency in the complex I of the respiratory chain at the level of the patient’s black matter in
the neurons and in the glia but, also, at the level of skeletal muscle and platelets [22-25]. This
dysfunction contributes to the increase of mitochondria-dependent apoptotic processes [26]. Changes
in mitochondrial dynamics, at the bioenergetic level, as well as the inhibition of complex I of the
respiratory chain, have been identified on experimental models but, also, in patients [27,28]. Moreover,
the genes involved in Parkinson’s disease are important for mitochondrial function. For example,
mutations in the LRRK2 gene are associated with alterations in the mitochondria [29]. The proteins
encoded by the PARK2 and PINK1 genes are involved in the clearance of mitochondria damaged
by mitophagy [29]. In patients with Parkinson’s disease, degradation of the MIRO protein (outer
mitochondrial membrane protein involved in the binding between the mitochondria and microtubules)
is reduced, leading to loss of mitophagic function, which may result in increased oxidative stress [30].
Beyond the involvement of genetic factors and observed functional changes, x-synuclein can also
interact with the mitochondria and modulate their function. a-synuclein can be located at the
mitochondrial outer membrane, interact with members of the TOM complex (translocase/receptor
system) and, thus, inhibit the mitochondrial import of proteins in Parkinson’s disease [31]. These
interactions between mitochondria and x-synuclein may also be accompanied by excessive production
of oxidative stress [32]. «-synuclein can also disrupt mitochondrial dynamics, particularly the fusion
process, and inhibits complex I [33,34]. Histological evidence implicates cell death as the process
responsible for Parkinson’s disease, as indicated by the presence of fragmented DNA and, therefore,
apoptosis in patients” brains (TUNEL methods) and of active forms of caspases -1, -3, -8 and -9 at the
level of the black substance [35,36]. It was also shown that the mitochondrial pathway (p53-GAPDH-Bax
pathway) is involved, as is the Fas/FADD death receptor pathway, again thanks to post-mortem studies
(high levels of Fas, FADD and caspase-8 in the brains of Parkinsonian patients) [37].

In Alzheimer’s disease, a major feature is a loss of neurons in the cortical II layer of the
entorhinal cortex [38]. Neurons in the entorhinal cortex that synthesize acetylcholine and innervate the
hippocampus and neocortex can also die in Alzheimer’s disease. The accumulation of amyloid plaques
and neurofibrillary degeneration would be the main trigger for neuronal death of these cells. Neuronal
death can be induced by exogenous A and pseudo-hyperphosphorylated Tau, as shown in various
cell cultures and animal models of Alzheimer’s disease [39]. Indeed, neurons can internalize the
extracellular A peptide [40]. The A peptide could thus disrupt mitochondrial membranes and alter
the enzymatic activities of the respiratory chain associated with it, thereby leading to the production of
a reactive oxygen species [41]. In response to induced oxidative stress, various enzymes, including
calpains and caspases, are activated, leading to the cell death of neurons [42].

2.3. Oxidative Stress

Oxidative stress is a process induced by different free radicals, reactive oxygen species (ROS)
and reactive oxygen and nitrogen species (RONS). Among these species are hydrogen peroxide
(H20,), which, in the presence of iron (in ionic form), gives two hydroxyl radicals (OH), nitrogen
monoxide (NO-) and superoxide (O>~). Free radicals cause damage to proteins, lipids and DNA.
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This type of damage is found in the substantia nigra of Parkinson’s patients. This would contribute
to neuronal degeneration. At the level of patients’ substantia nigra, damage to proteins, lipids and
DNA related to free radicals has been identified in postmortem studies [43]. The dysfunctions of
the complex I of the mitochondria mentioned earlier induce an increase in the production of free
radicals, and conversely, oxidative stress leads to dysfunction of the mitochondria [43]. As in the case
of mitochondria, genes may be involved in setting up oxidative stress. Mutations in the DJ-1 or PARK?
genes, coding for a protein suspected of having antioxidant activity, are concomitant with increased
oxidative stress. In DJ-1-deficient mice, there is increased protein oxidation in stressed dopaminergic
neurons [44]. Mitochondrial dysfunction and oxidative stress can lead to lysosome depletion and
functional impairment of the autophagy/lysosome system, highlighting the interconnection between
the different processes responsible for the pathology [45].

In Alzheimer’s disease, in addition to the activation of certain enzymes indicated in the previous
paragraph, ROS disrupts the cytoskeleton, which undergoes various disorganization phenomena,
particularly at the level of dendrites [42] but, also, the plasma membrane and the membranes of
the cell organelles. This activates the BACE protein and, consequently, diverts the metabolism of
the APP protein towards the amyloidogenesis pathway with increased production of the peptide
AB. As in the case of Parkinson’s disease, oxidative damage has been found in proteins, nucleic
acids and lipids [46,47]. The A peptide can also act as a pro-oxidant directly or by impacting
NMDA receptor-dependent calcium influxes, leading to mitochondrial dysfunction and, thus, ROS
production [48,49].

2.4. Inflammation and Immunity

The central nervous system (CNS) has an endogenous immune system coordinated by
immunocompetent cells. The main actors involved in the inflammatory process during Alzheimer’s
disease are microglial cells, glial cells (astrocytes) and, possibly, neurons [50,51]. Both microglial
cells and astrocytes respond rapidly to the disease with changes in morphology, antigenicity and
function [52]. Microglial cells are cells that support and protect neurons. They act as immunocompetent
defense cells that orchestrate the endogenous immune response of the CNS. They can express major
histocompatibility complex type II (MHCII) and produce proinflammatory cytokines, chemokines,
ROS and complement proteins. These cells play a central role in the cellular response to pathological
lesions such as A3 and senile plaques [53]. In fact, AR can attract and activate microglial cells, leading
to their accumulation around amyloid deposits. Exposure of microglial cells to Ap causes their
activation, leading to increased MHC II cell expression and increased secretion of proinflammatory
cytokines (interleukin-1 (IL-1), interleukin-6 (IL-6) and TNF-« (tumor necrosis factor-«)), as well as
chemokines (interleukin-8 (IL-8), MIP-1& (macrophage inflammatory protein-1«) and MCP1 (monocyte
chemoattractant protein-1)) [54,55]. AR may promote passage of peripheral circulating macrophages
through the blood-brain barrier following recruitment by chemokines, which could increase the extent
of inflammation. Kopec & Carroll (1998) showed that AP can induce a phagocytic response in microglial
cells in a dose- and time-dependent manner [56]. Internalization and co-localization of the lysosome
and AP associated with damage to neighboring neurons were observed by Bolmont et al., which
coincided with the arrival of microglial cells, while plaque resolution was not observed for weeks [57,58].
Reactive astrocytes also contribute to neurodegeneration by stimulating apoptotic processes [59]. In
Alzheimer’s disease, astrocytes are found associated with amyloid deposits, where they secrete several
proinflammatory molecules such as interleukins, prostaglandins, leukotrienes, thromboxanes and
complement factors. These molecules are like, and co-localized with, those secreted by microglial cells.
One study detected diffuse plaques associated with astrocytes, consisting of granules of Aj3, in the
brains of nondemented elderly people. This observation suggests that astrocytes may be involved
in the phagocytosis of AP [60] and that, probably, a deficit in the elimination of A3 by astrocytes is
part of the pathology of Alzheimer’s disease. In the brains of Alzheimer’s disease patients [52] and
transgenic models of Alzheimer’s disease mice [61], reactive astrocytes occupy positions near the
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plaques, encircling the deposits of AP, a mechanism by which the cells could actas a barrier between
healthy tissue and tissue with inflammation [52]. In addition, the fibrillar form of amyloid peptide
interacts with complement proteins and thereby activates the innate immune system [62]. In particular,
the interaction AB/Clq, which involves the 11 N-terminal residues of AP, activates the classical
complement pathway [63]. This process induces a cascade of activations that leads to the formation of
lytic complexes, partly responsible for neuronal death, and inflammatory activation [64]. Neurons
themselves may play a role in the inflammatory process through the production of certain cytokines
such as IL-1 [65], IL-6 [66], TNF-« [67] and some pentraxins, namely CRP and Ap (amyloid P) [68].
The mRNA expression levels of proteins of the classical complement pathway are similarly increased
in the brains of Alzheimer’s patients compared to those of controls [69].

Numerous studies have implicated neuroinflammation and, more specifically, microglial cells in
the development and progression of death of the dopaminergic neurons of the substantia nigra [70].
Positron emission tomography (PET) imaging has made it possible to visualize microglial activation
in the pons, central gray nuclei, striatum and frontal and temporal cortical regions of patients with
Parkinson’s disease [71,72]. Post-mortem immunohistological analyses also show morphological and
functional signs of microglial activation in the CNS: increased cell density, retraction of branches and
hypertrophy of the cell body; expression of MHC II molecules [73-76] and increased expression of
the lysosomal marker CD68 [75,77]. Phagocytosis and antigenic presentation are classically the two
main functions attributed to microglial cells. In the 6-hydroxydopamine (6-OHDA) model, analysis of
the lysosomal marker CD68, reflecting phagocytosis activity, and of MHC II molecules, reflecting the
role of antigen presentation, shows that these two functions may evolve according to independent
kinetics [78-81]. Peak phagocytic activity, as determined by the level of CD68 expression, has been
reported to occur either before or after maximal neuronal death [79,82]. These contradictory results
lead to conflicting hypotheses as to the role of microglial activation. It might be assumed that a process
of deregulation of phagocytic functions amplifies the autonomous mechanisms of neuronal death.
It could also be assumed that the main function of microglial cells is the removal of neuronal cell
debris. Activated microglia also have the important property of secreting a set of cytokines that are
either proinflammatory or anti-inflammatory. Potentially neurotoxic proinflammatory proteins are
expressed in the brains of patients with Parkinson’s disease, including COX and iNOS, TNFe, IL13
and IFNy [83,84]. T-lymphocytes are the main cells that produce IFNy, a cytokine known to activate
macrophages (including microglia). Numerous animal studies have demonstrated a deleterious role
of IFNY in the pathophysiology of Parkinson’s disease [85-88]. Since Th1 lymphocytes are the main
source of IFNy and macrophages are the main target cell for this cytokine, these results suggest that
the dialogue between Thl and microglial cells in the substantia nigra of patients with Parkinson’s
disease could be a key event in dopaminergic neuronal loss. In the MPTP model, the regulatory
T-lymphocytes (Tregs) prevent the degeneration of dopaminergic neurons by altering the molecular
behavior of microglial cells [89,90]. Thus, microglial cells are likely to exert distinct and possibly
opposing effects depending on the stage of Parkinson’s disease progression, the immunogenetic terrain
and a set of instructional signals delivered by infiltrating T lymphocytes, among other factors.

