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Abstract: 7-ketocholesterol, which is one of the earliest cholesterol oxidization products
identified, is essentially formed by the auto-oxidation of cholesterol. In the body, 7-
ketocholesterol is both provided by food and produced endogenously. This pro-oxidant and pro-
inflammatory molecule, which can activate apoptosis and autophagy at high concentrations, is an
abundant component of oxidized Low Density Lipoproteins. 7-Ketocholesterol appears to
significantly contribute to the development of age-related diseases (cardiovascular diseases, age-
related macular degeneration, and Alzheimer's disease), chronic inflammatory bowel diseases and
to certain cancers. Recent studies have also shown that 7-ketocholesterol has anti-viral activities,
including on SARS-CoV-2, which are, however, lower than those of oxysterols resulting from the
oxidation of cholesterol on the side chain. Furthermore, 7-ketocholesterol is increased in the
serum of moderately and severely affected COVID-19 patients. In the case of COVID-19, it can
be assumed that the antiviral activity of 7-ketocholesterol could be counterbalanced by its toxic
effects, including pro-oxidant, pro-inflammatory and pro-coagulant activities that might promote
the induction of cell death in alveolar cells. It is therefore suggested that this oxysterol might be
involved in the pathophysiology of COVID-19 by contributing to the acute respiratory distress
syndrome and promoting a deleterious, even fatal outcome. Thus, 7-ketocholesterol could
possibly constitute a lipid biomarker of COVID-19 outcome and counteracting its toxic effects

with adjuvant therapies might have beneficial effects in COVID-19 patients.

Keywords: adjuvant therapies, COVID-19, 7-ketocholesterol, oxysterols, SARS-CoV-2, viral

diseases.



Origin and metabolism of 7-ketocholesterol

Cholesterol ((3p)-cholest-5-en-3-ol; C27H460; molecular weight: 386.65 g/moL) is a lipid which
is both provided by the diet and formed endogenously, except in the brain where the cholesterol
present is only produced by astrocytes ([1] [2]). After a meal, cholesterol transiting through
enterocytes is taken up by the enteric capillaries as chylomycrons which will transport it to the
liver, where it will be distributed to the peripheral organs via low density lipoproteins (LDLs); its
return to the liver is then ensured by the high density lipoproteins (HDL) [3]. In all the cells of
the body, acetyl-CoA is the first element involved in the biosynthesis of cholesterol. Endogenous
cholesterol synthesis involves several enzymes which, after conversion of acetyl-CoA into
mevalonate by the enzyme HMG-CA reductase, will then be converted to squalene, which is
subsequently metabolized to lanosterol. From lanosterol, which contains thirty carbon atoms
(C30), the biosynthesis of cholesterol (C27) takes two routes: the Bloch pathway and the
Kandutsch-Russell pathway. The Bloch pathway produces cholesterol precursors ranging from
14-demethyl-14-dehydrolanosterol (ff-MAS; C29) to desmosterol (C27) and includes zymosterol
(C27); the Kandutsch-Russell pathway generates products spanning from 24,25-dihydrolanosterol
(C30) to 7-dehydrocholesterol (C27) and includes zymostenol (C27) and lathosterol (C27) [4].
These two pathways can generate cholesterol via the enzymes 24-dehydrocholesterol reductase
(DHCR24) and 7-dhydrocholesterol reductase (DHCR7): the enzyme DHCR24 generates
cholesterol from desmosterol while the enzyme DHCR7 generates cholesterol from 7-
dehydrocholesterol ([5] [6]). Whether endogenous or exogenous in nature, in a pro-oxidant
environment cellular, cholesterol can then give oxidized derivatives in positions 4, 5, 6 and 7 ([7]
[8] [9]). Most often radical attacks by reactive oxygen or nitrogen species (ROS or RNS) take
place on carbon 7, because of the weak link between carbon and hydrogen at this position ([9]
[10]). This local oxidation at carbon 7 then generates a peroxyl radical (ROO®) which, by
reacting with hydrogen, forms cholesterol hydroperoxide (7a- or 7B-OOHC) [11]. As the
hydroperoxide bond is very unstable, 7-ketocholesterol (7KC), also named 7-oxo-cholesterol
([12] [13]), is formed in the majority of cases, and 7B-hydroxycholesterol and 7a-
hydroxycholesterol in smaller quantities [11] (Figure 1). Under certain conditions, it has also
been shown that 7KC can be formed via the enzyme sterol 7-hydroxylase (CYP7A1) from 7-
dehydrocholesterol (7-DHC) present in large quantities in the plasma of patients with Smith
Lemli Opitz (SLO) syndrome [4]. In addition, 11B-hydroxysteroid-dehydrogenase type 2 (11p-



HSD2), which converts cortisol to cortisone, is also responsible for the conversion of 7-

hydroxycholesterol to 7KC [14].

Overall, 7KC can be detected in the plasma at LDL level or bound to albumin as well as in the
plasma membrane of the cells of different tissues [15]. It is also well established that 7KC can
react with different molecules (sulfate, fatty acids) via the hydroxyl group (OH) localized on C3
in the ring A of the sterane nucleus, which leads to inhibition of its toxicity ([16] [17]). The
enzyme sulfotransferase 2B1b (SULT 2B1b) is involved in the sulfonation of 7KC [18]. As for
the esterification of 7KC, a combined action of cytosolic phospholipase A2 alpha (CPLA2 a) and
sterol-O-acyltransferase (SOAT1) has been reported [19]. In addition, Acyl-coenzyme A
transferase (ACAT, also abbreviated as SOATSs) which converts cholesterol into cholesterol ester
can use oxysterols as substrates: oxysterols are also substrates for SOAT1 and SOAT?2 [20]. The
lecithin cholesterol acyl-transferase (LCAT) also esterifies oxysterols in the plasma [15]. At the
moment, it has been described in retinal pigment epithelium that 7KC can be metabolised by the
enzyme 27-hydroxylase cytochrome P450 27A1 (CYP27A1) to form two metabolites, 33,27-
dihydroxy-5-cholesten-7-one (7KC-270HC) and 3B-hydroxy-5-cholesten-7-one-26-oic acid
(7KC-27COOH), to reduce the toxicity of 7KC ([21] [22]). It is therefore important to know the
biological activities of 7KC, and of its metabolites which are still not well known ([23] [24]), as
well as their related signalling pathways, in order to identify therapeutic targets and develop
drugs acting on them to treat diseases associated with high levels of 7KC in tissues and biological

fluids.

Pathologies associated with 7-ketocholesterol

Large amounts of oxysterols formed by auto-oxidation, particularly 7KC, have been initially
detected in oxidised LDL (LDLox) and in atheromatous plaques. Since there is a positive
correlation between the content of oxysterol-rich LDLox and induction of cell death, it has been
suggested that 7KC may play a crucial role in atherosclerosis and cardiovascular diseases ([25]
[26]). Moreover, analogies between atherosclerosis and the development of age-related macular
degeneration (AMD) (significant presence of 7KC in lipid deposits called driisens located

between the Bruch membrane and the monolayer of retinal epithelial cells) also indicate



