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Abstract: Age-related diseases for which there are no effective treatments include cardiovascular 

diseases; neurodegenerative diseases such as Alzheimer's disease; eye disorders such as cataract 

and age-related macular degeneration; and, more recently, Severe Acute Respiratory Syndrome 

(SARS-CoV-2). These diseases are associated with plasma and/or tissue increases in cholesterol 

derivatives mainly formed by auto-oxidation: 7-ketocholesterol, also known as 7-oxo-cholesterol, 

and 7β-hydroxycholesterol. The formation of these oxysterols can be considered as a 

consequence of mitochondrial and peroxisomal dysfunction, leading to increased in oxidative 

stress, which is accentuated with age. 7-ketocholesterol and 7β-hydroxycholesterol cause a 

specific form of cytotoxic activity defined as oxiapoptophagy, including oxidative stress and 

induction of death by apoptosis associated with autophagic criteria. Oxiaptophagy is associated 

with organelle dysfunction and in particular with mitochondrial and peroxisomal alterations 

involved in the induction of cell death and in the rupture of redox balance. As the criteria 

characterizing 7-ketocholesterol- and 7β-hydroxycholesterol-induced cytotoxicity are often 

simultaneously observed in major age-related diseases (cardiovascular diseases, age-related 

macular degeneration, Alzheimer’s disease) the involvement of these oxysterols in the 

pathophysiology of the latter seems increasingly likely. It is therefore important to better 

understand the signalling pathways associated with the toxicity of 7-ketocholesterol and 7β-

hydroxycholesterol in order to identify pharmacological targets, nutrients and synthetic molecules 

attenuating or inhibiting the cytotoxic activities of these oxysterols. Numerous natural 

cytoprotective compounds have been identified: vitamins, fatty acids, polyphenols, terpenes, 

vegetal pigments, antioxidants, mixtures of compounds (oils, plant extracts) and bacterial 

enzymes. However, few synthetic molecules are able to prevent 7-ketocholesterol- and/or 7β-

hydroxycholesterol-induced cytotoxicity: dimethyl fumarate, monomethyl fumarate, the tyrosine 

kinase inhibitor AG126, memantine, simvastatine, Trolox, dimethylsufoxide, mangafodipir and 

mitochondrial permeability transition pore (MPTP) inhibitors. The effectiveness of these 

compounds, several of which are already in use in humans, makes it possible to consider using 

them for the treatment of certain age-related diseases associated with increased plasma and/or 

tissue levels of 7-ketocholesterol and/or 7β-hydroxycholesterol. 

Key words: age-related diseases, endoplasmic reticulum, 7-ketocholesterol, 7β-

hydroxycholesterol, lysosome, mitochondria, nutrients, oxysterol, oxiapoptophagy, peroxisome.  
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1 Ageing and age-related diseases: potential roles of 7-ketocholesterol and 7β-

hydroxycholesterol 

By the 2050s, according to estimates from the National Institute on Aging, the National Institute 

of Health, and the World Health Organization, the number of people over 65 years of age 

worldwide will be 1.5 billion out of a global population of 9.7 billion (National Institute on 

Aging, National Institute of Health, World Health Organization, Global health and aging. NIH 

publication n°11-7737, October 2011. https://www.who.int/ageing/publications/global-health.pdf 

(accessed 10 march 2021)). To take account of this major demographic change, it is essential to 

rethink the impact of ageing in terms of health, environment, infrastructure and institution, but 

also to anticipate the family, societal and economic consequences that this entails. In this context, 

a global effort is needed to better understand, prevent and treat age-related diseases in a world 

population where the proportion of people over 65 will be very high in the next few years. 

Among the events contributing to ageing are dysfunctions of certain organelles, such as 

mitochondria and peroxisomes, whose metabolic functions are closely linked ((Terlecky et al., 

2006) (Fransen et al., 2013) (Schrader et al., 2015) (Fransen et al., 2017) (Panov and Dikalov, 

2020)). These dysfunctions cause an overproduction of reactive oxygen species (ROS) leading to 

oxidative stress, favouring lipid peroxidation, protein carbonylation and the formation of 8-

hydroxyguanine ((Yin and Chen, 2005) (Wilson and Bohr, 2007)). These modifications have 

important consequences on cellular functions and can progressively lead to the death of the cells 

concerned. These changes can also promote ageing and mutagenicity, which can lead to cancer. 

Depending on the subjects considered, their lifestyle, their environment and their genetic status, 

the increase in oxidative stress with age could ultimately result in age-related diseases: this 

hypothesis currently being widely explored and several elements are in its favour. In such a 

context, it has been shown that certain cholesterol oxidation derivatives mainly formed by 

cholesterol auto-oxidation (7-ketocholesterol (7KC) and 7β-hydroxycholesterol (7β-OHC)) are 

often associated with age-related diseases: cardiovascular pathologies, eye diseases (cataract, 

age-related macular degeneration) and dementia of the Alzheimer type ((Corsinovi et al., 2011) 

(Zarrouk et al., 2014) (Gargiulo et al., 2016) (Mutemberezi et al., 2016) (Samadi et al., 2020)). 

As cholesterol, these oxysterols belong to the sterol family: they are composed of a sterane 

nucleus, have a hydroxyl function in position 3, and have 27 carbon atoms. The physicochemical 

properties of these oxysterols make it possible to distinguish and quantify them in biological 
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fluids, cells and tissues (Figure 1). In these age-related diseases, increased levels of 7KC and 7β-

OHC are often observed in the biological fluids and tissues (arterial wall, retina, brain) of patients 

((Girão et al., 1998) (Testa et al., 2018) (Zarrouk et al., 2020) (Anderson et al., 2020) (Brown et 

al., 2020)). The involvement of these oxysterols is also suspected in the frailty syndrome, which 

is characterized by cognitive and motor disorders in the most affected subjects ((Xue, 2011) 

(Yeolekar and Sukumaran, 2014)). More recently, significant plasma increases in the levels of 

7KC and 7β-OHC have been observed in COVID-19, whose severe or even fatal forms of SARS 

CoV-2 infection are mainly described in subjects over 65 years of age (Marcello et al., 2020). 

Elevated plasma levels of 7KC as well as of 7β-OHC could be the consequence of an acute 

oxidative stress resulting from the immune response in COVID-19 patients. Based on these 

observations, increases of 7KC and, to a lesser extent, of 7β-OHC seem to be a common 

denominator for certain frequent and often incurable age-related illnesses ((Zarrouk et al., 2014) 

(Testa et al., 2018)). A better understanding of the biological activities of these two oxysterols, by 

identifying their related signalling pathways, should therefore enable a better deciphering of the 

pathophysiology of these age-related diseases with a view to identifying natural or synthetic 

molecules to prevent, attenuate or treat them ((Brahmi et al., 2019) (Vejux et al., 2020)). 

 

2. Biosynthesis and degradation of 7-ketocholesterol and 7β-hydroxycholesterol 

Oxysterols formed by the auto-oxidation of cholesterol can be detected both in the cells of 

different organs as well as in the blood, in oxidized Low Density Lipoproteins (LDLs) ((Hughes 

et al., 1994) (Colles et al., 2001) (Brown and Jessup, 2009)). The carbons of the A and B rings of 

the sterane nucleus are the most sensitive positions to radical attack, among them, carbons 

numbered 5, 6 and 7 (Anderson et al., 2020). There are two types of auto-oxidation, type I and II. 

- Type I auto-oxidation concerns oxidation reactions involving reactive oxygen species (ROS) 

and reactive nitrogen species (RNS) (superoxide anion (O2
●-), hydroxyl radical (HO●), nitric 

oxide (NO), and peroxynitrite ONOO-) which can be generated by cellular metabolism or by their 

decomposition into hydroxyl radicals by the dismutation of two superoxide anions into hydrogen 

peroxide (2O2
●- + 2H+ → O2 + H2O2) or by the Fenton reaction (H2O2 + Men+ → HO● + OH- + 

Me(n+1)+), where Me is a transition metal such as copper, iron, or aluminum ((Iuliano, 2011) 

(Macho-González et al., 2020)). Most often, radical attacks by certain ROS or RNS cause the loss 

of hydrogen on carbon 7 because of the weak bond between the hydrogen and the carbon atoms 
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at this position. The dissociation energy of this bond is 88 kcal/mol (Zerbinati and Iuliano, 2017). 

As this local oxidation of C7 is rather stable, it can then easily react with molecular oxygen to 

form a peroxyl radical (ROO●). Subsequently, by reacting with a hydrogen atom supplied by 

another molecule, the peroxyl radical will form a cholesterol hydroperoxide (7α- or 7β-OOHC) 

((Vejux et al., 2011) (Anderson et al., 2020)). As the hydroperoxide function is very unstable, 

hydroperoxide cholesterol breaks down into 7α-OHC, 7β-OHC or 7KC. These three C7-

oxysterols are those formed mainly by auto-oxidation (Brown and Jessup, 2009). 7KC is the 

major oxysterol in OxLDLs and in tissues, and accounts for about 30% of total sterols (Brown et 

al., 1996). 

- Type II auto-oxidation concerns non-radical attacks by oxygen singlets (1ΔgO2), hypochlorous 

acid (HOCl) or ozone (O3) (Iuliano, 2011). The involvement of ozone is interesting given that it 

is linked to atmospheric pollution. Singlet oxygen can be formed by the reaction of hydrogen 

peroxide (H2O2) with HOCl, both produced during inflammatory reactions in the presence of 

myeloperoxidase enzyme. Such reaction leads to the formation of C5, C6 or C7 hydroperoxides, 

5,6-epoxides (α/β) as well as secosterols as primary compounds in these reactions (Zerbinati and 

Iuliano, 2017). The 5α/β-epoxycholesterols can be converted to cholestane-3β,5α,6β-triol by the 

cholesterol epoxide hydrolase (ChEH) enzyme which is a component of the antiestrogen binding 

site (AEBS) ((Silvente-Poirot and Poirot, 2012) (de Medina et al., 2020)).  

Among all the oxysterols formed by auto-oxidation, 7KC is certainly one of the most studied. 

Although its origin is mainly due to the auto-oxidation of cholesterol, it can also be formed 

enzymatically from 7β-OHC. The hydroxysteroid dehydrogenases 11β-HSD1 (HSD11B1 gene 

(OMIM:600713)) and 11β-HSD2 (HSD11B2 gene (OMIM: 614232)) are involved respectively 

in the conversion of 7KC to 7β-OHC and 7β-OHC to 7KC, respectively ((Mitić et al., 2013a) 

(Mitić et al., 2013b) (Beck et al., 2019a) (Anderson et al., 2020)). However, these enzymes 

metabolize many other substrates (Griffiths et al., 2019). The conversion of 7KC to 7β-OHC by 

11β-HSD1 can occur in many tissues and is well established in the arterial wall (Mitić et al., 

2013a) but little is known about its tissue distribution and expression (Dammann et al., 2019). In 

human embryonic kidney cells (HEK-293), hexose-6-phosphate dehydrogenase (H6PDH) 

directly determines the reaction direction of 11β-HSD1 (Atanasov et al., 2004). In contrast, the 

conversion of 7β-OHC to 7KC by 11β-HSD2 was not found in mouse aortic rings (Mitić et al., 

2013a). Of note, the oxysterol synthase 11β-HSD2 participates in the production of Smoothened-
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activating oxysterols and promotes Hedgehog activation (Raleigh et al., 2018). In patients with 

cerebrotendinous xanthomatosis or with Smith-Lemli-Opitz syndrome, 7KC can also be formed 

from 7-dehydrocholesterol (7DHC; a direct precursor in cholesterol synthesis) by the enzyme 

cholesterol 7-alpha-hydroxylase (CYP7A1) ((Björkhem et al., 2014) (Mutemberezi et al., 2016) 

(Vejux et al., 2020)). Under normal physiological conditions, the CYP7A1 enzyme located in 

hepatocytes forms 7α-hydroxycholesterol from the cholesterol ((Mast et al., 2005) (Griffiths and 

Wang, 2020)). The biosynthesis of 7KC and 7β-OHC is summarized in Figure 2.  

Overall, 7KC is detected wherever there are large quantities of cholesterol in the body: in the 

plasma at LDL level or fixed to albumin, but also in the cell membranes of different tissues 

((Brown and Jessup, 2009) (Olkkonen and Hynynen, 2009)). Both 7KC and 7β-OHC can 

nevertheless react with different molecules (sulfate, fatty acids) via the hydroxyl group localized 

on C3 in the ring A, which leads to inhibition of their toxicity ((Vejux et al., 2020) (Sanchez et 

al., 2020)). The enzyme sulfotransferase 2B1b (SULT 2B1b) is involved in the sulfonation of 

7KC and probably of 7β-OHC (Fuda et al., 2007). As for the esterification of 7KC, in ARPE19 

retinal epithelial cells, a combined action of cytosolic phospholipase A2 alpha (CPLA2 a) and 

sterol-O-acyltransferase (SOAT1) has been reported (Lee et al., 2015). In addition, Acyl-

coenzyme A transferases (ACATs, also abbreviated as SOATs), which convert cholesterol into 

cholesteryl esters, can also use certain steroids and oxysterols as substrates: oxysterols are also 

substrates for SOAT1 and SOAT2 (Rogers et al., 2015). The lecithin cholesterol acyl-transferase 

(LCAT) also efficiently esterifies oxysterols in the plasma (Brown and Jessup, 2009). 7KC can 

also be taken up by the enzyme cholesterol 27-hydroxylase (CYP27A1) to form 27-

hydroxycholesterol-7KC which significantly reduced the toxicity of 7KC in retinal pigmentary 

epithelial cells ((Lee et al., 2006) (Brown and Jessup, 2009) (Heo et al., 2011) (Mutemberezi et 

al., 2016)). Using recombinant enzymes, the formation of 7-keto,25-hydroxycholesterol (7KC25-

OHC) from 7KC by cholesterol 25-hydroxylase and further stereospecific oxoreduction to 7β,25-

dihydroxycholesterol (7β-OHC25-OHC) by human and mouse 11β-HSD1 has also been 

demonstrated and additionally, experiments using human 11β-HSD2 showed the oxidation of 7β-

OHC25-OHC to 7KC25-OHC (Beck et al., 2019b). Currently, as several studies reported that 

7KC and 7β-OHC accumulate in certain tissues and organs (cells of the arterial wall (Hodis et al., 

1991); retina ((Rodriguez et al., 2014) (Zhang et al., 2021)); cortical brain area (Testa et al., 

2016)) over time, this supports the hypothesis that these oxysterols are involved in some age-
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related diseases. It has also been reprted that smoking which increases mortality from all causes 

and has a crucial role in atherosclerotic cardiovascular diseases (Gallucci et al., 2020) is 

associated with high 7KC-plasma levels (Seet et al., 2011). It is therefore important to know the 

biological activities of 7KC and 7β-OHC, and of their metabolites which are still not well known 

(Wang and Griffiths, 2018), as well as the related signalling pathways, in order to identify 

therapeutic targets for the treatment of age-related diseases.  

 

3. Organelle dysfunction and signalling pathways associated with 7-ketocholesterol- and 7β-

hydroxycholesterol-induced oxiapoptophagy 

3.1. Effects of 7-ketocholesterol and 7β-hydroxycholesterol on organelles 

It is well established that 7KC and 7β-OHC modify ion flows at the plasma membrane level, alter 

plasma membrane properties, stimulate oxidative stress, trigger several signalling pathways that 

can lead to cell death and stimulate inflammation ((Martinet et al., 2008) (Nury et al., 2020b) 

(Vejux et al., 2020)). They also directly or indirectly affect organelles and their function. The 

accumulation of 7KC in lysosomes is well established, and it is likely that 7KC and 7β-OHC 

interact with the membranes of mitochondria and peroxisomes, which would modify their 

activities ((Leoni et al., 2017) (Dias et al., 2019) (Nury et al., 2020a)). Thus, 7KC and 7β-OHC 

have been shown to disrupt mitochondrial, peroxisomal and lysosomal functions and to trigger 

endoplasmic reticulum stress ((Luchetti et al., 2017) (Vejux et al., 2020)). 

3.1.1. Mitochondria 

Mitochondria are central organelles in cell metabolism. They are the site of the β-oxidation of 

long chain fatty acids (C14-C20) and are the source of energy production via the biosynthesis of 

adenosine triphosphate (ATP), involving the oxidative phosphorylation and the Tricarboxylic 

Acid Cycle (TCA; also named Krebs / Citric Acid Cycle). In order to produce ATP through 

oxidative phosphorylation, the required electrons come from electron carriers such as NADH and 

FADH₂ generated by the TCA cycle (Aon et al., 2014). The mitochondria also represent the main 

source of basal intracellular ROS which are produced during oxidative phosphorylation and it is 

considered that 1-5% of the dioxygen (O2) consumed by the respiratory chain is incompletely 

reduced at the mitochondrial level (Wei et al., 2001) leading, to O2
●- and H2O2 formation, which 

can contribute to induce oxidative process and favor ageing process and/or the development of 
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age related diseases, mainly neurodegenerative diseases ((Cenini et al., 2019) (Zhang et al., 2018) 

(Yeung et al., 2021)). In addition, it is now well established that mitochondria play a key role in 

the equilibrium between life and death, since several of their components are involved in 

different types of cell death signalling pathways especially during apoptosis and necroptosis 

(Galluzzi and Kroemer, 2008). Since the origin of 7KC and 7β-OHC is mainly due to the 

presence of ROS and formation by autoxidation ((Iuliano, 2011) (Zerbinati and Iuliano, 2017)), it 

cannot be excluded that mitochondria play an important role in their production, particularly 

when mitochondrial metabolism is disturbed. Indeed, it has been shown on different cell lines 

that 7KC and 7β-OHC induce a loss of ΔΨm and disturb mitochondrial metabolism (Vejux et al., 

2020). In 158N oligodendrocytes, these alterations are characterized by a decrease in 

mitochondrial activity, which translates into a decrease in ΔΨm accompanied by a reduction in 

NAD and ATP; in addition, lactate levels are increased while the levels of pyruvate, citrate, 

fumarate and succinate, which are TCA cycle intermediates, are decreased (Leoni et al., 2017). In 

7KC-treated cells, alterations in mitochondrial activity can lead in first to mitochondrial 

hyperpolarization (Zahm et al., 2003), considered as an early and reversible event regulated by 

NO during activation of T lymphocytes (Nagy et al., 2007), and subsequently to mitochondrial 

depolarization (loss of ΔΨm), which contributes to activation of cell death by apoptosis via 

Cytochrome c release; activation of a cascade of caspases involving caspase-3, -7, -8 and -9; 

decreased Bcl-2 level; and PARP cleavage leading to internucleosomal DNA fragmentation 

associated with the presence of cells with condensed and/or fragmented nuclei ((Han et al., 2007) 

(Vejux et al., 2020)). 7KC and 7β-OHC-induced mitochondrial dysfunction can also be 

associated with ROS overproduction at the mitochondrial level and in whole cells as shown by 

staining with MitoSOX Red and dihydroethidium, respectively (Sghaier et al., 2019a). According 

to Fu et al., in mouse model C57BL/6 aortic endothelial cells, 7KC increases the presence of 

miR144 which decreases the expression of isocitrate dehydrogenase 2 (IDH2) (Fu et al., 2014). In 

addition, the close metabolic interactions between mitochondria and other organelles 

(endoplasmic reticulum (ER), peroxisome) can be disrupted in the presence of 7KC and 7β-OHC, 

which would amplify the toxic effects of these oxysterols and have pathophysiological 

consequences ((Lismont et al., 2015) (Keenan et al., 2020) (Vejux et al., 2020)). 

3.1.2. Peroxisome 
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The peroxisome is present in the cytoplasm of all eukaryotic cells except reticulocytes and, in 

contrast to mitochondria, does not contain DNA. It is delimited by a simple lipid membrane and 

most often has a spheroidal aspect of 0.1 to 1.5 µm in diameter ((Islinger et al., 2012) (Ribeiro et 

al., 2012) (Smith and Aitchison, 2013)). The peroxisome was discovered in 1954 by the Swedish 

doctoral student Johannes Rhodin, who first described it in his PhD Thesis as a 'microbody' when 

he observed this cytoplasmic structure in mouse kidney cells ((Gabaldón, 2010) (Nordgren et al., 

2013) (Vamecq et al., 2014)). It was only in 1956 that the designation of ‘peroxisome’ was 

definitively attributed to this organelle following the discovery of its first function by Christian 

de Duve: the degradation of hydrogen peroxide (H2O2) by catalase into 2 molecules of H2O and 

one molecule of O2 (De Duve and Baudhuin, 1966). Subsequently, many biological functions of 

the peroxisome were identified and it now well established that the peroxisome, which is 

functionally and often spatially tightly connected with the mitochondria ((Lismont et al., 2015) 

(Fransen et al., 2017)), is involved in lipid metabolism (degradation of branched chain fatty acids 

and very long chain fatty acids, biosynthesis of docosahexaenoic acid (DHA, C22:6 n-3), 

plasmalogens, cholesterol and bile acids) and in the control of redox homeostasis ((Nordgren et 

al., 2013) (Faust and Kovacs, 2014) (Wanders, 2014) (Fransen et al., 2020) (He et al., 2021)). 

The number, size and morphology of the peroxisomes present in the cells are highly variable, 

depending on the cell type and metabolic status (energy requirements, redox status, 

inflammation) ((Trompier et al., 2014) (Nury et al., 2020a)). When nerve cells (158N, BV-2 and 

N2-a) are exposed to 7KC, several effects are observed at the peroxisomal level: decrease in 

peroxisomal mass revealed by flow cytometry after immunofluorescence staining with an 

antibody directed against the peroxisomal transporter ABCD3 used as a peroxisomal mass 

marker; decrease in the expression of mRNAs of the peroxisomal membrane transporters 

(ABCD1, ABCD2) but also of the peroxisomal enzymes involved in the β-oxidation of very long 

chain fatty acids (ACOX1, MFP2) ((Debbabi et al., 2016) (Badreddine et al., 2017) (Nury et al., 

2018) (Yammine et al., 2020)). In murine microglial BV-2 cells, 7KC also induces a decrease in 

the expression of PEX14, which is a peroxin involved in peroxisome biogenesis (Fujiki et al., 

2020), and of ACOX1, while catalase activity is increased (Nury et al., 2017). In the context of 

X-linked adrenoleukodystrophy (X-ALD), which is a peroxisomal genetic disease characterized 

by a mutation of the ABCD1 gene leading to increased levels of very long chain fatty acids 

(VLCFAs including C24:0 and C26:0) in the plasma and tissues (Kemp et al., 2012), elevated 



11 
 

plasma levels of 7KC as well as other markers of oxidative stress (9/13-hydroxyoctadecadienoic 

acids (HODEs), malondialdehyde (MDA), 7β-OHC) have been measured ((Nury et al., 2017) 

(Deon et al., 2016)); it is assumed that 7KC amplifies the side effects of X-ALD at the 

peroxisomal level but also on other organelles ((Nury et al., 2017) (Nury et al., 2018)). The 

effects of 7KC and 7β-OHC on the peroxisome also decrease peroxisomal β-oxidation resulting 

in an accumulation of VLCFAs which are also known to be cytotoxic on several cell types 

((Zarrouk et al., 2012) (Nury et al., 2018) (Doria et al., 2019) (Sghaier et al., 2019a)).  

3.1.3. Lysosome 

Lysosome is a small intracytoplasmic organelle about 0.1 to 1.2 µm in diameter, delimited by a 

simple lipid membrane; the number of lysosomes in the cell is variable (Hamer et al., 2012). 