3. Cytoprotector Effects of Vegetable Oil

In this paragraph, we will discuss the effects of oils or molecules derived from vegetable oils as a
potential therapeutic or preventive avenue against cell death (mitochondria, apoptosis and oxidative
stress) and inflammation. These effects are reported in Figure 1, which summarizes the different
signaling pathways potentially involved in Parkinson’s and Alzheimer’s disease, as well as the sites of
action of lipid nutrients that will be described in this section (Figure 1).
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Figure 1. Signaling pathways impacted by lipid nutrients at the level of target organelles and common
processes involved in Parkinson’s and Alzheimer’s disease: autophagy, apoptosis, oxidative stress
and inflammation. (1) Compounds derived from sesame oil and sesame seeds, (2) red ginseng oil,
(3) coriander volatile oil, (4) compounds of Nigella sativa seed oil, (5) olive oil, (6) argan oil, (7) milk
thistle seed oil, (8) krill oil, (9) sea urchin egg oil, (10) compounds of Lorenzo’s oil, (11) oleic acid,
(12) docosahexaenoic acid, (13) eicosapentaenoic acid, (14) «-linolenic acid, (15) linoleic acid, (16)
arachidonic acid, (17) plasmalogens, (18) compounds of Cyperus rotundus oil, (19) compounds of dietary
tuna oil and (20) fish oil.

In SH-SY5Y cells, sesamin and sesamol (concentration 1 uM), two compounds derived from
sesame oil and sesame seeds, are capable of reducing H>O»-induced cell death, as well as the production
of intracellular ROS [91]. The signaling pathway involved in this neuroprotection involves activation
of SIRT1-SIRT3-FOXO3a expression, inhibition of the proapoptotic protein Bax and positive regulation
of the antiapoptotic protein Bcl-2 [91]. In 6-OHDA-treated rats (PD model), sesamin decreases ROS
levels, increases superoxide dismutase activity and decreases caspase-3 activity [92]. In another cellular
model of Parkinson’s disease (use of 1-methyl-4-phenyl-pyridine (MPP(+)) ion), sesamin also protects
PC12 cells from cell death by reducing oxidative stress [93].

Red ginseng oil is able to protect PC-12 cells treated with A3(25-35) peptides from cell death. This
oil attenuates apoptosis by acting on calcium influx and loss of mitochondrial membrane potential
but, also, on the proteins involved in the death pathways: Bax, Bcl-2 and caspases-3 and -9, as well
as PARP [94]. It also has an anti-inflammatory effect by negatively regulating the c-Jun/N-JNK/p38
pathway [94]. Red ginseng oil extract is composed mainly of linoleic acid, 3-sitosterol and stigmasterol.
These three compounds inhibit the toxicity induced by AB(25-35) by regulating oxidative stress,
apoptosis and inflammation but using different molecular mechanisms in PC12 cells [95]. For example,
at the level of cell death, linoleic acid and stigmasterol regulate mitochondrial membrane potential;
intracellular calcium; Bax/Bcl-2 ratio and caspases-9, -3 and -8, while B-sitosterol blocks only the
intrinsic apoptotic pathway [95].

Inhaled coriander volatile oil was tested in a rat model for Alzheimer’s disease and decreased
markers of oxidative stress on hippocampal tissues: decreased superoxide dismutase and lactate
dehydrogenase activities, increased glutathione peroxidase activity and decreased malondialdehyde
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levels [96]. This inhaled oil may also decrease antiapoptotic activity [96]. Studies on Coriandrum
sativum leaves have confirmed that this species has antioxidant, anti-inflammatory and, especially,
ERK-signaling inhibitory properties that are beneficial for Alzheimer’s patients [97].

Thymoquinone is the most abundant ingredient in Nigella sativa seed oil. This molecule protects
human-induced pluripotent stem cell (hiPSC)-derived cholinergic neurons treated with A (1-42) from
cell death, oxidative stress and synaptic toxicity [98]. Thymoquinone reduces inflammation in a model
of Alzheimer’s disease by likely acting on the TLR pathway and NF-kB-signaling pathway [99,100].

Total ginsenosides and volatile oil of Acorus tatarinowii administered together to AD mice
inhibit apoptosis, decrease malondialdehyde content in the cortex and hippocampus and increase
superoxide dismutase activity [101]. Acorus tatarinowii Schott volatile oil, via its compound
[-asarone (1,2 4-trimethoxy-5-([Z]-prop-1-enyl)benzene), is able to regulate autophagy and stress
of the endoplasmic reticulum in a 6-OHDA-induced Parkinsonian rat model by inhibiting the
PERK/CHOP/Bcl-2/Beclin-1-signaling pathway [102].

Olive oil, a major constituent of the Mediterranean diet, through its two components tyrosol
and hydroxytyrosol, decreases the cell death of N2a cells treated with A3(25-35) but cannot prevent
the decrease of glutathione induced by H>O; or A [103]. In SH-SY5Y cells treated with dopamine
and 6-hydroxydopamine, hydroxythyrosol protects against death induced by these compounds [104].
Oleocanthal, one of the active components of extra-virgin olive oil, reduces interleukin-6 increase and
glial fibrillary acidic protein upregulation, characteristic processes of inflammation induced by A3
oligomers [105].

a-cyperone, one of the main ingredients of Cyperus rotundus oil, exerts neuroprotective effects in
BV-2 microglial cells by reducing the production of inflammatory cytokines: IL-1f3, TNF-oc and IL-6.
This action occurs by activating Akt/Nrf2/HO-1 and suppressing the NF-«B pathway [106].

The consumption of dietary tuna oil (0.55% EPA and 0.36% DHA, % of total diet weight) for eight
weeks, in a mouse model of age-related pathologies such as Alzheimer’s disease, prevents elevation of
hippocampal TNF-a and monocytic marker CD11b protein levels, whereas GFAP and IL-1f3 increase
despite this dietary supplementation [107].

Some oils have not been tested in a model for Parkinson’s or Alzheimer’s disease, but their actions
have been evaluated in cell models where oxidative stress and organelle dysfunction have been induced
by oxysterols (oxidized derivatives of oxysterols) in cells of the nervous system: oligodendrocytes.
Indeed, when their concentration is abnormal, oxysterols are associated with demyelinating or
neurodegenerative diseases such as Parkinson’s or Alzheimer’s disease [108,109]. 7-ketocholesterol
(7KC) is capable of inducing cell death and oxidative stress in 158N oligodendrocyte cells [110].

Argan oil is capable of inhibiting processes induced by 7KC: loss of cell adhesion; cell growth
inhibition; increased plasma membrane permeability; mitochondrial, peroxisomal and lysosomal
dysfunction and the induction of oxiapoptophagy (OXIdation + APOPTOsis + autoPHAGY) in
oligodendrocytes [111].

In the 158N oligodendrocyte cell model, OSS of cell adhesion, increased plasma membrane
permeability, mitochondrial dysfunction, ROS overproduction, induction of apoptosis and autophagy
induced by 7KC are attenuated by milk thistle seed oil [112].

All these oils can be potential natural resources for the functionalized food industry, as well as
being used as neural protective agents.

4. Cytoprotective Effects of Animal Oils

Seafood can have neuroprotective effects. Data are available, not on models strictly mimicking
Alzheimer’s and Parkinson’s disease, but on models adapted to resemble certain features of
neurodegenerative diseases. These effects are reported in Figure 1.

Krill oil protects PC-12 cells from methamphetamine-induced cell death by increasing cell viability,
decreasing cleaved caspase-3 and regulating mitochondrial membrane potential [113]. It also protects
from oxidative stress by increasing superoxide dismutase and glutathione enzyme activities and
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decreasing ROS and NO production [113]. The authors suggest that apoptosis and oxidative stress are
key processes in the pathophysiology of many neurodegenerative diseases and that this oil could be
beneficial in these pathologies [113]. Antarctic krill oil reduces oxidative stress in the brains of SAMP8
mice, but the effects are barely visible in the serum and liver [114].

Fish oil decreases the expression of neuroinflammatory genes in response to amyloid- [115].
Short-term fish oil supplementation, used in the presymptomatic stage of Alzheimer’s disease,
influences the behavior of microglia/macrophages, inducing them to establish a physical barrier around
the amyloid plaques [116]. In the mu-p75 saporin (SAP)-induced mouse model of Alzheimer’s disease,
a mixture of tart cherry extract, Nordic fish oil and refined emu oil protects from inflammation and the
loss of neurons induced by SAP [117]. Sprague Dawley rats, aged eight weeks and LPS-injected, were
fed for two weeks with food containing 15% fish oil (% of total diet weight). Dopaminergic lesions
were decreased in this model. as well as OX42 (also known as CD11b) protein, a monocytic marker,
TNF-« and IL-1p3 [118].

Oxysterols may be involved in the development of neurodegenerative diseases [108]. Based
on this hypothesis, mouse 158N oligodendrocytes were treated with 7f3-hydroxycholesterol. This
induces cell death associated with oxidative stress (alterations in superoxide dismutase and glutathione
peroxidase activities, increased lipid peroxidation and protein carbonylation) [119]. Sea urchin egg
oil attenuates the cytotoxicity induced by 7-hydroxycholesterol. This result led to the hypothesis
that this oil could be useful in the prevention of neurodegenerative diseases and, therefore, possibly
Alzheimer’s and Parkinson’s disease [119].

5. Cytoprotective Effects of Functionalized Oil

Functionalized oils, or compounds of these oils, may eventually become therapeutic avenues
through their actions on cell death and oxidative stress. These actions are reported in Figure 1.