involvement of 7KC in the pathophysiology of this disease ([27] [28]). A potential involvement
of 7KC in the pathophysiology of cataract, which affects one person in five from the age of 65,
and more than 60% of people aged 85 and over, is also suspected [29]. Thus, the exposure of
membranes isolated from transparent human lenses to 2,2'-azobis(2-amidinopropane)
hydrochloride, a free radical generator, promotes the production of 7KC (74%) as the main
cholesterol oxidation product [30]. In addition, cataract lenses contain quantifiable amounts of
7KC (4.2 +/- 0.32 mmol / mol of cholesterol), whereas clear lenses from cataract-free subjects do
not contain detectable amounts [30]. Moreover, the presence of high levels of 7KC in the brain
lesions of Alzheimer's disease patients suggests an involvement of 7KC in this prevalent
neurodegenerative disease ([31] [32]). 7KC also appears to be involved in chronic inflammatory
bowel diseases [33] as well as in some rare diseases of lipid metabolism, such as X-linked
adrenoleukodystrophy (X-ALD) ([11] [34]). High levels of 7KC have also been described in non-
infectious but severe inflammatory lung diseases such as silicosis ([35] [36]). In addition, air
pollution which affects the respiratory system by promoting oxidative stress, increases the
production of 7KC and promotes atherosclerosis by activating CD-36 positive macrophages [37].
Currently, several ozone-oxidized cholesterol products have been identified and can be
considered as a new class of oxysterols ([10] [38]). The common denominators of 7KC-
associated diseases are high levels of oxidative stress and inflammation which can in turn amplify
the formation of 7KC, as well as organelle dysfunction (of mitochondria, peroxisomes,
lysosomes, endoplasmic reticulum) [39] and subsequently contribute to the amplification of this
stress [40]. Furthermore, organelle oxidative stress, mainly at the mitochondrial and peroxisomal
level, could favour the formation of 7KC, which is itself strongly pro-oxidative and pro-

inflammatory ([41] [42] [43]).

Beside age-related diseases, increases in 7KC have also been described in the context of viral
infections. For example, in patients with type 2 diabetes who are co-infected with herpes virus
type 8 (HHVS), significant increases in plasma levels of 7KC have been observed possibly
amplifying diabetic complications [44]. It is hypothesized that the HHVS8-infection may
contribute to ROS overproduction which would trigger lipid peroxidation and cholesterol
autoxidation, leading to 7KC formation [44]. Similarly, elevated plasma levels of 7KC have also
been measured in patients infected with influenza A virus [45]. In patients infected by the SARS-

CoV-2 coronavirus with severe forms of COVID-19 (COrona VIrus Disease - 2019), a
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potentially fatal acute respiratory distress syndrome due to a bilateral pneumonia, elevated
plasma levels of 7KC were observed whereas 27-hydroxycholesterol (also known for its strong
anti-viral activity) ([46] [47] [48] [49]) was simultaneously significantly decreased compared to
the control group, reaching a marked 50% reduction in severe COVID-19 cases [49]. SARS-
CoV-2 is an enveloped RNA virus; its genome encodes for fifteen genes including a surface
protein, the Spike protein, which allows it to enter and to infect the target cells at the level of vital
organs [50]. Thus, this Spike protein binds to the angiotensin-converting enzyme 2 (ACE-2)
receptor expressed in almost all tissues and abundant in the lungs, kidneys, brain stem, adipose
tissue, heart, vasculature, stomach, liver, nasal and oral mucosa [51]. The innate immune cells

(neutrophils, monocytes) and adaptive immune cells (T cells) are involved in the response to

COVID-19 infection ([52] [53]). In a retrospective study realized on 175 patients, it was noted

including 7KC, is already high [11]. An increased prevalence of fungal and Pseudomonas

aeruginosa colonization has also been observed in patients with severe forms of COVID-19,

suggesting that this association may be the result of a failure in the regulation of immune

defenses against pathogens other than SARS-CoV-2, in the case of co-infection [55]. From a

alterations ([59] [60])! About the cardiovascular diseases, it can be assumed that the presence of
high concentrations of 7KC in the elderly could be a risk factor that may promote co-morbidity in
the case of infection with the SARS-CoV-2. A possible involvement of the 7KC in the
pathophysiology and in the fatal or non-fatal outcome of severe forms of COVID-19, would

strengthen the interest for this oxysterol in the context of viral diseases.

Anti-viral activities of 7-ketocholesterol



Currently, there is evidence that several oxysterols have antiviral effects against both enveloped
and non-enveloped viruses. An in-depth review of the literature on this topic was carried out in
2016 by Lembo et al. [61]. In addition, several studies have shown the ability of certain
cholesterol and oxysterol metabolites to regulate both intrinsic/innate immunity and adaptive
immunity, each of which may be involved in bacterial and viral infections [62]. Among the
oxysterols with strong anti-viral properties are mainly those derived from cholesterol oxidation
on the aliphatic side chain such as 25-hydroxycholesterol and 27-hydroxycholesterol, which
could act both by inhibiting viral replication and by activating the immune response ([63] [46]
[64] [65]). 7a, 25-hydroxycholesterol generated by cholesterol by the sequential action of
cholesterol 25 hydroxylase (CH25H) and 7-alpha-hydroxylase (CYP7B1) also has anti-viral
activities, and acts as chemo-attractant for cells expressing the cell surface receptor GPR183
present on dendritic and B cells, as well as type 3 innate lymphoid cells (ILC3) ([66] [67]). Less
potent antiviral activities have been reported with 7f-hydroxycholesterol and 7KC [61].
However, 7KC shows anti-viral activities (inhibition of viral replication, viral inactivation) on
three enveloped viruses (human papillomavirus-16 (HPV16), human rotavirus (HRoV), human
rhinovirus (HRhV)) [46]. In addition, in cultures of green monkey kidney cells (Vero cells) and
differentiated human nerve cells (hNP1 cells), 7KC reduces the viral titer of the Zika virus, which
i1s an emerging African virus characterized by significant neurotropism, without affecting cell
viability: 7KC reduces the number and infectivity of viral particles released into the culture
medium [68]. In VeroE6/TMPRSS2 cells inoculated with SARS-CoV-2, weak anti-viral
activities were demonstrated with 7KC, 22(R)-hydroxycholesterol and 22(S)-hydroxycholesterol;
the latter are weak inhibitors of viral replication, in contrast to 27-hydroxycholesterol and 24(S)-
hydroxycholesterol [69]. These observations led to the development of semi-synthetic oxysterols
with anti-SARS-CoV-2 activity when administered orally to mice which are named Oxy210
(3S,85,9S,10R,13S,14S,17S)-17-((R)-2-hydroxy-4-(pyridin-3-yl)butan-2-yl)-10,13-dimethyl-

2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthren-3-ol) and
Oxy232 ((3S,5S,8R,95,10S,13S,148S,17S)-17-((R)-3-hydroxy- 1-(pyridin-3-yl)pentan-3-yl)-10,13-
dimethylhexadecahydro-1H-cyclopenta[a]phenanthren-3-ol) [69]. These different results suggest
that 7KC has generally weak anti-viral activities; however, this oxysterol could nevertheless
contribute to the immune response due to its pro-inflammatory properties including stimulation

of IL-8 and IL-1p production ([70, 71]).