Proton pumps are present at the lysosomal membrane, actively accumulate protons (H+) and 

maintain an intraluminal pH of between 3.5 and 5. In addition, the lysosome contains several 

proteolytic and hydrolytic enzymes (proteases, lipases, glucosidases, nucleases) that are active at 

acidic pH, enabling it to play a role in the degradation and recycling of extra- and intra-cellular 

components (Trivedi et al., 2020). The lysosome is involved in the digestion of a wide variety of 

exogenous components (heterophagy: including endocytosis and phagocytosis) but also of 

endogenous materials (autophagy, corresponding to the controlled degradation of endogenous 

cell structures) (Inpanathan and Botelho, 2019). Thus, during the autophagic process, lysosomes 

fuse with autophagosomes to form autolysosomes (also called autophagolysosomes) capable of 

recycling dysfunctional organelles (mitochondria, peroxisome, endoplasmic reticulum) in the 

case of macroautophagy, cytosolic components in the case of microautophagy, and misfolded 

proteins in the case of chaperone mediated autophagy (Klionsky et al., 2021). Lysosomes are 

physiologically involved in the normal process of renewal of organelles via autophagy and are 

consequently involved in ageing control ((Barja, 2019) (Warraich et al., 2020)). Currently, it is 

well established that 7KC induces lysosomal toxicity via different pathways ((Yuan et al., 2000) 

(Anderson et al., 2020)) and induces lysosomal damage in numerous cell types from different 

species (Vejux et al., 2020). 7KC can induce an increase in lysosome membrane permeability due 

to an increase in non-esterified cholesterol and induce a decrease in lysosomal pH ((Li et al., 

2011) (Sudo et al., 2015)). In addition, 7KC-induced lysosomal membrane changes can prevent 

its fusion with endosomes and/or autophagic vesicles. 7KC can also modify lysosomal enzyme 

activities. Thus, in vascular smooth muscle cells, 7KC reduces the expression and proteolytic 
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activity of cathepsins B and D (Sudo et al., 2015). In the presence of 7KC, even if the lysosomes 

are able to fuse with the autophagosomes, the degradative activity of autolysosomes can be 

reduced. This results in dysfunctional proteins and/or organelles remaining in the cytoplasm and 

disrupting the normal metabolism of the cell. Thus, mitochondria overproducing ROS, which are 

eliminated by autophagy under normal conditions, would no longer be eliminated in the presence 

of 7KC ((Butler and Bahr, 2006) (Li et al., 2012) (Luchetti et al., 2015)).  

 

3.1.4. Endoplasmic reticulum 

The endoplasmic reticulum (ER) is a cellular organelle linked to the nuclear membrane. It 

consists of the smooth ER and the rough ER which is associated with the ribosomes. In 

eukaryotic cells, the smooth ER is involved in drug detoxification and lipid synthesis 

(phospholipids, steroids, sterols and especially cholesterol), while the rough ER is involved in 

protein synthesis; both the rough and smooth ER are involved in Ca2+ storage (Ricciardi and 

Gnudi, 2020). Various genetic and environmental factors such as ischemia, hypoxia, oxidative 

stress, ageing and genetic factors can contribute to induce ER stress, and the response to this 

stress is called the "unfolded protein response" (UPR). The function of UPR is to increase the 

capacity to eliminate abnormal proteins. During prolonged or overly intense ER stress, this UPR 

response can lead to cell death by apoptosis via the C/EBP-Homologous Protein (CHOP). 

Deregulation of the UPR response is implicated in several diseases such as diabetes and 

inflammatory diseases, as well as age-related pathologies including cardiovascular and 

neurodegenerative disorders (Navas-Madroñal et al., 2019). 7KC and 7β-OHC are among the 

inducers of the ER stress and the effects of 7KC are rather well known. In MC3T3-E1 

osteoblastic cells, it has been shown that 7KC induced an ER stress characterized by an increase 

in the levels of CHOP and 78-kDa glucose-regulated protein (GRP78) transcripts markers (Sato 

et al., 2017). CHOP is a transcription factor involved in the regulation of pro- and anti-apoptotic 

genes and GRP78 is an ER light chaperone protein involved in protein folding. In 7KC-treated 

ARPE-19 human retinal cells, the ER stress response seems to be mediated by kinases activated 

through the TLR4 receptor; the ER stress markers (CHOP and GRP78 proteins) are increased and 

the NFκB pathway appears to be involved (Huang et al., 2014). Furthermore, in human aortic 

smooth muscle cells, 7KC-induced apoptosis is associated with an early activation of ER stress, 

as assessed by the expression of the cell death effector CHOP and of the GRP78 chaperone via 
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the activation of endoribonuclease inositol-requiring enzyme 1 (IRE-1): all hallmarks of the UPR 

(Pedruzzi et al., 2004). In vascular smooth muscle cells, 7KC induces an increase of the 

following ER stress markers: activating transcription factors 4 and 6 (ATF4, ATF6), CHOP, heat 

shock protein family A (Hsp70) member 5 (HSPA5), IRE-1, Suppressor/Enhancer of Lin-12-like 

(SEL1L) and cysteine-rich with epidermal growth factor (EGF)-like domains 2 (CREDL2) 

(Navas-Madroñal et al., 2019). In J774A1 murine macrophages, 7β-OHC activates ER stress 

involving CHOP and IRE-1α and the latter helps to activate the signalling pathway TNF 

Receptor-associated Factor 2 (TRAF2)-apoptosis signal-regulating kinase 1 (ASK1)-c-Jun N-

terminal kinase1/2 (JNK1/2) involved in the activation of apoptosis (Park et al., 2016). In 

addition, in U937 monocytic cells and ARPE-19 cells, 7KC and 7β-OHC also induce the 

cytoplasmic formation of multilamellar structures, called myelin figures, which are now 

considered a sign of reticulophagy (autophagy of the ER) ((Vejux and Lizard, 2009) (Vejux et al., 

2020)). 

 In addition to its detoxification and synthetic functions, the ER also plays a key role in the 

uptake and release of Ca2+, a key second messenger. Cytosolic Ca2+ is a fundamental regulator of 

cell physiology, with cell-death displaying a U-shaped dependency on the concentration of this 

ion (Plattner and Verkhratsky, 2016). Oxysterols modulate Ca2+ signalling by a variety of 

mechanisms, some of which are dependent on the ER (Mackrill, 2011). For example, in U937 

human monocytes, 7β-OHC decreased the amplitude of signals elicited by thapsigargin, an 

inhibitor of the SR/ER Ca2+-ATPase pumps (Lordan et al., 2009). This suggests that 7β-OHC 

reduces the quantity of Ca2+ stored in the ER. In A7r5 rat smooth muscle cells, both 7β-OHC and 

7KC reduce Ca2+ signals elicited by hormones acting on G-protein coupled receptors, such as 

bradykinin or arginine vasopressin. These decreases are potentially due to reductions in ER Ca2+ 

storage and also in the levels of inositol 1,4,5-trisphosphate receptor proteins, responsible for 

release of Ca2+ from this organelle (Hammoud et al., 2013). However, in 158N oligodendrocytes, 

both 7KC and 7β-OHC are cytotoxic, but neither exerts significant changes in cytoplasmic Ca2+ 

concentration (Ragot et al., 2013); similarly in human neuronal SK-N-BE cells, no changes in 

Ca2+ were observed by fluorescent video-microscopy, whereas microscopic observation of Von 

Kossa stained cells revealed intracellular deposits of Ca2+ in 7KC- and 7β-OHC treated cells 

(Zarrouk et al., 2015). 
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3.2. 7-ketocholesterol- and 7β-hydroxycholesterol-induced oxiapoptophagy: characteristics 

and associated signalling pathways 

Understanding of the signalling pathways involved in oxiaptophagy, the notion of which was 

introduced in 2003 ((Monier et al., 2003) (Nury et al., 2020b)), has evolved considerably. This 

type of death induced by certain oxysterols is associated with a) oxidative stress characterized by 

ROS overproduction; up and down regulation of the activity and/or expression of several anti-

oxidant enzymes (catalase, superoxide dismutase (SOD), glutathione peroxidase (GPx)); lipid 

peroxidation (formation of conjugated dienes (CDs) and malondialdehyde (MDA)); and protein 

carbonylation (formation of carbonylated proteins (CPs)); b) organelle dysfunction 

(mitochondria, ER, lysosome, peroxisome); c) induction of apoptosis leading to inter-

nucleosomal DNA fragmentation associated with activation of the mitochondrial pathway; and d) 

autophagic criteria including activation of LC3-I into LC3-II. At the moment, the notion of 

oxiapoptophagy (OXIdative stress + APOPTOsis + autoPHAGY) is not limited to 7KC but also 

concerns other cytotoxic oxysterols such as 7β-OHC and 24(S)-hydroxycholesterol (Nury et al., 

2015). Schematic representations of 7KC- and 7β-OHC-induced oxiaptophagy are summarized in 

Figure 3 and Figure 4, respectively. In the human mammary gland / breast cancer cell line 

(MDA-MB-231), 7KC-induced apoptosis affects the smoothened (SMO) and Sonic Hedgehog 

(SHh) expression supporting that the Hedgehog signalling pathway might be also involved in the 

cell death process promoted by this oxysterol (Levy et al., 2019). In addition, it is important to 

note that 7KC and 7β-OHC trigger inflammation: they favour cytokine secretion and also 

enhance expression of adhesion molecules (Vejux et al., 2020). A better understanding of the 

contribution of 7KC and 7β-OHC in the inflammation associated with age-related chronic 

diseases should lead to new therapeutic perspectives (Anand, 2020). 

Currently, 7KC-induced oxiapoptophagy has been demonstrated in U937 human monocytes 

U937, 158N murine oligodendrocytes, BV-2 murine microglial cells, N2a murine neuronal cells 

and bone marrow mesenchymal stem cells from patients with acute myeloid leukemia ((Monier et 

al., 2003) (Nury et al., 2014) (Nury et al., 2017) (Paz et al., 2019) (Yammine et al., 2020)). 7KC 

accumulates in lipid rafts, alters membrane fluidity and favours externalization of 

phosphatidylserine ((Ragot et al., 2011) (Lemaire-Ewing et al., 2012)). It can thus disrupt 

membrane signals such as Ca2+, Na+ and K+ fluxes involved in cell death and modifies the 

activities of several ionic transporters including P2X7, Na+-K+-ATPase and KV3.1 ((Duran et al., 
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2010) (Mackrill, 2011) (Olivier et al., 2016) (Bezine et al., 2018b) (Bezine et al., 2018a)). 7KC 

inhibits the PI3-K/PKB/Akt pathway, leading to GSK3β activation which contributes to the drop 

in ΔΨm via Mcl-1 and induces apoptosis in several cell types ((Rusiñol et al., 2004) (Vejux and 

Lizard, 2009) (Jang and Lee, 2011) (Ragot et al., 2011) (Ragot et al., 2013) (Chang et al., 2016)). 

On the other hand, 7KC induces an increase in oxidative stress associated with ROS over-

production which favours mitochondrial, peroxisomal and lysosomal dysfunction in 158N, BV-2 

and N2a nerve cells ((Vejux et al., 2020) (Yammine et al., 2020)). In human aortic smooth 

muscle cells, the overproduction of ROS involves NADPH-oxidase (Nox4) and triggers ER stress 

(Pedruzzi et al., 2004) and autophagy induction involves Nox4 and Atg4B (He et al., 2013). On 

human neutrophil, 7KC-induced ROS overproduction involves the cellular membrane 

translocation of the NADPH oxidase cytosolic components, p47phox and p67phox (Alba et al., 

2016). The involvement of NADPH oxidase in the overproduction of ROS by 7KC and 7β-OHC 

was initially suggested by Rosenblat and Aviram using Apolipoprotein E deficient mice 

(Rosenblat and Aviram, 2002). On murine MIN6 pancreatic cells, 7KC-induced cell death was 

associated with a rupture of redox homeostasis, mitochondrial and lysosomal dysfunctions 

(Boumhras et al., 2014). An increase in inflammation including cytokine secretion (IL-1β, IL-8) 

and over-expression of adhesion molecules (ICAM-1, VCAM-1, E-selectin) can also be observed 

via activation of the TLR4 membrane receptor ((Huang et al., 2014) (Vejux et al., 2020)). The 

induction of IL-1β production could induce the NLRP3 inflammasome ((Li et al., 2014) (Koka et 

al., 2017)). 

Unlike 7KC, 7β-OHC does not accumulate in lipid rafts (Ragot et al., 2013). At present, in the 

case of 7β-OHC, oxiapoptophagy has only been demonstrated in 158N cells (Nury et al., 2015). 

7β-OHC favours an intracellular accumulation of Ca2+, and inhibits the PI3-K/PKB/Akt 

signalling pathway; this oxysterol is also a potent inducer of oxidative stress (ROS 

overproduction; dysregulation of the activity of anti-oxidant enzymes (i.e. catalase, SOD and 

GPx); enhanced levels of CDs, MDA and CPs) ((Li et al., 2012) (Zarrouk et al., 2015) (Nury et 

al., 2020b)). In addition, it induces dysfunction in several organelles, including morphological, 

topographical and functional changes of mitochondria, peroxisomes, and lysosomes ((Sghaier et 

al., 2019a) (Sghaier et al., 2019b) (Nury et al., 2020a)). The loss of ΔΨm resulting from 

mitochondrial dysfunction contributes to activation of apoptosis ((Sghaier et al., 2019a) (Sghaier 

et al., 2019b)). Moreover, 7β-OHC-induced cell death is associated with autophagic criteria: 
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presence of large cytoplasmic vacuoles revealed by staining with monodansylcadaverine and 

activation of LC3-I into LC3-II ((Sghaier et al., 2019a) (Sghaier et al., 2019b)). As 7β-OHC and 

7KC are two potent inducers of oxiapoptophagy some signalling pathways are therefore similar. 

However, as 7β-OHC is a stronger inducer of apoptosis than 7KC, this suggests some differences 

between these two oxysterols. It should be noted that activation of the PKC/P38/MEK/ERK 

signalling pathway is a link between apoptosis and inflammation induced by 7β-OHC (Prunet et 

al., 2006). In human macrophages, 7β-OHC regulates IL-8 expression independently of TLR 1, 2, 

4, or 6 signalling (Erridge et al., 2007).  

 

4. Inhibition of 7-ketocholesterol- and 7β-hydroxycholesterol-induced cytotoxicity with 

nutrients and synthetic molecules 

High oxysterol levels, of 7KC but also of 7β-OHC, have been detected in frequent age-related 

diseases including cardiovascular diseases, certain neurodegenerative diseases (Alzheimer’s 

disease) and eye diseases (cataract, age-related macular degeneration) as well as in certain rare 

diseases (X-ALD, Niemann Pick's disease, Smith-Lemli-Opitz syndrome) or chronic 

inflammatory bowel diseases ((Anderson et al., 2020) (Brown et al., 2020) (Vejux et al., 2020) 

(Alhouayek et al., 2021)). A better understanding of the signalling pathways associated with 

7KC- and 7β-OHC-induced cytotoxicity (oxidative stress, cell death induction), including 

oxiapoptophagy, makes it possible to envisage the search for natural or synthetic molecules, as 

well as mixtures of molecules, to prevent, attenuate and/or cure diseases in which 7KC and 7β-

OHC are potentially involved. Currently, different types of molecules opposing the 

oxiapoptophagy induced by 7KC and 7β-OHC have been identified ((Cilla et al., 2017) (Brahmi 

et al., 2019)). These molecules include vitamins, fatty acids, phospholipids, terpenes, phenols, 

plant pigments, antioxidants, oils and plant extracts and synthetic molecules (dimethyl fumarate 

(DMF) and its major metabolite, monomethylfumarate (MMF)) as well as memantine and 

simvastatine ((Vejux et al., 2020) (Neekhra et al., 2020)). 

 

4.1. Cytoprotective molecules against 7KC 

The compounds able to counteract 7KC-induced cell death are listed in Table 1 indicating the 

concentrations as well as the cell lines used.  

4.1.1. Natural compounds preventing 7KC-induced cytotoxicity 
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α-tocopherol is a component of Vitamin E which is constituted of 4 tocopherols and 4 

tocotrienols; α-tocopherol is one of the most efficient cytoprotective molecules (Rimbach et al., 

2002). α-tocopherol has cytoprotective effect on several cell types of different species (human 

monocytic U937 cells; rat smooth muscle A7r5 cells; murine oligodendrocytic 158N cells; 

murine microglial BV-2 cells and murine neuronal N2-a cells) ((Lizard et al., 2000) (Miguet-

Alfonsi et al., 2002) (Royer et al., 2009) (Vejux and Lizard, 2009) (Debbabi et al., 2016) 

(Debbabi et al., 2017) (Yammine et al., 2020)) suggesting a highly conserved cytoprotective 

mechanism. α-tocopherol opposes the accumulation of 7KC, but not of 7β-OHC, in lipid rafts and 

prevents organelle dysfunction (mitochondria, peroxisome and lysosome) with consequent 

inhibition of ROS overproduction, inhibition of apoptosis and normalization of autophagy 

((Brahmi et al., 2019) (Vejux et al., 2020)).  

Cytoprotective molecules also include many other nutrients that are abundant in the 

Mediterranean diet such as ω3, ω6 and ω9 fatty acids (α-linoleic acid (C18:2 n-6); 

eicosapentaenoic acid (C20:5 n-3); docosahexaenoic acid (DHA; C22:6 n-3); oleic acid (C18:1 n-

9); and sterculic acid (a C19 cyclopropene fatty acid)). These fatty acids are efficient in 

protecting murine and human nerve cells (158N, BV-2, N2-a, and SK-N-BE), as well as human 

retinal epithelial ARPE-19 cells, against 7KC- and 7β-OHC-induced cytotoxicity ( (Huang et al., 

2012) (Biasi et al., 2014) (Badreddine et al., 2017) (Brahmi et al., 2019) (Yammine et al., 2020)). 

In 158N cells, DHA enhances α-tocopherol protective effects (Nury et al., 2015). The vegetal 

pigment, indicaxanthine isolated from cactus pear (Opuntia ficus-indica L. Mill) fruit pulp 

(yellow cultivar) also prevents 7KC-induced apoptosis in human monocytic THP-1 cells 

(Tesoriere et al., 2013) and prevents eryptosis of human erythrocytes induced by a mixture of 

oxysterols consisting of 7KC, 7α-hydroxycholesterol, 7β-OH, cholestan-3β,5α,6β-triol, 5α,6α-

epoxycholesterol and 5β,6β-epoxy-cholesterol (Tesoriere et al., 2015).  

Several phenolic compounds, including polyphenols, most of which are present in significant 

level in the Mediterranean diet, have shown cytoprotective activities with respect to 7KC. These 

include epicatechin, epigallocatechin gallate (EGCG), apigenin, quercetin, dihydroquercetin 

(taxifolin), tyrosol, hydroxytyrosol and ferrulic acid active in ARPE-19 retinal epithelial cells 

((Dugas et al., 2010) (Kohno et al., 2020)), nerve cells (N2a, 158N, SH-SY-5Y, SK-N-BE) 

(Yammine et al., 2020), monocyte macrophages J774A.1 (Leonarduzzi et al., 2006), human M1 

and M2 macrophages (Buttari et al., 2014), ISO-HAS human angiosarcoma (Yamagata et al., 
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2013), Caco-2 human colorectal adenocarcinoma ((Deiana et al., 2010) (Atzeri et al., 2016)) and 

PC12 rat pheochromocytoma (Kim et al., 2017). Theobromine, which is present in dark 

chocolate, as well as cocoa bean shell extracts with different polyphenol contents, also prevents 

oxysterol-induced cell damage in Caco-2 cells ((Rossin et al., 2019) (Iaia et al., 2020)).  

The phospholipid bis(monoacylglycero)phosphate (BMP) is a structural isomer of 

phosphatidylglycerol that exhibits an unusual sn1:sn1' stereoconfiguration based on the position 

of the phosphate moiety of its two glycerol units (Hullin-Matsuda et al., 2009). BMP prevents the 

formation of 7KC in murine macrophagic RAW264.7 cells (Arnal-Levron et al., 2019). It has 

recently been suggested that BMP could be useful in the prevention of COVID-19 infection 

associated with respiratory complications that can lead to death, especially in people over 65 

years of age (Luquain-Costaz et al., 2020). A terpene (lycopene) has also been reported to 

prevent 7KC-induced cell death in THP-1 cells ((Palozza et al., 2010) (Palozza et al., 2011)). The 

ability of 7KC to trigger a rupture of redox homeostasis associated with ROS overproduction has 

led to the evaluation of the capacity of certain antioxidants for protection against these effects. 

Reduced glutathione (GSH) was shown to be effective in U937 cells (Lizard et al., 1998), N-

acetyl cysteine (NAC) in U937 cells and MC3T3-E1 murine pre-osteoblasts ((Lizard et al., 2000) 

(Sato et al., 2017)) and ergothioneine on human cerebral endothelial microvascular hCMEC/D3 

cells (Koh et al., 2020).  

Furthermore, among dietary components that also have cytoprotective activities against 7KC, we 

can include oils used in the traditional Mediterranean cuisine (olive oil, argan oil and milk thistle 

seed oil). Such oils are rich in oleic acid, tocopherols and also contains polyphenols (Zarrouk et 

al., 2019a); Xuezhikang (red yeast rice extract) (Shen et al., 2017); methanolic extracts of 

Clinacanthus nutans (Kuo et al., 2020) and ethanolic mint leaf extracts (Brahmi et al., 2018) also 

have cytoprotective properties. It has also been reported that wine extracts from Sardinian grape 

varieties attenuate membrane oxidative damage in Caco-2 cells (Deiana et al., 2012), that red 

wine polyphenolic compounds prevent LDL oxidation (Deckert et al., 2002) and that red and 

white wines inhibit cholesterol oxidation (Tian et al., 2011). 

4.1.2. Synthetic compounds preventing 7KC-induced cytotoxicity 

Currently, in 158N cells, only five synthetic molecules have been shown to be effective in 

preventing 7KC toxicity. These are dimethyl fumarate (DMF) used in the treatment of multiple 

sclerosis in its relapsing-remitting form, which is believed to act by activating the Nrf2 pathway, 
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and its major metabolite, monomethylfumarate (MMF), (Zarrouk et al., 2017) as well as AG126, 

a tyrosine kinase inhibitor (Kim and Lee, 2010). In ARPE-19 cells, memantine (a non-

competitive inhibitor of N-methyl-D-aspartate (NMDA) receptor used in the treatment of 

Alzheimer’s disease) as well as simvastatine (an inhibitor of the enzyme hydroxymethylglutaryl-

CoA reductase (HMG-CoA) used in the treatment of hypercholesterolemia) strongly attenuate 

7KC-induced apoptosis as shown by an important decrease of caspase 3/7 activity (Neekhra et 

al., 2020).  

However, some molecules may exhibit a cytoprotective effects in some cells but are ineffective in 

others. These are γ-tocopherol and α-tocotrienol, Vitamin C, and Biotin (also named Vitamin H, 

B7 or B8) evaluated either in human U937 monocytic cells (Lizard et al., 2000), rat A7r5 aortic 

smooth muscle cells (Royer et al., 2009) or murine 158N oligodendrocytes (Ragot et al., 2013). 

This is also the case of resveratrol evaluated in ARPE-19 retinal epithelial cells and 158N cells 

((Dugas et al., 2010) (Ragot et al., 2011)). As for Nigella seed oil, it has no cytoprotective effect 

against 7KC on 158N cells (Meddeb et al., 2018) but protects C2C12 murine myoblasts from cell 

death induced by this oxysterol. On the other hand, some molecules are also currently considered 

totally ineffective in preventing 7KC toxicity regardless of the type of cells considered. In BV-2 

murine microglial cells, no cytoprotective effect of elaidic acid (the trans-isomer of oleic acid) 

was observed (Debbabi et al., 2017). Similarly, phenolic compounds (ellagic acid, ferrulic acid), 

used at supraphysiological concentrations (50 µM), did not show cytoprotection in 158N cells. 

Similarly, Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid, a water-soluble 

analog of vitamin E), evaluated in BV-2 cells (Debbabi et al., 2016), and melatonin, evaluated in 

U937 cells (Lizard et al., 2000) as well as fingolimod (2-amino-2-[2-(4-

octylphenyl)ethyl]propane-1,3-diol; glatiramer acetate; FTY720; used at 30 and 500 nM) 

evaluated in 158N and N2a cells failed to show any cytoprotective effect.  