Erucic acid (monounsaturated w9-fatty acid, denoted 22:1w9) is one of the components of
Lorenzo’s oil, used in adrenoleukodystrophy. It is consumed in some Asian countries and by the
Eskimos of Greenland as an edible oil. Erucic acid has an antioxidative activity that could counteract
the oxidative stress present in neurodegenerative diseases, particularly Alzheimer’s disease [120].
Indeed, it has been shown in various studies that erucic acid could reduce oxidative damage to DNA
and is capable of modifying catalase activity (a peroxisomal enzyme involved in the protection of cells
against ROS) but also of protecting the mitochondrion and stimulating its biogenesis (via its PPARS
ligand action) [120]. Erucic acid, present at high levels in mustard, can also inhibit inflammatory
enzymes. Many oils contain erucic acid, such as corn oil, rapeseed oil, soybean oil, safflower oil, perilla
oil and mustard oil, and it has been shown that these oils can have a positive effect on locomotor
activity and memory [120].

6. Cytoprotective Effects of Fatty Acids

In the case of individual lipids, which are components of oils or seafood products, various studies
have been carried out on cells of the nervous system, suggesting possible actions in Parkinson’s and
Alzheimer’s disease. Their actions are reported in Figure 1.

In a mouse microglial cell model BV-2, oleic acid (OA), a major compound of olive and argan
oil, and docosahexaenoic acid (DHA; C22:6 n-3) present in fatty fishes, such as sardines, are able to
inhibit the major toxic effects of 7KC: caspase-3 activation and increased LC3-1I/LC3-1 ratio (autophagy
indicator) [121].

Some n-3 polyunsaturated fatty acids (PUFAs), such as docosahexaenoic acid (DHA) and
eicosapentaenoic acid (EPA; C20:5 n-3), are known to have beneficial effects in neurodegenerative
diseases. In a model using differentiated SH-SY5Y cells treated with AB(25-35), DHA, EPA and
mixtures of these two compounds at DHA/EPA ratios 1:1 and 2:1 are able to modulate the neurotoxicity
of the AB(25-35) peptide by decreasing cell death (Bax/Bcl-2 ratio and caspase-3) and oxidative
stress [122]. DHA and EPA can be provided in different forms (glycerophosphatides, triglycerides or
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ethyl esters). The effects of these different modifications are considered. Chinese hamster ovary cells
(CHO) stably transfected with amyloid precursor protein (APP) and presenilin 1 (PS1) and SAMP8 mice
fed with high-fat diets (HFDs, known to induce metabolic stress, leading to cognitive impairment and
aging) have been used to mimic Alzheimer’s disease. DHA-enriched phosphatidylcholine (DHA-PC)
and EPA-enriched phosphatidylcholine (EPA-PC) were tested in these models, and it was shown that
these two compounds can reduce oxidative stress by inducing antioxidant systems (SOD, T-AOC,
GSH and GSH-PX) and inhibiting oxidative systems (reduced MDA, NO and NOS levels). They also
inhibit apoptosis [123]. In an Alzheimer’s rat model (induction AB1-42), EPA-PC and DHA-ethyl
ester are able to decrease lipid peroxidation rates and mitochondrial-dependent cell deaths [124]. In
HFD-induced Alzheimer’s disease mice models, DHA-PC and DHA-phosphatidylserine (DHA-PS) can
inhibit oxidative stress, and DHA-PS is more effective than DHA-PC in the inhibition of mitochondrial
damage [125].

One study tested the abilities of PUFAs n-3 and n-6: DHA, EPA, a-linolenic acid (x-LNA; C18:3
n-3), linoleic acid (LA; C18:2 n-6), arachidonic acid (AA; C20:4 n-3) and vy-linolenic acid (y-LNA;
C18:3n-6) to inhibit cell death. Different known inducers of cell death etoposide, okadaic acid and
AraC have been used in mouse neuroblastoma cells (Neuro2a). All these PUFAs inhibit cell death
when used separately but had no effect when used together. These results therefore prompted the
authors to propose PUFAs as molecules that could delay the onset of diseases and/or their rates of
progression [126].

The use of DHA and EPA, for six months, prevents a decrease in the levels of specialized protective
mediators, involved in inflammation, produced by peripheral blood mononuclear cells (PBMC) of
Alzheimer’s patients [127]. This effect is accompanied by improvements in cognitive function [127].
EPA supplementation appears to improve glial overactivation and to have effects on n3/n6 imbalance
and the negative regulation of BDNE which contribute to the anti-inflammatory actions [128]. The same
supplementation, given as part of the OmegAD study, induces the regulation of different genes involved
in inflammation, e.g., CD63, MAN2A1, CASP4, LOC399491, NAIP and SORL1 and in ubiqutination
processes, e.g., ANAPC5 and UBE2V1 [129]. Additionally, DHA and EPA supplementation decreased
the release of IL-1f, IL-6 and granulocyte colony-stimulating factor from the PBMC of Alzheimer’s
patients [130]. DHA, in combination with (-)epigallocatechin-3-gallate and «-lipoic acid promoted
anti-inflammatory (microglial activation) and neuroprotective effects in male Tg2576 transgenic
mice [131]. Human CHME3 microglial cells, treated with the peptide AB42, also received DHA and
EPA. This combination of omega-3 fatty acids stimulates microglial phagocytosis of A42, decreases
proinflammatory M1 markers CD40 and CD86 and increases neurotrophin production [132].

A model of Parkinson’s disease can be created using rotenone, a mitochondrial I-complex
inhibitor, which induces dopaminergic neuronal death. Rats are therefore treated with DHA to test its
effectiveness, followed by rotenone. Pretreating these rats with DHA protects dopaminergic neurons
against this mode of death [133].

In an experimental rat model of Parkinson’s disease created with 1-methyl-4-phenyl-1,2,3,
6-tetrahydropyridine (MPTP), DHA induces phosphorylation of the Akt protein, thus activating the
Akt-dependent survival pathway, and also acts on the Bcl-2 pathway [134]. The same team also showed
that DHA would decrease lipid oxidation in the brain [135].

In a model using the herbicide paraquat that induces dopaminergic neuron loss through the
excessive production of ROS, DHA inhibits neuronal cell death by increasing glutathione homeostasis
via Nrf2 [136].

Plasmalogens, glycerophospholipids containing vinyl ether linkage at the sn-1 position, can
attenuate the neuronal cell death in Neuro-2A cells upon the serum starvation. The plasmalogens
would activate the PI3K/Akt-signaling pathway by promoting its phosphorylation and the MAPK/ERK
1/2 pathway. Plasmalogens are also able to inhibit nutrient-deprivation-induced neuronal cell death in
the hippocampus via inhibition of caspase-9 and caspase-3 activity [137].
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Mice treated with MPTP and fed a diet containing 0.8% ethyl EPA (% of total diet weight)
showed a reduction in striatal TNF-a and IFN-y proteins [138]. The IL-10 protein is reduced in
the midbrain following treatment with ethyl EPA. On the other hand, the expression of COX-2 and
calcium-dependent cytosolic PLA2, enzymes involved in inflammatory signaling, are not altered.

7. Conclusions

Parkinson’s and Alzheimer’s disease have common physiopathological processes, such as protein
aggregation and accumulation and altered protein breakdown systems, mitochondrial malfunction
associated with cell death and oxidative stress. To prevent these side effects, some nutrients could be
used as nutraceuticals or a as part of functionalized foods. There are indeed several lines of evidence
that oils and fatty acids used alone could be employed because of their actions on protein aggregation,
dysfunctional protein degradation systems, cell death, oxidative stress and/or inflammation to prevent
or slow down the development of these diseases (Figure 2). Furthermore, interactions between
nutraceutical products could have inverse, negative results; it is important not to value the additive
or synergistic effects of combination products in vivo without testing them in animal models and
human clinical studies. In the future, micro- and nanoencapsulation of oils and fatty acids associated
with targeted therapies could help to optimize the efficiency of these compounds, whose activities
depend both on the degree of degradation in the gastrointestinal tract and on the passage through the
blood-brain barrier. Lipid nutrients are certainly a valuable source for developing therapies, but there
are also other molecules such as polyphenols, whose properties have already been demonstrated in
neurodegenerative diseases and which could be used in combination with these lipids [139,140].

| Lipids Nutrients
| Vegetable and animal oils, functionalized oils, fatty acids

_— improved
cell viability
(cytoprotection)

Figure 2. The potential of lipid nutrients to prevent Parkinson’s and Alzheimer’s disease. Several
lipid nutrients, including vegetable and animal oils, functionalized oils and fatty acids, could be
used to treat or attenuate Parkinson’s and Alzheimer’s disease. These disorders have in common
protein aggregation and the alteration of protein degradation systems, which can trigger mitochondrial
dysfunction and oxidative stress, leading to cell death and inflammation. There are now several in vitro
and in vivo arguments that lipid nutrients can be efficient in the prevention of neurodegeneration
associated with protein aggregation (3-amyloids in Alzheimer’s disease and a-synuclein in Parkinson’s
disease). In the future, the cytoprotective activity of lipid nutrients could be enhanced by micro- or
nanoencapsulation. Nanotherapy targeting the mitochondria may be considered (Targeted Organelle
Nanotherapy (TORN therapy)).
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Abbreviations

‘OH hydroxyl radicals

6-OHDA 6-hydroxydopamine

7KC 7-ketocholesterol

AA arachidonic acid

ALP autophagy-lysosome pathway

APP Amyloid precursor protein

Ap amyloid beta

BACE beta-site APP cleaving enzyme
CHO Chinese hamster ovary cells

CMA chaperone mediated autophagy
CNS central nervous system

DHA docosahexaenoic acid

DHA-PC DHA-enriched phosphatidylcholine
DHA-PS DHA-phosphatidylserine

EPA eicosapentaenoic acid

EPA-PC EPA-enriched phosphatidylcholine
GSH reduced glutathion

GSH-PX glutathion peroxydase

H>0» hydrogen peroxide

HFD high-fat diet

hiPSC human-induced pluripotent stem cell
IL Interleukin

LA linoleic acid

LRRK2 Leucine-rich repeat kinase 2

MCP1 monocyte chemoattractant protein-1
MHCII major histocompatibility complex type II
MIP-Tec macrophage inflammatory protein-1o
MPP(+)) 1-methyl-4-phenylpyridinium
MPTP 1-methyl-4-phenyl-1,2,3 6-tetrahydropyridine
NMDA N-methyl-D-aspartate

NO. nitrogen monoxide

Oy~ superoxide

OA oleic acid

PET Positron emission tomography
PINK1 PTEN-induced putative kinase 1
PUFA polyunsaturated fatty acids