Potential role of 7-ketocholesterol in the pathophysiology of COVID-19

Although 7KC has weak anti-viral activities, it has strong cytotoxic activities. Indeed, there are
several data that favour the pro-oxidative and pro-inflammatory activities of 7KC that may be
associated with a type of death defined as oxiapoptophagy (OXlIdative stress + APOPTOsis +
autoPHAGY), due to the ability of 7KC (at high concentration) to induce oxidative stress and an
apoptotic mode of cell death associated with autophagy criteria ([14] [72] [73]). In several cells
from different types and from different species, 1) oxidative stress is characterized by ROS
overproduction including at the mitochondrial level, protein carbonylation, lipid peroxidation and
decrease and/or enhancement of anti-oxidant enzymes (catalase, superoxide dismutases (SODs),
glutathione peroxidase (GPx), ii) apoptosis is associated by an activation of the mitochondrial
pathway leading to a loss of transmembrane mitochondrial potential (A%¥m), an externalization of
phosphatidylserine, an increase of plasma membrane rigidity associated with an increased cell
permeability contributing to an altered packing of the lipid bilayer, a cytoplasmic release of
cytochrome c, a caspase cascade activation (caspases-3,-7,-8 and -9), poly-ADP ribose (PARP)
fragmentation and an internucleosomal DNA fragmentation associated with condensation and/or
fragmentation of the nuclei and 1i1) autophagy is characterized by the presence the presence of
autophagosomes and autophagolysosomes revealed by transmission electron microscopy as well
as activation of LC3-I into LC3-II [73] [74]. In addition, 7KC-induced oxiapoptophagy is
associated with a production of inflammatory cytokines (IL-1B, IL-8) ([72] [14]). Noteworthy,
7KC, together with 7B-hydroxycholesterol (7p-OHC), was significantly increased in the plasma
collected from COVID-19 patients compared to age matched healthy controls [49]. A progressive
positive trend was found together with the severity of the disease: the highest 7KC and 73-OHC
concentrations were observed in severe COVID-19 patients. In these patients, it was also
observed a progressive reduction of the plasma concentrations of lanosterol, lathosterol, and
desmosterol, markers of cholesterol synthesis and of the 27-hydroxycholesterol, which has
antiviral and immunomodulatory activities against SARS-CoV-2 ([49] [69]). The rise of 7KC and

7B-OHC was related to the increased oxidative stress caused by respiratory distress [49].

In the case of COVID-19, high serum levels of 7KC were observed: In male/female control
subjects of the same age range as COVID-19 patients (70 £ 10 years old), the serum level of 7KC



can be assumed that the anti-viral activity of 7KC should be outweighed by its toxic
effects, which could contribute to cytokine storm ([12] [75]) and also to the activation of

coagulation in the capillaries of the pulmonary alveoli [76], and to the deterioration of alveolar

epithelial cells [77]. It7is assumed that the organism, with the contribution of 7KC, is

alveolar epithelial cells, and is therefore unable to inhibit and destroy the SARS-CoV-2. Through

its cytotoxic activities associated with oxiapoptophagy, it is hypothesized that 7KC could
contribute to the progression and outcome of COVID-19 pathophysiology at different levels: a)
by activating the TLR4 receptor which would contribute to increased secretion of pro-
inflammatory cytokines (IL-1p, IL-8) [78]; b) by promoting the externalization of
phosphatidylserine at the level of endothelial cells of the alveolar capillaries [79] and the
eryptosis of red blood cells [80] as well as platelet aggregation [76] which would activate
coagulation and the induction of thrombosis c) by altering the viability of the epithelial alveolar
cells (oxidative stress, induction of cell death) [77] which would have the consequence of
favouring acute respiratory distress syndrome. In addition, elevated plasma levels of 7KC could
have systemic effects by altering mitochondrial function [81] with a consequent decrease in ATP
production and general exhaustion of the patient. In addition, mitochondrial dysfunction could
lead to peroxisomal alterations with subsequent amplification of oxidative stress, deregulation of
non-cytokine-mediated inflammation due to the fact that leukotrienes, some of which are also
pro-coagulants, are catabolized at the peroxisome level ([82] [83] [84] [85]). Furthermore, the
activation of autophagy by 7KC could also have consequences on the infection. Indeed,

autophagy initially considered as anti-viral also seems capable of promoting infection by acting at
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the level of viral replication and viral cycle ([86] [87]). Given the toxic characteristics of 7KC, its
high level in COVID-19 patients could contribute to cytokine storm, thrombosis and respiratory
distress (Figure 2). To better understand the involvement of 7KC in the pathophysiology of
COVID-19, rapid and easy to use analytical tests are a necessity. These could include ELISA
tests using anti-7KC mouse monoclonal antibodies [88] or dried blood tests [89] associated with
gas chromatography or liquid chromatography coupled with mass spectrometry allowing the
simultaneous identification and quantification of several oxysterols and of their metabolites ([90]

[24]).

7-ketocholesterol-modifying drugs in COVID-19

Depending on the risk factors presented by SARS-CoV-2 infected patients, the infection may
cause an acute respiratory distress syndrome, and multiple organ failure, which can be fatal. To
prevent and/or cure COVID-19, the vaccine strategy seems the most promising approach whereas
conventional drugs can provide potential alternative treatments as adjuvants [91] [92]. These
alternative approaches using drugs acting on the viral cycle and/or on the cytopathic effects of
SARS-CoV-2 should not be neglected. As cholesterol is essential for the assembly, replication
and infectivity of enveloped viruses such as SARS-CoV-2, several cholesterol-modifying drugs
could alter the SARS-CoV-2 life cycle [93]. In addition, as cholesterol is also a major component
of immune cell membranes, excess cholesterol levels in patients with obesity and/or
cardiovascular diseases could contribute to dysregulate acquire immunity and promote abnormal
inflammatory responses [93]. Moreover, as cholesterol oxidation under the effect of ROS or RNS
or through the intermediary of enzymes can lead to the formation of oxysterols [94], and in
particular 7KC, which can impact the redox status, inflammation, coagulation, and cell viability,
cholesterol-modifying drugs could be of interest to target the side effects of 7KC in the
management of SARS-CoV-2 infection [95].

To have a more targeted activity against 7KC, natural and synthetic cytoprotective molecules
have been identified and some of them could be used ([72] [73] [85]). Among the natural
molecules, fatty acids that can be used as a basis for the design of synthetic analogues, making it

possible to neutralise 7KC by esterifying it at the level of the hydroxyl residue on carbon 3 of the
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A ring of the sterane nucleus, and/or by acting on its signalling pathways, are promising
molecules ([96] [72]). Natural polyphenols ([72] [73]) and derivatives, such as aza- and azo-
stilbenes, which are bio-isosteric analogues of resveratrol [97], could be also of interest, as well
as tocopherols which have strong anti-oxidant properties and prevent the accumulation of 7KC in
the lipid rafts to trigger several signalling pathways ([98] [99]). In addition, the phospholipid
bis(monoacylglycero)phosphate (BMP) is a structural isomer of phosphatidylglycerol that
exhibits an unusual snl:snl' stereoconfiguration based on the position of the phosphate moiety of
its two glycerol units [100]. BMP prevents the formation of 7KC in murine macrophagic
RAW264.7 cells [101]. Recently, it has been suggested that BMP could be useful in the
prevention of SARS-CoV-2 infection [102]. It is hypothesised that BMP, which is present in the
endosomes and is involved in the intracellular cholesterol trafficking, could act on the SARS-

CoV-2 viral cycle and reduce virus production.

Among the synthetic molecules, dimethyl-fumarate (DMF), which is marketed under the name
Tecfidera (Biogen) for the treatment of multiple sclerosis and psoriasis, exerts anti-inflammatory
activities on T and B cells, as well as on dendritic cells via an inhibitory effect on nuclear factor
kappa B (NF-xB) [103] and anti-oxidant activities by activating the erythroid 2-related factor 2
(Nrf2) signaling pathway. This induces the expression of several anti-oxidant enzymes
(hemeoxigenase 1 (HO-1), catalase (CAT), superoxide dismutase (SOD), glutathione peroxidase
(GPx)), the expression of phase II detoxifying enzymes, such as glutathione S-transferase (GST),

and enzymes responsible for glutathione (GSH) synthesis, such as glutamine-cysteine ligase

(GCL) and glutathione synthetase (GS) ([104] [105]). [iOTCHCIIESRNCISUPDICSSIOMOMDY OIS
by DMF is independent of Nrf2, this supports that several signaling pathways can be activated by

IRISIMGIECHIENII06] DMF also attenuates in vitro oxidative stress and cell death induction
triggered by 7KC on 158N oligodendrocytes ([107] [108]). Noteworthy, it is currently reported
that DMF could reduce lung alveolar cells damage in COVID-19 patients [109].