As 7KC accumulates in the lysosome, a strategy based on the use of bacterial enzymes targeting 

this organelle has been described to inactivate this oxysterol ((Mathieu et al., 2008) (Mathieu et 

al., 2009) (Mathieu et al., 2010) (Mathieu et al., 2012) (Ghosh and Khare, 2016) (Ghosh and 

Khare, 2017) (Perveen et al., 2018)). The use of bacterial enzymes to reduce the cellular 

accumulation of 7KC has emerged as a concept for medical bioremediation ((Rittmann and 

Schloendorn, 2007) (Schloendorn et al., 2009)). 
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One can also imagine promoting the development of an appropriate intestinal microbiota in order 

to 1) degrade the dietary 7KC before it is absorbed in the intestine and then transported by the 

plasma chymomicrons in the entero-hepatic circuit and/or 2) promote the in situ production of 

molecules from the microbiota which could inhibit the oxysterol synthesis and/or activity of 

intestinal oxysterol transporters such as ABCA1 and ABCG1. 

 

4.2. Cytoprotective molecules against 7β-OHC 

Compounds that prevent 7β-OHC-induced cell death are shown in Table 2 indicating the 

concentrations as well as the cell lines used.  

4.2.1. Natural compounds preventing 7β-OHC-induced cytotoxicity 

Several molecules or mixtures of molecules active against 7KC are also cytoprotective against 

7β-OHC. This is the case for α-tocopherol (but not γ-tocopherol) ((Lyons et al., 2001) (O'Sullivan 

et al., 2003) (Ragot et al., 2013)), DHA ((Zarrouk et al., 2015) (Nury et al., 2015)), resveratrol 

(Dugas et al., 2010), EGCG (Mascia et al., 2010) as well as red wine extracts (Naito et al., 2004). 

Similarly, as it has been shown on 7KC, the combination (α-tocopherol + DHA) has a greater 

cytoprotective effect on 7β-OHC than α-tocopherol and DHA used alone (Nury et al., 2015). 

Molecules, such as α-tocopherol and DHA, also prevent the toxicity induced by 24(S)-

hydroxycholesterol (24(S)-OHC), and so are of great interest in preventing diseases where 

concomitant increases in 7KC, 7β-OHC and 24(S)-OHC are observed, as is the case in certain 

neurodegenerative diseases such as X-ALD and at an early stage of Alzheimer's disease ((Testa et 

al., 2016) (Nury et al., 2017) (Zarrouk et al., 2020)). These nutrients (α-tocopherol, DHA) are 

also of interest for the prevention of cardiovascular diseases where simultaneous increases of 

7KC and 7β-OHC are observed in plasma and in atheromatous plaques (Testa et al., 2018). As α-

tocopherol and DHA are compounds found in significant amounts in the Mediterranean diet and 

have important dietary roles (Román et al., 2019), this reinforces the interest of adequate nutrition 

to prevent common age-related diseases including cardiovascular and neurodegenerative 

diseases. On the other hand, some molecules are active against 7β-OHC but not against 7KC. 

This is the case for biotin (Sghaier et al., 2019b). Finally, other molecules, including those 

extracted from plants or marine sources, are cytoprotective in different cell types (monocytes, 

endothelial cells, nerve cells), but their effects against 7KC toxicity have not been evaluated to 

date. These are plant extracts such as Carpobrotus edulis ethanol-water extract (Zarrouk et al., 
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2019b) and anthocyanin-rich Aronox extract from Aronia melanocarpa E (Zapolska-Downar et 

al., 2008), sea urchin egg oil (Zarrouk et al., 2018), and mitochondrial permeability transition 

pore (MPTP) inhibitors (bongerik acid, cyclosporin A) (Ryan et al., 2005). However, no 

cytoprotective effects against 7β-OHC-induced cell death have been found with certain phenolic 

compounds (ellagic acid, apigenin) ((Lordan et al., 2008) (Ragot et al., 2013)), and terpenoids 

(lycopene, astaxanthin) (Lordan et al., 2008). 

4.2.2. Synthetic compounds preventing 7β-OHC-induced cytotoxicity 

DMF and its major metabolite MMF strongly attenuate 7β-OHC-induced cytotoxicity in 158N 

cells (Sghaier et al., 2019a). Some molecules are also active against 7β-OHC but not against 

7KC. This is the case for Trolox (3,4-dihydro-6-hydroxy-2,5,7,8-tetramethyl-2H-1-benzopyran-

2-carboxylic acid: a hydrophilic analogue of Vitamin E) (Ryan et al., 2004). Other molecules, are 

cytoprotective in different cell types (monocytes, endothelial cells, nerve cells), but their effects 

against 7KC toxicity have not been evaluated to date. These are dimethylsulfoxide (DMSO), 

which prevents 7β-OHC-induced apoptosis in U937 cells by preserving lysosomes and 

mitochondria (Laskar et al., 2010b), and mangafodipir (a contrast agent used in magnetic 

resonance imaging of the liver) (Laskar et al., 2010a), as well as mitochondrial permeability 

transition pore (MPTP) inhibitors (ADP analogues; but not carboxyatractyloside) (Ryan et al., 

2005). No cytoprotective effects against 7β-OHC-induced cell death have been found with 

Ebselen, an organo-selenium drug molecule known for its anti-oxidant properties (Ryan et al., 

2004). 

 

5. Conclusion and perspectives 

The list of natural molecules (fatty acids, polyphenols, tocopherols, vitamins) and synthetic 

molecules, as well as vegetable and animal oils, plant extracts and exogenous enzymes that 

prevent 7KC- and 7β-OHC-induced cytotoxicity (cell death, oxidative stress) makes it worth 

developing either functional foods or drugs that will be effective in attenuating and/or curing age-

related diseases in which the levels of these oxysterols are increased. It is interesting to note that 

several of these natural cytoprotective molecules are abundant in the Mediterranean diet ((Román 

et al., 2019) (Shannon et al., 2021)) as well as in the Okinawan diet (Willcox et al., 2014). It is 

expected that several technological developments, including genome mining and engineering 

strategies, will contribute to open new opportunities in order identifying new cytoprotective 
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molecules (Atanasov et al., 2021). In addition to the in vitro models used (primary cultures, cell 

lines, mixed cultures, organoids), appropriate in vivo models should take into account the 

bioavailability and metabolism of the administered products, and the incidence of the microbiota 

if the cytoprotective compounds are administered orally (food supplements, functional foods) 

(Tarasiuk and Fichna, 2019). The galenic aspect will also have to be worked on by considering 

the design of micro- and nano-encapsulation and functionalized nanoparticles which could 

possibly lead to a targeted therapy ((Ghosh et al., 2018) (Sallem et al., 2019) (Singh et al., 2020)). 

Finally, mixtures of molecules could also be produced to seek synergistic effects and increase 

cytoprotection.  

 

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

 

Author contributions: All authors have participated in the manuscript preparation and several of 

them have contributed to studies cited in references allowing a better characterization of the 

toxicity of 7KC and 7β-OHC. This review is a follow-up to the review published in Ageing 

Research Review by Zarrouk A et al. in 2014 (Zarrouk et al., 2014). Yammine A, Ghzaiel I and 

Sassi K are currently PhD students in the laboratory Bio-peroxIL (Dijon, France) and are working 

on oxysterols cytotoxicity. Nury T defended his PhD Thesis on oxiapoptophagy in December 

2020. Zarrouk A obtained her PhD Thesis in the laboratory Bio-peroxIL in 2013 and did post-

doctoral stays in the laboratories of Dr Mackrill JJ (University College of Cork, Cork, Ireland) 

and Dr Pais de Barros JP (Inserm / Université de Bourgogne, Dijon, France) in the field of 

oxysterols and age-related diseases. Dr Brahmi F did several post-doctoral stays in the laboratory 

Bio-peroxIL to study the impact of natural compounds on oxysterol-induced cytotoxicity. Dr 

Samadi M, Mrs Rup-Jacques S (MS) and Dr Vervandier-Fasseur D are chemists; they provided 

oxysterols and polyphenols. Bergas V (MS) is analytical biochemist specialized in the analysis of 

lipids. Dr Ghosh S contributes to lot of studies on bioremediation to prevent 7KC-induced cell 

death. Dr Majeed M, Dr Pande A and Prof. Atanasov A provided lot of natural compounds. Prof. 

Hammami S, Prof. Hammami M, Prof. Nasser B, Dr Andreoletti P, Prof. Cherkaoui-Malki M, Dr 

Zarrouk A and Dr Vejux A have contributed to the supervision of several students working either 

on oxysterols, the effects of natural substances and/or their impact on organelles. Dr Lizard G 

initiated oxysterols research at the University of Burgundy (Dijon, France) in 1994; he heads the 



23 
 

Bio-peroxIL laboratory. Fourteen PhD theses have been carried out under his direction on this 

theme and three are currently in progress. The manuscript has been written by Dr Lizard G with 

the active contribution of all co-authors. The correction of English was done by Dr Mackrill JJ.  

 

Acknowledegements: This work was funded by University of Bourgogne (Dijon, France), 

Université Libanaise (Beirut / Fanar, Lebanon; Research Funding Program at the Lebanese 

University (2020-2022)), University of Monastir (Monastir, Tunisia), University Tunis El Manar 

(Tunis, Tunisia), University of Bejaia (Bejaia, Algeria), Faculty of Sciences & Techniques” 

(FST) (Settat, Morocco), Yammine A and Ghzaiel I received a financial support from Nutrition 

Méditerranéenne & Santé (NMS). Ghzaiel I and Sassi K received a financial support from the 

Association Bourguignonne pour les Applications des Sciences de l’Information en Médecine 

(ABASIM). This article/publication is also based upon work from COST Action NutRedOx-

CA16112 (Personalized nutrition in ageing society: redox control of major age-related diseases) 

supported by COST (European Cooperation in Science and Technology). This project was 

financially supported by Ministry of Europe and Foreign Affairs, Ministry of Higher Education, 

Research and Innovation and the French Institute of Rabat (PHC TOUBKAL 2019, n°TBK 19/92 

(French-Morocco bilateral program); Grant Number: 41501RJ). Nury T, Ghzaiel I, Sassi K, 

Zarrouk A, Samadi M, Mackrill J, Vejux A and Lizard G are members of the European Network 

for Oxysterols Research (ENOR; http://oxysterols.net). Zarrouk A, Pande A, Atanasov A, 

Hammami S, Hammami M and Lizard G are members of the International Natural Product 

Sciences Taskforce (INPST; https://inpst.net/). 

 

References 
Alba, G., Reyes-Quiróz, M.E., Sáenz, J., Geniz, I., Jiménez, J., Martín-Nieto, J., Pintado, E., Sobrino, F., 

Santa-María, C., 2016. 7-Keto-cholesterol and 25-hydroxy-1 cholesterol rapidly enhance ROS 
production in human neutrophils. European journal of nutrition 55, 2485-2492. 

Alhouayek, M., Ameraoui, H., Muccioli, G.G., 2021. Bioactive lipids in inflammatory bowel diseases - 
From pathophysiological alterations to therapeutic opportunities. Biochimica et biophysica acta. 
Molecular and cell biology of lipids 1866, 158854. 

Anand, P.K., 2020. Lipids, inflammasomes, metabolism, and disease. Immunological reviews 297, 108-
122. 

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. 

Aon, M.A., Bhatt, N., Cortassa, S.C., 2014. Mitochondrial and cellular mechanisms for managing lipid 
excess. Frontiers in physiology 5, 282. 



24 
 

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

Atanasov, A.G., Nashev, L.G., Schweizer, R.A., Frick, C., Odermatt, A., 2004. Hexose-6-phosphate 
dehydrogenase determines the reaction direction of 11beta-hydroxysteroid dehydrogenase type 1 
as an oxoreductase. FEBS letters 571, 129-133. 

Atanasov, A.G., Zotchev, S.B., Dirsch, V.M., Supuran, C.T., 2021. Natural products in drug discovery: 
advances and opportunities. Nature reviews. Drug discovery, 1-17. 

Atzeri, A., Lucas, R., Incani, A., Peñalver, P., Zafra-Gómez, A., Melis, M.P., Pizzala, R., Morales, J.C., 
Deiana, M., 2016. Hydroxytyrosol and tyrosol sulfate metabolites protect against the oxidized 
cholesterol pro-oxidant effect in Caco-2 human enterocyte-like cells. Food & function 7, 337-346. 

Baarine, M., Andréoletti, P., Athias, A., Nury, T., Zarrouk, A., Ragot, K., Vejux, A., Riedinger, J.M., 
Kattan, Z., Bessede, G., Trompier, D., Savary, S., Cherkaoui-Malki, M., Lizard, G., 2012. 
Evidence of oxidative stress in very long chain fatty acid--treated oligodendrocytes and 
potentialization of ROS production using RNA interference-directed knockdown of ABCD1 and 
ACOX1 peroxisomal proteins. Neuroscience 213, 1-18. 

Badreddine, A., Zarrouk, A., Karym, E.M., Debbabi, M., Nury, T., Meddeb, W., Sghaier, R., Bezine, M., 
Vejux, A., Martine, L., Grégoire, S., Bretillon, L., Prost-Camus, E., Durand, P., Prost, M., 
Moreau, T., Cherkaoui-Malki, M., Nasser, B., Lizard, G., 2017. Argan Oil-Mediated Attenuation 
of Organelle Dysfunction, Oxidative Stress and Cell Death Induced by 7-Ketocholesterol in 
Murine Oligodendrocytes 158N. International journal of molecular sciences 18. 

Barja, G., 2019. Towards a unified mechanistic theory of aging. Experimental gerontology 124, 110627. 
Beck, K.R., Inderbinen, S.G., Kanagaratnam, S., Kratschmar, D.V., Jetten, A.M., Yamaguchi, H., 

Odermatt, A., 2019a. 11β-Hydroxysteroid dehydrogenases control access of 7β,27-
dihydroxycholesterol to retinoid-related orphan receptor γ. Journal of lipid research 60, 1535-
1546. 

Beck, K.R., Kanagaratnam, S., Kratschmar, D.V., Birk, J., Yamaguchi, H., Sailer, A.W., Seuwen, K., 
Odermatt, A., 2019b. Enzymatic interconversion of the oxysterols 7β,25-dihydroxycholesterol and 
7-keto,25-hydroxycholesterol by 11β-hydroxysteroid dehydrogenase type 1 and 2. The Journal of 
steroid biochemistry and molecular biology 190, 19-28. 

Bezine, M., Maatoug, S., Ben Khalifa, R., Debbabi, M., Zarrouk, A., Wang, Y., Griffiths, W.J., Nury, T., 
Samadi, M., Vejux, A., de Sèze, J., Moreau, T., Kharrat, R., El Ayeb, M., Lizard, G., 2018a. 
Modulation of Kv3.1b potassium channel level and intracellular potassium concentration in 158N 
murine oligodendrocytes and BV-2 murine microglial cells treated with 7-ketocholesterol, 24S-
hydroxycholesterol or tetracosanoic acid (C24:0). Biochimie 153, 56-69. 

Bezine, M., Namsi, A., Sghaier, R., Ben Khalifa, R., Hamdouni, H., Brahmi, F., Badreddine, I., Mihoubi, 
W., Nury, T., Vejux, A., Zarrouk, A., de Sèze, J., Moreau, T., Nasser, B., Lizard, G., 2018b. The 
effect of oxysterols on nerve impulses. Biochimie 153, 46-51. 

Biasi, F., Deiana, M., Guina, T., Gamba, P., Leonarduzzi, G., Poli, G., 2014. Wine consumption and 
intestinal redox homeostasis. Redox biology 2, 795-802. 

Björkhem, I., Diczfalusy, U., Lövgren-Sandblom, A., Starck, L., Jonsson, M., Tallman, K., Schirmer, H., 
Ousager, L.B., Crick, P.J., Wang, Y., Griffiths, W.J., Guengerich, F.P., 2014. On the formation of 
7-ketocholesterol from 7-dehydrocholesterol in patients with CTX and SLO. Journal of lipid 
research 55, 1165-1172. 

Boumhras, M., Ouafik, S., Nury, T., Gresti, J., Athias, A., Ragot, K., Nasser, B., Cherkaoui-Malki, M., 
Lizard, G., 2014. Determination of heavy metal content and lipid profiles in mussel extracts from 
two sites on the moroccan atlantic coast and evaluation of their biological activities on MIN6 
pancreatic cells. Environmental toxicology 29, 1245-1261. 



25 
 

Brahmi, F., Nury, T., Debbabi, M., Hadj-Ahmed, S., Zarrouk, A., Prost, M., Madani, K., Boulekbache-
Makhlouf, L., Lizard, G., 2018. Evaluation of Antioxidant, Anti-Inflammatory and Cytoprotective 
Properties of Ethanolic Mint Extracts from Algeria on 7-Ketocholesterol-Treated Murine RAW 
264.7 Macrophages. Antioxidants (Basel, Switzerland) 7. 

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

Brown, A.J., Dean, R.T., Jessup, W., 1996. Free and esterified oxysterol: formation during copper-
oxidation of low density lipoprotein and uptake by macrophages. Journal of lipid research 37, 
320-335. 

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

Brown, A.J., Sharpe, L.J., Rogers, M.J., 2020. Oxysterols: From physiological tuners to pharmacological 
opportunities. British journal of pharmacology. 

Butler, D., Bahr, B.A., 2006. Oxidative stress and lysosomes: CNS-related consequences and implications 
for lysosomal enhancement strategies and induction of autophagy. Antioxidants & redox signaling 
8, 185-196. 

Buttari, B., Profumo, E., Segoni, L., D'Arcangelo, D., Rossi, S., Facchiano, F., Saso, L., Businaro, R., 
Iuliano, L., Riganò, R., 2014. Resveratrol counteracts inflammation in human M1 and M2 
macrophages upon challenge with 7-oxo-cholesterol: potential therapeutic implications in 
atherosclerosis. Oxidative medicine and cellular longevity 2014, 257543. 

Cenini, G., Lloret, A., Cascella, R., 2019. Oxidative Stress in Neurodegenerative Diseases: From a 
Mitochondrial Point of View. Oxidative medicine and cellular longevity 2019, 2105607. 

Chang, M.C., Chen, Y.J., Liou, E.J., Tseng, W.Y., Chan, C.P., Lin, H.J., Liao, W.C., Chang, Y.C., Jeng, 
P.Y., Jeng, J.H., 2016. 7-Ketocholesterol induces ATM/ATR, Chk1/Chk2, PI3K/Akt signalings, 
cytotoxicity and IL-8 production in endothelial cells. Oncotarget 7, 74473-74483. 

Cilla, A., Alegría, A., Attanzio, A., Garcia-Llatas, G., Tesoriere, L., Livrea, M.A., 2017. Dietary 
phytochemicals in the protection against oxysterol-induced damage. Chemistry and physics of 
lipids 207, 192-205. 

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

Corsinovi, L., Biasi, F., Poli, G., Leonarduzzi, G., Isaia, G., 2011. Dietary lipids and their oxidized 
products in Alzheimer's disease. Molecular nutrition & food research 55 Suppl 2, S161-172. 

Dammann, C., Stapelfeld, C., Maser, E., 2019. Expression and activity of the cortisol-activating enzyme 
11β-hydroxysteroid dehydrogenase type 1 is tissue and species-specific. Chemico-biological 
interactions 303, 57-61. 

De Duve, C., Baudhuin, P., 1966. Peroxisomes (microbodies and related particles). Physiological reviews 
46, 323-357. 

de Medina, P., Diallo, K., Huc-Claustre, E., Attia, M., Soulès, R., Silvente-Poirot, S., Poirot, M., 2020. 
The 5,6-epoxycholesterol metabolic pathway in breast cancer: Emergence of new 
pharmacological targets. British journal of pharmacology. 

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, 13520-13525. 

Debbabi, M., Nury, T., Zarrouk, A., Mekahli, N., Bezine, M., Sghaier, R., Grégoire, S., Martine, L., 
Durand, P., Camus, E., Vejux, A., Jabrane, A., Bretillon, L., Prost, M., Moreau, T., Ammou, S.B., 
Hammami, M., Lizard, G., 2016. Protective Effects of α-Tocopherol, γ-Tocopherol and Oleic 
Acid, Three Compounds of Olive Oils, and No Effect of Trolox, on 7-Ketocholesterol-Induced 



26 
 

Mitochondrial and Peroxisomal Dysfunction in Microglial BV-2 Cells. International journal of 
molecular sciences 17. 

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

Deckert, V., Desrumaux, C., Athias, A., Duverneuil, L., Palleau, V., Gambert, P., Masson, D., Lagrost, L., 
2002. Prevention of LDL alpha-tocopherol consumption, cholesterol oxidation, and vascular 
endothelium dysfunction by polyphenolic compounds from red wine. Atherosclerosis 165, 41-50. 

Deiana, M., Corona, G., Incani, A., Loru, D., Rosa, A., Atzeri, A., Paola Melis, M., Assunta Dessì, M., 
2010. Protective effect of simple phenols from extravirgin olive oil against lipid peroxidation in 
intestinal Caco-2 cells. Food and chemical toxicology : an international journal published for the 
British Industrial Biological Research Association 48, 3008-3016. 

Deiana, M., Loru, D., Incani, A., Rosa, A., Atzeri, A., Melis, M.P., Cabboi, B., Hollecker, L., Pinna, M.B., 
Argiolas, F., Murru, M., Dessì, M.A., 2012. Wine extracts from Sardinian grape varieties 
attenuate membrane oxidative damage in Caco-2 cell monolayers. Food chemistry 134, 2105-
2113. 

Deon, M., Marchetti, D.P., Donida, B., Wajner, M., Vargas, C., 2016. Oxidative Stress in Patients with X-
Linked Adrenoleukodystrophy. Cellular and molecular neurobiology 36, 497-512. 

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

Doria, M., Nury, T., Delmas, D., Moreau, T., Lizard, G., Vejux, A., 2019. Protective function of 
autophagy during VLCFA-induced cytotoxicity in a neurodegenerative cell model. Free radical 
biology & medicine 137, 46-58. 

Dugas, B., Charbonnier, S., Baarine, M., Ragot, K., Delmas, D., Ménétrier, F., Lherminier, J., Malvitte, 
L., Khalfaoui, T., Bron, A., Creuzot-Garcher, C., Latruffe, N., Lizard, G., 2010. Effects of 
oxysterols on cell viability, inflammatory cytokines, VEGF, and reactive oxygen species 
production on human retinal cells: cytoprotective effects and prevention of VEGF secretion by 
resveratrol. European journal of nutrition 49, 435-446. 

Duran, M.J., Pierre, S.V., Lesnik, P., Pieroni, G., Bourdeaux, M., Dignat-Georges, F., Sampol, J., 
Maixent, J.M., 2010. 7-ketocholesterol inhibits Na,K-ATPase activity by decreasing expression of 
its α1-subunit and membrane fluidity in human endothelial cells. Cellular and molecular biology 
(Noisy-le-Grand, France) 56 Suppl, Ol1434-1441. 

Erridge, C., Webb, D.J., Spickett, C.M., 2007. 25-Hydroxycholesterol, 7beta-hydroxycholesterol and 7-
ketocholesterol upregulate interleukin-8 expression independently of Toll-like receptor 1, 2, 4 or 6 
signalling in human macrophages. Free radical research 41, 260-266. 

Faust, P.L., Kovacs, W.J., 2014. Cholesterol biosynthesis and ER stress in peroxisome deficiency. 
Biochimie 98, 75-85. 

Fransen, M., Lismont, C., Walton, P., 2017. The Peroxisome-Mitochondria Connection: How and Why? 
International journal of molecular sciences 18. 

Fransen, M., Nordgren, M., Wang, B., Apanasets, O., Van Veldhoven, P.P., 2013. Aging, age-related 
diseases and peroxisomes. Sub-cellular biochemistry 69, 45-65. 

Fransen, M., Revenco, I., Li, H., Costa, C.F., Lismont, C., Van Veldhoven, P.P., 2020. Peroxisomal 
Dysfunction and Oxidative Stress in Neurodegenerative Disease: A Bidirectional Crosstalk. 
Advances in experimental medicine and biology 1299, 19-30. 