RONS reactive oxygen nitrogen species
ROS reactive oxygen species

SAP saporin

SOD superoxide dismutase

T-AOC total antioxidant capacity

TNF-a tumor necrosis factor-o

TOM translocase of the outer membrane
Tregs regulatory T-lymphocytes

urs ubiquitin-proteasome system
a-LNA a-linolenic acid

v-LNA y-linolenic acid

TORN Targeted Organelle Nanotherapy
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Les effets toxiques du 7KC sur cellules ont été établis dans le contexte de nombreuses
maladies : cardiovasculaires, oculaires, neurodégénératives, inflammatoires chroniques et
génetiques rares (Anderson et al., 2020). Ces effets delétéres se caractérisent par une élévation du

stress oxydant pouvant mener a la mort cellulaire (Vejux et al., 2020).

v Au niveau cellulaire, les effets du 7KC sont bien documentés mais de nombreux aspects de sa
toxicité sont encore méconnus. Nos résultats obtenus sur cellules 158N confirment 1’induction
d’une mort par oxyapoptophagie incluant une activation du stress oxydant, une induction
d’apoptose et la présence de critéres d’autophagie. La complexité de ce type de mort et des voies

de signalisation qui lui sont associées sont représentées sur la Figure 21.
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Figure 21 : Voies de signalisation associées a la toxicité du 7-cétocholestérol

Les voies de signalisations présentées regroupent des effects observés a partir de différents types
cellulaires. Le 7KC s'accumule dans les radeaux lipidiques, déclenche I'externalisation de la
phosphatidylsérine, module l'activité des canaux Ca?*, K* et Na*/K" tels que les récepteurs P2X7
et Kv3.1. Ceci favorise une accumulation intracellulaire de Ca?* et de K*. Le 7KC active
également le stress du RE et le stress oxydant (surproduction d’ERO), ce qui contribue aux
dysfonctionnements des organites (mitochondrie, peroxysome, lysosome, RE). De plus, la
capacité du 7KC a inhiber la voie de signalisation PI3-K/PKB/Akt participe a la chute du
potentiel transmembranaire mitochondrial (A¥m). Ces différents effets conduisent a une
induction de l'autophagie et I'apoptose. L'activation du stress oxydant, de l'apoptose et de
I'autophagie est définie comme oxyapoptophagie (oxiapoptophagy dans les bases de données). Le
7KC est également une molécule pro-inflammatoire qui déclenche I'inflammation par l'activation
du récepteur TLR4 et la sécrétion de cytokines pro-inflammatoires (IL-1B, IL-8, ICAM-1,
VCAM-1, E-sélectine). Adapté de (Vejux et al., 2020).

Le 7KC s’accumule dans les radeaux lipidiques et modifie la fluidit¢ membranaire (Ragot et al.,

2011). 1l peut ainsi perturber les signaux membranaires tels que les flux calciques et potassiques
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impliqués dans la mort cellulaire (Bezine et al., 2018a; Bezine et al., 2018b; Mackrill, 2011;
Olivier et al., 2016). Le 7KC inhibe la voie PI13-K/PKB/Akt, ce qui provoque une chute du
potentiel transmembranaire mitochondrial (A¥m) et induit I’apoptose sur des cellules
monocytaires U937 (Vejux et al., 2009a). D’autre part, le 7KC induit une augmentation du stress
oxydant qui contribue aux dysfonctions des organites (mitochondrie, RE, lysosome,
peroxysome). Une augmentation de I’inflammation via la sécrétion de cytokines peut aussi étre
observée via I’activation du récepteur membranaire TLR4 (Huang et al., 2014). Ces différentes
altérations métaboliques sont généralement accompagnées d’un processus d’autophagie et d’une
mort cellulaire par apoptose (Nury et al., 2014). La notion d’oxyapoptophagie n’est pas limitée
au 7KC mais s’applique aussi a d’autres oxystérols cytotoxiques comme le 7p-OHC et le 24(S)-
OHC (Nury et al., 2015; Vejux et al., 2020). Mieux connaitre 1’oxyapoptophagie présente un
intérét pharmacologique et thérapeutique pour identifier des cibles afin de s’opposer a ce type de

mort et aux maladies auxquelles elle serait associée.

v De plus, ce travail de thése a permis de préciser les effets du 7KC sur le peroxysome et les
conséquences probables sur les autres organites (mitochondrie, lysosome, RE) ainsi que sur les
gouttelettes lipidiques. Les résultats obtenus ont aussi permis d’aborder les relations peroxysome,
stress oxydant, apoptose et autophagie. Il a été démontré sur des oligodendrocytes murins 158N
que le 7KC perturbe le métabolisme peroxysomal, qu’il soit utilis¢é & une concentration
faiblement toxique (25 uM) ou a une concentration toxique (50 uM). Dans ces conditions, les
mitochondries sont peu affectées a 25 puM alors qu’une importante chute du A¥m est observée a
50 UM, entrainant un phénoméne d’apoptose. De plus, les modifications peroxysomales causees

par le 7KC se caractérisent par une modification de leur forme en microscopie électronique a
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transmission. L’expression de plusieurs protéines peroxysomales est également modifiée. Les
niveaux de transporteurs membranaires peroxysomaux ABCD1 et ABCD3 sont diminués ainsi
que les enzymes ACOX1 et MFP2, impliquées dans la B-oxydation des AGTLC. La premieére
enzyme de synthése des plasmalogénes, la DHAPAT, est également diminuée. Ces altérations
d’expression de protéines peroxysomales sont accompagnées d’une accumulation d’AGTLC
(C24:0, C24:1 C26:0 et C26:1) ; en revanche, le niveau de plasmalogenes total n’est pas impacte.
Il est important de souligner que I’accumulation d’AGTLC induite par le 7KC pourrait contribuer
a amplifier le stress oxydant, a altérer les membranes, a agir sur I’homéostasie calcique et a
activer la mort cellulaire (Baarine et al., 2012; Doria et al., 2019; Nury et al., 2017; Schonfeld et
al., 2016). Les effets toxiques des AGTLC et du 7KC seraient donc cumulatifs. Ces résultats
suggerent que les altérations peroxysomales induites par le 7KC joueraient ainsi un réle

important dans le processus de mort cellulaire induit par le 7KC.

e Impact du 7KC sur le peroxysome et conségquence sur les autres organites

Dans son ensemble, le 7KC pertuberait la mitochondrie et le peroxysome mais aussi le RE et les
lysosomes, ainsi que les relations entre ces différents organites. Ceci aurait pour conséquence une
altération des fonctions et des activités cellulaires qui dans des conditions extrémes pourraient

aboutir a la mort.

- Incidence du 7KC sur les relations peroxysome / mitochondrie : La B-oxydation des
AGTLC débute dans le peroxysome et se poursuit dans les mitochondries. Le NAD™ nécessaire a

la B-oxydation des AGTLC est produit par la mitochondrie puis transporté vers le peroxysome.
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Le NADH formé ne peut alors étre oxydé que dans les mitochondries (Fransen et al., 2017). Le
métabolisme Redox du peroxysome et de la mitochondrie sont également liés: en effet, des
dysfonctions métaboliques peroxysomales (B-oxydation, activité catalase, biogénese
peroxysomale) induisent une augmentation du stress oxydant mitochondrial (Fransen et al., 2017;
Lismont et al., 2015; Peeters et al., 2015). Par ailleurs, comme la mitochondrie joue un role lors
de la biogénése peroxysomale (une partie des peroxysomes formés de novo provient de
bourgeonnement mitochondriaux) (Fujiki, 2016; Sugiura et al., 2017) son altération peut avoir
des conséquences délétéres sur la quantité et la qualité des peroxysomes par cellule. Il a été
montré que le 7KC diminue le taux de NAD™ dans les cellules 158N et perturbe le cycle de Krebs
au niveau des mitochondries, induisant une diminution des acides organiques (pyruvate, citrate,
fumarate, succinate) et une accumulatin de lactate (Leoni et al.,, 2017). L’accumulation
d’AGTLC observée dans les cellules traitées par le 7KC pourrait étre dle en partie a la
diminution du taux de NAD™ mitochondrial qui est nécessaire a la B-oxydation peroxysomale,

soulignant ainsi I’importance des relations mitochondrie / peroxysome.

- Incidence du 7KC sur les relations peroxysome / RE : Le peroxysome peut aussi interagir
avec le RE. Une partie des peroxysomes formés de novo provient de bourgeonnement de RE
(Sugiura et al., 2017). De plus, la synthése de DHA, des acides biliaires et des plasmalogénes est
partagée entre ces deux organites. Il a été montré qu’une accumulation d’AGTLC due a un défaut
de B-oxydation entraine un stress du RE dans des fibroblastes de patients atteints d’X-ALD (van
de Beek et al., 2017). Dans des souris PEX2 -/-, I’expression de sterol regulatory element-binding
protein-2 et 1¢ (SREBP-2, SREBP-1c : facteurs de transcriptions impliqués dans la régulation du
métabolisme du cholestérol et des triglycérides) et insulin induced gene-2a (INSIG-2a : protéine

impliquée dans la régulation du métabolisme du cholestérol) est dérégulée, ce qui entraine un
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stress du RE et une perturbation de la voie de réponse aux stérols (Kovacs et al., 2009). Les
effets toxiques du 7KC sur le RE pourraient ainsi avoir des répercussions sur la biogeneése des
peroxysomes. De plus, I’accumulation des AGTLC induite par le 7KC pourraient entrainer a son

tour un stress du RE en raison de leur toxicité (van de Beek et al., 2017).

- Incidence du 7KC sur les relations peroxysome / lysosome : Des liens existent également
entre le peroxysome et le lysosome. Les membranes peroxysomales et lysosomales peuvent
interagir via la synaptotagmine VII (SYT7) présente dans la membrane lysosomale et le
phosphatidylinositol-4,5-biphosphate (P1(4,5)P2) de la membrane peroxysomale. Ces contacts
membranaires permettent aux deux organites d’échanger du cholestérol (Chu et al., 2015;
Sargsyan et al., 2020). Une accumulation de cholestérol est observée dans les lysosomes de
souris et des fibroblastes de patients présentant des déficiences peroxysomales. Cette
accumulation pourrait résulter d’un défaut d’interactions entre les peroxysomes et les lysosomes
(Chen et al., 2020). Cette accumulation de cholestérol associée au stress oxydant pourrait alors
contribuer a faire augmenter le taux de 7KC. De plus, les perturbations lysosomales induites par
le 7KC (diminution du pH, accumulation de cholestérol, diminution de 1’actvité des cathepsines)
pourraient altérer I’efficacité du processus d’autophagie lors de la fusion du lysosome avec les

autophagosomes (Butler et al., 2006; Li et al., 2011).