As 7KC accumulates in the lysosome, a strategy based on the use of bacterial enzymes targeting
this organelle, defined as medical bioremediation, could also be used to inactivate 7KC and to

prevent 7KC-induced cytotoxic activities ([110] [111]).

Conclusion
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Compared to oxysterols derived from oxidation on the alkyl chain of cholesterol, 7KC has weak
anti-viral activities. In severe and often fatal forms of COVID-19, it is hypothesized that 7KC
could be a predictive biomarker for assessing the severity of the disease and its progression to a
fatal outcome. Indeed, while 7KC has slight antiviral activities, its cytotoxic activities can be
considered dominant in many diseases associated with high levels of this oxysterol. These
include age-related diseases, among which COVID-19 could be included. It can be assumed that
decreasing the amount of 7KC by promoting its degradation and inhibiting or mitigating its
toxicity could constitute adjuvant therapies that would if not eliminate, at least reduce, mortality
and morbidity associated with COVID-19 infection. Due to the severity of the pandemic, it is
reasonable to consider all hypotheses and explore all avenues to treat patients with COVID-19,
especially those with potentially fatal outcomes. Therefore, given the biological activities of
7KC, adjuvant treatment with drugs that reduce 7KC toxicity could help to reduce the number of
patients with severe forms of COVID-19 and thus reduce the number of patients on respiratory

support in emergency departments.

Aknowledgements: The authors acknowledge the European Network for Oxysterols Research
(ENOR: http://oxysterols.net) which permits discussion and collaborative research between the
members. Khouloud Sassi (MS; Ph.D student), Amira Zarrouk (Ph.D), Thomas Nury (Ph.D),
Valerio Leoni (M.D, Ph.D), John J. Mackrill (Ph.D), Mohammad Samadi (Ph.D), Anne Vejux
(Ph.D) and Gérard Lizard (Ph.D, D.Sc) are all members of ENOR. The authors acknowledge the
University Tunis El Manar for the financial support of Mrs Imen Ghzaiel (M.S, Ph.D student),
Mrs Khouloud Sassi (M.S, Ph.D student) and Mr Mohamed Ksila (M.S, Ph.D student) as well as
the “Association Bourguignonne pour les Applications des Sciences de I'Information en

Médecine” (A.B.A.S.LM).

Conflict of interest: The authors declare no conflict of interest.



13

References

[1] I. Bjérkhem, S. Meaney, Brain cholesterol: long secret life behind a barrier, Arteriosclerosis,
thrombosis, and vascular biology 24(5) (2004) 806-815.

[2] A. Zarrouk, M. Debbabi, M. Bezine, E.M. Karym, A. Badreddine, O. Rouaud, T. Moreau, M.
Cherkaoui-Malki, M. El Ayeb, B. Nasser, M. Hammami, G. Lizard, Lipid Biomarkers in Alzheimer's Disease,
Current Alzheimer research 15(4) (2018) 303-312.

[3] B.C. Kwan, F. Kronenberg, S. Beddhu, A.K. Cheung, Lipoprotein metabolism and lipid
management in chronic kidney disease, Journal of the American Society of Nephrology : JASN 18(4)
(2007) 1246-1261.

[4] K.A. Tallman, H.H. Kim, Z. Korade, T.C. Genaro-Mattos, P.A. Wages, W. Liu, N.A. Porter, Probes
for protein adduction in cholesterol biosynthesis disorders: Alkynyl lanosterol as a viable sterol
precursor, Redox biology 12 (2017) 182-190.

[5] M.A. Mitsche, J.G. McDonald, H.H. Hobbs, J.C. Cohen, Flux analysis of cholesterol biosynthesis in
vivo reveals multiple tissue and cell-type specific pathways, elife 4 (2015) e07999.

[6] Z. Hubler, R.M. Friedrich, J.L. Sax, D. Allimuthu, F. Gao, A.M. Rivera-Leén, M.J. Pleshinger, I.
Bederman, D.J. Adams, Modulation of lanosterol synthase drives 24,25-epoxysterol synthesis and
oligodendrocyte formation, Cell chemical biology (2021).

[7] U. Diczfalusy, H. Nylén, P. Elander, L. Bertilsson, 4B-Hydroxycholesterol, an endogenous marker
of CYP3A4/5 activity in humans, British journal of clinical pharmacology 71(2) (2011) 183-189.

[8] T. Nury, M. Samadi, A. Zarrouk, J.M. Riedinger, G. Lizard, Improved synthesis and in vitro
evaluation of the cytotoxic profile of oxysterols oxidized at C4 (4a- and 4B-hydroxycholesterol) and C7 (7-
ketocholesterol, 7a- and 7B-hydroxycholesterol) on cells of the central nervous system, European journal
of medicinal chemistry 70 (2013) 558-567.

[9] L. luliano, Pathways of cholesterol oxidation via non-enzymatic mechanisms, Chemistry and
physics of lipids 164(6) (2011) 457-468.

[10] C. Zerbinati, L. luliano, Cholesterol and related sterols autoxidation, Free radical biology &
medicine 111 (2017) 151-155.

[11] A. Anderson, A. Campo, E. Fulton, A. Corwin, W.G. Jerome, 3rd, M.S. O'Connor, 7-
Ketocholesterol in disease and aging, Redox biology 29 (2020) 101380.

[12] B. Buttari, L. Segoni, E. Profumo, D. D'Arcangelo, S. Rossi, F. Facchiano, R. Businaro, L. luliano, R.
Rigano, 7-Oxo-cholesterol potentiates pro-inflammatory signaling in human M1 and M2 macrophages,
Biochemical pharmacology 86(1) (2013) 130-137.

[13] W.J. Griffiths, E. Yutuc, J. Abdel-Khalik, P.J. Crick, T. Hearn, A. Dickson, B.W. Bigger, T. Hoi-Yee
Wu, A. Goenka, A. Ghosh, S.A. Jones, D.F. Covey, D.S. Ory, Y. Wang, Metabolism of Non-Enzymatically
Derived Oxysterols: Clues from sterol metabolic disorders, Free radical biology & medicine 144 (2019)
124-133.

[14] A. Vejux, D. Abed-Vieillard, K. Hajji, A. Zarrouk, J.J. Mackrill, S. Ghosh, T. Nury, A. Yammine, M.
Zaibi, W. Mihoubi, H. Bouchab, B. Nasser, Y. Grosjean, G. Lizard, 7-Ketocholesterol and 7pB-
hydroxycholesterol: In vitro and animal models used to characterize their activities and to identify
molecules preventing their toxicity, Biochemical pharmacology 173 (2020) 113648.

[15] A.J. Brown, W. Jessup, Oxysterols: Sources, cellular storage and metabolism, and new insights
into their roles in cholesterol homeostasis, Molecular aspects of medicine 30(3) (2009) 111-122.

[16] I. Tabas, Consequences of cellular cholesterol accumulation: basic concepts and physiological
implications, The Journal of clinical investigation 110(7) (2002) 905-911.

[17] S. Monier, M. Samadi, C. Prunet, M. Denance, A. Laubriet, A. Athias, A. Berthier, E. Steinmetz, G.
Jurgens, A. Négre-Salvayre, G. Besséde, S. Lemaire-Ewing, D. Néel, P. Gambert, G. Lizard, Impairment of



14

the cytotoxic and oxidative activities of 7 beta-hydroxycholesterol and 7-ketocholesterol by esterification
with oleate, Biochemical and biophysical research communications 303(3) (2003) 814-824.

[18] H. Fuda, N.B. Javitt, K. Mitamura, S. lkegawa, C.A. Strott, Oxysterols are substrates for
cholesterol sulfotransferase, Journal of lipid research 48(6) (2007) 1343-1352.