Fu, X., Huang, X., Li, P., Chen, W., Xia, M., 2014. 7-Ketocholesterol inhibits isocitrate dehydrogenase 2 
expression and impairs endothelial function via microRNA-144. Free radical biology & medicine 
71, 1-15. 



27 
 

Fuda, H., Javitt, N.B., Mitamura, K., Ikegawa, S., Strott, C.A., 2007. Oxysterols are substrates for 
cholesterol sulfotransferase. Journal of lipid research 48, 1343-1352. 

Fujiki, Y., Abe, Y., Imoto, Y., Tanaka, A.J., Okumoto, K., Honsho, M., Tamura, S., Miyata, N., 
Yamashita, T., Chung, W.K., Kuroiwa, T., 2020. Recent insights into peroxisome biogenesis and 
associated diseases. Journal of cell science 133. 

Gabaldón, T., 2010. Peroxisome diversity and evolution. Philosophical transactions of the Royal Society 
of London. Series B, Biological sciences 365, 765-773. 

Gallucci, G., Tartarone, A., Lerose, R., Lalinga, A.V., Capobianco, A.M., 2020. Cardiovascular risk of 
smoking and benefits of smoking cessation. Journal of thoracic disease 12, 3866-3876. 

Galluzzi, L., Kroemer, G., 2008. Necroptosis: a specialized pathway of programmed necrosis. Cell 135, 
1161-1163. 

Gargiulo, S., Gamba, P., Testa, G., Leonarduzzi, G., Poli, G., 2016. The role of oxysterols in vascular 
ageing. The Journal of physiology 594, 2095-2113. 

Ghosh, S., Ahmad, R., Gautam, V.K., Khare, S.K., 2018. Cholesterol-oxidase-magnetic 
nanobioconjugates for the production of 4-cholesten-3-one and 4-cholesten-3, 7-dione. 
Bioresource technology 254, 91-96. 

Ghosh, S., Khare, S.K., 2016. Biodegradation of cytotoxic 7-Ketocholesterol by Pseudomonas aeruginosa 
PseA. Bioresource technology 213, 44-49. 

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

Girão, H., Mota, M.C., Ramalho, J., Pereira, P., 1998. Cholesterol oxides accumulate in human cataracts. 
Experimental eye research 66, 645-652. 

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

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

Hamer, I., Van Beersel, G., Arnould, T., Jadot, M., 2012. Lipids and lysosomes. Current drug metabolism 
13, 1371-1387. 

Hammoud, Y., Rice, T., Mackrill, J.J., 2013. Oxysterols modulate calcium signalling in the A7r5 aortic 
smooth muscle cell-line. Biochimie 95, 568-577. 

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, 11-19. 

He, A., Dean, J.M., Lodhi, I.J., 2021. Peroxisomes as Cellular Adaptors to Metabolic and Environmental 
Stress. Trends in cell biology. 

He, C., Zhu, H., Zhang, W., Okon, I., Wang, Q., Li, H., Le, Y.Z., Xie, Z., 2013. 7-Ketocholesterol induces 
autophagy in vascular smooth muscle cells through Nox4 and Atg4B. The American journal of 
pathology 183, 626-637. 

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

Hodis, H.N., Crawford, D.W., Sevanian, A., 1991. Cholesterol feeding increases plasma and aortic tissue 
cholesterol oxide levels in parallel: further evidence for the role of cholesterol oxidation in 
atherosclerosis. Atherosclerosis 89, 117-126. 

Huang, J.D., Amaral, J., Lee, J.W., Larrayoz, I.M., Rodriguez, I.R., 2012. Sterculic acid antagonizes 7-
ketocholesterol-mediated inflammation and inhibits choroidal neovascularization. Biochimica et 
biophysica acta 1821, 637-646. 

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



28 
 

Hughes, H., Mathews, B., Lenz, M.L., Guyton, J.R., 1994. 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, 1177-1185. 

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

Iaia, N., Rossin, D., Sottero, B., Venezia, I., Poli, G., Biasi, F., 2020. Efficacy of theobromine in 
preventing intestinal CaCo-2 cell damage induced by oxysterols. Archives of biochemistry and 
biophysics 694, 108591. 

Inpanathan, S., Botelho, R.J., 2019. The Lysosome Signaling Platform: Adapting With the Times. 
Frontiers in cell and developmental biology 7, 113. 

Islinger, M., Grille, S., Fahimi, H.D., Schrader, M., 2012. The peroxisome: an update on mysteries. 
Histochemistry and cell biology 137, 547-574. 

Iuliano, L., 2011. Pathways of cholesterol oxidation via non-enzymatic mechanisms. Chemistry and 
physics of lipids 164, 457-468. 

Jang, E.R., Lee, C.S., 2011. 7-ketocholesterol induces apoptosis in differentiated PC12 cells via reactive 
oxygen species-dependent activation of NF-κB and Akt pathways. Neurochemistry international 
58, 52-59. 

Keenan, S.N., Watt, M.J., Montgomery, M.K., 2020. Inter-organelle Communication in the Pathogenesis 
of Mitochondrial Dysfunction and Insulin Resistance. Current diabetes reports 20, 20. 

Kemp, S., Berger, J., Aubourg, P., 2012. X-linked adrenoleukodystrophy: clinical, metabolic, genetic and 
pathophysiological aspects. Biochimica et biophysica acta 1822, 1465-1474. 

Kim, A., Nam, Y.J., Lee, C.S., 2017. Taxifolin reduces the cholesterol oxidation product-induced neuronal 
apoptosis by suppressing the Akt and NF-κB activation-mediated cell death. Brain research 
bulletin 134, 63-71. 

Kim, Y.J., Lee, C.S., 2010. Tyrosine kinase inhibitor AG126 reduces 7-ketocholesterol-induced cell death 
by suppressing mitochondria-mediated apoptotic process. Neurochemical research 35, 603-612. 

Klionsky, D.J., Abdel-Aziz, A.K., Abdelfatah, S., Abdellatif, M., Abdoli, A., Abel, S., Abeliovich, H., 
Abildgaard, M.H., Abudu, Y.P., Acevedo-Arozena, A., Adamopoulos, I.E., Adeli, K., Adolph, 
T.E., Adornetto, A., Aflaki, E., Agam, G., Agarwal, A., Aggarwal, B.B., Agnello, M., Agostinis, 
P., Agrewala, J.N., Agrotis, A., Aguilar, P.V., Ahmad, S.T., Ahmed, Z.M., Ahumada-Castro, U., 
Aits, S., Aizawa, S., Akkoc, Y., Akoumianaki, T., Akpinar, H.A., Al-Abd, A.M., Al-Akra, L., Al-
Gharaibeh, A., Alaoui-Jamali, M.A., Alberti, S., Alcocer-Gómez, E., Alessandri, C., Ali, M., Alim 
Al-Bari, M.A., Aliwaini, S., Alizadeh, J., Almacellas, E., Almasan, A., Alonso, A., Alonso, G.D., 
Altan-Bonnet, N., Altieri, D.C., Álvarez É, M.C., Alves, S., Alves da Costa, C., Alzaharna, M.M., 
Amadio, M., Amantini, C., Amaral, C., Ambrosio, S., Amer, A.O., Ammanathan, V., An, Z., 
Andersen, S.U., Andrabi, S.A., Andrade-Silva, M., Andres, A.M., Angelini, S., Ann, D., Anozie, 
U.C., Ansari, M.Y., Antas, P., Antebi, A., Antón, Z., Anwar, T., Apetoh, L., Apostolova, N., 
Araki, T., Araki, Y., Arasaki, K., Araújo, W.L., Araya, J., Arden, C., Arévalo, M.A., Arguelles, 
S., Arias, E., Arikkath, J., Arimoto, H., Ariosa, A.R., Armstrong-James, D., Arnauné-Pelloquin, 
L., Aroca, A., Arroyo, D.S., Arsov, I., Artero, R., Asaro, D.M.L., Aschner, M., Ashrafizadeh, M., 
Ashur-Fabian, O., Atanasov, A.G., Au, A.K., Auberger, P., Auner, H.W., Aurelian, L., Autelli, R., 
Avagliano, L., Ávalos, Y., Aveic, S., Aveleira, C.A., Avin-Wittenberg, T., Aydin, Y., Ayton, S., 
Ayyadevara, S., Azzopardi, M., Baba, M., Backer, J.M., Backues, S.K., Bae, D.H., Bae, O.N., 
Bae, S.H., Baehrecke, E.H., Baek, A., Baek, S.H., Baek, S.H., Bagetta, G., Bagniewska-
Zadworna, A., Bai, H., Bai, J., Bai, X., Bai, Y., Bairagi, N., Baksi, S., Balbi, T., Baldari, C.T., 
Balduini, W., Ballabio, A., Ballester, M., Balazadeh, S., Balzan, R., Bandopadhyay, R., Banerjee, 
S., Banerjee, S., Bánréti, Á., Bao, Y., Baptista, M.S., Baracca, A., Barbati, C., Bargiela, A., 
Barilà, D., Barlow, P.G., Barmada, S.J., Barreiro, E., Barreto, G.E., Bartek, J., Bartel, B., 
Bartolome, A., Barve, G.R., Basagoudanavar, S.H., Bassham, D.C., Bast, R.C., Jr., Basu, A., 
Batoko, H., Batten, I., Baulieu, E.E., Baumgarner, B.L., Bayry, J., Beale, R., Beau, I., Beaumatin, 



29 
 

F., Bechara, L.R.G., Beck, G.R., Jr., Beers, M.F., Begun, J., Behrends, C., Behrens, G.M.N., Bei, 
R., Bejarano, E., Bel, S., Behl, C., Belaid, A., Belgareh-Touzé, N., Bellarosa, C., Belleudi, F., 
Belló Pérez, M., Bello-Morales, R., Beltran, J.S.O., Beltran, S., Benbrook, D.M., Bendorius, M., 
Benitez, B.A., Benito-Cuesta, I., Bensalem, J., Berchtold, M.W., Berezowska, S., Bergamaschi, 
D., Bergami, M., Bergmann, A., Berliocchi, L., Berlioz-Torrent, C., Bernard, A., Berthoux, L., 
Besirli, C.G., Besteiro, S., Betin, V.M., Beyaert, R., Bezbradica, J.S., Bhaskar, K., Bhatia-
Kissova, I., Bhattacharya, R., Bhattacharya, S., Bhattacharyya, S., Bhuiyan, M.S., Bhutia, S.K., 
Bi, L., Bi, X., Biden, T.J., Bijian, K., Billes, V.A., Binart, N., Bincoletto, C., Birgisdottir, A.B., 
Bjorkoy, G., Blanco, G., Blas-Garcia, A., Blasiak, J., Blomgran, R., Blomgren, K., Blum, J.S., 
Boada-Romero, E., Boban, M., Boesze-Battaglia, K., Boeuf, P., Boland, B., Bomont, P., Bonaldo, 
P., Bonam, S.R., Bonfili, L., Bonifacino, J.S., Boone, B.A., Bootman, M.D., Bordi, M., Borner, 
C., Bornhauser, B.C., Borthakur, G., Bosch, J., Bose, S., Botana, L.M., Botas, J., Boulanger, 
C.M., Boulton, M.E., Bourdenx, M., Bourgeois, B., Bourke, N.M., Bousquet, G., Boya, P., 
Bozhkov, P.V., Bozi, L.H.M., Bozkurt, T.O., Brackney, D.E., Brandts, C.H., Braun, R.J., Braus, 
G.H., Bravo-Sagua, R., Bravo-San Pedro, J.M., Brest, P., Bringer, M.A., Briones-Herrera, A., 
Broaddus, V.C., Brodersen, P., Brodsky, J.L., Brody, S.L., Bronson, P.G., Bronstein, J.M., 
Brown, C.N., Brown, R.E., Brum, P.C., Brumell, J.H., Brunetti-Pierri, N., Bruno, D., Bryson-
Richardson, R.J., Bucci, C., Buchrieser, C., Bueno, M., Buitrago-Molina, L.E., Buraschi, S., 
Buch, S., Buchan, J.R., Buckingham, E.M., Budak, H., Budini, M., Bultynck, G., Burada, F., 
Burgoyne, J.R., Burón, M.I., Bustos, V., Büttner, S., Butturini, E., Byrd, A., Cabas, I., Cabrera-
Benitez, S., Cadwell, K., Cai, J., Cai, L., Cai, Q., Cairó, M., Calbet, J.A., Caldwell, G.A., 
Caldwell, K.A., Call, J.A., Calvani, R., Calvo, A.C., Calvo-Rubio Barrera, M., Camara, N.O., 
Camonis, J.H., Camougrand, N., Campanella, M., Campbell, E.M., Campbell-Valois, F.X., 
Campello, S., Campesi, I., Campos, J.C., Camuzard, O., Cancino, J., Candido de Almeida, D., 
Canesi, L., Caniggia, I., Canonico, B., Cantí, C., Cao, B., Caraglia, M., Caramés, B., Carchman, 
E.H., Cardenal-Muñoz, E., Cardenas, C., Cardenas, L., Cardoso, S.M., Carew, J.S., Carle, G.F., 
Carleton, G., Carloni, S., Carmona-Gutierrez, D., Carneiro, L.A., Carnevali, O., Carosi, J.M., 
Carra, S., Carrier, A., Carrier, L., Carroll, B., Carter, A.B., Carvalho, A.N., Casanova, M., Casas, 
C., Casas, J., Cassioli, C., Castillo, E.F., Castillo, K., Castillo-Lluva, S., Castoldi, F., Castori, M., 
Castro, A.F., Castro-Caldas, M., Castro-Hernandez, J., Castro-Obregon, S., Catz, S.D., Cavadas, 
C., Cavaliere, F., Cavallini, G., Cavinato, M., Cayuela, M.L., Cebollada Rica, P., Cecarini, V., 
Cecconi, F., Cechowska-Pasko, M., Cenci, S., Ceperuelo-Mallafré, V., Cerqueira, J.J., Cerutti, 
J.M., Cervia, D., Cetintas, V.B., Cetrullo, S., Chae, H.J., Chagin, A.S., Chai, C.Y., Chakrabarti, 
G., Chakrabarti, O., Chakraborty, T., Chakraborty, T., Chami, M., Chamilos, G., Chan, D.W., 
Chan, E.Y.W., Chan, E.D., Chan, H.Y.E., Chan, H.H., Chan, H., Chan, M.T.V., Chan, Y.S., 
Chandra, P.K., Chang, C.P., Chang, C., Chang, H.C., Chang, K., Chao, J., Chapman, T., Charlet-
Berguerand, N., Chatterjee, S., Chaube, S.K., Chaudhary, A., Chauhan, S., Chaum, E., Checler, 
F., Cheetham, M.E., Chen, C.S., Chen, G.C., Chen, J.F., Chen, L.L., Chen, L., Chen, L., Chen, 
M., Chen, M.K., Chen, N., Chen, Q., Chen, R.H., Chen, S., Chen, W., Chen, W., Chen, X.M., 
Chen, X.W., Chen, X., Chen, Y., Chen, Y.G., Chen, Y., Chen, Y., Chen, Y.J., Chen, Y.Q., Chen, 
Z.S., Chen, Z., Chen, Z.H., Chen, Z.J., Chen, Z., Cheng, H., Cheng, J., Cheng, S.Y., Cheng, W., 
Cheng, X., Cheng, X.T., Cheng, Y., Cheng, Z., Chen, Z., Cheong, H., Cheong, J.K., Chernyak, 
B.V., Cherry, S., Cheung, C.F.R., Cheung, C.H.A., Cheung, K.H., Chevet, E., Chi, R.J., Chiang, 
A.K.S., Chiaradonna, F., Chiarelli, R., Chiariello, M., Chica, N., Chiocca, S., Chiong, M., Chiou, 
S.H., Chiramel, A.I., Chiurchiù, V., Cho, D.H., Choe, S.K., Choi, A.M.K., Choi, M.E., 
Choudhury, K.R., Chow, N.S., Chu, C.T., Chua, J.P., Chua, J.J.E., Chung, H., Chung, K.P., 
Chung, S., Chung, S.H., Chung, Y.L., Cianfanelli, V., Ciechomska, I.A., Cifuentes, M., Cinque, 
L., Cirak, S., Cirone, M., Clague, M.J., Clarke, R., Clementi, E., Coccia, E.M., Codogno, P., 
Cohen, E., Cohen, M.M., Colasanti, T., Colasuonno, F., Colbert, R.A., Colell, A., Čolić, M., Coll, 
N.S., Collins, M.O., Colombo, M.I., Colón-Ramos, D.A., Combaret, L., Comincini, S., Cominetti, 
M.R., Consiglio, A., Conte, A., Conti, F., Contu, V.R., Cookson, M.R., Coombs, K.M., Coppens, 



30 
 

I., Corasaniti, M.T., Corkery, D.P., Cordes, N., Cortese, K., Costa, M.D.C., Costantino, S., 
Costelli, P., Coto-Montes, A., Crack, P.J., Crespo, J.L., Criollo, A., Crippa, V., Cristofani, R., 
Csizmadia, T., Cuadrado, A., Cui, B., Cui, J., Cui, Y., Cui, Y., Culetto, E., Cumino, A.C., 
Cybulsky, A.V., Czaja, M.J., Czuczwar, S.J., D'Adamo, S., D'Amelio, M., D'Arcangelo, D., 
D'Lugos, A.C., D'Orazi, G., da Silva, J.A., Dafsari, H.S., Dagda, R.K., Dagdas, Y., Daglia, M., 
Dai, X., Dai, Y., Dai, Y., Dal Col, J., Dalhaimer, P., Dalla Valle, L., Dallenga, T., Dalmasso, G., 
Damme, M., Dando, I., Dantuma, N.P., Darling, A.L., Das, H., Dasarathy, S., Dasari, S.K., Dash, 
S., Daumke, O., Dauphinee, A.N., Davies, J.S., Dávila, V.A., Davis, R.J., Davis, T., Dayalan 
Naidu, S., De Amicis, F., De Bosscher, K., De Felice, F., De Franceschi, L., De Leonibus, C., de 
Mattos Barbosa, M.G., De Meyer, G.R.Y., De Milito, A., De Nunzio, C., De Palma, C., De Santi, 
M., De Virgilio, C., De Zio, D., Debnath, J., DeBosch, B.J., Decuypere, J.P., Deehan, M.A., 
Deflorian, G., DeGregori, J., Dehay, B., Del Rio, G., Delaney, J.R., Delbridge, L.M.D., Delorme-
Axford, E., Delpino, M.V., Demarchi, F., Dembitz, V., Demers, N.D., Deng, H., Deng, Z., 
Dengjel, J., Dent, P., Denton, D., DePamphilis, M.L., Der, C.J., Deretic, V., Descoteaux, A., 
Devis, L., Devkota, S., Devuyst, O., Dewson, G., Dharmasivam, M., Dhiman, R., di Bernardo, D., 
Di Cristina, M., Di Domenico, F., Di Fazio, P., Di Fonzo, A., Di Guardo, G., Di Guglielmo, G.M., 
Di Leo, L., Di Malta, C., Di Nardo, A., Di Rienzo, M., Di Sano, F., Diallinas, G., Diao, J., Diaz-
Araya, G., Díaz-Laviada, I., Dickinson, J.M., Diederich, M., Dieudé, M., Dikic, I., Ding, S., Ding, 
W.X., Dini, L., Dinić, J., Dinic, M., Dinkova-Kostova, A.T., Dionne, M.S., Distler, J.H.W., 
Diwan, A., Dixon, I.M.C., Djavaheri-Mergny, M., Dobrinski, I., Dobrovinskaya, O., 
Dobrowolski, R., Dobson, R.C.J., Đokić, J., Dokmeci Emre, S., Donadelli, M., Dong, B., Dong, 
X., Dong, Z., Dorn Ii, G.W., Dotsch, V., Dou, H., Dou, J., Dowaidar, M., Dridi, S., Drucker, L., 
Du, A., Du, C., Du, G., Du, H.N., Du, L.L., du Toit, A., Duan, S.B., Duan, X., Duarte, S.P., 
Dubrovska, A., Dunlop, E.A., Dupont, N., Durán, R.V., Dwarakanath, B.S., Dyshlovoy, S.A., 
Ebrahimi-Fakhari, D., Eckhart, L., Edelstein, C.L., Efferth, T., Eftekharpour, E., Eichinger, L., 
Eid, N., Eisenberg, T., Eissa, N.T., Eissa, S., Ejarque, M., El Andaloussi, A., El-Hage, N., El-
Naggar, S., Eleuteri, A.M., El-Shafey, E.S., Elgendy, M., Eliopoulos, A.G., Elizalde, M.M., Elks, 
P.M., Elsasser, H.P., Elsherbiny, E.S., Emerling, B.M., Emre, N.C.T., Eng, C.H., Engedal, N., 
Engelbrecht, A.M., Engelsen, A.S.T., Enserink, J.M., Escalante, R., Esclatine, A., Escobar-
Henriques, M., Eskelinen, E.L., Espert, L., Eusebio, M.O., Fabrias, G., Fabrizi, C., Facchiano, A., 
Facchiano, F., Fadeel, B., Fader, C., Faesen, A.C., Fairlie, W.D., Falcó, A., Falkenburger, B.H., 
Fan, D., Fan, J., Fan, Y., Fang, E.F., Fang, Y., Fang, Y., Fanto, M., Farfel-Becker, T., Faure, M., 
Fazeli, G., Fedele, A.O., Feldman, A.M., Feng, D., Feng, J., Feng, L., Feng, Y., Feng, Y., Feng, 
W., Fenz Araujo, T., Ferguson, T.A., Fernández Á, F., Fernandez-Checa, J.C., Fernández-Veledo, 
S., Fernie, A.R., Ferrante, A.W., Jr., Ferraresi, A., Ferrari, M.F., Ferreira, J.C.B., Ferro-Novick, 
S., Figueras, A., Filadi, R., Filigheddu, N., Filippi-Chiela, E., Filomeni, G., Fimia, G.M., Fineschi, 
V., Finetti, F., Finkbeiner, S., Fisher, E.A., Fisher, P.B., Flamigni, F., Fliesler, S.J., Flo, T.H., 
Florance, I., Florey, O., Florio, T., Fodor, E., Follo, C., Fon, E.A., Forlino, A., Fornai, F., Fortini, 
P., Fracassi, A., Fraldi, A., Franco, B., Franco, R., Franconi, F., Frankel, L.B., Friedman, S.L., 
Fröhlich, L.F., Frühbeck, G., Fuentes, J.M., Fujiki, Y., Fujita, N., Fujiwara, Y., Fukuda, M., 
Fulda, S., Furic, L., Furuya, N., Fusco, C., Gack, M.U., Gaffke, L., Galadari, S., Galasso, A., 
Galindo, M.F., Gallolu Kankanamalage, S., Galluzzi, L., Galy, V., Gammoh, N., Gan, B., Ganley, 
I.G., Gao, F., Gao, H., Gao, M., Gao, P., Gao, S.J., Gao, W., Gao, X., Garcera, A., Garcia, M.N., 
Garcia, V.E., García-Del Portillo, F., Garcia-Escudero, V., Garcia-Garcia, A., Garcia-Macia, M., 
García-Moreno, D., Garcia-Ruiz, C., García-Sanz, P., Garg, A.D., Gargini, R., Garofalo, T., 
Garry, R.F., Gassen, N.C., Gatica, D., Ge, L., Ge, W., Geiss-Friedlander, R., Gelfi, C., Genschik, 
P., Gentle, I.E., Gerbino, V., Gerhardt, C., Germain, K., Germain, M., Gewirtz, D.A., 
Ghasemipour Afshar, E., Ghavami, S., Ghigo, A., Ghosh, M., Giamas, G., Giampietri, C., 
Giatromanolaki, A., Gibson, G.E., Gibson, S.B., Ginet, V., Giniger, E., Giorgi, C., Girao, H., 
Girardin, S.E., Giridharan, M., Giuliano, S., Giulivi, C., Giuriato, S., Giustiniani, J., Gluschko, A., 
Goder, V., Goginashvili, A., Golab, J., Goldstone, D.C., Golebiewska, A., Gomes, L.R., Gomez, 



