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Abstract

Oxysterols, a family of oxidation products of cholesterol, are increasingly drawing attention

of scientists to their multifaceted biochemical properties, several of them of clear relevance to

human pathophysiology. Taken up by cells through both vesicular and non vesicular ways or

often generated intracellularly, oxysterols contribute to modulate not only the inflammatory

and immunological response but also cell viability, metabolism and function by modulating

several signaling pathways. Moreover, they have been recognized as elective ligands for the

most important nuclear receptors. The outcome of such a complex network of intracellular

reactions promoted by these cholesterol oxidation products appears to be largely dependent

on the type of cells, the dynamic conditions of the cellular and tissue environment but also on

the concentration of the oxysterols. Here focus has been given to the cascade of molecular

events exerted by relatively low concentrations of certain oxysterols that elicit survival and

functional signals in the cells, with the aim to contribute to further expand the knowledge

about the biological and physiological potential of the biochemical reactions triggered and

modulated by oxysterols.
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1.Introduction

Cholesterol is undoubtedly a molecule of key biological importance, being the structural core

of estrogens and androgens, starting the synthesis of vitamin D and biliary acids and playing

a primary role in stabilization and function of membrane lipid rafts, but its “popularity” is

biased by the fact that hypercholesterolemia represents a main risk factor of cardiovascular

disease, neurodegeneration, inflammatory bowel disease and cancer.

Going a bit deeper in evaluating the pathophysiological impact of cholesterol, it appears clear

that this powerful molecule exerts a number of effects not simply per se but mainly through

the  biochemical  properties exerted by  its  metabolites.  Among cholesterol  metabolites,  an

increasing  attention  is  drawn  by  the  family  of  cholesterol  oxidation  products  termed

oxysterols. Oxysterols are  27-carbon molecules that, unlike cholesterol, have an epoxide or

ketone or an additional hydroxyl group in the sterol nucleus and/or a hydroxyl group in the

side chain. Within this family of compounds there are components that are from 10 to 100

more chemically reactive than cholesterol, thus suggesting their involvement in many of the

biochemical  and  biological  effects  ascribed  to  cholesterol  (Leonarduzzi  et  al.,  2002;

Schroepfer, 2000). In Figure 1, the oxidation sites in the cholesterol molecule are depicted,

and Table 1 reports on the most representative oxysterols of non enzymatic and enzymatic

origin.

In the last years oxysterols have been mainly investigated for their physiological role played

in the synthesis of bile acids and steroid hormones, in the sterol transport and metabolism,

and in gene regulation. Evaluating the effects of cholesterol oxidation products, it appeared

quite  evident  the  strong pro-inflammatory,  pro-apoptotic  and pro-fibrogenic  properties  of

some  of  them  (Sottero  et  al.,  2009).  In  particular,  the  molecular  aspects  of  their  pro-

inflammatory effects have been well deepened, and a growing bulk of experimental findings

points to a significant contribution paid by these cholesterol derivatives to the progression of



inflammatory-based chronic pathologies, such as vascular aging, atherosclerosis, Alzheimer’s

disease, multiple sclerosis, inflammatory bowel disease and colorectal cancer, non alcoholic

liver disease, retinopathies, diabetes mellitus (Biasi et al., 2013; Gamba et al., 2012, 2015;

Gargiulo et al., 2015; Poli et al., 2013).

Nowadays, new emphasis to the beneficial effects exerted by at least certain oxysterols, has

been given by the largely proven evidence that side-chain cholesterol oxides like 24-, 25- and

27-hydroxycholesterol (24OH, 25OH and 27OH) are among the best ligands of a variety of

physiologically  important  nuclear  receptors,  such  as  peroxisome  proliferator-activated

receptors (PPARs) and liver X receptors (LXRs), and by this way could modulate not only

the  inflammatory  and  immunological  response  but  also  cell  viability,  metabolism  and

function (Bensinger and Tontonoz, 2008; Janowski et al.,1996,1999).

It  has been shown that  27OH, a good LXR ligand,  rather polarized human macrophages

towards  an  anti-inflammatory  state  (Marengo  et  al.,  2015),  while  the  sterol  ring-derived

oxysterol,  namely  7keto-cholesterol  (7K),  definitely  not  binding  to  LXRs,  induced  and

sustained  mainly  pro-inflammatory  reactions  in  human  monocyte-derived  macrophages

(Buttari  et  al.,  2013).  In  any case,  it  becomes evident that  various oxysterols are  able  to

trigger  and  promote  signal  transduction  pathways,  which  can  be  either  dependent  or

independent from the binding to nuclear receptors.

So far, the focus was only on the negative effects of oxysterols, including their potential pro-

apoptotic effect on various cell types. In the last years, an increasing bulk of studies is giving

evidence of the involvement of certain oxysterols, in particular 27OH, in the modulation of

cell survival pathways (Berthier et al., 2005; Riendeau and Garenc, 2009; Vurusaner 2014,

2015).

Before  trying  to  straighten  out  the  knowledge  about  oxysterols  and  their  modulation  of

survival signaling,  it  is noteworthy to mention that 27OH, together with 25OH, has been



shown to exert a broad of antiviral effects against a large number of viruses with or without

lipid  envelope,  a  highly  promising  beneficial  property  that  is  definitely  mediated  by  a

complex intracellular signaling, yet to be properly elucidated (see Lembo et al., in this issue).

2. Oxysterols, signal transduction and transcriptional activity

2.1 Oxysterols and signal transduction

There  is  not  an  unique  way  by  which  oxysterols  can  trigger  the  various  cell  signaling

pathways  within  cells.  Furthermore,  uptake  and  cellular  trafficking  significantly  differ

between sterol ring oxysterols and side chain oxysterols, even if the mechanisms underlying

such events are far from being fully elucidated.

Because  of  their  relative  lower  hydrophobic  and  higher  amphipathic  properties  as  to

cholesterol, oxysterols diffuse much better through the lipid bilayer of biomembranes and the

diffusion rate is concentration dependent, but, as in the case of cholesterol, a certain percent

of both exogenous and endogenous oxysterols resides in the plasmamembrane (PM), mainly

localized  in  lipids  rafts,  i.e.  small  (10-200 nm)  heterogeneous  PM microdomains  rich  in

cholesterol, sphingomyelin and phosphatidylcholine.

Of note, from 60 to 80% of total cell cholesterol is contained in the PM (Liscum and Munn,

1999), and lipid raft phosphatidylcholines are  phosphatidyl inositol 4,5 diphosphate (PIP2)

and phosphatidyl inositol 3,4,5 triphosphate (PIP3) (Wang and Richards, 2012), namely two

key  regulators  of  several  signaling  pathways,  including  the  PI3K/Akt  survival  signaling

cascade (Di Paolo and De Camilli, 2006). The effect of the various oxysterols on lipid rafts

formation and stability is not homogeneous.  While 27OH and 25OH seem to favour raft

physiological functions, 7K  and 7β-hydroxycholesterol (7βOH) act rather as inhibitors and

activate  cytotoxic  signals  (Massey,  2006;  Ragot  et  al.,  2013).  Up-regulation  of  the



phospholipase c (PLC)/PIP2 signaling cascade was proved to be exerted by a diet-compatible

mixture  of  oxysterols,  eventually  leading  to  scavenger  receptor  CD36  overexpression  in

U937  promonocytic  cells,  and  involving  the  protein  kinase  C  (PKC)/mitogen-activated

protein  kinase  ERK  kinase  (MEK)/extracellular  signal-regulated  kinases  (ERK)  pathway

(Leonarduzzi et al., 2010).