- Incidence du 7KC sur les relations peroxysome / goutelettes lipidiques : Enfin, les
peroxysomes peuvent interagir avec les gouttelettes lipidiques de fagon a réaliser des échanges de
lipides. Le contact entre les membranes des deux organites se fait par ’interaction de la spastine
M1 présente dans la membrane des gouttelettes lipidiques avec le transporteur membranaire

peroxysomal ABCD1 (Sargsyan et al., 2020). Des acides gras peuvent ainsi entrer dans le
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peroxysome pour y étre dégrades. Les mutations de la spastine M1 qui perturbent les contacts
entre les peroxysomes et les gouttelettes lipidiques sont la premiéere cause de paraplégie spastique
familiale (maladie neurodégénérative) (Chang et al., 2019). Le 7KC diminuant I’expression
d’ABCDI dans les oligodendrocytes murins 158N, on peut supposer que cette altération pourrait

entrainer des effets secondaires au niveau des contacts avec les gouttelettes lipidigues.

Ainsi, les effets toxiques du 7KC sur le peroxysome pourraient perturber les interactions avec les
autres organites mais aussi avec les goutellettes lipidiques. Ceci pourrait altérer les voies

métaboliques issues de ces coopérations et contribuer aux dégats cellulaires causés par le 7KC.

e Impact du 7KC sur le peroxysome et conséquence sur le stress oxydant

Ce travail a montré que le 7KC perturbe le peroxysome ainsi que le stress oxydant au sein des
cellules. Les niveaux d’anions superoxydes (O2") et de peroxyde d’hydrogéne (H202) sont
augmentés. L’expression ainsi que 1’activité de la catalase sont aussi induites par le 7KC. Enfin,
les taux d’oxystérols formés par 1’élévation du stress oxydant favorisent I’accumulation de 7f3-
OHC et cholestane-3p,5a,6p-triol. Plusieurs enzymes peroxysomales générent des ERO & un
niveau basal (NOS, différentes oxydases : ACOX, urate oxydase, xanthine oxydase, D-amino
acid oxidase, D-aspartate oxidase, pipecolic acid oxidase, polyamine oxidase). Le peroxysome
contient également des enzymes qui dégradent les ERO de facon a maintenir 1’équilibre Redox
(catalase, glutathion peroxidase (GPx), SOD, epoxyde hydrolase, peroxyrédoxine) (Schrader et
al., 2006). Sur les cellules 158N, le niveau des transcrits de génes peroxysomaux impliqués dans
le catabolisme des ERO (SOD?2 et catalase) est augmenté par le 7KC. Sur les cellules N2a traitées

par le 7KC, I’expression de SOD1, SOD2, catalase et GPx1 est modifiée par le 7KC. Sur des
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cellules microgliales murines BV-2, ’activité catalase est augmentée par le 7KC (Nury et al.,
2017). Sur les cellules 158N traitées par le 7B-OHC, les activités GPx, SOD et catalase sont
augmentées (Sghaier et al., 2019a). Les effets du 7KC sur les enzymes productrices d’ERO n’ont
pas été étudiés a I’heure actuelle, il serait intéressant d’étudier les effets du 7KC sur ces
derniéres. Il est également possible que I’augmentation des activités SOD, GPXx et catalase soit
die en partiec a I’augmentation générale du stress oxydant cellulaire (ERO provenant de la
mitochondrie) et pas uniquement a des perturbations peroxysomales. Ainsi, le 7KC, en modifiant
I’activité et / ou I’expression d’enzymes du métabolisme Redox peroxysomal pourrait contribuer

par I’intermédiaire de ce dernier a 1’élévation du stress oxydant.

e Impact du 7KC sur le peroxysome et conséquence sur I’apoptose

Nous avons montré que le 7KC induit des dysfonctions cellulaires et peroxysomales pouvant
conduire a une mort par oxyapoptophagie des cellules 158N. Une activation de I’apoptose a €té
mise en évidence : clivage de la caspase-3, clivage de PARP, augmentation du ratio Bad/Mcl-1
ainsi qu’une condensation / fragmentation de I’ADN. Il est bien documenté que le 7KC induit de
I’apoptose par la voie mitochondriale en induisant une chute du Aym, un relargage du
cytochrome c, d’apoptosis inducing factor (AIF) et d’endonuclease G qui déclenche la
fragmentation de I’ADN et 1’activation des caspases 3, 7, 8 et 9 (Vejux et al., 2008). Il est
possible que les dysfonctions peroxysomales induites par le 7KC jouent un role dans le
déclenchement de 1’apoptose. En effet, les relations métaboliques entre le peroxysome et la
mitochondrie sont nombreuses. Il a été montré que des anomalies de PEX entrainent des
dysfonctions mitochondriales. Une délétion de PEX5 dans des hépatocytes de souris perturbe la

structure de la membrane interne et externe mitochondriale, fait augmenter leur volume, réduit
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I’activité des complexes de la phopsphorylation oxydative, diminue le Aym et stimule la
production d’ERO (Peeters et al., 2015). La délétion de PEX3 ou de PEX5 dans des firboblastes
embryonaires de souris, dans des conditions ou les ERO ne sont pas augmentés, induit une
fragmentation des mitochondries et un relarge de cytochrome ¢ sans qu’il y ait activation de
I’apoptose (Tanaka et al., 2019). Sur ce méme modeéle, le traitement par un proliférateur de
peroxysome, le 4-phenylbutyrate, induit la prolifération des peroxysomes mais aussi 1’élongation
des mitochondries. Il est ainsi possible que la toxicité du 7KC sur le peroxysome perturbe
I’expression de PEX3, PEXS, ou d’autres protéines, ce qui contribuerait a déclencher le processus

d’apoptose des cellules via I’intervention de la mitochondrie.

e Impact du 7KC sur le peroxysome et conséquence sur ’autophagie

Ce travail a également permis de montrer que la toxicité du 7KC est associée a des critéres
d’autophagie, et conduit notamment a de la pexophagie sur les cellules 158N. Des observations
en microscopie électronique a transmission ont montré la présence d’autophagosomes dont
certains d’entre eux contenaient des peroxysomes. Sur les oligodendrocytes 158N et les cellules
microgliales murines BV-2, le ratio LC3-11 / LC3-I, est augmenté par le 7KC ainsi que le taux de
protéine chaperonne p62 (Debbabi et al., 2016; Nury et al., 2017). De nombreuses vacuoles
évoquant des vésicules d’autophagie et exprimant la protéine membranaire lysosomale LAMP1
sont détectées en présence de 7KC. La pexophagie est mise en évidence par un double
immunomarquage révélant p62 avec ABCD3 (Nury et al., 2018). La pexophagie peut étre induite
dans le cas d’un stress cellulaire (privation en acides amines, hypoxie, élévation du niveau
d’ERO) et implique différentes peroxines comme PEX2, PEX3, PEX5, PEX14 et la protéine

cargo NBR1 (Yao et al., 2020; Zhang et al., 2015). Il a été montré que PEX5 jouerait un role
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important dans cette activation. La phosphorylation de PEX5 et son ubiquitinylation subséquente
par PEX2 pourrait étre augmentée par les ERO, ce qui déclencherait la pexophagie en
augmentant son affinité pour p62 (Zhang et al., 2015). Récemment, la kinase ataxia-
telangiectasia mutated (ATM kinase), une protéine impliquée dans la réparation de I’ADN, a été
identifiée comme inductrice de pexophagie lorsqu’elle est activée par les ERO. Lorsque le stress
oxydant augmente, I’ATM kinase est adressée au peroxysome par PEX5. Elle peut alors activer
la pexophagie de deux manieres différentes : soit en réprimant le complexe mTORC1 (inhibiteur
d’autophagie), soit en phosphorylant PEXS5, ce qui entrainerait son ubiquitinylation puis la liaison
a p62 et I’adressage du peroxysome a 1’autophagosome (Eberhart et al., 2018; Germain et al.,
2020). Les perturbations de la pexophagie sont responsable d’environ 65% des cas de maladies
due a un défaut de biogénése peroxysomale (Nazarko, 2017).

Il serait ainsi intéressant de mesurer les niveaux d’expression de PEX5, PEX2, ATM kinase et
NBRL1 dans les oligodendrocytes 158N pour Vérifier si la pexophagie induite par le 7KC implique
ces protéines et de quelle maniére.

Il est par ailleurs connu que d’autres oxystérols toxiques comme le 78-OHC ou le 24(S)-OHC
induisent également de 1’oxyapoptophagie mais la pexophagie reste a établir (Nury et al., 2015).
A souligner que la pexophagie, et plus généralement 1’autophagie induite par le 7KC sur les
cellules 158N est une autophagie de survie. En effet, I’utilisation de la 3-methyladénine
(inhibiteur d’autophagie) amplifie la mort cellulaire tandis que la rapamycine (activateur
d’autophagie) I’inhibe. Sur des cellules vasculaires endothéliales lisses, I’autophagie induite par
le 7KC est une autophagie de survie. Son inhibition augmente la mort cellulaire tandis que son
activation prévient de I’apoptose (He et al., 2013). Les effets toxiques du 7KC sur les organites

(mitochondrie, lysosome, peroxysome, RE) via I’élévation du stress oxydant perturbe leur
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métabolisme. Ainsi, le stress oxydant pourrait contribuer a déclencher 1’autophagie de maniére a
éliminer les organites altérés et maintenir une homéostasie au sein de la cellule.