[19] J.W. Lee, J.D. Huang, I.R. Rodriguez, Extra-hepatic metabolism of 7-ketocholesterol occurs by
esterification to fatty acids via cPLA2a and SOAT1 followed by selective efflux to HDL, Biochimica et
biophysica acta 1851(5) (2015) 605-619.

[20] M.A. Rogers, J. Liu, B.L. Song, B.L. Li, C.C. Chang, T.Y. Chang, Acyl-CoA:cholesterol
acyltransferases (ACATs/SOATs): Enzymes with multiple sterols as substrates and as activators, The
Journal of steroid biochemistry and molecular biology 151 (2015) 102-107.

[21] J.W. Lee, H. Fuda, N.B. Javitt, C.A. Strott, I.R. Rodriguez, Expression and localization of sterol 27-
hydroxylase (CYP27A1) in monkey retina, Experimental eye research 83(2) (2006) 465-469.

[22] G.Y. Heo, |. Bederman, N. Mast, W.L. Liao, I.V. Turko, I.A. Pikuleva, Conversion of 7-
ketocholesterol to oxysterol metabolites by recombinant CYP27A1 and retinal pigment epithelial cells,
Journal of lipid research 52(6) (2011) 1117-1127.

[23] Y. Wang, W.J. Griffiths, Unravelling new pathways of sterol metabolism: lessons learned from in-
born errors and cancer, Current opinion in clinical nutrition and metabolic care 21(2) (2018) 90-96.

[24]  W.J. Griffiths, Y. Wang, Oxysterols as lipid mediators: Their biosynthetic genes, enzymes and
metabolites, Prostaglandins & other lipid mediators 147 (2020) 106381.

[25] H. Hughes, B. Mathews, M.L. Lenz, J.R. Guyton, Cytotoxicity of oxidized LDL to porcine aortic
smooth muscle cells is associated with the oxysterols 7-ketocholesterol and 7-hydroxycholesterol,
Arteriosclerosis and thrombosis : a journal of vascular biology 14(7) (1994) 1177-1185.

[26] S.M. Colles, J.M. Maxson, S.G. Carlson, G.M. Chisolm, Oxidized LDL-induced injury and apoptosis
in atherosclerosis. Potential roles for oxysterols, Trends in cardiovascular medicine 11(3-4) (2001) 131-
138.

[27] L. Malvitte, T. Montange, C. Joffre, A. Vejux, C. Maiza, A. Bron, C. Creuzot-Garcher, G. Lizard,
[Analogies between atherosclerosis and age-related maculopathy: expected roles of oxysterols], Journal
francais d'ophtalmologie 29(5) (2006) 570-578.

[28] A. Pariente, R. Peldez, A. Pérez-Sala, I.M. Larrdyoz, Inflammatory and cell death mechanisms
induced by 7-ketocholesterol in the retina. Implications for age-related macular degeneration,
Experimental eye research 187 (2019) 107746.

[29]  A. Vejux, M. Samadi, G. Lizard, Contribution of cholesterol and oxysterols in the physiopathology
of cataract: implication for the development of pharmacological treatments, J Ophthalmol 2011 (2011)
471947.

[30] H. Girdo, M.C. Mota, J. Ramalho, P. Pereira, Cholesterol oxides accumulate in human cataracts,
Experimental eye research 66(5) (1998) 645-652.

[31] G. Poli, F. Biasi, G. Leonarduzzi, Oxysterols in the pathogenesis of major chronic diseases, Redox
biology 1(1) (2013) 125-130.

[32] G. Testa, E. Staurenghi, C. Zerbinati, S. Gargiulo, L. luliano, G. Giaccone, F. Fanto, G. Poli, G.
Leonarduzzi, P. Gamba, Changes in brain oxysterols at different stages of Alzheimer's disease: Their
involvement in neuroinflammation, Redox biology 10 (2016) 24-33.

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

[34] T. Nury, A. Zarrouk, K. Ragot, M. Debbabi, J.M. Riedinger, A. Vejux, P. Aubourg, G. Lizard, 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 (2017) 123-136.



15

[35] L. luliano, R. Monticolo, G. Straface, S. Zullo, F. Galli, M. Boaz, S. Quattrucci, Association of
cholesterol oxidation and abnormalities in fatty acid metabolism in cystic fibrosis, The American journal
of clinical nutrition 90(3) (2009) 477-484.

[36] N. Aksu, A. Samadi, A. Yalginkaya, T. Cetin, B. Eser, i. Lay, T.N. Ozis, Y. Oztas, S. Sabuncuoglu,
Evaluation of oxysterol levels of patients with silicosis by LC-MS/MS method, Molecular and cellular
biochemistry 467(1-2) (2020) 117-125.

[37] X. Rao, J. Zhong, A. Maiseyeu, B. Gopalakrishnan, F.A. Villamena, L.C. Chen, J.R. Harkema, Q. Sun,
S. Rajagopalan, CD36-dependent 7-ketocholesterol accumulation in macrophages mediates progression
of atherosclerosis in response to chronic air pollution exposure, Circulation research 115(9) (2014) 770-
780.

[38] A.C. Raghavamenon, X. Gao, D.S. Atkins-Ball, S. Varikuti, N.L. Parinandi, R.M. Uppu, ‘Ozone-
Specific’ Oxysterols and Neuronal Cell Signaling, in: LJ. Berliner, N.L. Parinandi (Eds.), Measuring
Oxidants and Oxidative Stress in Biological Systems, Springer.Copyright 2020, Springer Nature
Switzerland AG., Cham (CH), 2020. pp. 109-122.

[39] I.H. Dias, K. Borah, B. Amin, H.R. Griffiths, K. Sassi, G. Lizard, A. Iriondo, P. Martinez-Lage,
Localisation of oxysterols at the sub-cellular level and in biological fluids, The Journal of steroid
biochemistry and molecular biology 193 (2019) 105426.

[40] F. Di Cara, P. Andreoletti, D. Trompier, A. Vejux, M.H. Bilow, J. Sellin, G. Lizard, M. Cherkaoui-
Malki, S. Savary, Peroxisomes in Immune Response and Inflammation, International journal of molecular
sciences 20(16) (2019).

[41]  A. Vejux, G. Lizard, Cytotoxic effects of oxysterols associated with human diseases: Induction of
cell death (apoptosis and/or oncosis), oxidative and inflammatory activities, and phospholipidosis,
Molecular aspects of medicine 30(3) (2009) 153-170.

[42] A. Zarrouk, A. Vejux, J. Mackrill, Y. O'Callaghan, M. Hammami, N. O'Brien, G. Lizard, Involvement
of oxysterols in age-related diseases and ageing processes, Ageing research reviews 18 (2014) 148-162.
[43] D. Trompier, A. Vejux, A. Zarrouk, C. Gondcaille, F. Geillon, T. Nury, S. Savary, G. Lizard, Brain
peroxisomes, Biochimie 98 (2014) 102-110.

[44] A. Incani, L. Marras, G. Serreli, A. Ingianni, R. Pompei, M. Deiana, F. Angius, Human Herpesvirus 8
infection may contribute to oxidative stress in diabetes type 2 patients, BMC research notes 13(1) (2020)
75.

[45] M.P. Ng, J.C. Lee, W.M. Loke, L.L. Yeo, A.M. Quek, E.C. Lim, B. Halliwell, R.C. Seet, Does influenza
Ainfection increase oxidative damage?, Antioxidants & redox signaling 21(7) (2014) 1025-1031.

[46] A. Civra, V. Cagno, M. Donalisio, F. Biasi, G. Leonarduzzi, G. Poli, D. Lembo, Inhibition of
pathogenic non-enveloped viruses by 25-hydroxycholesterol and 27-hydroxycholesterol, Scientific
reports 4 (2014) 7487.