Another primary trigger of the PKC/MEK/ERK pathway, is represented by NADPH oxidase

(NOX), located in caveolae and lipid rafts (Jin et al., 2011), whose assembly and activation

within PM has been investigated in details in phagocytic cells, but nowadays recognized to be

present  in  various  isoforms  in  most  cell  types.  The  NOX  family  of  NADPH  oxidases

certainly  is  a  predominant  source  of  reactive  oxygen  species  (ROS)  under  physiological

conditions and oxysterols were shown able to up-regulate  at  least  some members of this

family of enzymes, in particular NOX1 in colonic cells (Biasi et al., 2013) and neuronal cells

(Gamba et al., 2011) and NOX2 in cells of the macrophage lineage (Leonarduzzi et al., 2004;

Vurusaner  et  al.,  2014).  Oxysterol-mediated  ROS  signaling  through  PKC/MEK/ERK

pathway was demonstrated to sustain the pro-inflammatory effects (Biasi et al., 2009) as well

as CD36 induction (Leonarduzzi et al., 2010), but also the pro-survival stimuli exerted by

oxysterols (Vurusaner et al., 2014, 2015).

Still on PM, at least certain oxysterols of pathophysiological relevance, like 25OH and 27OH,

could activate the Hedgehog cell signaling (de Weille et al., 2013; Nedelcu et al., 2013), a

transduction  pathway  based  on  two  PM  proteins,  namely  the  Patched  receptor  and  the

Smoothened transducer (Smo), involved in the regulation of a number of cellular processes

besides embryogenesis (Cohen, 2010). Apparently, oxysterols physically interact with Smo

(Nedelcu et al., 2013) and the perturbation of this process is considered to play a significant

role in carcinogenesis (de Weille et al., 2013). Smo function and Hedgehog signaling were

shown to be strictly dependent on lipid raft integrity and function (Shi et al., 2013).



Moreover,  the  internalization of oxidized low density  lipoproteins (oxLDL) occurs at  the

level of lipid rafts and represents a further way of oxysterols’ uptake by the cells. The latter

process mainly depends on CD36 and related scavenger receptors (Kiyanagi et al., 2011; Rios

et al., 2013), even if a receptor-independent entry of oxysterols within macrophagic cells was

described as  promoted by lipoprotein lipase  (Makoveichuk et  al.,  2004). In  this  relation,

important appears that mentioned ability of a biologically relevant mixture of oxysterols to

up-regulate expression and synthesis of CD36 (Leonarduzzi et al., 2008, 2010).

The cell incorporation of lipoproteins containing also oxysterols leads to conclude that at

least one way by which these molecules, besides the localization within lipid rafts, may move

intracellularly is vesicular.  But there is also a non vesicular way of oxysterols’s transport

within different cell compartments (Maxfield and Wustner, 2002), certainly even if not only

involving  oxysterol-binding proteins (OSBPs).  OSBPs are a  group of cytoplasmic carrier

proteins having oxysterols as major ligands that are involved in lipid homeostasis and sterol-

dependent signal transduction (Olkkonen et al., 2012). With regard to the latter point and, in

particular,  the  hereafter  considered  oxysterol-triggered  survival  signaling,  OSBPs  were

displaying a key role in the modulation of ERK1/2 phosphorylation level,  by forming an

active oligomer with the serine/threonine protein phosphatase 2A (PP2A) (Wang et al., 2005).

Anyway, OSPBs appear to play a major role in oxysterol-modulated signal transduction since

allow at least part of the non vesicular transport of these cholesterol derivatives from the PM

to intracellular organelles.

A further statement, even if the overall picture is far from being elucidated in full, is that

vesicular  and  not  vesicular  transport  of  cholesterol  and  oxysterols,  combined  with  their

biomembrane crossing down a free-energy gradient or for passive diffusion, do operate the

complex intracellular movements of these important molecules.

2.2. Oxysterol-mediated activation of transcription factors



Cell signaling induced and sustained by oxysterols of pathophysiological interest is combined

with the activation of a number of transcription factors, that appear to be redox modulated.

Among them there are sterol regulatory element binding proteins (SREBPs), nuclear factor 

B (NF-B),  Toll  like receptors (TLRs),  nuclear factor erythroid 2-related factor 2 (Nrf2),

LXRs,  retinoid X receptor (RXR),  PPARs,  retinoic acid receptor-related orphan receptors

(RORs),  estrogen receptors (Figure 2).  The mentioned transcription factors are  described

below.  

SREBPs are localized in a precursor form within the endoplasmic reticulum, complexed with

SREBP cleavage activating protein (SCAP) that regulates its transport into the Golgi and

consequent activation. Once activated, SREBPs translocate in the nucleus where bind to the

sterol responsive elements of the genes involved in fatty acids and cholesterol synthesis and

uptake  (Yan  and Olkkonen,  2008).  Mainly  side-chain  oxysterols  are  good ligands  and/or

activators of SREBPs (Björkhem, 2009).

The  widely  recognized  pro-inflammatory  effect  exhibited  by  a  variety  of  oxysterols  is

definitely based, at least in part, on the strong activation and nuclear translocation of NF-B,

through the ERK/c-Jun N-terminal kinase (JNK) pathway (Leonarduzzi et al., 2005; Umetani

et al., 2014), with or without the involvement of Erα (Umetani et al., 2014). There is strong

experimental  evidence that  a  variety  of cholesterol  oxidation products may up-regulate  a

large number of inflammation-related genes. Namely, expression of these genes is NF-B-

dependent, like those coding for interleukin (IL)-1β, -6, -8 and monocyte chemotactic protein

1 (MCP-1), intercellular adhesion molecule 1 (ICAM-1) and vascular cell adhesion molecule

1 (VCAM-1) (Poli et al., 2013).

Moreover,  enhanced NF-B nuclear translocation and consequent gene transcription stem

from the activation of TLRs, a family of receptors primarily involved in the innate immunity



and localized on the PM and/or in endosomes, that may also be induced by oxysterols such as

27OH and 25OH (Gargiulo et al., 2015; Poli et al., unpublished data).

Another  redox-sensitive  transcription  factor  that  like  NF-B is  kept  in  an  inactive  form

within the cytoplasm but, once activated, translocates into the nucleus, namely Nrf2, has been

considered a possible target of oxysterol-mediated cell signaling, as reported in more details

in this paper.

A number of nuclear receptors playing a key role  in a variety of physiological processes

recognize oxysterols as primary ligands. This is especially the case of LXRα and β that form

obligate  heterodimers with RXR and then act  as  sensors  of cholesterol  and its  oxidative

metabolites, mainly side-chain oxysterols (Janowski et al., 1996, 1999). The two oxysterols

mainly  investigated  for  their  LXR  binding  property  are  24OH  and  27OH  and  their

involvement  in  the  physiological  regulation  of  cholesterol  and lipid metabolism strongly

proposed (Björkhem, 2009, 2013). An additional interesting effect that has been ascribed to

side-chain-oxysterols and triggered through the LXR-RXR pathway, is the stimulation of an

anti-inflammatory phenotype in macrophages, i.e. an important process in the modulation of

inflammatory and immunologic events (Töröcsik et al., 2009), which can lead to the survival

of immune cells (Joseph et al., 2004) but also of foam cells (Sallam et al., 2014) and tumor

cells (York and Bensinger, 2013). Still,  the overall effect of oxysterols, usually present in

mixture within human tissues and biological fluids, on the modulation of inflammation and

immunity is far from being fully elucidated. Confirming the complexity of the subject is the

report of a pro-inflammatory effect of the sterol ring oxysterol 7K on both human type I and

type 2 differentiated macrophages (Buttari et al., 2013).