31 
 

R., Gómez-Sánchez, R., Gomez-Puerto, M.C., Gomez-Sintes, R., Gong, Q., Goni, F.M., 
González-Gallego, J., Gonzalez-Hernandez, T., Gonzalez-Polo, R.A., Gonzalez-Reyes, J.A., 
González-Rodríguez, P., Goping, I.S., Gorbatyuk, M.S., Gorbunov, N.V., Görgülü, K., Gorojod, 
R.M., Gorski, S.M., Goruppi, S., Gotor, C., Gottlieb, R.A., Gozes, I., Gozuacik, D., Graef, M., 
Gräler, M.H., Granatiero, V., Grasso, D., Gray, J.P., Green, D.R., Greenhough, A., Gregory, S.L., 
Griffin, E.F., Grinstaff, M.W., Gros, F., Grose, C., Gross, A.S., Gruber, F., Grumati, P., Grune, T., 
Gu, X., Guan, J.L., Guardia, C.M., Guda, K., Guerra, F., Guerri, C., Guha, P., Guillén, C., Gujar, 
S., Gukovskaya, A., Gukovsky, I., Gunst, J., Günther, A., Guntur, A.R., Guo, C., Guo, C., Guo, 
H., Guo, L.W., Guo, M., Gupta, P., Gupta, S.K., Gupta, S., Gupta, V.B., Gupta, V., Gustafsson, 
A.B., Gutterman, D.D., H, B.R., Haapasalo, A., Haber, J.E., Hać, A., Hadano, S., Hafrén, A.J., 
Haidar, M., Hall, B.S., Halldén, G., Hamacher-Brady, A., Hamann, A., Hamasaki, M., Han, W., 
Hansen, M., Hanson, P.I., Hao, Z., Harada, M., Harhaji-Trajkovic, L., Hariharan, N., Haroon, N., 
Harris, J., Hasegawa, T., Hasima Nagoor, N., Haspel, J.A., Haucke, V., Hawkins, W.D., Hay, 
B.A., Haynes, C.M., Hayrabedyan, S.B., Hays, T.S., He, C., He, Q., He, R.R., He, Y.W., He, 
Y.Y., Heakal, Y., Heberle, A.M., Hejtmancik, J.F., Helgason, G.V., Henkel, V., Herb, M., 
Hergovich, A., Herman-Antosiewicz, A., Hernández, A., Hernandez, C., Hernandez-Diaz, S., 
Hernandez-Gea, V., Herpin, A., Herreros, J., Hervás, J.H., Hesselson, D., Hetz, C., Heussler, 
V.T., Higuchi, Y., Hilfiker, S., Hill, J.A., Hlavacek, W.S., Ho, E.A., Ho, I.H.T., Ho, P.W., Ho, 
S.L., Ho, W.Y., Hobbs, G.A., Hochstrasser, M., Hoet, P.H.M., Hofius, D., Hofman, P., Höhn, A., 
Holmberg, C.I., Hombrebueno, J.R., Yi-Ren Hong, C.H., Hooper, L.V., Hoppe, T., Horos, R., 
Hoshida, Y., Hsin, I.L., Hsu, H.Y., Hu, B., Hu, D., Hu, L.F., Hu, M.C., Hu, R., Hu, W., Hu, Y.C., 
Hu, Z.W., Hua, F., Hua, J., Hua, Y., Huan, C., Huang, C., Huang, C., Huang, C., Huang, C., 
Huang, H., Huang, K., Huang, M.L.H., Huang, R., Huang, S., Huang, T., Huang, X., Huang, Y.J., 
Huber, T.B., Hubert, V., Hubner, C.A., Hughes, S.M., Hughes, W.E., Humbert, M., Hummer, G., 
Hurley, J.H., Hussain, S., Hussain, S., Hussey, P.J., Hutabarat, M., Hwang, H.Y., Hwang, S., Ieni, 
A., Ikeda, F., Imagawa, Y., Imai, Y., Imbriano, C., Imoto, M., Inman, D.M., Inoki, K., Iovanna, J., 
Iozzo, R.V., Ippolito, G., Irazoqui, J.E., Iribarren, P., Ishaq, M., Ishikawa, M., Ishimwe, N., 
Isidoro, C., Ismail, N., Issazadeh-Navikas, S., Itakura, E., Ito, D., Ivankovic, D., Ivanova, S., Iyer, 
A.K.V., Izquierdo, J.M., Izumi, M., Jäättelä, M., Jabir, M.S., Jackson, W.T., Jacobo-Herrera, N., 
Jacomin, A.C., Jacquin, E., Jadiya, P., Jaeschke, H., Jagannath, C., Jakobi, A.J., Jakobsson, J., 
Janji, B., Jansen-Dürr, P., Jansson, P.J., Jantsch, J., Januszewski, S., Jassey, A., Jean, S., Jeltsch-
David, H., Jendelova, P., Jenny, A., Jensen, T.E., Jessen, N., Jewell, J.L., Ji, J., Jia, L., Jia, R., 
Jiang, L., Jiang, Q., Jiang, R., Jiang, T., Jiang, X., Jiang, Y., Jimenez-Sanchez, M., Jin, E.J., Jin, 
F., Jin, H., Jin, L., Jin, L., Jin, M., Jin, S., Jo, E.K., Joffre, C., Johansen, T., Johnson, G.V.W., 
Johnston, S.A., Jokitalo, E., Jolly, M.K., Joosten, L.A.B., Jordan, J., Joseph, B., Ju, D., Ju, J.S., Ju, 
J., Juárez, E., Judith, D., Juhász, G., Jun, Y., Jung, C.H., Jung, S.C., Jung, Y.K., Jungbluth, H., 
Jungverdorben, J., Just, S., Kaarniranta, K., Kaasik, A., Kabuta, T., Kaganovich, D., Kahana, A., 
Kain, R., Kajimura, S., Kalamvoki, M., Kalia, M., Kalinowski, D.S., Kaludercic, N., Kalvari, I., 
Kaminska, J., Kaminskyy, V.O., Kanamori, H., Kanasaki, K., Kang, C., Kang, R., Kang, S.S., 
Kaniyappan, S., Kanki, T., Kanneganti, T.D., Kanthasamy, A.G., Kanthasamy, A., Kantorow, M., 
Kapuy, O., Karamouzis, M.V., Karim, M.R., Karmakar, P., Katare, R.G., Kato, M., Kaufmann, 
S.H.E., Kauppinen, A., Kaushal, G.P., Kaushik, S., Kawasaki, K., Kazan, K., Ke, P.Y., Keating, 
D.J., Keber, U., Kehrl, J.H., Keller, K.E., Keller, C.W., Kemper, J.K., Kenific, C.M., Kepp, O., 
Kermorgant, S., Kern, A., Ketteler, R., Keulers, T.G., Khalfin, B., Khalil, H., Khambu, B., Khan, 
S.Y., Khandelwal, V.K.M., Khandia, R., Kho, W., Khobrekar, N.V., Khuansuwan, S., Khundadze, 
M., Killackey, S.A., Kim, D., Kim, D.R., Kim, D.H., Kim, D.E., Kim, E.Y., Kim, E.K., Kim, 
H.R., Kim, H.S., Hyung-Ryong, K., Kim, J.H., Kim, J.K., Kim, J.H., Kim, J., Kim, J.H., Kim, 
K.I., Kim, P.K., Kim, S.J., Kimball, S.R., Kimchi, A., Kimmelman, A.C., Kimura, T., King, M.A., 
Kinghorn, K.J., Kinsey, C.G., Kirkin, V., Kirshenbaum, L.A., Kiselev, S.L., Kishi, S., Kitamoto, 
K., Kitaoka, Y., Kitazato, K., Kitsis, R.N., Kittler, J.T., Kjaerulff, O., Klein, P.S., Klopstock, T., 
Klucken, J., Knævelsrud, H., Knorr, R.L., Ko, B.C.B., Ko, F., Ko, J.L., Kobayashi, H., 



32 
 

Kobayashi, S., Koch, I., Koch, J.C., Koenig, U., Kögel, D., Koh, Y.H., Koike, M., Kohlwein, 
S.D., Kocaturk, N.M., Komatsu, M., König, J., Kono, T., Kopp, B.T., Korcsmaros, T., Korkmaz, 
G., Korolchuk, V.I., Korsnes, M.S., Koskela, A., Kota, J., Kotake, Y., Kotler, M.L., Kou, Y., 
Koukourakis, M.I., Koustas, E., Kovacs, A.L., Kovács, T., Koya, D., Kozako, T., Kraft, C., 
Krainc, D., Krämer, H., Krasnodembskaya, A.D., Kretz-Remy, C., Kroemer, G., Ktistakis, N.T., 
Kuchitsu, K., Kuenen, S., Kuerschner, L., Kukar, T., Kumar, A., Kumar, A., Kumar, D., Kumar, 
D., Kumar, S., Kume, S., Kumsta, C., Kundu, C.N., Kundu, M., Kunnumakkara, A.B., Kurgan, L., 
Kutateladze, T.G., Kutlu, O., Kwak, S., Kwon, H.J., Kwon, T.K., Kwon, Y.T., Kyrmizi, I., La 
Spada, A., Labonté, P., Ladoire, S., Laface, I., Lafont, F., Lagace, D.C., Lahiri, V., Lai, Z., Laird, 
A.S., Lakkaraju, A., Lamark, T., Lan, S.H., Landajuela, A., Lane, D.J.R., Lane, J.D., Lang, C.H., 
Lange, C., Langel, Ü., Langer, R., Lapaquette, P., Laporte, J., LaRusso, N.F., Lastres-Becker, I., 
Lau, W.C.Y., Laurie, G.W., Lavandero, S., Law, B.Y.K., Law, H.K., Layfield, R., Le, W., Le 
Stunff, H., Leary, A.Y., Lebrun, J.J., Leck, L.Y.W., Leduc-Gaudet, J.P., Lee, C., Lee, C.P., Lee, 
D.H., Lee, E.B., Lee, E.F., Lee, G.M., Lee, H.J., Lee, H.K., Lee, J.M., Lee, J.S., Lee, J.A., Lee, 
J.Y., Lee, J.H., Lee, M., Lee, M.G., Lee, M.J., Lee, M.S., Lee, S.Y., Lee, S.J., Lee, S.Y., Lee, 
S.B., Lee, W.H., Lee, Y.R., Lee, Y.H., Lee, Y., Lefebvre, C., Legouis, R., Lei, Y.L., Lei, Y., 
Leikin, S., Leitinger, G., Lemus, L., Leng, S., Lenoir, O., Lenz, G., Lenz, H.J., Lenzi, P., León, 
Y., Leopoldino, A.M., Leschczyk, C., Leskelä, S., Letellier, E., Leung, C.T., Leung, P.S., 
Leventhal, J.S., Levine, B., Lewis, P.A., Ley, K., Li, B., Li, D.Q., Li, J., Li, J., Li, J., Li, K., Li, L., 
Li, M., Li, M., Li, M., Li, M., Li, M., Li, P.L., Li, M.Q., Li, Q., Li, S., Li, T., Li, W., Li, W., Li, 
X., Li, Y.P., Li, Y., Li, Z., Li, Z., Li, Z., Lian, J., Liang, C., Liang, Q., Liang, W., Liang, Y., 
Liang, Y., Liao, G., Liao, L., Liao, M., Liao, Y.F., Librizzi, M., Lie, P.P.Y., Lilly, M.A., Lim, 
H.J., Lima, T.R.R., Limana, F., Lin, C., Lin, C.W., Lin, D.S., Lin, F.C., Lin, J.D., Lin, K.M., Lin, 
K.H., Lin, L.T., Lin, P.H., Lin, Q., Lin, S., Lin, S.J., Lin, W., Lin, X., Lin, Y.X., Lin, Y.S., 
Linden, R., Lindner, P., Ling, S.C., Lingor, P., Linnemann, A.K., Liou, Y.C., Lipinski, M.M., 
Lipovšek, S., Lira, V.A., Lisiak, N., Liton, P.B., Liu, C., Liu, C.H., Liu, C.F., Liu, C.H., Liu, F., 
Liu, H., Liu, H.S., Liu, H.F., Liu, H., Liu, J., Liu, J., Liu, J., Liu, L., Liu, L., Liu, M., Liu, Q., Liu, 
W., Liu, W., Liu, X.H., Liu, X., Liu, X., Liu, X., Liu, X., Liu, Y., Liu, Y., Liu, Y., Liu, Y., Liu, 
Y., Livingston, J.A., Lizard, G., Lizcano, J.M., Ljubojevic-Holzer, S., ME, L.L., Llobet-Navàs, 
D., Llorente, A., Lo, C.H., Lobato-Márquez, D., Long, Q., Long, Y.C., Loos, B., Loos, J.A., 
López, M.G., López-Doménech, G., López-Guerrero, J.A., López-Jiménez, A.T., López-Pérez, 
Ó., López-Valero, I., Lorenowicz, M.J., Lorente, M., Lorincz, P., Lossi, L., Lotersztajn, S., Lovat, 
P.E., Lovell, J.F., Lovy, A., Lőw, P., Lu, G., Lu, H., Lu, J.H., Lu, J.J., Lu, M., Lu, S., Luciani, A., 
Lucocq, J.M., Ludovico, P., Luftig, M.A., Luhr, M., Luis-Ravelo, D., Lum, J.J., Luna-Dulcey, L., 
Lund, A.H., Lund, V.K., Lünemann, J.D., Lüningschrör, P., Luo, H., Luo, R., Luo, S., Luo, Z., 
Luparello, C., Lüscher, B., Luu, L., Lyakhovich, A., Lyamzaev, K.G., Lystad, A.H., Lytvynchuk, 
L., Ma, A.C., Ma, C., Ma, M., Ma, N.F., Ma, Q.H., Ma, X., Ma, Y., Ma, Z., MacDougald, O.A., 
Macian, F., MacIntosh, G.C., MacKeigan, J.P., Macleod, K.F., Maday, S., Madeo, F., Madesh, 
M., Madl, T., Madrigal-Matute, J., Maeda, A., Maejima, Y., Magarinos, M., Mahavadi, P., 
Maiani, E., Maiese, K., Maiti, P., Maiuri, M.C., Majello, B., Major, M.B., Makareeva, E., Malik, 
F., Mallilankaraman, K., Malorni, W., Maloyan, A., Mammadova, N., Man, G.C.W., Manai, F., 
Mancias, J.D., Mandelkow, E.M., Mandell, M.A., Manfredi, A.A., Manjili, M.H., Manjithaya, R., 
Manque, P., Manshian, B.B., Manzano, R., Manzoni, C., Mao, K., Marchese, C., Marchetti, S., 
Marconi, A.M., Marcucci, F., Mardente, S., Mareninova, O.A., Margeta, M., Mari, M., Marinelli, 
S., Marinelli, O., Mariño, G., Mariotto, S., Marshall, R.S., Marten, M.R., Martens, S., Martin, 
A.P.J., Martin, K.R., Martin, S., Martin, S., Martín-Segura, A., Martín-Acebes, M.A., Martin-
Burriel, I., Martin-Rincon, M., Martin-Sanz, P., Martina, J.A., Martinet, W., Martinez, A., 
Martinez, A., Martinez, J., Martinez Velazquez, M., Martinez-Lopez, N., Martinez-Vicente, M., 
Martins, D.O., Martins, J.O., Martins, W.K., Martins-Marques, T., Marzetti, E., Masaldan, S., 
Masclaux-Daubresse, C., Mashek, D.G., Massa, V., Massieu, L., Masson, G.R., Masuelli, L., 
Masyuk, A.I., Masyuk, T.V., Matarrese, P., Matheu, A., Matoba, S., Matsuzaki, S., Mattar, P., 



33 
 

Matte, A., Mattoscio, D., Mauriz, J.L., Mauthe, M., Mauvezin, C., Maverakis, E., Maycotte, P., 
Mayer, J., Mazzoccoli, G., Mazzoni, C., Mazzulli, J.R., McCarty, N., McDonald, C., McGill, 
M.R., McKenna, S.L., McLaughlin, B., McLoughlin, F., McNiven, M.A., McWilliams, T.G., 
Mechta-Grigoriou, F., Medeiros, T.C., Medina, D.L., Megeney, L.A., Megyeri, K., Mehrpour, M., 
Mehta, J.L., Meijer, A.J., Meijer, A.H., Mejlvang, J., Meléndez, A., Melk, A., Memisoglu, G., 
Mendes, A.F., Meng, D., Meng, F., Meng, T., Menna-Barreto, R., Menon, M.B., Mercer, C., 
Mercier, A.E., Mergny, J.L., Merighi, A., Merkley, S.D., Merla, G., Meske, V., Mestre, A.C., 
Metur, S.P., Meyer, C., Meyer, H., Mi, W., Mialet-Perez, J., Miao, J., Micale, L., Miki, Y., Milan, 
E., Milczarek, M., Miller, D.L., Miller, S.I., Miller, S., Millward, S.W., Milosevic, I., Minina, 
E.A., Mirzaei, H., Mirzaei, H.R., Mirzaei, M., Mishra, A., Mishra, N., Mishra, P.K., Misirkic 
Marjanovic, M., Misasi, R., Misra, A., Misso, G., Mitchell, C., Mitou, G., Miura, T., Miyamoto, 
S., Miyazaki, M., Miyazaki, M., Miyazaki, T., Miyazawa, K., Mizushima, N., Mogensen, T.H., 
Mograbi, B., Mohammadinejad, R., Mohamud, Y., Mohanty, A., Mohapatra, S., Möhlmann, T., 
Mohmmed, A., Moles, A., Moley, K.H., Molinari, M., Mollace, V., Møller, A.B., Mollereau, B., 
Mollinedo, F., Montagna, C., Monteiro, M.J., Montella, A., Montes, L.R., Montico, B., Mony, 
V.K., Monzio Compagnoni, G., Moore, M.N., Moosavi, M.A., Mora, A.L., Mora, M., Morales-
Alamo, D., Moratalla, R., Moreira, P.I., Morelli, E., Moreno, S., Moreno-Blas, D., Moresi, V., 
Morga, B., Morgan, A.H., Morin, F., Morishita, H., Moritz, O.L., Moriyama, M., Moriyasu, Y., 
Morleo, M., Morselli, E., Moruno-Manchon, J.F., Moscat, J., Mostowy, S., Motori, E., Moura, 
A.F., Moustaid-Moussa, N., Mrakovcic, M., Muciño-Hernández, G., Mukherjee, A., 
Mukhopadhyay, S., Mulcahy Levy, J.M., Mulero, V., Muller, S., Münch, C., Munjal, A., Munoz-
Canoves, P., Muñoz-Galdeano, T., Münz, C., Murakawa, T., Muratori, C., Murphy, B.M., 
Murphy, J.P., Murthy, A., Myöhänen, T.T., Mysorekar, I.U., Mytych, J., Nabavi, S.M., Nabissi, 
M., Nagy, P., Nah, J., Nahimana, A., Nakagawa, I., Nakamura, K., Nakatogawa, H., Nandi, S.S., 
Nanjundan, M., Nanni, M., Napolitano, G., Nardacci, R., Narita, M., Nassif, M., Nathan, I., 
Natsumeda, M., Naude, R.J., Naumann, C., Naveiras, O., Navid, F., Nawrocki, S.T., Nazarko, 
T.Y., Nazio, F., Negoita, F., Neill, T., Neisch, A.L., Neri, L.M., Netea, M.G., Neubert, P., 
Neufeld, T.P., Neumann, D., Neutzner, A., Newton, P.T., Ney, P.A., Nezis, I.P., Ng, C.C.W., Ng, 
T.B., Nguyen, H.T.T., Nguyen, L.T., Ni, H.M., C, N.C., Ni, Z., Nicolao, M.C., Nicoli, F., Nieto-
Diaz, M., Nilsson, P., Ning, S., Niranjan, R., Nishimune, H., Niso-Santano, M., Nixon, R.A., 
Nobili, A., Nobrega, C., Noda, T., Nogueira-Recalde, U., Nolan, T.M., Nombela, I., Novak, I., 
Novoa, B., Nozawa, T., Nukina, N., Nussbaum-Krammer, C., Nylandsted, J., O'Donovan, T.R., 
O'Leary, S.M., O'Rourke, E.J., O'Sullivan, M.P., O'Sullivan, T.E., Oddo, S., Oehme, I., Ogawa, 
M., Ogier-Denis, E., Ogmundsdottir, M.H., Ogretmen, B., Oh, G.T., Oh, S.H., Oh, Y.J., Ohama, 
T., Ohashi, Y., Ohmuraya, M., Oikonomou, V., Ojha, R., Okamoto, K., Okazawa, H., Oku, M., 
Oliván, S., Oliveira, J.M.A., Ollmann, M., Olzmann, J.A., Omari, S., Omary, M.B., Önal, G., 
Ondrej, M., Ong, S.B., Ong, S.G., Onnis, A., Orellana, J.A., Orellana-Muñoz, S., Ortega-
Villaizan, M.D.M., Ortiz-Gonzalez, X.R., Ortona, E., Osiewacz, H.D., Osman, A.K., Osta, R., 
Otegui, M.S., Otsu, K., Ott, C., Ottobrini, L., Ou, J.J., Outeiro, T.F., Oynebraten, I., Ozturk, M., 
Pagès, G., Pahari, S., Pajares, M., Pajvani, U.B., Pal, R., Paladino, S., Pallet, N., Palmieri, M., 
Palmisano, G., Palumbo, C., Pampaloni, F., Pan, L., Pan, Q., Pan, W., Pan, X., Panasyuk, G., 
Pandey, R., Pandey, U.B., Pandya, V., Paneni, F., Pang, S.Y., Panzarini, E., Papademetrio, D.L., 
Papaleo, E., Papinski, D., Papp, D., Park, E.C., Park, H.T., Park, J.M., Park, J.I., Park, J.T., Park, 
J., Park, S.C., Park, S.Y., Parola, A.H., Parys, J.B., Pasquier, A., Pasquier, B., Passos, J.F., 
Pastore, N., Patel, H.H., Patschan, D., Pattingre, S., Pedraza-Alva, G., Pedraza-Chaverri, J., 
Pedrozo, Z., Pei, G., Pei, J., Peled-Zehavi, H., Pellegrini, J.M., Pelletier, J., Peñalva, M.A., Peng, 
D., Peng, Y., Penna, F., Pennuto, M., Pentimalli, F., Pereira, C.M., Pereira, G.J.S., Pereira, L.C., 
Pereira de Almeida, L., Perera, N.D., Pérez-Lara, Á., Perez-Oliva, A.B., Pérez-Pérez, M.E., 
Periyasamy, P., Perl, A., Perrotta, C., Perrotta, I., Pestell, R.G., Petersen, M., Petrache, I., 
Petrovski, G., Pfirrmann, T., Pfister, A.S., Philips, J.A., Pi, H., Picca, A., Pickrell, A.M., Picot, S., 
Pierantoni, G.M., Pierdominici, M., Pierre, P., Pierrefite-Carle, V., Pierzynowska, K., Pietrocola, 