[47] V. Cagno, A. Civra, D. Rossin, S. Calfapietra, C. Caccia, V. Leoni, N. Dorma, F. Biasi, G. Poli, D.
Lembo, Inhibition of herpes simplex-1 virus replication by 25-hydroxycholesterol and 27-
hydroxycholesterol, Redox biology 12 (2017) 522-527.

[48] A. Civra, R. Francese, P. Gamba, G. Testa, V. Cagno, G. Poli, D. Lembo, 25-Hydroxycholesterol and
27-hydroxycholesterol inhibit human rotavirus infection by sequestering viral particles into late
endosomes, Redox biology 19 (2018) 318-330.

[49] A. Marcello, A. Civra, R. Milan Bonotto, L. Nascimento Alves, S. Rajasekharan, C. Giacobone, C.
Caccia, R. Cavalli, M. Adami, P. Brambilla, D. Lembo, G. Poli, V. Leoni, The cholesterol metabolite 27-
hydroxycholesterol inhibits SARS-CoV-2 and is markedly decreased in COVID-19 patients, Redox biology
36 (2020) 101682.

[50] R. Chilamakuri, S. Agarwal, COVID-19: Characteristics and Therapeutics, Cells 10(2) (2021).



16

[51] H. Xu, L. Zhong, J. Deng, J. Peng, H. Dan, X. Zeng, T. Li, Q. Chen, High expression of ACE2 receptor
of 2019-nCoV on the epithelial cells of oral mucosa, International journal of oral science 12(1) (2020) 8.
[52] W.J. Wiersinga, A. Rhodes, A.C. Cheng, S.J. Peacock, H.C. Prescott, Pathophysiology,
Transmission, Diagnosis, and Treatment of Coronavirus Disease 2019 (COVID-19): A Review, Jama 324(8)
(2020) 782-793.

[53] B. Hu, H. Guo, P. Zhou, Z.L. Shi, Characteristics of SARS-CoV-2 and COVID-19, Nature reviews.
Microbiology 19(3) (2021) 141-154.

[54] A. Sulejmani, E. Galimberti, C. Giacobone, A. Milano, E. Scopetta, J. Intra, R. Falbo, C. Sarto, V.
Leoni, P. Brambilla, Baseline characteristics of COVID-19 Italian patients admitted to Desio Hospital,
Lombardy: a retrospective study, Scandinavian journal of clinical and laboratory investigation 81(1)
(2021) 18-23.

[55] J. Intra, C. Sarto, E. Beck, N. Tiberti, V. Leoni, P. Brambilla, Bacterial and fungal colonization of the
respiratory tract in COVID-19 patients should not be neglected, American journal of infection control
48(9) (2020) 1130-1131.

[56] A. Samadi, S. Sabuncuoglu, M. Samadi, S.Y. Isikhan, S. Chirumbolo, M. Peana, |. Lay, A.
Yalcinkaya, G. Bjgrklund, A Comprehensive Review on Oxysterols and Related Diseases, Current
medicinal chemistry 28(1) (2021) 110-136.

[57] G. Costagliola, E. Spada, R. Consolini, Age-related differences in the immune response could
contribute to determine the spectrum of severity of COVID-19, Immunity, inflammation and disease 9(2)
(2021) 331-339.

[58] A.P.S. Munro, S.N. Faust, COVID-19 in children: current evidence and key questions, Current
opinion in infectious diseases 33(6) (2020) 540-547.

[59] E. Rothenberg, Coronavirus Disease 19 from the Perspective of Ageing with Focus on Nutritional
Status and Nutrition Management-A Narrative Review, Nutrients 13(4) (2021).

[60] R. Channappanavar, S. Perlman, Age-related susceptibility to coronavirus infections: role of
impaired and dysregulated host immunity, The Journal of clinical investigation 130(12) (2020) 6204-
6213.

[61] D. Lembo, V. Cagno, A. Civra, G. Poli, Oxysterols: An emerging class of broad spectrum antiviral
effectors, Molecular aspects of medicine 49 (2016) 23-30.

[62] S.Y. Bah, P. Dickinson, T. Forster, B. Kampmann, P. Ghazal, Immune oxysterols: Role in
mycobacterial infection and inflammation, The Journal of steroid biochemistry and molecular biology
169 (2017) 152-163.

[63] M. Blanc, W.Y. Hsieh, K.A. Robertson, K.A. Kropp, T. Forster, G. Shui, P. Lacaze, S. Watterson, S.J.
Griffiths, N.J. Spann, A. Meljon, S. Talbot, K. Krishnan, D.F. Covey, M.R. Wenk, M. Craigon, Z. Ruzsics, J.
Haas, A. Angulo, W.J. Griffiths, C.K. Glass, Y. Wang, P. Ghazal, The transcription factor STAT-1 couples
macrophage synthesis of 25-hydroxycholesterol to the interferon antiviral response, Immunity 38(1)
(2013) 106-118.

[64] J.G. Cyster, E.V. Dang, A. Reboldi, T. Yi, 25-Hydroxycholesterols in innate and adaptive immunity,
Nature reviews. Immunology 14(11) (2014) 731-743.

[65] J. Zhao, J. Chen, M. Li, M. Chen, C. Sun, Multifaceted Functions of CH25H and 25HC to Modulate
the Lipid Metabolism, Immune Responses, and Broadly Antiviral Activities, Viruses 12(7) (2020).

[66]  T. Willinger, Oxysterols in intestinal immunity and inflammation, Journal of internal medicine
285(4) (2019) 367-380.

[67] C. Choi, D.K. Finlay, Diverse Immunoregulatory Roles of Oxysterols-The Oxidized Cholesterol
Metabolites, Metabolites 10(10) (2020).

[68] K.A. Willard, C.L. Elling, S.L. Stice, M.A. Brindley, The Oxysterol 7-Ketocholesterol Reduces Zika
Virus Titers in Vero Cells and Human Neurons, Viruses 11(1) (2018).



17

[69] H. Ohashi, F. Wang, F. Stappenbeck, K. Tsuchimoto, C. Kobayashi, W. Saso, M. Kataoka, M.
Yamasaki, K. Kuramochi, M. Muramatsu, T. Suzuki, C. Sureau, M. Takeda, T. Wakita, F. Parhami, K.
Watashi, Identification of Anti-Severe Acute Respiratory Syndrome-Related Coronavirus 2 (SARS-CoV-2)
Oxysterol Derivatives In Vitro, International journal of molecular sciences 22(6) (2021).

[70] S. Lemaire-Ewing, C. Prunet, T. Montange, A. Vejux, A. Berthier, G. Bessede, L. Corcos, P.
Gambert, D. Néel, G. Lizard, Comparison of the cytotoxic, pro-oxidant and pro-inflammatory
characteristics of different oxysterols, Cell biology and toxicology 21(2) (2005) 97-114.

[71] C. Prunet, T. Montange, A. Véjux, A. Laubriet, J.F. Rohmer, J.M. Riedinger, A. Athias, S. Lemaire-
Ewing, D. Néel, J.M. Petit, E. Steinmetz, R. Brenot, P. Gambert, G. Lizard, Multiplexed flow cytometric
analyses of pro- and anti-inflammatory cytokines in the culture media of oxysterol-treated human
monocytic cells and in the sera of atherosclerotic patients, Cytometry. Part A : the journal of the
International Society for Analytical Cytology 69(5) (2006) 359-373.