Not only LXRs but also the PPARα, β/δ and γ form heterodimers with RXR, an example of

integrated modulation of cell metabolism and inflammatory reactions (Hong and Tontonoz,

2008).  There  is  not  much evidence  of  an  involvement  of  PPARs  in  signal  transduction



operated  by  oxysterols,  but  the  very  likely  interconnection  between  the  various  nuclear

receptor  classes  suggests  not  to  exclude  a  priori while  deeper  investigate  the  possible

modulation of the different PPAR isoforms by cholesterol oxides. At present, one study is

available  which proved the involvement of PPARγ isoform in the up-regulation of CD36

scavenger  receptor  in  U937  promonocytic  cells  challenged  with  a  biologically  relevant

mixture of oxysterols (Leonarduzzi et al., 2008).

A further class of nuclear receptor, namely RORα, β, γ, playing an important role in both

development and functions of immune system, brain, retina and various other tissues (Burris

et  al.,  2012) recognize several oxysterols as ligands.  In  this  relation, the few data  so far

available indicate a significant inhibitory regulation of RORs as exerted by 7αOH, 7βOH, 7K

(Wang et al., 2010a) and, with regard to side chain cholesterol oxides, by 24OH (Wang et al.,

2010b).

Finally and importantly, 27OH was definitely demonstrated to act as competitive ligand for

estrogen receptor-α and -β, by this way triggering intracellular signals potentially able to

modulate cancer cell growth and atherosclerosis progression (Lee et al., 2014; Umetani et al.,

2007, 2014). Consistently, a marked promotion of cell proliferation was observed in human

breast and ovarian cell lines, as well as in murine cardiomyocytes following treatment with

25OH, which was shown to signal trough estrogen receptor-α (Lappano et al., 2011). Again,

as in the case of oxysterol-mediated modulation of the activity of other nuclear receptors,

because of the complex and yet largely unknown interaction between them, it is better not to

draw any conclusion, for instance claiming that defined oxysterols can simply favour cancer

proliferation and growth. In this regard, there is a line of evidence indicating that oxysterols

could on the contrary counteract cancer progression, for instance in the case of tamoxifen and

related drugs, by stimulating malignant cell differentiation and apoptosis (de Medina et al.,

2011).



3. Survival signaling pathways and oxysterols

Over the last decade, numerous in vitro studies have characterized the potential pro-apoptotic

effect of oxysterols in a variety of cells. It has been long accepted that apoptosis induced by

oxysterols has been strongly related with the potential toxicity and pathogenic implication of

these  molecules  in  chronic  pathologies  including  atherosclerosis  and  neurodegenerative

diseases.

Based  on  the  presently  available  data,  oxysterols  show  differences  in  the  degree  of

cytotoxicity  and ability  to  induce cell  death,  but  these  cellular  effects  have  been mostly

studied for single compounds. However, oxysterols in oxLDL, foods and the core region of

atherosclerotic  plaques  are  always  present  as  a  mixture  and  literature  about  the  way

oxysterols  act  collectively  is  limited.  In  this  connection,  Biasi  et  al.  reported  that  the

cytotoxicity of single 7K and 7 is quenched when cells are challenged with a mixture

composed of both oxysterols  (Biasi et al., 2004). In particular, murine macrophages treated

with 7K underwent apoptosis through the mitochondrial pathway, whereas when the same

cells were treated with 7K and an equimolar concentration of 7, the pro-apoptotic effect

of the first oxysterol was markedly attenuated. Notably, the 7K-induced intracellular ROS

rise, dependent upon NOX activation, was inhibited in the presence of the oxysterol mixture,

suggesting the occurrence of a substrate-based competition among oxysterols at the level of

NOX (Biasi et al., 2004; Leonarduzzi et al. 2004, 2006). In agreement with this, Aupeix et al.

showed that the challenge of U937 human promonocytic cell line with 7OH (30-40  M)

alone exerted pro-apoptotic effects, that significantly diminished when an identical amount of

25OH was simultaneously added (Aupeix et al., 1995).

Interestingly, it has recently been demonstrated that oxysterols of pathophysiological interest

could show both beneficial and detrimental properties at the same time, i.e. that they could



trigger both survival and death signals within cells. In  Figure 3 the main survival signals

modulated by oxysterols are summarized.

3.1 Principal mechanisms of survival signaling

Activation of receptor signaling initiates multiple signal transduction pathways involved in

cell  survival.  The  three  best  characterized  signaling  pathways  activated  in  response  to

receptor  tyrosine  kinases  (RTKs)  are  the  mitogen-activated  protein  kinases  (MAPKs)

cascade, the phosphatidylinositol 3 kinase (PI3K)/Akt cascade and the PLC cascade (Katz et

al.,  2007).  Besides these pathways,  Nrf2 transcription factor also plays a key role in cell

survival by protecting cells against  oxidative damage (Vurusaner et  al.,  2015).  Moreover,

there is now growing evidence suggesting that endoplasmic reticulum (ER) stress (Schleicher

et al., 2010) and autophagy (Scherz-Shouval and Elazar, 2011) modulate the balance between

cell survival and death.

MAPKs. Cells can sense and respond to stress in various ways, including initiation of cell

death and promotion of cell survival. There are many different types of response to stress that

depend on the type, strength and duration of the stimuli  involving a complex network of

signaling  pathways.  Among  these  pathways  MAPKs,  a  group  of  proline-directed

serine/threonine kinases, are the best characterized signaling molecules (Arciuch et al., 2009).

MAPKs regulate stress signals in a three layer cascade fashion with a MAPK kinase kinase

(MAPKKK) phosphorylating and activating its substrate MAPK kinase (MAPKK) which are

dual-specificity  kinases  that  in  turn  phosphorylate  serine  and threonine  residues  in  their

MAPK substrate (Trachootham et al., 2008).

In mammals, three distinct cascades of MAPKs have been elucidated: ERK 1/2, JNK, and

p38. These kinases are crucial for many biological processes and each pathway is regulated

by  distinct  stimuli.  Activation  of  JNK  and  p38  by  oxidative  stress  and  inflammatory



cytokines  are  generally  associated  with  initiation  of  apoptosis  and  cell  cycle  arrest.  In

contrast,  ERK  cascade  is  generally  activated  by  G-protein  coupled  receptor  ligands  and

growth factors, and regulates proliferation, survival, and differentiation signals  (Matsuzawa

and Ichijo, 2005).

The ERK1 and ERK2 are widely expressed in human tissues and have great research interest

because of their critical involvement in a broad array of cellular functions,  including cell

cycle  progression,  proliferation,  cytokinesis,  transcription,  differentiation,  senescence,  cell

death, migration, learning and oncogenic transformation  (Shaul and Seger, 2007). ERK1/2

signaling pathway is initiated by  various-stress inducing stimuli  including  growth factors,

viral  infections,  carcinogens  and mitogens  and this  activation  involves  the  Ras/Raf/ERK

cascade (Ramos, 2008).

JNK is encoded by three genes, termed JNK1, JNK2 and JNK3, and these genes alternatively

splice resulting in 10 or more JNK isoforms  (Arciuch et  al.,  2009). JNK1 and JNK2 are

ubiquitously expressed, whereas JNK3 is present in the brain, heart and testis. JNK signaling

cascade  regulates  cell  death  and  the  development  of  multiple  cell  types  in  the  immune

system, whereas JNK1 and JNK2 deficient mice are immunodeficient due to severe defects in

T cell function (Tournier et al., 2000). JNK activation is initiated by stress conditions such as

ionizing  radiation,  heat  shock,  DNA  damage  and  by  inflammatory  cytokines.  JNK

phosphorylation is catalyzed by two protein kinases MAPKK4 and MAPKK7 which are dual

specifity kinases that  selectively phosphorylate  JNK on Tyr and Thr,  respectively  (Davis,

2000).  JNK translocates  to  the  nucleus  where  it  phosphorylates  and up-regulates  several

transcription factors, including c-Jun, JunA, JunB, activating transcription factor 2 and Elk-1

(Katz et al., 2007).