34 
 

F., Pietruczuk, M., Pignata, C., Pimentel-Muiños, F.X., Pinar, M., Pinheiro, R.O., Pinkas-
Kramarski, R., Pinton, P., Pircs, K., Piya, S., Pizzo, P., Plantinga, T.S., Platta, H.W., Plaza-
Zabala, A., Plomann, M., Plotnikov, E.Y., Plun-Favreau, H., Pluta, R., Pocock, R., Pöggeler, S., 
Pohl, C., Poirot, M., Poletti, A., Ponpuak, M., Popelka, H., Popova, B., Porta, H., Porte Alcon, S., 
Portilla-Fernandez, E., Post, M., Potts, M.B., Poulton, J., Powers, T., Prahlad, V., Prajsnar, T.K., 
Praticò, D., Prencipe, R., Priault, M., Proikas-Cezanne, T., Promponas, V.J., Proud, C.G., 
Puertollano, R., Puglielli, L., Pulinilkunnil, T., Puri, D., Puri, R., Puyal, J., Qi, X., Qi, Y., Qian, 
W., Qiang, L., Qiu, Y., Quadrilatero, J., Quarleri, J., Raben, N., Rabinowich, H., Ragona, D., 
Ragusa, M.J., Rahimi, N., Rahmati, M., Raia, V., Raimundo, N., Rajasekaran, N.S., Ramachandra 
Rao, S., Rami, A., Ramírez-Pardo, I., Ramsden, D.B., Randow, F., Rangarajan, P.N., Ranieri, D., 
Rao, H., Rao, L., Rao, R., Rathore, S., Ratnayaka, J.A., Ratovitski, E.A., Ravanan, P., Ravegnini, 
G., Ray, S.K., Razani, B., Rebecca, V., Reggiori, F., Régnier-Vigouroux, A., Reichert, A.S., 
Reigada, D., Reiling, J.H., Rein, T., Reipert, S., Rekha, R.S., Ren, H., Ren, J., Ren, W., Renault, 
T., Renga, G., Reue, K., Rewitz, K., Ribeiro de Andrade Ramos, B., Riazuddin, S.A., Ribeiro-
Rodrigues, T.M., Ricci, J.E., Ricci, R., Riccio, V., Richardson, D.R., Rikihisa, Y., Risbud, M.V., 
Risueño, R.M., Ritis, K., Rizza, S., Rizzuto, R., Roberts, H.C., Roberts, L.D., Robinson, K.J., 
Roccheri, M.C., Rocchi, S., Rodney, G.G., Rodrigues, T., Rodrigues Silva, V.R., Rodriguez, A., 
Rodriguez-Barrueco, R., Rodriguez-Henche, N., Rodriguez-Rocha, H., Roelofs, J., Rogers, R.S., 
Rogov, V.V., Rojo, A.I., Rolka, K., Romanello, V., Romani, L., Romano, A., Romano, P.S., 
Romeo-Guitart, D., Romero, L.C., Romero, M., Roney, J.C., Rongo, C., Roperto, S., Rosenfeldt, 
M.T., Rosenstiel, P., Rosenwald, A.G., Roth, K.A., Roth, L., Roth, S., Rouschop, K.M.A., 
Roussel, B.D., Roux, S., Rovere-Querini, P., Roy, A., Rozieres, A., Ruano, D., Rubinsztein, D.C., 
Rubtsova, M.P., Ruckdeschel, K., Ruckenstuhl, C., Rudolf, E., Rudolf, R., Ruggieri, A., 
Ruparelia, A.A., Rusmini, P., Russell, R.R., Russo, G.L., Russo, M., Russo, R., Ryabaya, O.O., 
Ryan, K.M., Ryu, K.Y., Sabater-Arcis, M., Sachdev, U., Sacher, M., Sachse, C., Sadhu, A., 
Sadoshima, J., Safren, N., Saftig, P., Sagona, A.P., Sahay, G., Sahebkar, A., Sahin, M., Sahin, O., 
Sahni, S., Saito, N., Saito, S., Saito, T., Sakai, R., Sakai, Y., Sakamaki, J.I., Saksela, K., Salazar, 
G., Salazar-Degracia, A., Salekdeh, G.H., Saluja, A.K., Sampaio-Marques, B., Sanchez, M.C., 
Sanchez-Alcazar, J.A., Sanchez-Vera, V., Sancho-Shimizu, V., Sanderson, J.T., Sandri, M., 
Santaguida, S., Santambrogio, L., Santana, M.M., Santoni, G., Sanz, A., Sanz, P., Saran, S., 
Sardiello, M., Sargeant, T.J., Sarin, A., Sarkar, C., Sarkar, S., Sarrias, M.R., Sarkar, S., Sarmah, 
D.T., Sarparanta, J., Sathyanarayan, A., Sathyanarayanan, R., Scaglione, K.M., Scatozza, F., 
Schaefer, L., Schafer, Z.T., Schaible, U.E., Schapira, A.H.V., Scharl, M., Schatzl, H.M., Schein, 
C.H., Scheper, W., Scheuring, D., Schiaffino, M.V., Schiappacassi, M., Schindl, R., Schlattner, 
U., Schmidt, O., Schmitt, R., Schmidt, S.D., Schmitz, I., Schmukler, E., Schneider, A., Schneider, 
B.E., Schober, R., Schoijet, A.C., Schott, M.B., Schramm, M., Schröder, B., Schuh, K., Schüller, 
C., Schulze, R.J., Schürmanns, L., Schwamborn, J.C., Schwarten, M., Scialo, F., Sciarretta, S., 
Scott, M.J., Scotto, K.W., Scovassi, A.I., Scrima, A., Scrivo, A., Sebastian, D., Sebti, S., Sedej, S., 
Segatori, L., Segev, N., Seglen, P.O., Seiliez, I., Seki, E., Selleck, S.B., Sellke, F.W., Selsby, J.T., 
Sendtner, M., Senturk, S., Seranova, E., Sergi, C., Serra-Moreno, R., Sesaki, H., Settembre, C., 
Setty, S.R.G., Sgarbi, G., Sha, O., Shacka, J.J., Shah, J.A., Shang, D., Shao, C., Shao, F., Sharbati, 
S., Sharkey, L.M., Sharma, D., Sharma, G., Sharma, K., Sharma, P., Sharma, S., Shen, H.M., 
Shen, H., Shen, J., Shen, M., Shen, W., Shen, Z., Sheng, R., Sheng, Z., Sheng, Z.H., Shi, J., Shi, 
X., Shi, Y.H., Shiba-Fukushima, K., Shieh, J.J., Shimada, Y., Shimizu, S., Shimozawa, M., 
Shintani, T., Shoemaker, C.J., Shojaei, S., Shoji, I., Shravage, B.V., Shridhar, V., Shu, C.W., Shu, 
H.B., Shui, K., Shukla, A.K., Shutt, T.E., Sica, V., Siddiqui, A., Sierra, A., Sierra-Torre, V., 
Signorelli, S., Sil, P., Silva, B.J.A., Silva, J.D., Silva-Pavez, E., Silvente-Poirot, S., Simmonds, 
R.E., Simon, A.K., Simon, H.U., Simons, M., Singh, A., Singh, L.P., Singh, R., Singh, S.V., 
Singh, S.K., Singh, S.B., Singh, S., Singh, S.P., Sinha, D., Sinha, R.A., Sinha, S., Sirko, A., 
Sirohi, K., Sivridis, E.L., Skendros, P., Skirycz, A., Slaninová, I., Smaili, S.S., Smertenko, A., 
Smith, M.D., Soenen, S.J., Sohn, E.J., Sok, S.P.M., Solaini, G., Soldati, T., Soleimanpour, S.A., 



35 
 

Soler, R.M., Solovchenko, A., Somarelli, J.A., Sonawane, A., Song, F., Song, H.K., Song, J.X., 
Song, K., Song, Z., Soria, L.R., Sorice, M., Soukas, A.A., Soukup, S.F., Sousa, D., Sousa, N., 
Spagnuolo, P.A., Spector, S.A., Srinivas Bharath, M.M., St Clair, D., Stagni, V., Staiano, L., 
Stalnecker, C.A., Stankov, M.V., Stathopulos, P.B., Stefan, K., Stefan, S.M., Stefanis, L., Steffan, 
J.S., Steinkasserer, A., Stenmark, H., Sterneckert, J., Stevens, C., Stoka, V., Storch, S., Stork, B., 
Strappazzon, F., Strohecker, A.M., Stupack, D.G., Su, H., Su, L.Y., Su, L., Suarez-Fontes, A.M., 
Subauste, C.S., Subbian, S., Subirada, P.V., Sudhandiran, G., Sue, C.M., Sui, X., Summers, C., 
Sun, G., Sun, J., Sun, K., Sun, M.X., Sun, Q., Sun, Y., Sun, Z., Sunahara, K.K.S., Sundberg, E., 
Susztak, K., Sutovsky, P., Suzuki, H., Sweeney, G., Symons, J.D., Sze, S.C.W., Szewczyk, N.J., 
Tabęcka-Łonczynska, A., Tabolacci, C., Tacke, F., Taegtmeyer, H., Tafani, M., Tagaya, M., Tai, 
H., Tait, S.W.G., Takahashi, Y., Takats, S., Talwar, P., Tam, C., Tam, S.Y., Tampellini, D., 
Tamura, A., Tan, C.T., Tan, E.K., Tan, Y.Q., Tanaka, M., Tanaka, M., Tang, D., Tang, J., Tang, 
T.S., Tanida, I., Tao, Z., Taouis, M., Tatenhorst, L., Tavernarakis, N., Taylor, A., Taylor, G.A., 
Taylor, J.M., Tchetina, E., Tee, A.R., Tegeder, I., Teis, D., Teixeira, N., Teixeira-Clerc, F., 
Tekirdag, K.A., Tencomnao, T., Tenreiro, S., Tepikin, A.V., Testillano, P.S., Tettamanti, G., 
Tharaux, P.L., Thedieck, K., Thekkinghat, A.A., Thellung, S., Thinwa, J.W., Thirumalaikumar, 
V.P., Thomas, S.M., Thomes, P.G., Thorburn, A., Thukral, L., Thum, T., Thumm, M., Tian, L., 
Tichy, A., Till, A., Timmerman, V., Titorenko, V.I., Todi, S.V., Todorova, K., Toivonen, J.M., 
Tomaipitinca, L., Tomar, D., Tomas-Zapico, C., Tomić, S., Tong, B.C., Tong, C., Tong, X., 
Tooze, S.A., Torgersen, M.L., Torii, S., Torres-López, L., Torriglia, A., Towers, C.G., Towns, R., 
Toyokuni, S., Trajkovic, V., Tramontano, D., Tran, Q.G., Travassos, L.H., Trelford, C.B., Tremel, 
S., Trougakos, I.P., Tsao, B.P., Tschan, M.P., Tse, H.F., Tse, T.F., Tsugawa, H., Tsvetkov, A.S., 
Tumbarello, D.A., Tumtas, Y., Tuñón, M.J., Turcotte, S., Turk, B., Turk, V., Turner, B.J., 
Tuxworth, R.I., Tyler, J.K., Tyutereva, E.V., Uchiyama, Y., Ugun-Klusek, A., Uhlig, H.H., 
Ułamek-Kozioł, M., Ulasov, I.V., Umekawa, M., Ungermann, C., Unno, R., Urbe, S., Uribe-
Carretero, E., Üstün, S., Uversky, V.N., Vaccari, T., Vaccaro, M.I., Vahsen, B.F., 
Vakifahmetoglu-Norberg, H., Valdor, R., Valente, M.J., Valko, A., Vallee, R.B., Valverde, A.M., 
Van den Berghe, G., van der Veen, S., Van Kaer, L., van Loosdregt, J., van Wijk, S.J.L., 
Vandenberghe, W., Vanhorebeek, I., Vannier-Santos, M.A., Vannini, N., Vanrell, M.C., 
Vantaggiato, C., Varano, G., Varela-Nieto, I., Varga, M., Vasconcelos, M.H., Vats, S., Vavvas, 
D.G., Vega-Naredo, I., Vega-Rubin-de-Celis, S., Velasco, G., Velázquez, A.P., Vellai, T., 
Vellenga, E., Velotti, F., Verdier, M., Verginis, P., Vergne, I., Verkade, P., Verma, M., 
Verstreken, P., Vervliet, T., Vervoorts, J., Vessoni, A.T., Victor, V.M., Vidal, M., Vidoni, C., 
Vieira, O.V., Vierstra, R.D., Viganó, S., Vihinen, H., Vijayan, V., Vila, M., Vilar, M., Villalba, 
J.M., Villalobo, A., Villarejo-Zori, B., Villarroya, F., Villarroya, J., Vincent, O., Vindis, C., Viret, 
C., Viscomi, M.T., Visnjic, D., Vitale, I., Vocadlo, D.J., Voitsekhovskaja, O.V., Volonté, C., 
Volta, M., Vomero, M., Von Haefen, C., Vooijs, M.A., Voos, W., Vucicevic, L., Wade-Martins, 
R., Waguri, S., Waite, K.A., Wakatsuki, S., Walker, D.W., Walker, M.J., Walker, S.A., Walter, J., 
Wandosell, F.G., Wang, B., Wang, C.Y., Wang, C., Wang, C., Wang, C., Wang, C.Y., Wang, D., 
Wang, F., Wang, F., Wang, F., Wang, G., Wang, H., Wang, H., Wang, H., Wang, H.G., Wang, J., 
Wang, J., Wang, J., Wang, J., Wang, K., Wang, L., Wang, L., Wang, M.H., Wang, M., Wang, N., 
Wang, P., Wang, P., Wang, P., Wang, P., Wang, Q.J., Wang, Q., Wang, Q.K., Wang, Q.A., Wang, 
W.T., Wang, W., Wang, X., Wang, X., Wang, Y., Wang, Y., Wang, Y., Wang, Y.Y., Wang, Y., 
Wang, Y., Wang, Y., Wang, Y., Wang, Z., Wang, Z., Wang, Z., Warnes, G., Warnsmann, V., 
Watada, H., Watanabe, E., Watchon, M., Wawrzyńska, A., Weaver, T.E., Wegrzyn, G., Wehman, 
A.M., Wei, H., Wei, L., Wei, T., Wei, Y., Weiergräber, O.H., Weihl, C.C., Weindl, G., 
Weiskirchen, R., Wells, A., Wen, R.H., Wen, X., Werner, A., Weykopf, B., Wheatley, S.P., 
Whitton, J.L., Whitworth, A.J., Wiktorska, K., Wildenberg, M.E., Wileman, T., Wilkinson, S., 
Willbold, D., Williams, B., Williams, R.S.B., Williams, R.L., Williamson, P.R., Wilson, R.A., 
Winner, B., Winsor, N.J., Witkin, S.S., Wodrich, H., Woehlbier, U., Wollert, T., Wong, E., Wong, 
J.H., Wong, R.W., Wong, V.K.W., Wong, W.W., Wu, A.G., Wu, C., Wu, J., Wu, J., Wu, K.K., 



36 
 

Wu, M., Wu, S.Y., Wu, S., Wu, S.Y., Wu, S., Wu, W.K.K., Wu, X., Wu, X., Wu, Y.W., Wu, Y., 
Xavier, R.J., Xia, H., Xia, L., Xia, Z., Xiang, G., Xiang, J., Xiang, M., Xiang, W., Xiao, B., Xiao, 
G., Xiao, H., Xiao, H.T., Xiao, J., Xiao, L., Xiao, S., Xiao, Y., Xie, B., Xie, C.M., Xie, M., Xie, 
Y., Xie, Z., Xie, Z., Xilouri, M., Xu, C., Xu, E., Xu, H., Xu, J., Xu, J., Xu, L., Xu, W.W., Xu, X., 
Xue, Y., Yakhine-Diop, S.M.S., Yamaguchi, M., Yamaguchi, O., Yamamoto, A., Yamashina, S., 
Yan, S., Yan, S.J., Yan, Z., Yanagi, Y., Yang, C., Yang, D.S., Yang, H., Yang, H.T., Yang, H., 
Yang, J.M., Yang, J., Yang, J., Yang, L., Yang, L., Yang, M., Yang, P.M., Yang, Q., Yang, S., 
Yang, S., Yang, S.F., Yang, W., Yang, W.Y., Yang, X., Yang, X., Yang, Y., Yang, Y., Yao, H., 
Yao, S., Yao, X., Yao, Y.G., Yao, Y.M., Yasui, T., Yazdankhah, M., Yen, P.M., Yi, C., Yin, 
X.M., Yin, Y., Yin, Z., Yin, Z., Ying, M., Ying, Z., Yip, C.K., Yiu, S.P.T., Yoo, Y.H., Yoshida, 
K., Yoshii, S.R., Yoshimori, T., Yousefi, B., Yu, B., Yu, H., Yu, J., Yu, J., Yu, L., Yu, M.L., Yu, 
S.W., Yu, V.C., Yu, W.H., Yu, Z., Yu, Z., Yuan, J., Yuan, L.Q., Yuan, S., Yuan, S.F., Yuan, Y., 
Yuan, Z., Yue, J., Yue, Z., Yun, J., Yung, R.L., Zacks, D.N., Zaffagnini, G., Zambelli, V.O., 
Zanella, I., Zang, Q.S., Zanivan, S., Zappavigna, S., Zaragoza, P., Zarbalis, K.S., Zarebkohan, A., 
Zarrouk, A., Zeitlin, S.O., Zeng, J., Zeng, J.D., Žerovnik, E., Zhan, L., Zhang, B., Zhang, D.D., 
Zhang, H., Zhang, H., Zhang, H., Zhang, H., Zhang, H., Zhang, H., Zhang, H., Zhang, H.L., 
Zhang, J., Zhang, J., Zhang, J.P., Zhang, K.Y.B., Zhang, L.W., Zhang, L., Zhang, L., Zhang, L., 
Zhang, L., Zhang, M., Zhang, P., Zhang, S., Zhang, W., Zhang, X., Zhang, X.W., Zhang, X., 
Zhang, X., Zhang, X., Zhang, X., Zhang, X.D., Zhang, Y., Zhang, Y., Zhang, Y., Zhang, Y.D., 
Zhang, Y., Zhang, Y.Y., Zhang, Y., Zhang, Z., Zhang, Z., Zhang, Z., Zhang, Z., Zhang, Z., Zhang, 
Z., Zhao, H., Zhao, L., Zhao, S., Zhao, T., Zhao, X.F., Zhao, Y., Zhao, Y., Zhao, Y., Zhao, Y., 
Zheng, G., Zheng, K., Zheng, L., Zheng, S., Zheng, X.L., Zheng, Y., Zheng, Z.G., Zhivotovsky, 
B., Zhong, Q., Zhou, A., Zhou, B., Zhou, C., Zhou, G., Zhou, H., Zhou, H., Zhou, H., Zhou, J., 
Zhou, J., Zhou, J., Zhou, J., Zhou, K., Zhou, R., Zhou, X.J., Zhou, Y., Zhou, Y., Zhou, Y., Zhou, 
Z.Y., Zhou, Z., Zhu, B., Zhu, C., Zhu, G.Q., Zhu, H., Zhu, H., Zhu, H., Zhu, W.G., Zhu, Y., Zhu, 
Y., Zhuang, H., Zhuang, X., Zientara-Rytter, K., Zimmermann, C.M., Ziviani, E., Zoladek, T., 
Zong, W.X., Zorov, D.B., Zorzano, A., Zou, W., Zou, Z., Zou, Z., Zuryn, S., Zwerschke, W., 
Brand-Saberi, B., Dong, X.C., Kenchappa, C.S., Li, Z., Lin, Y., Oshima, S., Rong, Y., Sluimer, 
J.C., Stallings, C.L., Tong, C.K., 2021. Guidelines for the use and interpretation of assays for 
monitoring autophagy (4th edition). Autophagy, 1-382. 

Koh, S.S., Ooi, S.C., Lui, N.M., Qiong, C., Ho, L.T., Cheah, I.K., Halliwell, B., Herr, D.R., Ong, W.Y., 
2020. Effect of Ergothioneine on 7-Ketocholesterol-Induced Endothelial Injury. Neuromolecular 
medicine, 1-15. 

Kohno, M., Musashi, K., Ikeda, H.O., Horibe, T., Matsumoto, A., Kawakami, K., 2020. Oral 
administration of ferulic acid or ethyl ferulate attenuates retinal damage in sodium iodate-induced 
retinal degeneration mice. Scientific reports 10, 8688. 

Koka, S., Xia, M., Chen, Y., Bhat, O.M., Yuan, X., Boini, K.M., Li, P.L., 2017. Endothelial NLRP3 
inflammasome activation and arterial neointima formation associated with acid sphingomyelinase 
during hypercholesterolemia. Redox biology 13, 336-344. 

Kuo, X., Herr, D.R., Ong, W.Y., 2020. Anti-inflammatory and Cytoprotective Effect of Clinacanthus 
nutans Leaf But Not Stem Extracts on 7-Ketocholesterol Induced Brain Endothelial Cell Injury. 
Neuromolecular medicine. 

Laskar, A., Miah, S., Andersson, R.G., Li, W., 2010a. Prevention of 7β-hydroxycholesterol-induced cell 
death by mangafodipir is mediated through lysosomal and mitochondrial pathways. European 
journal of pharmacology 640, 124-128. 

Laskar, A., Yuan, X.M., Li, W., 2010b. Dimethyl sulfoxide prevents 7β-hydroxycholesterol-induced 
apoptosis by preserving lysosomes and mitochondria. Journal of cardiovascular pharmacology 56, 
263-267. 

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



37 
 

Lee, J.W., Huang, J.D., Rodriguez, I.R., 2015. Extra-hepatic metabolism of 7-ketocholesterol occurs by 
esterification to fatty acids via cPLA2α and SOAT1 followed by selective efflux to HDL. 
Biochimica et biophysica acta 1851, 605-619. 

Lemaire-Ewing, S., Lagrost, L., Néel, D., 2012. Lipid rafts: a signalling platform linking lipoprotein 
metabolism to atherogenesis. Atherosclerosis 221, 303-310. 

Leonarduzzi, G., Vizio, B., Sottero, B., Verde, V., Gamba, P., Mascia, C., Chiarpotto, E., Poli, G., Biasi, 
F., 2006. Early involvement of ROS overproduction in apoptosis induced by 7-ketocholesterol. 
Antioxidants & redox signaling 8, 375-380. 

Leoni, V., Nury, T., Vejux, A., Zarrouk, A., Caccia, C., Debbabi, M., Fromont, A., Sghaier, R., Moreau, 
T., Lizard, G., 2017. Mitochondrial dysfunctions in 7-ketocholesterol-treated 158N 
oligodendrocytes without or with α-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, 96-110. 

Levy, D., de Melo, T.C., Oliveira, B.A., Paz, J.L., de Freitas, F.A., Reichert, C.O., Rodrigues, A., 
Bydlowski, S.P., 2019. 7-Ketocholesterol and cholestane-triol increase expression of SMO and 
LXRα signaling pathways in a human breast cancer cell line. Biochemistry and biophysics reports 
19, 100604. 

Li, W., Ghosh, M., Eftekhari, S., Yuan, X.M., 2011. Lipid accumulation and lysosomal pathways 
contribute to dysfunction and apoptosis of human endothelial cells caused by 7-oxysterols. 
Biochemical and biophysical research communications 409, 711-716. 

Li, W., Laskar, A., Sultana, N., Osman, E., Ghosh, M., Li, Q., Yuan, X.M., 2012. Cell death induced by 7-
oxysterols via lysosomal and mitochondrial pathways is p53-dependent. Free radical biology & 
medicine 53, 2054-2061. 

Li, X., Zhang, Y., Xia, M., Gulbins, E., Boini, K.M., Li, P.L., 2014. Activation of Nlrp3 inflammasomes 
enhances macrophage lipid-deposition and migration: implication of a novel role of 
inflammasome in atherogenesis. PloS one 9, e87552. 

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

Lizard, G., Gueldry, S., Sordet, O., Monier, S., Athias, A., Miguet, C., Bessede, G., Lemaire, S., Solary, 
E., Gambert, P., 1998. Glutathione is implied in the control of 7-ketocholesterol-induced 
apoptosis, which is associated with radical oxygen species production. FASEB journal : official 
publication of the Federation of American Societies for Experimental Biology 12, 1651-1663. 

Lizard, G., Miguet, C., Besséde, G., Monier, S., Gueldry, S., Neel, D., Gambert, P., 2000. Impairment 
with various antioxidants of the loss of mitochondrial transmembrane potential and of the 
cytosolic release of cytochrome c occuring during 7-ketocholesterol-induced apoptosis. Free 
radical biology & medicine 28, 743-753. 

Lordan, S., O'Brien, N.M., Mackrill, J.J., 2009. The role of calcium in apoptosis induced by 7beta-
hydroxycholesterol and cholesterol-5beta,6beta-epoxide. Journal of biochemical and molecular 
toxicology 23, 324-332. 