L’induction de 1’autophagie induite par le 7KC sur des cellules de singe Vero et des neurones
humains semble étre protectrice contre 1I’infection au virus Zika en diminuant sa réplication
(Willard et al., 2018). Sur des cellules gliales de rat C6, il a été montré que le 7B-OHC pouvait
induire une autophagie protectrice (Sassi et al., 2019a). Il a egalement été montré que le 27-OHC
pouvait étre un inducteur d’autophagie protectrice a basse concentration sur des cellules U937.
L’augmentation des ERO générée par le 27-OHC active Nrf2 par la voie PI3K/Akt. L’expression
du géne de I’héme oxygénase 1 (HO-1) est alors augmentée. De plus, p62 peut interagir avec
Keapl (inhibiteur de Nrf2) ce qui déclencherait 1’activité transcriptionnelle de Nrf2 et
I’expression de ses geénes cibles. Nrf2 induit également I’expression de p62 (Vurusaner et al.,
2018). Sur les cellules 158N traitées par le 7KC, les niveaux des transcrits de génes cibles de
Nrf2 sont augmentés (SOD2, HMOX et catalase). Sur des cellules de neuroblastomes murins
N2a, le 7KC modifie également I’expression de génes cibles de Nrf2 (SOD1, SOD2 et GPx1).
Sur cellules 158N, il n’est pas a exclure que le 7KC puisse activer I’autophagie en partie par le
biais de Nrf2 et I’interaction avec p62.

Cependant, I’autophagie induite par les oxystérols n’est pas forcément protectrice. En effet, il a
été montré que la dendrogénine A (DDA) est un inducteur d’autophagie 1éthale sur cellules
cancéreuses via I’activation de LXR et I’accumulation de zymosténol en raison de I’inhibition de

la 3B-hydroxysteroid-A8A’-isomérase (D8D7I) (Poirot et al., 2018; Segala et al., 2017).

En résumé, la toxicité induite par le 7KC sur le modele d’oligodendrocytes murins 158N entraine
une élévation du stress oxydant qui perturbe le métabolisme des organites (peroxysome,

mitochondrie). L’autophagie serait ensuite activée de maniére protectrice pour maintenir le bon
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fonctionnement de la cellule. Lorsque les défences cellulaire sont dépassées (protections contre
les ERO, autophagie), le processus d’apoptose serait déclenché. La succession de ces événements

caractériserait ainsi la mort cellulaire par oxyapoptophagie (Figure 22).
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Figure 22: Résumé de DP’action du 7-cétocholestérol sur les cellules 158N menant a
I’oxyapoptophagie.

Le 7KC pénétre dans les cellules et induit la surproduction d’ERO au niveau mitochondrial et
peroxysomal. Des dommages peroxysomaux (diminution de niveaux d’ABCD1, ABCD3, MFP2,
DHAPAT, accumulation d’AGTLC (C24:0, C24:1 et C26:0, C26:1)) et mitochondriaux (chute du
Aym) sont observés. Ces dysfonctions des organites et 1’augmentation du stress oxydant
induisent 1’autophagie (pexophagie mais aussi tres probablement mitophagie) dont le but serait de
protéger la cellule en recyclant les organites dysfonctionnels. Lorsque 1’autophagie est dépassée
et ne parvient plus & maintenir la cellule dans un état fonctionnel, 1’apoptose Serait activée et la
cellule meurt par oxyapoptophagie. Les molécules protectrices (a-tocophérol, ALA, EPA, DHA,
OA, huile de Lorenzo et SSO) auraient un impact cytoprotecteur précoce sur cette toxicité.
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v Au cours de ce travail de theése, le troisiéme objectif a été d’identifier des lipides naturels
ou synthétiques pour inhiber I’oxyapoptophagie induite par le 7KC. Certaines molécules parmi
lesquelles figurent de nombreux nutriments sont déja connues comme ayant un effet protecteur
contre la toxicité du 7KC : I’a-tocophérol, le DHA, I’acide oléique, des polyphénols mais aussi
des huiles végétales (huile de graines de chardon marie, huile d’olive, huile d’argan). L’ensemble
des molécules testées au laboratoire ainsi que par d’autres équipes sont regroupées dans le
Tableau 2. La seule molécule synthétique actuellement décrite pour réduire la toxicité du 7KC
est le diméthylfumarate (DMF) commercialisé sous le nom de Tecfidera par la société Biogen
dans le cadre d’un traitement contre la sclérose en plaques sous sa forme rémittente-récurente.
Son métabolite majeur, le monométhylfumarate (MMF) est aussi cytoprotecteur vis-a-vis du 7KC

(Tableau 2).

Tableau 2 : Molécules, mélanges de molécules ou extraits végétaux protecteurs et non
protecteurs vis-a-vis du 7-cétocholestérol.

Molécules Concentrations Cellules S Références
en 7KC
Monocytes humains
U937 . ]
Oligodendrocytes I__|zard etlfal., ?OOO’I
murins158N ; Cellules Miguet-Alfonsi et al,
Musculaire’s lisses 2002; Vejux etal., 2009;
a-tocophérol 100 - 400 uM . .| 25-50uM Royer et al., 2009;
. aortiques de rat A7TR5 ; L .
Tocophérols Yammine et al., 2020;
Neuroblastomes . .
murins N2a ; Microglie DEbbabl. etal,, 2016;
! Debbabi et al., 2017
murine
BV-2
y-tocophérol 400 uM Microglie ;nurme BV- 50 uM Debbabi et al., 2016
Acide a-linolénique Neuroblastomes -
(ALA) 50 uM murins N2a 50 uM Yammine et al., 2020a
AELESEES Acide Neuroblastomes
eicosapentaénoique 50 uM murins N2a 50 uM Yammine et al., 2020a
(EPA)
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Microglie murine BV-
2 ; Oligodendrocytes

Debbabi et al., 2017;

(GSH)

uo37

Acide murins158N ; Nury et al., 2015; Nury
docosahexaénoique 50 uM Neuroblastomes 25-50uM | etal., 2017; Yammine et
(DHA) murins N2a ; al., 2020a; Zarrouk et
Neuroblastomes al., 2015)
humains SK-N-BE
Oligodendrocytes Badreddine et al., 2017;
murins 158N ; Debbabi et al., 2016
Acide oléique 100 - 200 uM legrﬁlilﬁoggrslgemli;/- 50 uM Debbabi et al., 2017
’ . Yammine et al., 2020
murins N2a
Epithélium pigmentaire
. . L : Huang et al., 2012;
Acide sterculique 1uM rétinien hu;r!;am ARPE- 12 uM Huang et al., 2014
Macrophaaes murins Prévient la Arnal-Levron et al.,
Phospholipide BMP - RKWQZM 7 formation du 2013 ; Arnal-Levron et
' 7KC al., 2019
At X Monocytes humains Palozza et al., 2010;
Terpénoide Lycopéne 0,5-2uM THP-1 10 -25 uM Palozza et al., 2011
Monocytes /
Epicatéchine 5-10 uM Macrophages murins 20 uM Leonarduzzi et al., 2006
J7T74A,1
Epigallocatéchine ) Angiosarcdme humains
gallate 30-50 uM 1SO-HAS 50 uM Yamagata et al., 2013
Neuroblastomes
murins N2a ; .
. Yammine et al., 2020b;
Resvératrol 1,5-30 pM '\i’;g?e?sc}’tgsi?# éTi?JIrrr]]S 15- S(I)vl- 150 Buttari et al, 2014;
; » EpIthEdiul H Dugas et al., 2010
pigmentaire rétinien
humain ARPE-19
. Neuroblastomes .
Apigénine 1,5-6,25 uM murins N2a 50 uM Yammine et al., 2020b
Quercétine 1,5-6,25 uM Neuroplastomes 50 pM Yammine et al., 2020b
. murins N2a
Cgmp_o Ses Adénocarcinome -
EnETaliEEs Hydroxytyrosol 25-10 uM colorectal humain 187,5 uyM Atz_erl etal., 2016,
Deiana et al., 2010
Caco2
Adénocarcinome .
. Atzeri et al., 2016;
Tyrosol 2,5-10 yM colorectal humain 187,5 uM Deiana et al,, 2010
Caco2
Alcool Adénocarcinome prévient
homovanilliaue 5-25uM colorectal humain I'oxydation du Deiana et al., 2010
d Caco? cholestérol
Phéochromocytome de
Taxifoline rat PC12 ; .
(dihydroguercétine) 15uM Neuroblastomes 125uM Kim et al., 2017
humains SH-SY5Y
Epithélium pigmentaire
Acide férulique 0.5-1.5mM | rétinien humain ARPE- 40 uM (Kohno et al., 2020)
19
Pigment . . Monocytes humains Tesorigre etal., 2014b;
véaétal Indicaxanthine 1-5uM THP-1 - érvthrocvtes 7-16 uM Tesoriere et al., 2013;
Y s Y Tesoriere et al., 2015
N-acétylcystéine Monocytes humains Lizard et al., 1998;
(N Aé) 10-15mM U937 ; préostéoblastes 100 uM Lizard et al., 2000; Sato
| Antioxydants murins MC3T3-E1 etal., 2017
Glutathion réduit 10- 15 mM Monocytes humains 100 uM Lizard et al., 1998;

Lizard et al., 2000
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Cellules
microvasculaires