The p38 kinase family consists of four members namely α, β, γ and δ and these enzymes are

activated  by  hormones,  cytokines,  G protein-coupled  receptor  ligands  and  cellular  stress



(Arciuch et al., 2009). Activation of p38 kinases is mediated by the MAPKK3 and MAPKK6,

and following the activation, p38 phopshorylates its substrates including MAPK interacting

kinases 1 and 2 (Mnk1 and Mnk2),  and eukaryotic initiation factor 4e  (Roux and Blenis,

2004).  Many  studies  have  shown  that  p38  MAPKs  have  critical  role  in  molecular

transduction of immune and inflammatory responses. In addition, they are also involved in

the regulation of angiogenesis, cytokine production, cell death and proliferation (Arciuch et

al., 2009; Katz et al., 2007).

The crucial role of MAPKs in controlling gene expression, cell growth, differentiation and

apoptosis  has  made  them a  priority  for  research  whereas  deregulation  of  these  MAPKs

activity may result in many diseases and cancer. Thus, MAPKs are molecular targets for drug

development, and pharmalogical manipulation of these kinases will likely help the treatment

of human diseases related to disproportionate apoptosis.

PI3K /Akt. The PI3K/Akt pathway has been established as one of the most critical signaling

pathways  in  regulating  cell  survival.  PI3K is  a  heterodimeric  enzyme  composed  of  two

subunits, namely the p85 regulatory subunit and the p110 catalytic subunit. PI3K activation

can be stimulated by binding of its regulatory subunit to an activated receptor  (Katz et al.,

2007).  Alternatively,  phosphorylation  of  RTKs can also  stimulate  the  activation  of  PI3K

cascade, resulting in recruitment of PI3K to the PM. Following activation, PI3K converts the

PIP2 lipids to PIP3, a second messenger that recruits 3-phosphoinositide-dependent protein

kinase 1 (PDK1) and Akt (also knows as PKB) to the PM  (Arciuch et al., 2009; Cantley,

2002).  Subsequently,  PDK1  phosphorylates  Akt  at  two  regulatory  sites,  Thr308 in  the

activation loop and Ser473 in the C-terminal tail: phosphorylation of both sites is required for

full  activation  of  Akt  (Arciuch  et  al.,  2009).  Akt  activation  leads  to  phosphorylation  of

various substrate proteins, including caspase-9, Mdm2, glycogen synthase kinase 3 (GSK3)

and forkhead transcription factor (FKHRL1), which targets FasL, Bim, insulin-like growth



factor-binding protein 1 (IGFBP1), and Puma. A large amount of evidence has suggested that

Bad is one of the direct targets of Akt in promoting cell survival and that phopshorylation of

Bad on Ser136 by Akt inactivate this pro-apoptotic factor (Song et al., 2005; Trachootham et

al., 2008).

Akt can also exert its anti-apoptotic functions by phosphorylating inhibitory B kinase (IKK)

and the cyclic  AMP response element-binding protein (CREB),  with consequent  elevated

transcription  of  genes  encoding  the  anti-apoptotic  proteins  Bcl-2,  Bcl-XL,  and  Mcl-1.

Another target of Akt is apoptosis signal-regulating kinase 1 (ASK1) and its Akt-mediated

phosphorylation inhibits its ability to activate JNK/p38 and prevents stress-induced apoptosis.

Thus, it can be suggested that there is a cross-talk between the PI3K/Akt and ASK1/JNK

pathways in the regulation of cell survival  (Matsuzawa and Ichijo, 2005; Song et al., 2005;

Trachootham et al., 2008).

PKCs. PLCγ activation is stimulated by G protein coupled receptors  that interact with G

proteins of the Gq family. Active PLCγ enzyme catalyzes the hydrolysis of PIP2 to produce

inositol 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG). Binding of IP3  receptors on the

membrane of the  endoplasmic reticulum causes the  release  of intracellular  Ca2+ which is

followed by the activation of PKC family members (Katz et al., 2007; O’Gorman and Cotter,

2001).

The PKC is an ubiquitous family of serine/threonine kinases and has at least 10 members

containing a highly conserved kinase core at the C-terminal and an N-terminal autoinhibitory

pseudosubstrate peptide. PKC isoforms can be subdivided into three subfamilies according to

their  structural  differences  in  isoenzyme regulatory  domains.  Conventional/classical  PKC

isoforms (α, β1, β2 and γ) are regulated by both Ca2+ and DAG; the novel isoforms (δ, ε, � and

η) contain  DAG-sensitive C1 domains  but  Ca2+-insensitive C2 domain while the atypical

PKCs (ζ and ι) are both Ca2+ and DAG-independent. PKC isoforms play diverse role in signal



transduction,  cell  proliferation,  differentiation,  death,  mitogenesis  and  stress  responses

(Arciuch et al., 2009; Guo et al., 2004). Most of the PKC family members have been shown

to contribute to cell survival whereas members such as PKCα and PKCδ have been associated

with apoptosis induction through inhibition of the Akt survival pathway and activation of p38

MAPK (Matsuzawa and Ichijo, 2005; Yang et al., 2008).

Nrf2. Nrf2, a member of the Cap’n’Collar family of b-Zip transcription factors and p45 NF-

E2-related proteins, has been identified as a key mediator of the antioxidant genes activation

through  the  antioxidant  response  element  (ARE)  (Nguyen  et  al.,  2003).  Under  normal

conditions, Nrf2 is sequestered in the cytoplasm by the interaction with Kelch-like ECH-

associated  protein  1  (Keap1),  an  actin-binding  cytoskeletal  protein  (Motohashi  and

Yamamoto,  2004).  Under  oxidative  stress,  Nrf2  dissociates  from Keap1,  thus  also  from

cytoskeleton, and migrates into the nucleus where it heteromerizes with Maf (v-maf avian

musculoaponeurotic fibrosarcoma oncogene homolog) and binds to ARE sequences; Nrf2

then  codifies  for  various  antioxidant  enzymes  including  aldoketoreductase,  glutathione

peroxidase,  glutathione  reductase,  heme  oxygenase  1  (HO-1),  and  NADPH:quinone

oxidoreductase 1 (NQO-1) (Dinkova-Kostova, 2002; Dinkova-Kostova et al., 2001; Iqbal et

al., 2003; Nguyen et al., 2009). While a growing bulk of evidence showed that the protective

adaptive response to ROS/reactive nitrogen species (RNS) as induced by Nrf2 is mediated by

enhanced  expression  of  these  cytoprotective  enzymes,  the  specific  upstream  signal

transduction pathways recruited to  stimulate  transcription of these phase II  genes are  yet

poorly  defined  (Lee  and  Choi,  2003;  Mann  et  al.,  2007).  In  this  relation,  some  studies

demonstrated  the clear involvement of several protein kinase pathways including ERK1/2,

JNK, p38 and PKCs in the phosphorylation and stabilization of Nrf2 to facilitate its nuclear

translocation and binding to ARE sequences of target genes  (Anwar et al., 2005; Yu et al.,

2000).  More  recently,  Wang et  al.  demonstrated  that  palmitic  acid  stimulated  hepatocyte



proliferation through the activation of Nrf2, which depends on ROS-induced activation of

p38/ERK-Akt  cascade  (Wang  et  al.,  2011).  In  bovine  aortic  endothelial  cells,  He  at  al.

showed that JNK signaling pathway is involved in advanced glycation end products (AGE)-

induced activation of Nrf2 with consequent expression of its target antioxidant genes (He et

al., 2011). A cancer chemopreventive agent induced activation of Nrf2 through ERK1/2, p38,

JNK, and PI3K kinases in kidney derived cells (Rojo et al., 2012).