Lordan, S., O'Neill, C., O'Brien, N.M., 2008. Effects of apigenin, lycopene and astaxanthin on 7 beta-
hydroxycholesterol-induced apoptosis and Akt phosphorylation in U937 cells. The British journal 
of nutrition 100, 287-296. 

Luchetti, F., Canonico, B., Cesarini, E., Betti, M., Galluzzi, L., Galli, L., Tippins, J., Zerbinati, C., Papa, 
S., Iuliano, L., 2015. 7-Ketocholesterol and 5,6-secosterol induce human endothelial cell 
dysfunction by differential mechanisms. Steroids 99, 204-211. 

Luchetti, F., Crinelli, R., Cesarini, E., Canonico, B., Guidi, L., Zerbinati, C., Di Sario, G., Zamai, L., 
Magnani, M., Papa, S., Iuliano, L., 2017. Endothelial cells, endoplasmic reticulum stress and 
oxysterols. Redox biology 13, 581-587. 



38 
 

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

Lyons, N.M., Woods, J.A., O'Brien, N.M., 2001. alpha-Tocopherol, but not gamma-tocopherol inhibits 7 
beta-hydroxycholesterol-induced apoptosis in human U937 cells. Free radical research 35, 329-
339. 

Macho-González, A., Garcimartín, A., López-Oliva, M.E., Bastida, S., Benedí, J., Ros, G., Nieto, G., 
Sánchez-Muniz, F.J., 2020. Can Meat and Meat-Products Induce Oxidative Stress? Antioxidants 
(Basel, Switzerland) 9. 

Mackrill, J.J., 2011. Oxysterols and calcium signal transduction. Chemistry and physics of lipids 164, 488-
495. 

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

Martinet, W., Schrijvers, D.M., Timmermans, J.P., Bult, H., 2008. Interactions between cell death induced 
by statins and 7-ketocholesterol in rabbit aorta smooth muscle cells. British journal of 
pharmacology 154, 1236-1246. 

Mascia, C., Maina, M., Chiarpotto, E., Leonarduzzi, G., Poli, G., Biasi, F., 2010. Proinflammatory effect 
of cholesterol and its oxidation products on CaCo-2 human enterocyte-like cells: effective 
protection by epigallocatechin-3-gallate. Free radical biology & medicine 49, 2049-2057. 

Mast, N., Graham, S.E., Andersson, U., Bjorkhem, I., Hill, C., Peterson, J., Pikuleva, I.A., 2005. 
Cholesterol binding to cytochrome P450 7A1, a key enzyme in bile acid biosynthesis. 
Biochemistry 44, 3259-3271. 

Mathieu, J., Schloendorn, J., Rittmann, B.E., Alvarez, P.J., 2008. Microbial degradation of 7-
ketocholesterol. Biodegradation 19, 807-813. 

Mathieu, J.M., Mohn, W.W., Eltis, L.D., LeBlanc, J.C., Stewart, G.R., Dresen, C., Okamoto, K., Alvarez, 
P.J., 2010. 7-ketocholesterol catabolism by Rhodococcus jostii RHA1. Applied and environmental 
microbiology 76, 352-355. 

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

Mathieu, J.M., Wang, F., Segatori, L., Alvarez, P.J., 2012. Increased resistance to oxysterol cytotoxicity in 
fibroblasts transfected with a lysosomally targeted Chromobacterium oxidase. Biotechnology and 
bioengineering 109, 2409-2415. 

Meddeb, W., Rezig, L., Zarrouk, A., Nury, T., Vejux, A., Prost, M., Bretillon, L., Mejri, M., Lizard, G., 
2018. Cytoprotective Activities of Milk Thistle Seed Oil Used in Traditional Tunisian Medicine 
on 7-Ketocholesterol and 24S-Hydroxycholesterol-Induced Toxicity on 158N Murine 
Oligodendrocytes. Antioxidants (Basel, Switzerland) 7. 

Miguet-Alfonsi, C., Prunet, C., Monier, S., Bessède, G., Lemaire-Ewing, S., Berthier, A., Ménétrier, F., 
Néel, D., Gambert, P., Lizard, G., 2002. Analysis of oxidative processes and of myelin figures 
formation before and after the loss of mitochondrial transmembrane potential during 7beta-
hydroxycholesterol and 7-ketocholesterol-induced apoptosis: comparison with various pro-
apoptotic chemicals. Biochemical pharmacology 64, 527-541. 

Mitić, T., Andrew, R., Walker, B.R., Hadoke, P.W., 2013a. 11β-Hydroxysteroid dehydrogenase type 1 
contributes to the regulation of 7-oxysterol levels in the arterial wall through the inter-conversion 
of 7-ketocholesterol and 7β-hydroxycholesterol. Biochimie 95, 548-555. 

Mitić, T., Shave, S., Semjonous, N., McNae, I., Cobice, D.F., Lavery, G.G., Webster, S.P., Hadoke, P.W., 
Walker, B.R., Andrew, R., 2013b. 11β-Hydroxysteroid dehydrogenase type 1 contributes to the 
balance between 7-keto- and 7-hydroxy-oxysterols in vivo. Biochemical pharmacology 86, 146-
153. 



39 
 

Monier, S., Samadi, M., Prunet, C., Denance, M., Laubriet, A., Athias, A., Berthier, A., Steinmetz, E., 
Jürgens, G., Nègre-Salvayre, A., Bessède, G., Lemaire-Ewing, S., Néel, D., Gambert, P., Lizard, 
G., 2003. Impairment of the cytotoxic and oxidative activities of 7 beta-hydroxycholesterol and 7-
ketocholesterol by esterification with oleate. Biochemical and biophysical research 
communications 303, 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. 

Nagy, G., Koncz, A., Fernandez, D., Perl, A., 2007. Nitric oxide, mitochondrial hyperpolarization, and T 
cell activation. Free radical biology & medicine 42, 1625-1631. 

Naito, Y., Shimozawa, M., Manabe, H., Kuroda, M., Tomatsuri, N., Uchiyama, K., Takagi, T., Yoshida, 
N., Yoshikawa, T., 2004. Inhibitory effects of red wine extracts on endothelial-dependent 
adhesive interactions with monocytes induced by oxysterols. Biological research 37, 231-238. 

Navas-Madroñal, M., Rodriguez, C., Kassan, M., Fité, J., Escudero, J.R., Cañes, L., Martínez-González, 
J., Camacho, M., Galán, M., 2019. Enhanced endoplasmic reticulum and mitochondrial stress in 
abdominal aortic aneurysm. Clinical science (London, England : 1979) 133, 1421-1438. 

Neekhra, A., Tran, J., Esfahani, P.R., Schneider, K., Pham, K., Sharma, A., Chwa, M., Luthra, S., 
Gramajo, A.L., Mansoor, S., Kuppermann, B.D., Kenney, M.C., 2020. Memantine, Simvastatin, 
and Epicatechin Inhibit 7-Ketocholesterol-induced Apoptosis in Retinal Pigment Epithelial Cells 
But Not Neurosensory Retinal Cells In Vitro. Journal of ophthalmic & vision research 15, 470-
480. 

Nordgren, M., Wang, B., Apanasets, O., Fransen, M., 2013. Peroxisome degradation in mammals: 
mechanisms of action, recent advances, and perspectives. Frontiers in physiology 4, 145. 

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

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

Nury, T., Zarrouk, A., Mackrill, J.J., Samadi, M., Durand, P., Riedinger, J.M., Doria, M., Vejux, A., 
Limagne, E., Delmas, D., Prost, M., Moreau, T., Hammami, M., Delage-Mourroux, R., O'Brien, 
N.M., Lizard, G., 2015. Induction of oxiapoptophagy on 158N murine oligodendrocytes treated by 
7-ketocholesterol-, 7β-hydroxycholesterol-, or 24(S)-hydroxycholesterol: Protective effects of α-
tocopherol and docosahexaenoic acid (DHA; C22:6 n-3). Steroids 99, 194-203. 

Nury, T., Zarrouk, A., Ragot, K., Debbabi, M., Riedinger, J.M., Vejux, A., Aubourg, P., 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 oligodendrocytes: impairment 
by α-tocopherol. Biochemical and biophysical research communications 446, 714-719. 

Nury, T., Zarrouk, A., Yammine, A., Mackrill, J.J., Vejux, A., Lizard, G., 2020b. Oxiapoptophagy: A type 
of cell death induced by some oxysterols. British journal of pharmacology. 

O'Sullivan, A.J., O'Callaghan, Y.C., Woods, J.A., O'Brien, N.M., 2003. Toxicity of cholesterol oxidation 
products to Caco-2 and HepG2 cells: modulatory effects of alpha- and gamma-tocopherol. Journal 
of applied toxicology : JAT 23, 191-197. 



40 
 

Olivier, E., Dutot, M., Regazzetti, A., Leguillier, T., Dargère, D., Auzeil, N., Laprévote, O., Rat, P., 2016. 
P2X7-pannexin-1 and amyloid β-induced oxysterol input in human retinal cell: Role in age-
related macular degeneration? Biochimie 127, 70-78. 

Olkkonen, V.M., Hynynen, R., 2009. Interactions of oxysterols with membranes and proteins. Molecular 
aspects of medicine 30, 123-133. 

Palozza, P., Simone, R., Catalano, A., Boninsegna, A., Böhm, V., Fröhlich, K., Mele, M.C., Monego, G., 
Ranelletti, F.O., 2010. Lycopene prevents 7-ketocholesterol-induced oxidative stress, cell cycle 
arrest and apoptosis in human macrophages. The Journal of nutritional biochemistry 21, 34-46. 

Palozza, P., Simone, R., Catalano, A., Monego, G., Barini, A., Mele, M.C., Parrone, N., Trombino, S., 
Picci, N., Ranelletti, F.O., 2011. Lycopene prevention of oxysterol-induced proinflammatory 
cytokine cascade in human macrophages: inhibition of NF-κB nuclear binding and increase in 
PPARγ expression. The Journal of nutritional biochemistry 22, 259-268. 

Panov, A.V., Dikalov, S.I., 2020. Cardiolipin, Perhydroxyl Radicals, and Lipid Peroxidation in 
Mitochondrial Dysfunctions and Aging. Oxidative medicine and cellular longevity 2020, 
1323028. 

Park, S.H., Kang, M.K., Choi, Y.J., Kim, Y.H., Antika, L.D., Lim, S.S., Kang, Y.H., 2016. Dietary 
compound α-asarone alleviates ER stress-mediated apoptosis in 7β-hydroxycholesterol-challenged 
macrophages. Molecular nutrition & food research 60, 1033-1047. 

Paz, J.L., Levy, D., Oliveira, B.A., de Melo, T.C., de Freitas, F.A., Reichert, C.O., Rodrigues, A., Pereira, 
J., Bydlowski, S.P., 2019. 7-Ketocholesterol Promotes Oxiapoptophagy in Bone Marrow 
Mesenchymal Stem Cell from Patients with Acute Myeloid Leukemia. Cells 8. 

Pedruzzi, E., Guichard, C., Ollivier, V., Driss, F., Fay, M., Prunet, C., Marie, J.C., Pouzet, C., Samadi, M., 
Elbim, C., O'Dowd, Y., Bens, M., Vandewalle, A., Gougerot-Pocidalo, M.A., Lizard, G., Ogier-
Denis, E., 2004. NAD(P)H oxidase Nox-4 mediates 7-ketocholesterol-induced endoplasmic 
reticulum stress and apoptosis in human aortic smooth muscle cells. Molecular and cellular 
biology 24, 10703-10717. 

Perveen, I., Raza, M.A., Sehar, S., Naz, I., Memon, M.I., Ahmed, S., 2018. Studies on Degradation of 7-
ketocholesterol by Environmental Bacterial Isolates. Applied Biochemistry and Microbiology 54, 
262-268. 

Plattner, H., Verkhratsky, A., 2016. Inseparable tandem: evolution chooses ATP and Ca2+ to control life, 
death and cellular signalling. Philosophical transactions of the Royal Society of London. Series B, 
Biological sciences 371. 

Prunet, C., Montange, T., Véjux, A., Laubriet, A., Rohmer, J.F., Riedinger, J.M., Athias, A., Lemaire-
Ewing, S., Néel, D., Petit, J.M., Steinmetz, E., Brenot, R., Gambert, P., Lizard, G., 2006. 
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, 359-373. 

Ragot, K., Delmas, D., Athias, A., Nury, T., Baarine, M., Lizard, G., 2011. α-Tocopherol impairs 7-
ketocholesterol-induced caspase-3-dependent apoptosis involving GSK-3 activation and Mcl-1 
degradation on 158N murine oligodendrocytes. Chemistry and physics of lipids 164, 469-478. 

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

Raleigh, D.R., Sever, N., Choksi, P.K., Sigg, M.A., Hines, K.M., Thompson, B.M., Elnatan, D., 
Jaishankar, P., Bisignano, P., Garcia-Gonzalo, F.R., Krup, A.L., Eberl, M., Byrne, E.F.X., 
Siebold, C., Wong, S.Y., Renslo, A.R., Grabe, M., McDonald, J.G., Xu, L., Beachy, P.A., Reiter, 
J.F., 2018. Cilia-Associated Oxysterols Activate Smoothened. Molecular cell 72, 316-327.e315. 

Ribeiro, D., Castro, I., Fahimi, H.D., Schrader, M., 2012. Peroxisome morphology in pathology. Histology 
and histopathology 27, 661-676. 



41 
 

Ricciardi, C.A., Gnudi, L., 2020. The endoplasmic reticulum stress and the unfolded protein response in 
kidney disease: Implications for vascular growth factors. Journal of cellular and molecular 
medicine 24, 12910-12919. 

Rimbach, G., Minihane, A.M., Majewicz, J., Fischer, A., Pallauf, J., Virgli, F., Weinberg, P.D., 2002. 
Regulation of cell signalling by vitamin E. The Proceedings of the Nutrition Society 61, 415-425. 

Rittmann, B.E., Schloendorn, J., 2007. Engineering away lysosomal junk: medical bioremediation. 
Rejuvenation research 10, 359-365. 

Rodriguez, I.R., Clark, M.E., Lee, J.W., Curcio, C.A., 2014. 7-ketocholesterol accumulates in ocular 
tissues as a consequence of aging and is present in high levels in drusen. Experimental eye 
research 128, 151-155. 

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

Román, G.C., Jackson, R.E., Gadhia, R., Román, A.N., Reis, J., 2019. Mediterranean diet: The role of 
long-chain ω-3 fatty acids in fish; polyphenols in fruits, vegetables, cereals, coffee, tea, cacao and 
wine; probiotics and vitamins in prevention of stroke, age-related cognitive decline, and 
Alzheimer disease. Revue neurologique 175, 724-741. 

Rosenblat, M., Aviram, M., 2002. Oxysterol-induced activation of macrophage NADPH-oxidase enhances 
cell-mediated oxidation of LDL in the atherosclerotic apolipoprotein E deficient mouse: inhibitory 
role for vitamin E. Atherosclerosis 160, 69-80. 

Rossin, D., Barbosa-Pereira, L., Iaia, N., Testa, G., Sottero, B., Poli, G., Zeppa, G., Biasi, F., 2019. A 
Dietary Mixture of Oxysterols Induces In Vitro Intestinal Inflammation through TLR2/4 
Activation: The Protective Effect of Cocoa Bean Shells. Antioxidants (Basel, Switzerland) 8. 

Royer, M.C., Lemaire-Ewing, S., Desrumaux, C., Monier, S., Pais de Barros, J.P., Athias, A., Néel, D., 
Lagrost, L., 2009. 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, 15826-15834. 

Rusiñol, A.E., Thewke, D., Liu, J., Freeman, N., Panini, S.R., Sinensky, M.S., 2004. AKT/protein kinase 
B regulation of BCL family members during oxysterol-induced apoptosis. The Journal of 
biological chemistry 279, 1392-1399. 

Ryan, L., O'Callaghan, Y.C., O'Brien, N.M., 2004. Comparison of the apoptotic processes induced by the 
oxysterols 7beta-hydroxycholesterol and cholesterol-5beta,6beta-epoxide. Cell biology and 
toxicology 20, 313-323. 

Ryan, L., O'Callaghan, Y.C., O'Brien, N.M., 2005. The role of the mitochondria in apoptosis induced by 
7beta-hydroxycholesterol and cholesterol-5beta,6beta-epoxide. The British journal of nutrition 94, 
519-525. 

Sallem, F., Haji, R., Vervandier-Fasseur, D., Nury, T., Maurizi, L., Boudon, J., Lizard, G., Millot, N., 
2019. Elaboration of Trans-Resveratrol Derivative-Loaded Superparamagnetic Iron Oxide 
Nanoparticles for Glioma Treatment. Nanomaterials (Basel, Switzerland) 9. 

Samadi, A., Sabuncuoglu, S., Samadi, M., Isikhan, S.Y., Chirumbolo, S., Peana, M., Lay, I., Yalcinkaya, 
A., Bjørklund, G., 2020. A Comprehensive Review on Oxysterols and Related Diseases. Current 
medicinal chemistry. 

Sanchez, L.D., Pontini, L., Marinozzi, M., Sanchez-Aranguren, L.C., Reis, A., Dias, I.H.K., 2020. 
Cholesterol and oxysterol sulfates: Pathophysiological roles and analytical challenges. British 
journal of pharmacology. 

Sassi, K., Nury, T., Zarrouk, A., Sghaier, R., Khalafi-Nezhad, A., Vejux, A., Samadi, M., Aissa-Fennira, 
F.B., Lizard, G., 2019. Induction of a non-apoptotic mode of cell death associated with autophagic 
characteristics with steroidal maleic anhydrides and 7β-hydroxycholesterol on glioma cells. The 
Journal of steroid biochemistry and molecular biology 191, 105371. 



42 
 

Sato, Y., Ishihara, N., Nagayama, D., Saiki, A., Tatsuno, I., 2017. 7-ketocholesterol induces apoptosis of 
MC3T3-E1 cells associated with reactive oxygen species generation, endoplasmic reticulum stress 
and caspase-3/7 dependent pathway. Molecular genetics and metabolism reports 10, 56-60. 

Savouret, J.F., Antenos, M., Quesne, M., Xu, J., Milgrom, E., Casper, R.F., 2001. 7-ketocholesterol is an 
endogenous modulator for the arylhydrocarbon receptor. The Journal of biological chemistry 276, 
3054-3059. 

Schloendorn, J., Webb, T., Kemmish, K., Hamalainen, M., Jackemeyer, D., Jiang, L., Mathieu, J., Rebo, 
J., Sankman, J., Sherman, L., Tontson, L., Qureshi, A., Alvarez, P., Rittmann, B., 2009. Medical 
bioremediation: a concept moving toward reality. Rejuvenation research 12, 411-419. 

Schrader, M., Costello, J., Godinho, L.F., Islinger, M., 2015. Peroxisome-mitochondria interplay and 
disease. Journal of inherited metabolic disease 38, 681-702. 

Seet, R.C., Lee, C.Y., Loke, W.M., Huang, S.H., Huang, H., Looi, W.F., Chew, E.S., Quek, A.M., Lim, 
E.C., Halliwell, B., 2011. Biomarkers of oxidative damage in cigarette smokers: which 
biomarkers might reflect acute versus chronic oxidative stress? Free radical biology & medicine 
50, 1787-1793. 

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

Sghaier, R., Zarrouk, A., Nury, T., Badreddine, I., O'Brien, N., Mackrill, J.J., Vejux, A., Samadi, M., 
Nasser, B., Caccia, C., Leoni, V., Moreau, T., Cherkaoui-Malki, M., Salhedine Masmoudi, A., 
Lizard, G., 2019b. Biotin attenuation of oxidative stress, mitochondrial dysfunction, lipid 
metabolism alteration and 7β-hydroxycholesterol-induced cell death in 158N murine 
oligodendrocytes. Free radical research 53, 535-561. 

Shannon, O.M., Ashor, A.W., Scialo, F., Saretzki, G., Martin-Ruiz, C., Lara, J., Matu, J., Griffiths, A., 
Robinson, N., Lillà, L., Stevenson, E., Stephan, B.C.M., Minihane, A.M., Siervo, M., Mathers, 
J.C., 2021. Mediterranean diet and the hallmarks of ageing. European journal of clinical nutrition. 

Shen, L., Sun, Z., Chu, S., Cai, Z., Nie, P., Wu, C., Yuan, R., Hu, L., He, B., 2017. Xuezhikang, an extract 
from red yeast rice, attenuates vulnerable plaque progression by suppressing endoplasmic 
reticulum stress-mediated apoptosis and inflammation. PloS one 12, e0188841. 

Silvente-Poirot, S., Poirot, M., 2012. Cholesterol epoxide hydrolase and cancer. Current opinion in 
pharmacology 12, 696-703. 

Singh, N., Millot, N., Maurizi, L., Lizard, G., Kumar, R., 2020. Taurine-Conjugated Mussel-Inspired Iron 
Oxide Nanoparticles with an Elongated Shape for Effective Delivery of Doxorubicin into the 
Tumor Cells. ACS omega 5, 16165-16175. 

Smith, J.J., Aitchison, J.D., 2013. Peroxisomes take shape. Nature reviews. Molecular cell biology 14, 
803-817. 

Sudo, R., Sato, F., Azechi, T., Wachi, H., 2015. 7-Ketocholesterol-induced lysosomal dysfunction 
exacerbates vascular smooth muscle cell calcification via oxidative stress. Genes to cells : devoted 
to molecular & cellular mechanisms 20, 982-991. 

Tarasiuk, A., Fichna, J., 2019. Gut microbiota: what is its place in pharmacology? Expert review of 
clinical pharmacology 12, 921-930. 

Terlecky, S.R., Koepke, J.I., Walton, P.A., 2006. Peroxisomes and aging. Biochimica et biophysica acta 
1763, 1749-1754. 

Tesoriere, L., Attanzio, A., Allegra, M., Gentile, C., Livrea, M.A., 2013. Phytochemical indicaxanthin 
suppresses 7-ketocholesterol-induced THP-1 cell apoptosis by preventing cytosolic Ca(2+) 
increase and oxidative stress. The British journal of nutrition 110, 230-240. 

Tesoriere, L., Attanzio, A., Allegra, M., Livrea, M.A., 2015. Dietary indicaxanthin from cactus pear 
(Opuntia ficus-indica L. Mill) fruit prevents eryptosis induced by oxysterols in a 



43 
 

hypercholesterolaemia-relevant proportion and adhesion of human erythrocytes to endothelial cell 
layers. The British journal of nutrition 114, 368-375. 

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

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

Tian, L., Wang, H., Abdallah, A.M., Prinyawiwatkul, W., Xu, Z., 2011. Red and white wines inhibit 
cholesterol oxidation induced by free radicals. Journal of agricultural and food chemistry 59, 
6453-6458. 

Trivedi, P.C., Bartlett, J.J., Pulinilkunnil, T., 2020. Lysosomal Biology and Function: Modern View of 
Cellular Debris Bin. Cells 9. 

Trompier, D., Vejux, A., Zarrouk, A., Gondcaille, C., Geillon, F., Nury, T., Savary, S., Lizard, G., 2014. 
Brain peroxisomes. Biochimie 98, 102-110. 

Vamecq, J., Cherkaoui-Malki, M., Andreoletti, P., Latruffe, N., 2014. The human peroxisome in health 
and disease: the story of an oddity becoming a vital organelle. Biochimie 98, 4-15. 

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

Vejux, A., Guyot, S., Montange, T., Riedinger, J.M., Kahn, E., Lizard, G., 2009. Phospholipidosis and 
down-regulation of the PI3-K/PDK-1/Akt signalling pathway are vitamin E inhibitable events 
associated with 7-ketocholesterol-induced apoptosis. The Journal of nutritional biochemistry 20, 
45-61. 

Vejux, A., Kahn, E., Ménétrier, F., Montange, T., Lherminier, J., Riedinger, J.M., Lizard, G., 2007. 
Cytotoxic oxysterols induce caspase-independent myelin figure formation and caspase-dependent 
polar lipid accumulation. Histochemistry and cell biology 127, 609-624. 