Ergothionéine 1mM endothéliales 30 uM Koh et al., 2020
cérébrales humaines
hCMEC/D3
Monométhylfumarate Oligodendrocytes -
, (MME) 25-50 uM murins 158N 25-50 uM non publié
Molécules de
synthese Diméthylfumarate Oligodendrocytes
(DMF) 25-50 yM murins 158N 25-50 uM Zarrouk et al., 2017
a-tocophérol + DHA | 400 uM + 50 um | ©Oligodendrocytes 50 uM Nury et al., 2015
murins 158N "’
Extrait de levure de Macrophages murins
riz rouge 100 pg/mL RAW 264.7 70 uM Shen et al., 2017
Oligodendrocvtes Badreddine et al., 2017 ;
Huile d'olive 1/1000 ngurins 158K| 50 uM Debbabi et al., 2016 ;
Debbabi et al., 2017
) S Oligodendrocytes .
Milat?g?fsou Huile d'argan 2/1000 murins 158N 50 uM Badreddine et al., 2017
xtrai
G Huile de graines de Oligodendrocytes
vegetaux chardon-Marie 3/1000 murins 158N 50 uM Meddeb et al., 2018
Extrait de vin rouge | 20 - 40 mg/mL ; (ﬁ)?:rne?:(tzglr %'Sr?::i?] I'oxprr?;/tlieonnt du Deckert et al., 2002 ;
et blanc 1/10;1/500 yaalio Tian et al., 2011
Caco?2 cholestérol
Cellules
Extrait méthanolique microvasculaires
de Clinacanthus 100 pg/mL endothéliales 30 uM Kuo et al., 2020
nutans cérébrales humaines
hCMEC/D3
Cholestérol oxydase . .
b En;y_me de Chromobacterium - F|broble_13tes humains / 25-50 uM Mathieu et al., 2012
actérienne DS-1 expression lysosomale
. Oligodendrocytes .
Biotine 10 - 100 nm murins 158N 50 uM Non publié
. Muscle lisse aortique
y-tocophérol 100 pM de rat A7R5 50 uM Royer et al., 2009
MIEUITIED Oligodendrocytes
a-tocotriénol 25 uM murins 158N 25-50 uM Nury et al., 2018
Vitamine C 50 pM Monocﬁgsé?“ma'”s 100 uM Lizard et al., 2000
Acides gras Acide élaidique 100 - 200 uM M|crogBI|Ve_21ur|ne 50 uM Debbabi et al., 2017
Molécules i Oligodendrocytes
tnotn- Resvératrol 10- 50 pM murins 158N 50 uM Ragot et al., 2013
PrOTECLICES | composés . . Oligodendrocytes
phénoliques Acide ellagique 10 - 50 uM murins 158N 50 uM Ragot et al., 2013
e Oligodendrocytes .
Acide férulique 6 — 50 pM murins 158N 50 uM Non publié
. . Oligodendrocytes -
N-acétyl-glucosamine 100 pM murins 158N 25-50 uM Non publié
. PP Oligodendrocytes y
Zinc monométhionine 20 pg/mL . 25-50 uM Non publié
Antioxydants OIr'nugnsdISSN
S igodendrocytes i .
Acide lipoique 100 pM murins 158N 25-50 uM Non publié
N-acétylcystéine 5-15mM Oligodendrocytes 50 pM Non publié
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(NAC) murins 158N
Glutathion réduit Oligodendrocytes -
(GSH) 5-15mM murins 158N 50 uM Non publié
Microglie murine .
Molécules de Trolox 400puM BV-2 50 uM Debbabi et al., 2016
SIS Huile de Nigelle 1/1000 Oligodendrocytes 50 uM Meddeb et al., 2018
murins 158N
. . Oligodendrocytes -
Extrait de gingembre 20 pg/mL murins 158N 25-50 uM Non publié
Picroliv (extrait de Oligodendrocytes ) -
Picrorhiza kurroa) 20 pg/mL. murins 158N 25-50 uM Non publié
C3 reduct ODN
Mélanaes ou (curcuminoides Oligodendrocytes ) -
extrgits extraits de Curcuma 20 pg/mL murins 158N 25-50 uM Non publie
végétaux longa)
- Oligodendrocytes -
Berbérine sulfate 100 uM murins 158N 25-50 uM Non publié
Berbérine Oligodendrocytes -
hydrochloride 100 uM murins 158N 25-50 M Non publié
. . Oligodendrocytes -
Silymarine 50 uM murins 158N 25-50 uM Non publié
Meélatonine 1mM Monocﬁgsg?umams 100 uM Lizard et al., 2000
Autres Oligodendrocytes
Bézafibrate 35 M murins 158N 50 uM Non publié

Les travaux de thése ont permis d’identifier de nouvelles molécules cytoprotectrices vis-a-vis du
7KC : ce sont les précurseurs de synthése du DHA (ALA et EPA (deux acides gras 3)), I’huile
de Lorenzo composée de deux acides gras ®9 (acide oléique + acide érucique (en proportion 4 :
1)) et le SSO dérivant de I’acide oléique (Figure 22). Le traitement par ces molécules inhibe la
toxicité du 7KC a plusieurs niveaux en prévenant la chute du A¥%m, 1’augmentation du stress
oxydant, I’induction de 1’autophagie et I’activation de 1’apoptose. Dans la cascade d’événements
conduisant a 1’oxyapoptophagie, ces molécules agiraient au niveau des phases précoces de la
toxicité induite par le 7KC. Ces lipides pourraient réduire I’incorporation du 7KC dans la
membrane plasmique (en particulier au niveau des radeaux lipidiques) et au niveau des
membranes organites. Ainsi, les voies de signalisation inhibées par le 7KC, comme PI3-K / PKB
/ Akt mais aussi GSK3, conduisant au déclenchement de 1’apoptose, ne seraient plus inhibée et la

survie serait activée (Ragot et al., 2011; Vejux et al., 2020). L’a-tocophérol agit d’ailleurs en
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inhibant 1’accumulation membranaire de 7KC dans les radeaux lipidiques et en restaurant la voie
PI3-K /PKB / Akt (Ragot et al., 2011; Ragot et al., 2013; Royer et al., 2009).

Les tests réalisés avec differentes molécules et mélanges de molécules sur cellules 158N
montrent une prédominance des molécules liposolubles pour prévenir la toxicité du 7KC. Seuls le
DMF et le MMF, légerement plus solubles dans des véhicules agqueux, se sont montrés
cytoprotecteurs (Tableau 2). Il est donc envisageable d’utiliser ces molécules pour le traitement
et / ou la prévention de maladies impliquant le 7KC : maladies cardiovasculaires, maladies
neurodégénératives, maladies oculaires, maladies inflammatoires de I’intestin, maladies
géneétiques rares. Il a été montré que le DHA pouvait étre protecteur vis-a-vis des AGTLC (C24:0
et C26:0) dont les taux augmentent en présence de 7KC (Nury et al., 2020). Le DHA et ’EPA
ont montré des activités bénéfiques dans les maladies neurodégénératives et des maladies
inflammatoires : ils diminuent la sécrétion d’acide arachidonique qui est un précurseur des
leucotriénes et des prostaglandines associés a I’inflammation non cytokinique, ainsi que
I’activation de voies pro-inflammatoires et la sécrétion de cytokines (Troesch et al., 2020).
L’huile de pérille, enrichie en ALA, permet aussi de diminuer la stéatose hépatique et
I’autophagie causée par le stress du RE chez des souris sous régime gras (Bae et al., 2020).

Dans les maladies neurodégénératives, il est préférable que les molécules protectrices puissent
traverser la BHE. Cet obstacle n’est pas rédibitoire pour des pathologies lourdes (injections
intracérébrales) ou lorsque la BHE devient perméable a des stades avancés des maladies.
Néanmoins, le DHA est capable de traverser la BHE mais les mécanismes de transport sont
encore sujets a débat (diffusion passive, transport facilité, passage sous forme estérifiée)
(Hachem et al., 2020). L’ALA et ’EPA semblent également capables de traverser la BHE
puisqu’une supplémentation en acides gras ®3 augmente les concentrations de ces derniers dans

le liquide céphalorachidien (Freund Levi et al., 2014). L’acide oléique et I’acide érucique passent
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aussi la BHE (Golovko et al., 2006; Murphy, 2017). De méme, I’a-tocophérol traverse la BHE
(Lee et al., 2019). En ce qui concerne le SSO, aucune étude n’a été réalisée pour déterminer sa
capacité ou non a diffuser au niveau de la BHE. Cette molécule est pour I’instant uniquement
utilisee comme inhibiteur de CD36 mais il apparait qu’elle pourrait avoir d’autres activités
biologiques. Il a été montré sur des mitochondries de rat isolées que le SSO inhibe la B-oxydation
mitochondriale des acides gras a longue chaine ainsi que la phosphorylation oxydative au niveau
des complexe I, 11 et 111 (le complexe 1V et le cytochrome ¢ ne seraient pas affectés) (Drahota et
al., 2010). Sur des cellules microgliales BV-2, le SSO inhibe la sécrétion d’IL-6 et de TNF-a
ainsi que I’activation de COX2 et NOS2 induite par du LPS+IFNy. De plus, lorsque des neurones
primaires sont en co-culture avec les cellules BV-2 activees par LPS+IFNy, le SSO protége les
neurones de la mort cellulaire. Enfin, sur un modéle de souris ischémiques (occlusion permanente
d’une artere cérébrale), le SSO diminue I’étendue de la zone de lésion (Dhungana et al., 2017).
Ces effets protecteurs du SSO passeraient, entre autres, par le blocage de CD36 et de la voie
NF«xB mais le mécanisme preécis est encore inconnu.

Actuellement, les effets protecteurs de ces acides gras et dérivés (ALA, EPA, DHA, OA, huile de
Lorenzo et SSO) sont essentiellement établis sur la toxicité du 7KC. Toutefois, I’a-tocophérol, le
DHA, T’acide oléique, le DMF et le MMF protégent aussi de I’oxyapoptophagie induite par
d’autres oxystérols (7B-OHC et 24(S)-OHC) (Nury et al., 2015). La biotine (vitamine B8 /
Vitamine B7 / Vitamine H) protége de I’oxyapoptophagie et des altérations peroxysomales et
mitochondriales induites par le 78-OHC sur les cellules 158N mais elle n’a aucun effet sur la
toxicité du 7KC (Sghaier et al., 2019b). Il serait intéressant d’identifier de nouvelles molécules
protectrices contre 1’oxyapoptophagie induite par le 7KC et d’autres oxystérols et d’en préciser

les mécanismes pour élaborer des compléments alimentaires ou des médicaments pouvant étre
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administrés dans des maladies liées a 1’age et inflammatoires chroniques associées a des taux
¢levés d’oxystérols.

Le ciblage des organites par les composes cytoprotecteurs offre des perspectives innovantes
prometteuses pour augmenter leur efficacité et pour les utiliser comme traitement. En effet,
I’apport in situ des molécules protectrices directement aux organites pourrait permettre de
conserver leurs effets tout en diminuant les doses, ce qui permettrait aussi de réduire les effets
secondaires. Le ciblage des organites permettrait par exemple de réduire a la source la production
d’ERO augmentée par le 7KC. Il existe différentes facons de diriger des molécules vers un
organite : soit en liant le signal d’adressage directement a la molécule d’intérét, soit en greffant la
molécule sur un nanotransporteur adressé a 1’organite. Pour cibler la mitochondrie, il existe
plusieurs types d’adressage connus utilisant souvent des molécules cationiques lipophiles : liaison
de la molécule d’intérét avec du triphénylphosphonium (TPP) ou de la rhodamine 123 ou encore
avec un signal peptidique d’adressage a la mitochondrie (Battogtokh et al., 2018). Les séquences
PTS1 et PTS2 nécessaires a la biogénese du peroxysome peuvent aussi étre utilisées pour cibler
le peroxysome (Kim et al., 2018). Le pH ainsi que des séquences peptidiques peuvent également
étre utilisés pour cibler les lysosomes (Sakhrani et al., 2013).