ER stress. Perturbations in ER functions including protein folding, storing intracellular Ca2+

and lipid biosynthesis results in ER stress (Schröder, 2008). In eukaryotic cells, ER stress is

sensed by 3 ER resident proteins: inositol requiring protein-1 (IRE1), activating transcription

factor  (ATF)  6  and  protein  kinase  RNA-like  ER  kinase  (PERK).  Activation  of  these

transmembrane sensors triggers unfolded protein response (UPR) that relieves ER stress and

reestablishes homeostasis by several mechanisms, including inhibition of protein translation

and induction of ER-resident chaperons (Kim et al., 2008a). IRE1 and ATF6 are crucial for

chaperone production, which maintain the proper protein folding and promote cell survival.

IRE1 also promotes the expression of X-box-binding protein 1 (XBP1), a transcription factor

that facilitates degradation of misfolded proteins. In addition to XBP1, IRE1 pathways can

also  lead  to  apoptosis.  Among  the  resident  chaperons,  the chaperone  glucose-regulated

protein 78 (GRP78) plays a key role in regulating ER stress by binding to transmembrane ER

stress sensors inhibiting their activation. Altered protein folding in the ER stimulates GRP78

to release  transmembrane signaling proteins including IRE1,  PERK and ATF6 that  allow

oligomerization of IRE1 and PERK thus leading to UPR. As a result  of oligomerization,

PERK  is  activated.  Activation  of  PERK  results  in  the  phosphorylation  of  eukaryotic

translation  initiation  factor  2α (EIF2α)  to  slow  down  protein  translation.  However,  in

contrast, when EIF2α is phosphorylated and inactivated, certain mRNAs, including ATF4, are

translated. ATF4 regulates the expression of several genes involved in restoring cellular redox



and ER homeostasis as well as autophagy genes. Moreover, ATF4, ATF6 and XBP1 assemble

on the promoter of the gene encoding CEBP-homologous protein (CHOP), which participates

as a down-stream component of ER stress pathways. Overexpression of CHOP is a potent

inducer of apoptosis through a mechanism controlling the expression of Bim and Bcl-2 genes

(Kim et al., 2008a; Scull and Tabas, 2010; Tabas, 2011).

The UPR-induced signal-transduction events ameliorate the accumulation of unfolded protein

aggregates that are commonly accompanied by the activation of signaling pathways including

ERK, JNK, p38, Akt and also NF-κB (Kaneko et al., 2003). In addition, ER stress associated

with  autophagy  could  activate  alternative  mechanisms  to  remove  unfolded  proteins

independently from the proteasome system (Ogata et al., 2006).

Despite the beneficial functions of a transient UPR, prolonged ER stress leads to a wide range

of  diseases,  including  cardiovascular,  stroke,  diabetes,  neurodegeneration  and  cancer.

Prolonged activation of UPR occurs in various pathological conditions, including hypoxia,

ischemia, heat shock, oxidative stress, proteasome inhibition and Ca2+ depletion of ER stores

(Kim et al., 2008a; Oyadomari and Mori, 2004).

Autophagy. Selective  autophagy  of  specific  organelles  and  proteins  can  be  induced  in

response  to  diverse  stimuli  and  is  involved  in  housekeeping  degradation  of  aggregated

proteins  (aggrephagy),  damaged  mitochondria  (mitophagy),  and  invading  bacteria

(xenophagy) via ubiquitin signaling (Deretic and Levine, 2009; Kirkin et al., 2009; Youle and

Narendra,  2011).  Macroautophagy  (generally  referred  to  as  autophagy)  breaks  down

macromolecules  and  allows  cellular  recycling  to  generate  energy  in  order  to  survive  to

cellular stress.  In this multi-step process,  the cell material to be eliminated is sequestered

within double-membrane vesicles known as autophagosomes, then the outer-membrane of the

autophagosome fuses with lysosome for subsequent degradation (He and Klionsky, 2009). In

the last years, it was made clear that even if autophagy can be considered a cell survival



mechanism,  under  certain  conditions  its  excessive  enhancement  may  lead  to  a  caspase-

independent  non-apoptotic  type  of  cell  death  (type  II  cell  death)  (Galluzzi  et  al.,  2009).

Several lines of evidence suggests that a cross-talk exists between autophagy and classical

apoptosis. Important molecular players of such a connession appeared to be the anti-apoptotic

genes Bcl-2, Bcl-xl and autophagy genes such as  autophagy related 5 (Atg5),  autophagy

related 4D (Atg4D) and beclin1 (Dewaele et al., 2010).

Despite the increasing interest in understanding the mechanism of autophagy, there is limited

information about the way cellular signaling molecules like kinases regulate this complex

process. There are several reports that suggest a regulatory role for serine/threonine kinases

involving mammalian target of rapamycin (mTOR), AMP-activated protein kinase (AMPK),

Akt, MAPKs (ERK, p38 and JNK) and PKCs in various steps of autophagy such as vesicle

maturation, autophagosome inception and autophagy-related gene expression (Suffixidharan

et al., 2011). It is generally accepted that PI3K/mTOR pathway primarily inhibits autophagy

whereas the MAPK pathway and PKCs either positively or negatively regulate autophagy

depending on the cellular context and inducers involved.

A role for autophagy in the cellular response to oxidative stress has been described. There are

findings showing that increased ROS levels stimulate autophagic processes which, in turn,

reduce ROS levels  (Scherz-Shouval and Elazar, 2011).  It has been described the important

role of lipids, including sphingolipids, in regulating autophagy. In particular, ceramides and

sphingosine  1-phosphate  (S1P)  is  considered  a  physiological  regulator  of  autophagy  in

relation  to  cellular  growth,  survival,  and  aging.  These  two  sphingolipids  act  as  second

messengers to regulate the balance between cell death and survival, however, their effect on

cell fate are opposite: S1P promotes cell survival and proliferation, whereas ceramide induces

growth arrest and cell death (Harvald et al., 2015; Ogretmen and Hannun, 2004; Spiegel et

al., 2003). Interestingly, it has been observed that S1P is implicated in the mitogenic response



of mesenchymal cells  to  a  low oxidative stress;  conversely,  high oxidative stress induces

growth arrest through S1P depletion (Cinq-Frais et al., 2013). 

3.2. Oxysterols and cell survival

The first evidence of the involvement of oxysterols in cell survival was provided by Berthier

and colleagues, in an  in vitro study where THP-1 human monocytic cells were challenged

with a high concentration of 7K (100 M), namely one of the most abundant oxysterols in

human tissues, provided with a strong pro-apoptotic effect. The treatment of THP-1 cells with

7K induces  an  early  and transient  up-regulation  of  MEK/ERK signaling  pathway  which

transiently inactivated the pro-apoptotic protein Bad, thus significantly delaying the apoptotic

process initiated by 7K itself (Berthier et al., 2005).

More recently, another group performed experiments on another human promonocytic cell

line (U937) with low micromolar concentration of 27OH, showing a significant stimulation

of cell viability due to the phosphorylation of Akt at residue Thr308,  postponing apoptotic

death; conversely, higher concentrations of 27OH rapidly triggered lysosomal-independent

apoptosis  (Riendeau and Garenc, 2009). Moreover, using low micromolar doses of another

oxysterol, cholestan-3β,5α,6β-triol (Triol), Jusakul et al. demonstrated  that activation of pro-

survival  signaling  in  human  MMNK-1  cholangiocytes  involved  ERK1/2  and

p38phosphorylation (Jusakul et al., 2013).