[72] F. Brahmi, A. Vejux, R. Sghaier, A. Zarrouk, T. Nury, W. Meddeb, L. Rezig, A. Namsi, K. Sassi, A.
Yammine, |. Badreddine, D. Vervandier-Fasseur, K. Madani, L. Boulekbache-Makhlouf, B. Nasser, G.
Lizard, Prevention of 7-ketocholesterol-induced side effects by natural compounds, Critical reviews in
food science and nutrition 59(19) (2019) 3179-3198.

[73] T. Nury, A. Zarrouk, A. Yammine, J.J. Mackrill, A. Vejux, G. Lizard, Oxiapoptophagy: a type of cell
death induced by some oxysterols, British journal of pharmacology (2020).

[74] T. Nury, A. Yammine, |. Ghzaiel, K. Sassi, A. Zarrouk, F. Brahmi, M. Samadi, S. Rup-Jacques, D.
Vervandier-Fasseur, J.P. Pais de Barros, V. Bergas, S. Ghosh, M. Majeed, A. Pande, A. Atanasov, S.
Hammami, M. Hammami, J. Mackrill, B. Nasser, P. Andreoletti, M. Cherkaoui-Malki, A. Vejux, G. Lizard,
Attenuation of 7-ketocholesterol- and 7B-hydroxycholesterol-induced oxiapoptophagy by nutrients,
synthetic molecules and oils: potential for the prevention of age-related diseases, Ageing research
reviews (2021) 101324.

[75] I.M. Larrayoz, J.D. Huang, J.W. Lee, |. Pascual, I.R. Rodriguez, 7-ketocholesterol-induced
inflammation: involvement of multiple kinase signaling pathways via NFkB but independently of reactive
oxygen species formation, Investigative ophthalmology & visual science 51(10) (2010) 4942-4955.

[76] M.L. Selley, J.A. McGuiness, N.G. Ardlie, The effect of cholesterol oxidation products on human
platelet aggregation, Thrombosis research 83(6) (1996) 449-461.

[77] B. Kosmider, J.E. Loader, R.C. Murphy, R.J. Mason, Apoptosis induced by ozone and oxysterols in
human alveolar epithelial cells, Free radical biology & medicine 48(11) (2010) 1513-1524.

[78] J.D. Huang, J. Amaral, J.W. Lee, I.R. Rodriguez, 7-Ketocholesterol-induced inflammation signals
mostly through the TLR4 receptor both in vitro and in vivo, PloS one 9(7) (2014) e100985.

[79] E. Kahn, G. Lizard, F. Frouin, J.C. Bernengo, C. Souchier, G. Bessede, O. Clément, H. Siitari, P.
Gambert, G. Frija, A. Todd-Pokropek, Confocal analysis of phosphatidylserine externalization with the use
of biotinylated annexin V revealed with streptavidin-FITC, -europium, -phycoerythrin or -Texas Red in
oxysterol-treated apoptotic cells, Analytical and quantitative cytology and histology 23(1) (2001) 47-55.
[80] A. Attanzio, A. Frazzitta, A. Cilla, M.A. Livrea, L. Tesoriere, M. Allegra, 7-Keto-Cholesterol and
Cholestan-3beta, 5alpha, 6beta-Triol Induce Eryptosis through Distinct Pathways Leading to NADPH
Oxidase and Nitric Oxide Synthase Activation, Cellular physiology and biochemistry : international journal
of experimental cellular physiology, biochemistry, and pharmacology 53(6) (2019) 933-947.

[81] V. Leoni, T. Nury, A. Vejux, A. Zarrouk, C. Caccia, M. Debbabi, A. Fromont, R. Sghaier, T. Moreau,
G. Lizard, 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, cholesterol and cholesterol precursors, The
Journal of steroid biochemistry and molecular biology 169 (2017) 96-110.



18

[82] E. Mayatepek, W.D. Lehmann, J. Fauler, D. Tsikas, J.C. Frolich, R.B. Schutgens, R.J. Wanders, D.
Keppler, Impaired degradation of leukotrienes in patients with peroxisome deficiency disorders, The
Journal of clinical investigation 91(3) (1993) 881-888.

[83] C. Lismont, M. Nordgren, P.P. Van Veldhoven, M. Fransen, Redox interplay between
mitochondria and peroxisomes, Frontiers in cell and developmental biology 3 (2015) 35.

[84] T. Nury, R. Sghaier, A. Zarrouk, F. Ménétrier, T. Uzun, V. Leoni, C. Caccia, W. Meddeb, A. Namsi,
K. Sassi, W. Mihoubi, J.M. Riedinger, M. Cherkaoui-Malki, T. Moreau, A. Vejux, G. Lizard, Induction of
peroxisomal changes in oligodendrocytes treated with 7-ketocholesterol: Attenuation by a-tocopherol,
Biochimie 153 (2018) 181-202.

[85] T. Nury, A. Yammine, F. Menetrier, A. Zarrouk, A. Vejux, G. Lizard, 7-Ketocholesterol- and 7f-
Hydroxycholesterol-Induced Peroxisomal Disorders in Glial, Microglial and Neuronal Cells: Potential Role
in Neurodegeneration : 7-ketocholesterol and 73-hydroxycholesterol-Induced Peroxisomal Disorders and
Neurodegeneration, Advances in experimental medicine and biology 1299 (2020) 31-41.

[86] S.B. Kudchodkar, B. Levine, Viruses and autophagy, Reviews in medical virology 19(6) (2009) 359-
378.

[87] Y. Choi, J.W. Bowman, J.U. Jung, Autophagy during viral infection - a double-edged sword,
Nature reviews. Microbiology 16(6) (2018) 341-354.

[88] M. Indaram, W. Ma, L. Zhao, R.N. Fariss, I.R. Rodriguez, W.T. Wong, 7-Ketocholesterol increases
retinal microglial migration, activation, and angiogenicity: a potential pathogenic mechanism underlying
age-related macular degeneration, Scientific reports 5 (2015) 9144.

[89] K. Gupta, R. Mahajan, Applications and Diagnostic Potential of Dried Blood Spots, International
journal of applied & basic medical research 8(1) (2018) 1-2.

[90] W.J. Griffiths, Y. Wang, Sterolomics in biology, biochemistry, medicine, Trends in analytical
chemistry : TRAC 120 (2019) 115280.

[91] H. Chugh, A. Awasthi, Y. Agarwal, R.K. Gaur, G. Dhawan, R. Chandra, A comprehensive review on
potential therapeutics interventions for COVID-19, European journal of pharmacology 890 (2021)
173741.

[92] P.K. Zarandi, M.R. Zinatizadeh, M. Zinatizadeh, M.H. Yousefi, N. Rezaei, SARS-CoV-2: From the
pathogenesis to potential anti-viral treatments, Biomedicine & pharmacotherapy = Biomedecine &
pharmacotherapie 137 (2021) 111352.

[93] N.M. Schmidt, P.A.C. Wing, J.A. McKeating, M.K. Maini, Cholesterol-modifying drugs in COVID-19,
Oxford open immunology 1(1) (2020) igaa001.

[94] V. Mutemberezi, O. Guillemot-Legris, G.G. Muccioli, Oxysterols: From cholesterol metabolites to
key mediators, Progress in lipid research 64 (2016) 152-169.

[95] D.J. Drucker, Diabetes, obesity, metabolism, and SARS-CoV-2 infection: the end of the beginning,
Cell metabolism 33(3) (2021) 479-498.

[96] M. Debbabi, A. Zarrouk, M. Bezine, W. Meddeb, T. Nury, A. Badreddine, E.M. Karym, R. Sghaier,
L. Bretillon, S. Guyot, M. Samadi, M. Cherkaoui-Malki, B. Nasser, M. Mejri, S. Ben-Hammou, M.
Hammami, G. Lizard, 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) (2017) 151-170.