Vejux, A., Lizard, G., 2009. 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, 153-170. 

Vejux, A., Samadi, M., Lizard, G., 2011. Contribution of cholesterol and oxysterols in the 
physiopathology of cataract: implication for the development of pharmacological treatments. 
Journal of ophthalmology 2011, 471947. 

Wanders, R.J., 2014. Metabolic functions of peroxisomes in health and disease. Biochimie 98, 36-44. 
Wang, Y., Griffiths, W.J., 2018. Unravelling new pathways of sterol metabolism: lessons learned from in-

born errors and cancer. Current opinion in clinical nutrition and metabolic care 21, 90-96. 
Warraich, U.E., Hussain, F., Kayani, H.U.R., 2020. Aging - Oxidative stress, antioxidants and 

computational modeling. Heliyon 6, e04107. 
Wei, Y.H., Lu, C.Y., Wei, C.Y., Ma, Y.S., Lee, H.C., 2001. Oxidative stress in human aging and 

mitochondrial disease-consequences of defective mitochondrial respiration and impaired 
antioxidant enzyme system. The Chinese journal of physiology 44, 1-11. 

Willcox, D.C., Scapagnini, G., Willcox, B.J., 2014. Healthy aging diets other than the Mediterranean: a 
focus on the Okinawan diet. Mechanisms of ageing and development 136-137, 148-162. 

Wilson, D.M., 3rd, Bohr, V.A., 2007. The mechanics of base excision repair, and its relationship to aging 
and disease. DNA repair 6, 544-559. 

Xue, Q.L., 2011. The frailty syndrome: definition and natural history. Clinics in geriatric medicine 27, 1-
15. 

Yamagata, K., Tanaka, N., Suzuki, K., 2013. Epigallocatechin 3-gallate inhibits 7-ketocholesterol-induced 
monocyte-endothelial cell adhesion. Microvascular research 88, 25-31. 



44 
 

Yammine, A., Zarrouk, A., Nury, T., Vejux, A., Latruffe, N., Vervandier-Fasseur, D., Samadi, M., 
Mackrill, J.J., Greige-Gerges, H., Auezova, L., Lizard, G., 2020. Prevention by Dietary 
Polyphenols (Resveratrol, Quercetin, Apigenin) Against 7-Ketocholesterol-Induced 
Oxiapoptophagy in Neuronal N2a Cells: Potential Interest for the Treatment of Neurodegenerative 
and Age-Related Diseases. Cells 9. 

Yeolekar, M.E., Sukumaran, S., 2014. Frailty Syndrome: A Review. The Journal of the Association of 
Physicians of India 62, 34-38. 

Yeung, A.W.K., Tzvetkov, N.T., Georgieva, M.G., Ognyanov, I.V., Kordos, K., Jóźwik, A., Kühl, T., 
Perry, G., Petralia, M.C., Mazzon, E., Atanasov, A.G., 2021. Reactive Oxygen Species and Their 
Impact in Neurodegenerative Diseases: Literature Landscape Analysis. Antioxidants & redox 
signaling 34, 402-420. 

Yin, D., Chen, K., 2005. The essential mechanisms of aging: Irreparable damage accumulation of 
biochemical side-reactions. Experimental gerontology 40, 455-465. 

Yuan, X.M., Li, W., Brunk, U.T., Dalen, H., Chang, Y.H., Sevanian, A., 2000. Lysosomal destabilization 
during macrophage damage induced by cholesterol oxidation products. Free radical biology & 
medicine 28, 208-218. 

Yuan, X.M., Sultana, N., Siraj, N., Ward, L.J., Ghafouri, B., Li, W., 2016. Autophagy Induction Protects 
Against 7-Oxysterol-induced Cell Death via Lysosomal Pathway and Oxidative Stress. Journal of 
cell death 9, 1-7. 

Zahm, J.M., Baconnais, S., Monier, S., Bonnet, N., Bessède, G., Gambert, P., Puchelle, E., Lizard, G., 
2003. Chronology of cellular alterations during 7-ketocholesterol-induced cell death on A7R5 rat 
smooth muscle cells: analysis by time lapse-video microscopy and conventional fluorescence 
microscopy. Cytometry. Part A : the journal of the International Society for Analytical Cytology 
52, 57-69. 

Zapolska-Downar, D., Nowicka, G., Sygitowicz, G., Jarosz, M., 2008. Anthocyanin-rich Aronox extract 
from Aronia melanocarpa E protects against 7beta-hydroxycholesterol-induced apoptosis of 
endothelial cells. Annals of nutrition & metabolism 53, 283-294. 

Zarrouk, A., Ben Salem, Y., Hafsa, J., Sghaier, R., Charfeddine, B., Limem, K., Hammami, M., Majdoub, 
H., 2018. 7β-hydroxycholesterol-induced cell death, oxidative stress, and fatty acid metabolism 
dysfunctions attenuated with sea urchin egg oil. Biochimie 153, 210-219. 

Zarrouk, A., Hammouda, S., Ghzaiel, I., Hammami, S., Khamlaoui, W., Ahmed, S.H., Lizard, G., 
Hammami, M., 2020. Association Between Oxidative Stress and Altered Cholesterol Metabolism 
in Alzheimer's Disease Patients. Current Alzheimer research. 

Zarrouk, A., Martine, L., Grégoire, S., Nury, T., Meddeb, W., Camus, E., Badreddine, A., Durand, P., 
Namsi, A., Yammine, A., Nasser, B., Mejri, M., Bretillon, L., Mackrill, J.J., Cherkaoui-Malki, M., 
Hammami, M., Lizard, G., 2019a. 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, 1791-1805. 

Zarrouk, A., Nury, T., Karym, E.M., Vejux, A., Sghaier, R., Gondcaille, C., Andreoletti, P., Trompier, D., 
Savary, S., Cherkaoui-Malki, M., Debbabi, M., Fromont, A., Riedinger, J.M., Moreau, T., Lizard, 
G., 2017. 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, 29-38. 

Zarrouk, A., Nury, T., Samadi, M., O'Callaghan, Y., Hammami, M., O'Brien, N.M., Lizard, G., Mackrill, 
J.J., 2015. Effects of cholesterol oxides on cell death induction and calcium increase in human 
neuronal cells (SK-N-BE) and evaluation of the protective effects of docosahexaenoic acid (DHA; 
C22:6 n-3). Steroids 99, 238-247. 

Zarrouk, A., Smach, M.A., Hafsa, J., Sghaier, R., Majdoub, H., Hammami, M., Charfeddine, B., 2019b. 
Effects of Carpobrotus edulis Extract on Oxidative Stress and 158N Oligodendrocyte Death. 
Biomedical and environmental sciences : BES 32, 291-299. 



45 
 

Zarrouk, A., Vejux, A., Mackrill, 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. 

Zarrouk, A., Vejux, A., Nury, T., El Hajj, H.I., Haddad, M., Cherkaoui-Malki, M., Riedinger, J.M., 
Hammami, M., Lizard, G., 2012. Induction of mitochondrial changes associated with oxidative 
stress on very long chain fatty acids (C22:0, C24:0, or C26:0)-treated human neuronal cells (SK-
NB-E). Oxidative medicine and cellular longevity 2012, 623257. 

Zerbinati, C., Iuliano, L., 2017. Cholesterol and related sterols autoxidation. Free radical biology & 
medicine 111, 151-155. 

Zhang, H., Menzies, K.J., Auwerx, J., 2018. The role of mitochondria in stem cell fate and aging. 
Development (Cambridge, England) 145. 

Zhang, X., Alhasani, R.H., Zhou, X., Reilly, J., Zeng, Z., Strang, N., Shu, X., 2021. Oxysterols and retinal 
degeneration. British journal of pharmacology. 

 

 

Figures legends 

 

Figure 1: Physico-chemical characteristics of 7-ketocholesterol and 7β-hydroxycholesterol 

versus cholesterol. Values of m/z top peaks (cholesterol and 7KC) are from NIST/EPA/NIH 

Mass Spectral Library, Version 2.2 (2014). The value of m/z top peak (7β-OHC) is from Dr J.P. 

Pais de Barros laboratory; the m/z values (cholesterol and 7KC) obtained in Dr J.P. Pais de 

Barros laboratory are the same than NIST values.  

 

 

Figure 2: 7-ketocholesterol and 7β-hydroxycholesterol synthesis pathways. 7-ketocholesterol 

(7KC) and 7β-hydroxycholesterol (7β-OHC) are mainly formed by the auto-oxidation of 

cholesterol (ROS / RNS; Fenton reaction: H2O2 + Men+ → HO● + OHˉ + Me(n+1)+, where Me is a 

transition metal such as copper, iron, or aluminum; the Haber-Weiss reaction (O2
●- + H2O2 → 

OH● + OHˉ + O2 ) which can be written in two sequential sub-reactions: (1) O2
●- + Fe3+ → O2 + 

Fe2+, and (2) Fe2+ + H2O2 → Fe3+ + HO● + OHˉ; the second reaction is commonly referred to as 

the Fenton reaction). Under certain conditions, these two oxysterols can be formed 

enzymatically: interconversion of 7KC to 7β-OHC by the enzyme 11β-hydroxysteroid 

dehydrogenase type 1 (11β-HSD1; OMIM 600713); interconversion of 7β-OHC to 7KC by the 

enzyme 11β-hydroxysteroid dehydrogenase type 2 (11β-HSD2; OMIM 614232). In Smith-Lemli-

Opitz syndrome or in patients with cerebrotendinous xanthomatosis, the enzyme cholesterol 7α-

hydroxylase, CYP7A1 (OMIM 118455), is an oxidoreductase which also contributes to the 
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formation of 7KC from 7-dehydrocholesterol. CYP7A1 also permits the formation of 7α-

hydroxycholesterol from cholesterol (Mast et al., 2005). In food, by heating, cholesterol side 

chain oxidation can also provide 20-hydroxycholesterol and 25-hydroxycholesterol (25-OHC). 

This later can also be formed by the enzyme 25-hydroxylase (OMIM 604551). In addition, 

hydration of 5,6-epoxycholesterol can also give cholestane-3β,5α,6β-triol ((Vejux et al., 2011) 

(Mutemberezi et al., 2016)).  

 

 

Figure 3: Cell signalization associated with 7-ketocholesterol-induced oxiapoptophagy and 

inflammation. The concept of oxiapoptophagy was introduced in 2003 in U937 cells treated with 

7KC (Monier et al., 2003) and further confirmed by Nury et al. (Nury et al., 2020b)). In 2009, 

based on results mainly obtained on vascular wall cells, retinal epithelial cells and monocytic 

cells, the signalling pathways induced by 7KC were poorly characterized, but the importance of 

the mitochondrial pathway was well established (Vejux and Lizard, 2009). Shortly thereafter, it 

was described in A7r5 aortic smooth muscle cells and 158N oligodendrocytes that the ability of 

7KC to induce apoptosis was associated with its accumulation in lipid rafts ((Royer et al., 2009) 

(Ragot et al., 2013)). An important characteristic of 7KC is its ability to increase the production 

of ROS in all cells studied and to favor lipid peroxidation, protein carbonylation and formation of 

8-hydroxyguanine ((Brahmi et al., 2019) (Vejux et al., 2020)); in human aortic smooth muscle 

cells, an activation of NADPH-oxidase (Nox4) has been demonstrated (Pedruzzi et al., 2004). 

Upon treatment with 7KC, an activation of NADPH-oxidase is also suspected in other cell types. 

This increase of oxidative stress is associated with an increase of plasma membrane permeability, 

an externalization of phosphatidylserine and an inactivation of the PIP2/PIP3/PDK1/PKB(Akt) 

signalling pathway with consequent activation of GSK3β which contributes to mitochondrial 

depolarization involved in apoptosis (Vejux et al., 2009). Since 2010, the relationships between 

oxidative stress, apoptosis and autophagy have been extensively studied and much information 

has been obtained on the effects of 7KC on organelles, particularly on the peroxisome, and on the 

contribution of organelles to 7KC-induced cell death. The effects of 7KC on the lysosome led to 

interest in autophagy and to show activation of LC3-I into LC3-II which is a criterion for 

autophagy (Nury et al., 2014). Furthermore, the presence of myelin figures in the cytoplasm of 

7KC-induced apoptotic cells (Vejux et al., 2007) is now considered as a sign of reticulophagy. 
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Pexophagy has also been described (Nury et al., 2018) and mitophagy is likely on the basis of 

transmission electron microscopy observations. During 7KC-induced cell death, autophagy is 

considered to be survival autophagy ((Yuan et al., 2016) (Yammine et al., 2020)). Furthermore, 

the study of peroxisomes has shown that 7KC reduces peroxisomal mass, modifies their 

topography and induces several morphological and functional dysfunctions of the latter. These 

peroxisomal dysfunctions could contribute to the amplification of oxidative stress and contribute 

to cell death due to important functional interactions between the mitochondria and the 

peroxisome, the activity of one influencing that of the other (Lismont et al., 2015). Thus, under 

the influence of 7KC, the observed decrease in the mRNA levels of peroxisomal transporters and 

enzymes involved in β-oxidation as well as of β-oxidation activity favors the accumulation of 

very long chain fatty acids (C≥22) known to activate the ROS overproduction (Baarine et al., 

2012). In addition, 7KC also has pro-inflammatory properties by inducing the secretion of pro-

inflammatory cytokines (IL-1β; IL-8). It is also reported that 7KC interacts with the microsomal 

antiestrogen binding site (AEBS) and inhibits its cholesterol epoxide hydrolase (ChEH) activity 

(de Medina et al., 2010). In addition, 7KC binds and inhibits the transactivation of the aryl carbon 

receptor (AhR) (Savouret et al., 2001). The part taken by these receptors (AEBS, AhR) in 

oxiapoptophagy is as yet unknown. The figure presented is based on that published by Brahmi F 

et al. (Brahmi et al., 2019) and Vejux A. et al. (Vejux et al., 2020) and includes new data. 

 

 

Figure 4: Cell signalling associated with 7β-hydroxycholesterol-induced oxiapoptophagy 

and inflammation. The signalling pathways associated with oxiapoptophagy and 7β-OHC-

induced inflammation are often common to those induced by 7KC; they are less well known 

because 7β-OHC is less studied than 7KC (Vejux et al., 2020). Unlike 7KC, 7β-OHC does not 

accumulate in lipid rafts. However, the latter induces alterations of plasma membrane 

(externalization of phosphatidylserine) and inactivates the PIP2/PIP3/PDK1/PKB(Akt) signalling 

pathway with consequent activation of GSK3β which contributes to mitochondrial depolarization 

involved in apoptosis. 7β-OHC is also a powerful oxidative stress activator by promoting the 

overproduction of ROS and lipid peroxidation. Several data support that the rupture of redox 

homeostasis favors organelle dysfunctions (lysosome, mitochondria, peroxisome) which 

participates in the activation of apoptosis and autophagy, which would initially be survival 
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autophagy. Autophagy is characterized by an increased ratio [(LC3-II)/(LC3-I)] whatever the cell 

considered and on C6 rat glioma cells increased levels of autophagic proteins (mTOR, Beclin, 

free Atg12, Atg12-Atg15) involved in the autophagosome formation has been observed (Sassi et 

al., 2019). In addition, 7β-OHC also has pro-inflammatory properties by inducing the secretion of 

pro-inflammatory cytokines (IL-1β; IL-8). The figure presented is based on that published by 

Vejux A. et al. (Vejux et al., 2020) and includes new data. 
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Family of 
compounds Cytoprotective compounds Concentrations Cells 7KC 

concentrations References 

Tocopherols 
α-tocopherol 100 - 400  µM 

U937 cells ;  158N cells ; rat 
aortic smooth muscle cells 

(A7R5) ; murine 
neuroblastoma cells (N2a) ; 

murine microglial cells (BV-2) 

25  - 50 µM 

(Lizard et al., 2000), (Miguet-Alfonsi et 
al., 2002),(Vejux and Lizard, 2009), 
(Royer et al., 2009), (Debbabi et al., 

2016), (Debbabi et al., 2017), (Yammine 
et al., 2020) 

γ-tocopherol 400 µM  BV-2 cells 50 µM (Debbabi et al., 2016) 

Fatty acids  

ALA (C18:3 n-3) 50 µM N2a cells 50 µM (Yammine et al., 2020) 

EPA (C20:5 n-3) 50 µM  N2a cells 50 µM (Yammine et al., 2020) 

DHA (C22:6 n-3) 50 µM BV-2 cells ; 158N cells; N2a 
cells ; SK-NB-E cells 25  - 50 µM 

(Nury et al., 2015) (Zarrouk et al., 2015) 
(Nury et al., 2017) (Debbabi et al., 2017) 

(Yammine et al., 2020) 

Oleic acid (C18:1 n-9) 100 - 200 µM  158N cells ;  BV-2 cells ; N2a 
cells  50 µM 

(Debbabi et al., 2016) (Badreddine et al., 
2017) (Debbabi et al., 2017) (Yammine et 

al., 2020) 

Sterculic acid 1 µM ARPE-19 cells 12 µM (Huang et al., 2012) (Huang et al., 2014)  

Terpenes Lycopene 0.5 - 2 µM Human monocyte cells 
 (THP-1) 10  - 25 µM (Palozza et al., 2010) (Palozza et al., 

2011) 
 
 
 
 
 

Polyphenols 
 
 
 
 
 
 
 
 

Epicatechin 5 - 10 µM Murine Monocyte / 
Macrophage (J774A,1 ) 20 µM (Leonarduzzi et al., 2006) 

Epigallocatechin-3-gallate 
(EGCG)  30 - 50 µM Human angiosarcoma cells                  

(ISO-HAS)  50 µM (Yamagata et al., 2013) 

Resveratrol 1.5 - 30 µM N2a cells ; human 
monocytes; ARPE-19 cells 15  - 150 µM (Dugas et al., 2010) (Buttari et al., 2014) 

(Yammine et al., 2020) 

Apigenin 1.5 – 6.25 µM N2a cells 50 µM (Yammine et al., 2020) 

Quercetin 1.5 – 6.25 µM N2a cells 50 µM (Yammine et al., 2020) 

Hydroxytyrosol 2.5 - 10 µM Caco-2 cells 187,5 µM (Deiana et al., 2010) (Atzeri et al., 2016) 



 
 
 

 
Polyphenols 

 
 

Tyrosol 2.5 - 10 µM Caco-2 cells 187,5 µM (Deiana et al., 2010) (Atzeri et al., 2016) 

Homovanillic alcool 5 - 25 µM Caco-2 cells 
Prevention of 

oxysterol  
formation 

 (Deiana et al., 2010) 

Taxifoline (dihydroquercetin) 15 µM 

Rat pheochromocytoma cells 
(PC12) ; human 

neuroblastoma cells  
(SH-SY5Y) 

125 µM (Kim et al., 2017) 

Vegetal 
pigment Indicaxanthin 1 - 5 µM Murine monocytes (THP-1) ; 

human erythrocytes 7 - 16 µM (Tesoriere et al., 2013) (Tesoriere et al., 
2015) 

Antioxidants 

NAC 10 - 15 mM U937 cells , murine 
osteoblats (MC3T3-E1) 100 µM (Lizard et al., 1998) (Lizard et al., 2000) 

(Sato et al., 2017)  

GSH 10 - 15 mM U937 cells 100 µM (Lizard et al., 1998) (Lizard et al., 2000) 

Ergothioneine 0.1 – 1 mM Human brain endothelial cells 
(hCMEC/D3) 30 µM (Koh et al., 2020) 

Synthetic 
molecules 

- Tyrosine kinase inhibitor 
AG126 

- DMF / MMF 
- Memantine 

- Simvastatine 

 
1 – 10 µM 
25 - 50 µM 

1 µM ; 1 mM 
0.01 µM ; 0.05 µM 

PC12 cells  
158N cells 

ARPE-19 cells 

100 µM 
25 - 50 µM 

75 µM 

(Kim and Lee, 2010) 
(Zarrouk et al., 2017) 
(Neekhra et al., 2020) 

Mixtures of 
compounds, 

plant extracts, 
oil 

α-tocopherol + DHA 400 µM + 50 µM 158N cells 50 µM (Nury et al., 2015) 

Red yeast rice extract 100 µg/mL Murine monocyte/ 
macrophage (RAW 264.7) 70 µM (Shen et al., 2017) 

Olive oil 1 / 1000 158N cells 50 µM (Debbabi et al., 2016) (Debbabi et al., 
2017) (Badreddine et al., 2017) 

Argan oil 2 / 1000 158N cells 50 µM (Badreddine et al., 2017) 

Milk thistle seed oil 3 / 1000 158N cells 50 µM (Meddeb et al., 2018) 

Ethanolic leaves mint extracts 25 – 400 µg/mL Mouse monocyte 
macrophage RAW 264.7 20 µM (Brahmi et al., 2018) 

Bacterial 
enzymes 

- Cholesterol oxydase 
(Chromobacterium DS-1) 
- bacteria Rhodococcus 
erythropolis MTCC 3951  

- Human fibroblasts 25 - 50 µM (Mathieu et al., 2012) 
(Ghosh and Khare, 2017) 

Table 1: List of compounds counteracting 7-ketocholesterol-induced cytotoxicity  



Family of compounds Cytoprotective 
compounds Concentrations Cells 7β-OHC 

concentrations References 

Tocopherols α-tocopherol 100 - 400 µM                 
10 µM 

Murine oligodendrocytes (158N ) 
Human monocytes (U937) 

50 µM                     
30 µM 

(Ragot et al., 2013)                       
(Lyons et al., 2001) 

Fatty acids DHA 50 µM 158N cells; Human 
neuroblastoma (SK-NB-E)  50 µM (Nury et al., 2015)                         

(Zarrouk et al., 2015) 

Polyphenols 

Epigallocatechin-3-gallate 
(EGCG)  1 µM Human epithelial colonic cells 

(CaCo-2) 4.4 µM (Mascia et al., 2010) 

Resveratrol 1 µM Human retinal epithelial cells 
(ARPE-19) 75 µM (Dugas et al., 2010) 

Synthetic molecules 

DMF 25 µM 158N cells; SK-NB-E cells  50 µM (Sghaier et al., 2019a) 

MMF 25 µM 158N cells; SK-NB-E cells  50 µM (Sghaier et al., 2019a) 

Trolox 10 µM U937 cells 30 µM (Ryan et al., 2004) 

Dimethysulfoxide 0.1% U937 cells 28 µM (Laskar et al., 2010b) 

Mangafodipir 400 µM U937 cells 28 µM (Laskar et al., 2010a) 

Vitamins Biotin 100 nM - 400 µM 158N cells; SK-NB-E cells  50 µM (Sghaier et al., 2019b) 

Mixtures of compounds, 
 plant extracts, oil 

α-tocopherol + DHA 400 µM + 50 µM 158N cells; SK-NB-E cells  50 µM (Nury et al., 2015) 

Red wine extract 1 - 100 ng/mL Human aortic endothelial cells 
(HAEC) 10 µM (Naito et al., 2004) 

Carpobrotus edulis 
 ethanol-water extract 160 µg/mL 158N cells 50 µM (Zarrouk et al., 2019b) 

Aronia melanocarpa E extract 
(Aronox) 50 µg/mL Human umbilical vein endothelial 

cells (HUVEC) 50 µM (Zapolska-Downar et al., 2008) 

Sea urchin egg oil 160 µg/mL 158N cells;  SK-NB-E cells 50 µM (Zarrouk et al., 2018) 

MPTP inhibitors 

Bongerik acid 5 µM U937 cells 30 µM (Ryan et al., 2005) 

Cyclosporin A 1 µM U937 cells 30 µM (Ryan et al., 2005) 
ADP analogue  

(Burzik et al., 2003) 5 mM U937 cells 30 µM (Ryan et al., 2005) 

Table 2: List of compounds counteracting 7β-hydroxycholesterol-induced cytotoxicity  



 

 

 Natural and synthetic molecules 

 Mixtures of molecules 

 Plant extracts 

 Oils 
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