In a very recent study, our group provided clear evidence of survival signaling by 27OH. Low

micromolar  concentration  (10  µM)  of  27OH  triggered  survival  signals  in  U937  human

promonocytic  cell  line  through  the  activation  of  ERK  and  PI3K/Akt,  with  consequent

phosphorylation  of  the  pro-apoptotic  protein  Bad;  this  reaction  prevents  the  loss  of

transmembrane mitochondrial potential,  thereby delaying cell apoptotic death. In addition,

activation of both survival  pathways appeared dependent  upon a transient  ROS increase,



mediated by the up-regulation of NOX2; thus, the prooxidant effect of 27OH resulted to be a

key early mechanism in the survival signaling operated by the oxysterol, at least on U937

cells and at low concentration (Vurusaner et al., 2014) (Figure 4).

In agreement with our results, another oxysterol, 7 was shown to be anti-apoptotic and

to induce cell proliferation when added at low concentrations (below 20 μg/ml) to human

umbilical-vein endothelial  cells (HUVEC);  this effect was dependent on the activation of

MEK/ERK cascade, but apparently independent from ROS production (Trevisi et al., 2009).

However,  at  higher  concentrations,  7led HUVEC to apoptosis,  showing then a  dual

effect on endothelial cell viability, depending on the concentration.

Also oxLDL displayed a dual effect on cell viability and proliferation of endothelial cells

(Galle et al., 2001). At low oxLDL concentrations (5-10  μg/mL) a proliferative effect was

observed,  while  at  high  concentrations  (50-300  μg/mL)  cells  underwent  apoptotic  death.

Interestingly, a NOX-dependent increase of ROS appeared involved in both conditions (Galle

et al., 2001; Heinloth et al., 2000).

With regard to oxLDL induced proliferation, another research group challenged cultured bone

marrow derived macrophages with oxLDL in the 1.56-200  g/ml concentration range and

showed activation of both ERK1/2 and Akt as well as subsequent phosphorylation of Bad and

IkB (Hundal et al., 2001). In another study, THP-1 monocytic cells were challenged with 50

g/ml oxLDL, and such a treatment attenuated staurosporine-induced apoptosis through the

up-regulation  of  ERK  but  not  PI3K/Akt  signaling  (Namgaladze  et  al.,  2008).  Of  note,

similarly to oxLDL, both 27OH and 24OH were shown to antagonize staurosporin mediated

apoptosis in human neuroblastoma SH-SY5Y cells (Emanuelsson and Norlin, 2012).

While it is well established that oxLDL activate pro-survival signaling pathways promoting

macrophage  proliferation  and  survival,  little  is  known  regarding  the  upstream  signaling

events,  and  the  pattern  recognition  receptors  involved.  Riazy  et  al.  excludes  a  role  for



endocytic  pattern  recognition  receptors,  scavenger  receptor  A and  CD36  in  the  oxLDL-

mediated  survival  of  bone marrow derived macrophages (Riazy  et  al.,  2011).  Moreover,

oxLDL-induced proliferation  of  SMCs appeared  to  be  partly  dependent  on the  bioactive

sphingolipid S1P, via activation of sphingomyelinase,  ceramidase,  and sphingosine kinase

(Augè et al., 1999; Levade et al., 2001).  Furthermore, by using specific inhibitors, it has been

also  demonstrated  that  sphingomyelin/ceramide  pathway  was  involved  in  7k  and  -

epoxycholesterol-induced SMC proliferation (Liao et al., 2010). Nevertheless, there are few

results about the link between oxysterols and the pro-survival pathway involving S1P.

It appears that both MEK/ERK and PI3K/Akt signaling pathways would play a critical role in

the pro-survival effect inducible by modified lipoproteins, whereby the balance between anti-

apoptotic  pathways  (ERK,  Akt)  and  stress-activated  pro-apoptotic  pathways  (JNK,  p38)

would determine the final effect: either cell survival or apoptosis.

Another important aspect regarding pro- and anti-apoptotic signaling by oxysterols is the

likely modulation of cytosolic free Ca2+. Lizard and colleagues demonstrated that 7K-induced

apoptosis in THP-1 cells was triggered by a sustained influx of extracellular Ca2+ followed by

activation of calcineurin and dephosphorylation of Bad  (Berthier et  al.,  2004).  Moreover,

activation of calcineurin was proved to be induced by the translocation of transient receptor

potential calcium channel 1, a component of the store-operated Ca2+ entry channel, into lipid

raft domains of PM. Notably, the same group showed that 7K, in parallel to the pro-apoptotic

signaling,  exerted  a  Ca2+-dependent  activation  of  MEK/ERK  survival  pathway  via  Ca2+-

sensitive proline rich tyrosine kinase 2 (Berthier et al., 2005). A net increase of intracellular

Ca2+  was  shown  to  be  required  also  for  the  pro-survival  effect  inducible  by  oxLDL

(Matsumura  et  al.,  1997).  More  recently,  to  clarify  the  down-stream  pathways  that  are

activated by intracellular Ca2+  increase, bone marrow derived macrophages were challenged

with oxLDL; these oxidized micelles prevented macrophage apoptosis through mobilization



of intracellular Ca2+,  that in turn activated the Ca2+-sensitive kinase  eukaryotic elongation

factor 2 (Chen et al., 2009).

An increasing bulk of evidence points to the redox regulation of several transcription factors

such as Nrf2, NF-B, Jun/activator protein-1 (AP-1) and p53, whose modulation may lead to

cell  cycle  changes and integration of pro- and anti-apoptotic  signals  (Trachootham et al.,

2008).

While AP-1 and p53 are mostly involved in the induction of cell death, up-regulation of Nrf2

and NF-B rather promotes cell proliferation and survival.

At  present,  little  is  known  about  oxysterol-mediated  survival  effects  operated  at  the

transcriptional level. Here we will briefly review this matter focusing on the redox sensitive

Nrf2 pathway which plays a critical role in protecting cells against  oxidative/electrophilic

stress following the exposure to a variety of exogenous and endogenous stimuli and promotes

cell survival.

The activation of Nrf2 by components of oxLDLs in vascular cells suggests the involvement

of  this  transcription  factor  and  its  related  antioxidant  response  in  the  signaling  pathway

sustaining atherosclerosis progression (Ishii et al., 2004). Moreover, oxLDLs were shown to

activate Nrf2 much strongly in murine macrophages than in smooth muscle cells (SMCs),

while  4-hydroxynonenal  (HNE),  a  major  product  of  lipid  peroxidation,  stimulated  Nrf2

nuclear translocation in both cell types. These findings suggest that Nrf2 modulation could

depend on the type of the cells and of the chemical inducers.

In a very recent study, C6 glioma cells were challenged with either 10 or 20  M 27OH to

study  its  role  in  Nrf2  modulation  in  neurodegenerative  diseases,  including  Alzheimer’s

disease.  At the concentration employed, 27OH resulted to  be pro-oxidant and neurotoxic,

being able  to  significantly down-regulate  the  expression  of  Nrf2 and of  its  down-stream



antioxidant genes HO-1, NQO-1 and -glutamyl-cysteine synthetase, both at gene and protein

level (Ma et al., 2015).