Un autre projet au laboratoire dans les années a venir est de développer des nanoparticules

fonctionnalisées par du resvératrol pour les cibler a la mitochondrie ou au peroxysome.
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Dans leur ensemble, ces travaux de these ont permis de mieux caractériser in vitro les
effets du 7KC sur la mort cellulaire et de mieux décrire la mort cellulaire par oxyapoptophagie
ainsi que les effets de cette mort sur le peroxysome.

Le 7KC causerait dans un premier temps une élévation du stress oxydant qui perturberait le
métabolisme du peroxysome et de la mitochondrie. Afin de maintenir I’homéostasie cellulaire,
I’autophagie serait activée de maniere a protéger la cellule de la toxicité du 7KC. Enfin, lorsque
les dommages cellulaires deviendraient trop importants, I’apoptose serait activée.

Cependant, ce type de mort cellulaire induit par certains oxystérols (7KC, 7B-OHC et 24(S)-
OHC) associant stress oxydant, apoptose et autophagie, n’a pour I’instant été décrit que sur des
cellules en culture murines ou humaines.

v Il est nécessaire d’évaluer Si ce processus d’oxyapoptophagie existe également in vivo.
Dans ce but, des coupes histologiques de plaques d’athéromes humaines ou murines pourraient
étre utilisées afin de réaliser des co-marquages mettant en évidence le 7KC, le stress oxydant,
I’apoptose et ’autophagie au sein d’'une méme cellule.

v De plus, des effets toxiques du 7KC sur le métabolisme du peroxysome ont également été
démontrés (diminution de 1’expression et de I’activité de certains transporteurs (ABCDL,
ABCD3) et enzymes (ACOX1, MFP2, catalase), accumulation d’AGTLC (C24:0, C24:1 et
C26:0, C26:1)). L’étude des relations entre les dysfonctions peroxysomales et 1’induction du
stress oxydant, de 1’autophagie et de l’apoptose, ainsi que les interactions avec les autres
organites permettrait de mieux comprendre la place du peroxysome dans le processus de mort
cellulaire par oxyapoptophagie.

v Il serait aussi intéressant de définir les sites d’accumulation du 7KC au sein de la cellule
en particulier au niveau des membranes des organites (mitochondrie, peroxysome) en isolant ces

derniers afin de mesurer les taux de 7KC. Pour cela, nous utiliserons des anticorps anti-7KC.
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v Il est aussi nécessaire de mieux caractériser 1’autophagie en déterminant quelle est la
cascade d’événements qui aboutit a I’augmentation du rapport (LC3-11 / LC3-I).

v Enfin, des lipides cytoprotecteurs inhibant la toxicité du 7KC ont été identifiés : ALA,
EPA, DHA, OA, huile de Lorenzo et SSO. Le mécanisme d’action précis de ces lipides reste a
élucider de maniére a pouvoir élaborer des compléments alimentaires ou des traitements
préventifs et / ou curatifs pour les maladies impliquant une élévation des taux de 7KC (maladies
cardiovasculaires, oculaires, neurodégénératives, inflammatoires chroniques et génétiques rares).

v Des tests préliminaires sur la drosophile ont par ailleurs été réalisés au laboratoire en
collaboration avec 1’équipe du Dr Yaél Grosjean (CSGA / CNRS, Dijon). Ce modele a été choisi
car cette mouche est auxotrophe pour le cholestérol. 1l ne peut donc pas y avoir de 7KC endogene
généré, sauf par I’intermédiaire de celui apporté par 1’alimentation ou formé a partir du
cholestérol alimentaire. Nous avons déja nourri des mouches avec du 7KC pour préciser les
cibles cellulaires et tissulaires du 7KC alimentaire. Ce modele permettra ainsi d’étudier les
conséquences d’une accumulation de 7KC alimentaire sur le développement, la longévite, la
fertilité, la mobilité et le comportement. L’objectif est aussi de definir si cette accumulation de
7KC induit de I’oxyapoptophagie chez la mouche, ce qui démontrerait que ce type de mort est
conservé parmi les espéces. Ce modele permettrait également de pouvoir étudier les mécanismes
de I’oxyapoptophagie in vivo en relation avec différents autres cofacteurs (activité, stress,
environnement, alimentation, etc.). Des expériences utilisant des cellules de drosophile S2 sont
envisagées in vitro en présence de 7KC pour aborder ses activités biologiques parallélement aux
expériences menées in vivo.

v Des tests in vitro sur des cultures mixtes (oligodendrocytes, neurones, microglie)
pourraient étre envisagés afin d’étudier les relations entre les différents types cellulaires du

systeme nerveux central en présence de 7KC. Notre laboratoire dispose aussi de lignées de
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microglie murine BV-2 (ABCD1 -/-, ABCD2 -/-, ABCD1/2 -/- et ACOX1-/- obtenues par la
technique CRISPR-cas9) présentant des déficiences de la B-oxydation peroxysomales qui
pourraient également étre utilisées dans ce cadre.

v Un modéle de myeélinisation in vitro (oligodendrocytes + neurones) pourrait étre utilisé
pour caractériser les effets de la toxicité du 7KC sur la myéline (protéines, phospholipides),

v Des coupes organotypiques de cerveaux pourraient aussi permettre d’étudier les effets du
7KC sur la quantité et la qualité de la myéline ex vivo,

v L’utilisation d’organoides et d’IPSCs combinée a des techniques microfluidiques serait
une alternative a I’expérimentation animale qui mériterait d’étre mise en ceuvre pour aborder la

toxicité du 7KC et la cytoprotection de maniére multiparamétrique et dynamique.
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Résumeé

Le stress oxydant est souvent augmenté dans plusieurs maladies comme des maladies
liées a I’age (maladies cardiovasculaires, maladies oculaires (dégénérescence maculaire liée a
I’age (DMLA) et cataracte), des maladies neurodégénératives (Maladie d’ Alzheimer, sclérose en
plaques), des maladies inflammatoires chroniques (maladies inflammatoires chroniques de
I’intestin (MICI)) ainsi que certaines maladies génétiques rares (maladie de Niemann Pick,
adrénoleucodystrophie liée a I'X (X-ALD)). Le stress oxydant peut oxyder différentes molécules,
notamment le cholestérol présent dans les membranes lipidiques, et conduire a la formation de
dérivés oxydes du cholestérol : les oxystérols. Certains d’entre eux, comme le 7-cétocholestérol
(7KC), sont toxiques et peuvent étre a 1’origine d’un type de mort cellulaire, I’oxyapoptophagie,
associant une ¢élévation du stress oxydant, une activation de 1’apoptose a des critéres
d’autophagie. En utilisant des oligodendrocytes murins 158N, ce travail a permis de mieux
caractériser 1’oxyapoptophagie induite par le 7KC. La toxicit¢ du 7KC sur les organites
cellulaires comme la mitochondrie et le lysosome a €té confirmée. Ce travail montre aussi que
I’oxyapoptophagic est associée a des modifications topographiques, morphologiques et
fonctionnelles du peroxysome. Il a été montré que le 7KC induit une diminution de 1’expression
et de Dactivit¢ de certains transporteurs peroxysomaux (ABCDI1, ABCD3) et enzymes
peroxysomales (ACOX1, MFP2, catalase) et favorise une accumulation d’acides gras a trés
longue chaine (C24:0, C24:1 et C26:0, C26:1) dégradés au niveau du peroxysome. Il a aussi été
démontré que certains lipides (o-tocophérol, acide a-linolénique (ALA), acide
éicosapentaénoique (EPA), acide docosahéxaénoique (DHA), acide oléique (AO), huile de
Lorenzo (acide oléique + acide érucique (4:1)) et le sulfo-N-succinimidyl oleate (SSO)) sont
cytoprotecteurs et atténuent fortement 1’oxyapoptophagie induite par le 7KC. Ceci permet
d’envisager la prévention ou le traitement les maladies associées a des taux élevés de 7KC, en

particulier certaines maladies liées a 1’age qui ne disposent pas de traitements efficaces.
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Abstract

Oxidative stress is often increased in several diseases such as age-related diseases
(cardiovascular diseases, eye diseases (age-related macular degeneration (AMD) and cataracts),
neurodegenerative diseases (Alzheimer's disease, multiple sclerosis), chronic inflammatory
diseases (chronic inflammatory bowel disease (IBD)) as well as certain rare genetic diseases
(Niemann Pick's disease, X-linked adrenoleukodystrophy (X-ALD)). Oxidative stress can oxidize
various molecules, in particular the cholesterol present in lipid membranes, and lead to the
formation of oxidized cholesterol derivatives: oxysterols. Some of them, such as
7-ketocholesterol (7KC), are toxic and may be the cause of a type of cell death, oxiapoptophagy,
associating an increase in oxidative stress, activation of apoptosis and autophagic criteria. Using
158N murine oligodendrocytes, this work has allowed to better characterize the oxiapoptophagy
induced by 7KC. The toxicity of 7KC on cellular organelles such as mitochondria and lysosome
was confirmed. This work also shows that oxyapoptophagy is associated with topographic,
morphological and functional modifications of the peroxisome. It has been shown that 7KC
induces a decrease in the expression and activity of certain peroxisomal transporters (ABCD1,
ABCD?3) and peroxisomal enzymes (ACOX1, MFP2, catalase) and promotes an accumulation of
very long-chain fatty acids (C24:0, C24:1 and C26:0, C26:1) degraded in the peroxisome. It has
also been shown that certain lipids (a-tocopherol, a-linolenic acid (ALA), eicosapentaenoic acid
(EPA), docosahexaenoic acid (DHA), oleic acid (AO), Lorenzo's oil (oleic acid + erucic acid
(4: 1)) and sulfo-N-succinimdyl oleate (SSO)) are cytoprotective and strongly attenuate
7KC-induced oxyaptophagy. This makes it possible to envisage the prevention or treatment of
diseases associated with high levels of 7KC, in particular certain age-related diseases for which

there are no effective treatments.
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