[97] G. Lizard, N. Latruffe, D. Vervandier-Fasseur, Aza- and Azo-Stilbenes: Bio-Isosteric Analogs of
Resveratrol, Molecules (Basel, Switzerland) 25(3) (2020).

[98] M.C. Royer, S. Lemaire-Ewing, C. Desrumaux, S. Monier, J.P. Pais de Barros, A. Athias, D. Néel, L.
Lagrost, 7-ketocholesterol incorporation into sphingolipid/cholesterol-enriched (lipid raft) domains is
impaired by vitamin E: a specific role for alpha-tocopherol with consequences on cell death, The Journal
of biological chemistry 284(23) (2009) 15826-15834.



19

[99] K. Ragot, J.J. Mackrill, A. Zarrouk, T. Nury, V. Aires, A. Jacquin, A. Athias, J.P. Pais de Barros, A.
Véjux, J.M. Riedinger, D. Delmas, G. Lizard, Absence of correlation between oxysterol accumulation in
lipid raft microdomains, calcium increase, and apoptosis induction on 158N murine oligodendrocytes,
Biochemical pharmacology 86(1) (2013) 67-79.

[100] F. Hullin-Matsuda, C. Luquain-Costaz, J. Bouvier, l. Delton-Vandenbroucke,
Bis(monoacylglycero)phosphate, a peculiar phospholipid to control the fate of cholesterol: Implications
in pathology, Prostaglandins, leukotrienes, and essential fatty acids 81(5-6) (2009) 313-324.

[101] M. Arnal-Levron, Y. Chen, P. Greimel, F. Calevro, K. Gaget, F. Riols, A. Batut, J. Bertrand-Michel, F.
Hullin-Matsuda, V.M. Olkkonen, I. Delton, C. Luquain-Costaz, Bis(monoacylglycero)phosphate regulates
oxysterol binding protein-related protein 11 dependent sterol trafficking, Biochimica et biophysica acta.
Molecular and cell biology of lipids 1864(9) (2019) 1247-1257.

[102] C. Luquain-Costaz, M. Rabia, F. Hullin-Matsuda, I. Delton, Bis(monoacylglycero)phosphate, an
important actor in the host endocytic machinery hijacked by SARS-CoV-2 and related viruses, Biochimie
179 (2020) 247-256.

[103] R. Gold, R.A. Linker, M. Stangel, Fumaric acid and its esters: an emerging treatment for multiple
sclerosis with antioxidative mechanism of action, Clinical immunology (Orlando, Fla.) 142(1) (2012) 44-
48.

[104] F.V. Francisqueti-Ferron, A.J.T. Ferron, J.L. Garcia, C. Silva, M.R. Costa, C.S. Gregolin, F. Moreto,
A.L.A. Ferreira, 1.0. Minatel, C.R. Correa, Basic Concepts on the Role of Nuclear Factor Erythroid-Derived
2-Like 2 (Nrf2) in Age-Related Diseases, International journal of molecular sciences 20(13) (2019).

[105] S.A. Scuderi, A. Ardizzone, |. Paterniti, E. Esposito, M. Campolo, Antioxidant and Anti-
inflammatory Effect of Nrf2 Inducer Dimethyl Fumarate in Neurodegenerative Diseases, Antioxidants
(Basel, Switzerland) 9(7) (2020).

[106] F. Humphries, L. Shmuel-Galia, N. Ketelut-Carneiro, S. Li, B. Wang, V.V. Nemmara, R. Wilson, Z.
Jiang, F. Khalighinejad, K. Muneeruddin, S.A. Shaffer, R. Dutta, C. lonete, S. Pesiridis, S. Yang, P.R.
Thompson, K.A. Fitzgerald, Succination inactivates gasdermin D and blocks pyroptosis, Science (New
York, N.Y.) 369(6511) (2020) 1633-1637.

[107] A. Zarrouk, T. Nury, E.M. Karym, A. Vejux, R. Sghaier, C. Gondcaille, P. Andreoletti, D. Trompier, S.
Savary, M. Cherkaoui-Malki, M. Debbabi, A. Fromont, J.M. Riedinger, T. Moreau, G. Lizard, Attenuation of
7-ketocholesterol-induced overproduction of reactive oxygen species, apoptosis, and autophagy by
dimethyl fumarate on 158N murine oligodendrocytes, The Journal of steroid biochemistry and molecular
biology 169 (2017) 29-38.

[108] R. Sghaier, T. Nury, V. Leoni, C. Caccia, J.P. Pais De Barros, A. Cherif, A. Vejux, T. Moreau, K.
Limem, M. Samadi, J.J. Mackrill, A.S. Masmoudi, G. Lizard, A. Zarrouk, Dimethyl fumarate and
monomethyl fumarate attenuate oxidative stress and mitochondrial alterations leading to
oxiapoptophagy in 158N murine oligodendrocytes treated with 7B-hydroxycholesterol, The Journal of
steroid biochemistry and molecular biology 194 (2019) 105432.

[109] S.M. Hassan, M.J. Jawad, S.W. Ahjel, R.B. Singh, J. Singh, S.M. Awad, N.R. Hadi, The Nrf2 Activator
(DMF) and Covid-19: Is there a Possible Role?, Medical archives (Sarajevo, Bosnia and Herzegovina) 74(2)
(2020) 134-138.

[110] J.M. Mathieu, J. Schloendorn, B.E. Rittmann, P.J. Alvarez, Medical bioremediation of age-related
diseases, Microbial cell factories 8 (2009) 21.

[111] S. Ghosh, S.K. Khare, Biodegradation of 7-Ketocholesterol by Rhodococcus erythropolis MTCC
3951: Process optimization and enzymatic insights, Chemistry and physics of lipids 207(Pt B) (2017) 253-
259.

[112] T. Nury, A. Yammine, |. Ghzaiel, K. Sassi, A. Zarrouk, F. Brahmi, M. Samadi, S. Rup-Jacques, D.
Vervandier-Fasseur, J.P. Pais de Barros, V. Bergas, S. Ghosh, M. Majeed, A. Pande, A. Atanasov, S.
Hammami, M. Hammami, J. Mackrill, B. Nasser, P. Andreoletti, M. Cherkaoui-Malki, A. Vejux, G. Lizard,



20

Attenuation of 7-ketocholesterol- and 7B-hydroxycholesterol-induced oxiapoptophagy by nutrients,
synthetic molecules and oils: Potential for the prevention of age-related diseases, Ageing research
reviews 68 (2021) 101324.

Figures Legends

Figure 1: Biosynthesis of 7-ketocholesterol. The biosynthesis and the metabolism of 7-

ketocholesterol (7KC) are described in the detail by Wang et al. [23], Brahmi et al. [72], Vejux et

al. [14] and Griffiths e al. [24)]. FONGSHIICONMIOMMANONIONMNCIDIOSYAINESIANUNICEAdaUONIO!

Figure 2: Potential contribution of 7-ketocholesterol in the progression and outcome of
COVID-19. Due to high serum levels of 7KC in COVID-19 patients, it is hypothesized that this
oxysterol may be involved in the progression and outcome of the disease. The anti-viral effects of
7KC have been described, but these are often weak compared to those of oxysterols such as
24(S)-, 25- or 27-hydroxycholesterol ([61] [69]). On the other hand, 7KC at high concentrations
is known for its toxicity (pro-oxidative and pro-inflammatory effects, induction of cell death)
[73]. Because of these different activities, 7KC could contribute to the pathophysiology of
COVID-109. It is suggested that the measurement of 7KC plasma levels could provide information
on the evolution of patients with COVID-19 (use of 7KC as a prognostic biomarker) and that
adjuvant therapies mitigating 7KC toxicity could benefit patients and help reduce the number of

patients on ventilatory support in emergency departments.
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