Nrf2-target genes, such as HO-1 and NQO-1, are critical in the cellular response against pro-

oxidative stimuli such as oxLDLs and oxidized phospholipids, in macrophages, endothelial

cells,  and  SMCs  (Araujo  et  al.,  2012).  In  this  relation,  the  oxidized  1-palmitoyl-2-

arachidonyl-sn-glycerol-3-phosphocholine  (oxPAPC)  was shown to  induce  HO-1,  NQO-1

and glutamate-cysteine  ligase  modifier  subunit  expression  in  endothelial  cells  in  a  Nrf2-

dependent manner (Jyrkkänen et al., 2008). Similarly, HO-1 induction via Nrf2 signaling was

observed in vascular SMCs in response to moderately oxLDLs (Anwar et al., 2005).

Moreover,  Nrf2 nuclear translocation is modulated by ERK1/2,  p38, PKCs and PI3K/Akt

pathways, but the activation of these upstream signals depends on the type of the inducer and

of  the  targeted  cells.  As  far  as  it  regards,  Papaiahgari  and  colleagues  showed  that,  in

pulmonary  epithelial  cells,  in  response  to  hyperoxia,  a  ROS-dependent  ERK  and  Akt

activation  up-regulated  Nrf2-mediated  gene  expression  (Papaiahgari  et  al.,  2004,  2006).

Further,  the  survival  signaling  pathway  PI3K/Akt-dependent  was  demonstrated  to  be

responsible for Nrf2 protein increase and HO-1 expression in PC12 pheochromocytoma cells

(Martin et  al.,  2004). Also HNE-mediated induction of HO-1 expression and synthesis in

macrophages and epithelial cells was suggested to be dependent on  the activation of ERK

survival pathway (Iles et al., 2005; Li et al., 1996).

Inconsistent results were obtained in hepatoma cells challenged with 15-deoxy-delta 12,14-

prostaglandin J2, where induction of HO-1 synthesis was not quenched by using the ERK1/2

inhibitor PD98059. This evidence suggests that the up-regulation of this heme catabolism-

related enzyme might depend on the activation of more than a single signaling pathway (Liu

et al., 2004). Conversely, the anti-apoptotic effect of 15-deoxy-delta 12,14-prostaglandin J2



was  confirmed  in rat  pheochromocytoma  cells  through  the  involvement  of  ERK/Akt-

dependent Nrf2 activation (Kim et al., 2008b).

Therefore, based on the presently available data, the activation of Nrf2 by different types of

inducers,  including lipid oxidation  products,  leads  to  cell  survival  and protection against

oxidative stress, a condition that does not necessarily imply positive outcome, since Nrf2-

dependent delay or quenching of apoptotic cell death might also result in tumorigenesis and

drug resistance (Niture and Jaiswal, 2012).

There is now growing evidence indicating that ER stress is activated by oxidized lipids and

modulates  the  balance  between survival  and apoptotic  effects  induced by lipid oxidation

products. Sanson et al.  demonstrated that oxLDLs trigger ER stress induction that can be

prevented  by  the  ER-associated  chaperone  oxygen-regulated  protein  150  in  human

endothelial cells (Sanson et al., 2009). Moreover, 7K and HNE induced ER stress in vascular

cells,  characterized by the detection of ER stress  markers (phospho Ire1 and PERK) and

activation of their down-stream pathways. Interestingly, ER stress is involved in the apoptotic

effect of oxLDLs through the Ire1/JNK pathway. Moreover, the antioxidant N-acetylcysteine

prevented the ER stress induced by oxLDLs, 7K and HNE, suggesting that oxidative stress is

involved in the activation of ER stress.  In  agreement with these findings,  Pedruzzi  et  al.

showed that 7K induced ER stress and apoptosis in aortic SMCs via the activation of Nox-4

(Pedruzzi et al., 2004). Increased ER stress also occurs in unstable plaques; in coronary artery

SMCs and THP-1 monocytes, 7K induced ER stress and apoptosis (Myoishi et al., 2007). 

In human aortic endothelial cells, oxidized phospholipids induced UPR activation and up-

regulated the  expression  of  inflammatory genes  (Gargalovic  et  al.,  2006).  The ER stress

induced by oxLDLs in endothelial  cells  was prevented by  AMP-activated  protein  kinase

(AMPK) (Dong et al., 2010). Low doses of 7K induced a more subtle ER stress and activated

pattern recognition receptors (PRRs) which alter the balance between survival and death in



macrophages (Devries-Seimon et al., 2005; Seimon et al., 2006). Another study showed that

lipid oxidation products, including oxysterols, present in advanced atherosclerotic plaques,

contribute to trigger ER stress (Tabas, 2010). Altogether, these studies indicate that ER stress

is induced by oxysterols and oxLDLs, and that it could play a key role in the progression of

atherosclerosis.

A prolonged  ER  stress  has  been  also  identified  as  a  pathogenic  mechanism in  diseases

associated  with neurodegeneration,  such as  Alzheimer’s  disease.  In  retinal  pigment  cells,

27OH  increased  the  level  of  ER  stress,  together  with  amyloid- (A)  production  and

oxidative stress  (Dasari et al., 2010). Furthermore, it has been shown that 27OH activated

CHOP  thus  down-regulating  leptin,  a  hormone  which  reduces  A production  and  tau

phosphorylation in neuroblastoma cells  (Marwarha et al.,  2012). In the given mechanism,

CHOP was shown as a negative regulator of C/EP,a transcription factor which regulates

leptin  expression.  Another  oxysterol,  namely  24OH,  has  been  shown  to  suppress

Aproduction via amyloid precursor protein down-regulation, which occurred through the

expression of GRP78 ER chaperone (Urano et al., 2013). According to these results, it can be

suggested that the up-regulation of the nontoxic ER chaperon inducers, such as 24OH, may

represent a therapeutic target for AD. Additional studies are needed to fully understand the

relation between oxysterols and ER stress that may suggest new therapeutic implications in

ER stress-driven pathologies.

It  is  now well  established that  autophagy  appears  stimulated  in  advanced atherosclerotic

plaques by inflammation and oxidized lipids (Martinet and De Meyer, 2009). The protective

role of autophagy in atherosclerosis involves the removal of damaged organelles in response

to  mild  oxidative  stress  (Kiffin  et  al.,  2006).  In  an  in  vitro pharmacological  study,  7K-

stimulated autophagy was shown to attenuate SMCs apoptosis induced by low concentrations

of lipophilic statins  (Martinet et al.,  2008). Most likely, autophagy up-regulation in statin-



treated cells  allowed to  quench the  release  of  cytohrome c into the  cytosol  and caspase

activation, by this way limiting the extent of apoptotic cell death  (Gozuacik and Kimchi,

2004; Martinet et al., 2008).

Further,  oxidized lipids,  such as  oxysterols and HNE,  are  able  to  stimulate  autophagy in

atherosclerosis.  Signs of autophagy,  such as autophagolysosomes and  increase of  LC3-II,

were detectable when epithelial cells were treated with oxLDLs but not with native LDLs

(Nowicki  et  al.,  2007).  Moreover,  7K-induced autophagy was demonstrated  in SMCs,  in

terms  of  myelin  figure  formation,  intense  protein  ubiquitination,  and  LC3-II  increase

(Martinet et al., 2004). Interestingly, cultured SMCs treated with aggregated LDLs showed

up-regulation of death-associated protein kinase (DAPK), a Ser/Thr death kinase that regulate

membrane  blebbing and autophagic  (type  II)  programmed cell  death  (Inbal  et  al.,  2002;

Martinet et al., 2002). Indeed, DAPK was confirmed to induce survival in SMCs, since the

antisense depletion of this kinase promoted caspase-dependent apoptosis (Jin and Gallagher,

2003).

Several studies focused on lectin-like oxLDL scavenger receptor 1 (LOX-1), a major receptor

responsible for binding, internalization and degradation of oxLDLs, with a primary role in

atherosclerosis  development  (Sawamura  et  al.,  1997).  In  an  in  vitro study,  autophagy

activation in HUVECs challenged with oxLDLs was proven to be mediated by a ROS/LOX-1

pathway  (Ding  et  al.,  2013a).  Such  an  autophagic  response  would  contribute  to  the

degradation of oxLDLs, thus favoring cell survival. In a similar way, treatment of vascular

SMCs with a relatively low concentration of oxLDLs was shown to trigger autophagy with

increased beclin-1and Atg5 expression, as well as LC3-II/LC3-1; on the contrary, high levels

of oxLDLs induced SMC apoptosis and, under this experimental condition, autophagy was

suppressed (Ding et al., 2013b).



Thus,  autophagy  may  protect  vascular  cells  against  apoptosis  depending  on  cell  types,

oxidant concentration and time of exposure (Perotta and Aquila, 2015) and 7K could be one

of  the  triggering  factors  of  autophagy  itself.  The  same  oxysterol  was  suggested  to  be

primarily involved in another pro-survival mechanism involving autophagy, namely the up-

regulation of a mitochondrial enzyme, proline oxidase, in oxLDLs challenged cancer cells,.

Activation  of  this  enzyme  would  increase  intracellular  ROS  and,  subsequently,  cell

autophagic response, by this way counteracting cancer cell apoptosis (Zabirnyk et al., 2010). 

No  published  papers  concerning  the  potential  stimulation  of  pro-survival  autophagy  by

oxysterols other than 7K are presently available, even if the involvement of 27OH at low

micromolar concentrations appears very likely (Vurusaner et al., unpublished data). On the

other hand, a relatively high concentration (50 uM) of 7K, but also of 7βOH, and 24(S)OH,

led 158N murine oligodendrocytes to a type of death termed oxyapoptophagy (Nury et al.,

2013). Once again, it seems that at least certain oxysterols may modulate the actual outcome

of cell autophagic response mainly depending upon their concentration, being able to trigger

pro-survival autophagy only when present in low amount.

By  reviewing  the  available  literature  on  oxysterol-induced  pro-survival  signals  we  are

developing the opinion that, in general terms, this is a complex phenomenon depending on

cell types, environmental factors, cell senescence, oxysterol concentration and exposure time.

Notably,  when  relatively  low  and  not  directly  toxic  concentrations  of  oxysterols  are

administered in a biologically representative mixture, they tend to have a “Trojan-horse”-like

behaviour  (Biasi  et  al.,  2004;  Leonarduzzi  et  al.,  2004).  Namely,  instead  of  killing cells

directly,  oxysterols  might  delay  its  irreversible  damage,  in  the  meantime  initiating  pro-

inflammatory and pro-fibrogenic pathways. On the contrary, relatively higher amounts of the

same compounds induce earlier and direct cell death  (Leonarduzzi et al., 2002). Moreover,

delayed  macrophage  apoptosis  would  favour  growth  and  destabilization  of  advanced



atherosclerotic  plaques  (Martinet  et  al.,  2012).  Thus,  the  elucidation  of  the  molecular

mechanisms underlying oxysterol-induced pro- and anti-apoptotic signaling might contribute

to  a  better  understanding  of  the  pathogenesis  of  several  oxysterol-associated  disease

processes.

 4. Conclusions

Oxysterols have been shown to contribute to the modulation of a wide variety of signaling

pathways, thus influencing a number of transcription factors. Further, especially oxysterols of

enzymatic origin have been recognized to be primary ligands of key nuclear receptors. As

repeatedly stated in this review, the type of cells, the cellular and tissue environment and,

above  all,  the  actual  concentration  of  the  cholesterol  oxides,  resulted  to  be  the  main

conditioning factors as far as their final effects are concerned.

We deemed of particular  interest  trying to  comprehensively analyse  the  potential  role  of

various oxysterols at least, with regard to the modulation of survival signaling. Oxysterols

appear as primarily involved in the pathogenesis of inflammation-driven chronic pathologies

like cancer, atherosclerosis, neurodegenerative diseases, thus possibly useful is to draw the

attention to the high potentiality of oxysterols in triggering and sustaining survival response

in cells challenged with the various stressors.
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Table 1 - Origin of plasma and tissue oxysterols

Oxysterols of not enzymatic origin

Deriving from the diet 

        Mainly formed by autoxidation of foodstuff containing cholesterol (meat, cheese, milk,
dairy products, etc.) as induced by heat, light exposure, refrigeration, freeze-drying.

Generated in the body by:

        Oxidation driven by reactive oxygen species and the leukocyte/H2O2/HOCl system, the
most frequent source being the inflammatory processes; attack by peroxyl and alkoxyl
radicals.

The quantitatively most represented compounds of this subgroup are:

7ketocholesterol, 7β-hydroxycholesterol, 5α,6α-epoxycholesterol,

5β,6β-epoxycholesterol, 3β,5α,6β- trihydroxycholestane

Oxysterols of enzymatic origin

Generated in the body by:

             cholesterol 27-hydroxylase (CYP27A1) (various tissues)

             cholesterol 25-hydroxylase (various tissues)

             cholesterol 24-hydroxylase (CYP46A1) (mainly brain)

             cholesterol 7α-hydroxylase (CYP7A1) (liver, prostate)

27-hydroxycholesterol, 25-hydroxycholesterol, 24-hydroxycholesterol,

7α-hydroxycholesterol



Legends to figures

Fig. 1 Cholesterol structure and its main oxidation sites (in red).

Fig. 2 Transcription factors activated by oxysterols. 

ER: estrogen receptor; IB: inhibitory kappa B; INSIG: insulin induced gene 1; LXR: liver X

receptor; MAF: v-maf avian musculoaponeurotic fibrosarcoma oncogene homolog; MYD88:

myeloid differentiation primary response gene 88; NF-B: nuclear factor B; NOX: NADPH

oxidase; Nrf2: nuclear erythroid 2-related factor 2; PPAR: peroxisome proliferator-activated
receptor; ROR: retinoic acid receptor-related orphan receptor; ROS: reactive oxygen species;
RXR:  retinoid  X  receptor;  SCAP:  SREBP  cleavage  activating  protein;  SREBP:  sterol
regulatory element binding protein; TLR4: Toll like receptor 4.

Fig. 3 Main signal transduction pathways involved in cell response to various stimuli. 

Ca:  Calcium;  DAG:  diacylglycerol;  ERK1/2:  extracellular  signal-regulated  kinase;  IP3:
inositol  1,4,5-trisphosphate;  JNK,  c-Jun  N-terminal  kinase;  MEK1/2:  mitogen-activated
protein  kinase  ERK kinase 1/2;  MEKK1/4:  mitogen-activated  protein  kinase  kinase  1/4;
MKK:  MAP  kinase  kinase;  MLKs:  mixed-lineage  kinases;  PDK1:  3-phosphoinositide-
dependent protein kinase 1; PI3K: phosphatidylinositol 3-kinase; PIP3: phosphatidyl inositol
triphosphate; PKB, PKC: protein kinase B and C; PLC γ: phospholipase C-γ

Fig. 4  Anti-apoptotic signaling cascade operated by low micromolar concentration of 27-
hydroxycholesterol in U937 promonocytic cells.

27-OH: 27-Hydroxycholesterol;  DPI:  diphenyleneiodonium chloride,  inhibitor  of NADPH
oxidases; LY294002: inhibitor of PI3K; PD98059: inhibitor of MEK; pAkt: phosphorylated
Akt; pBad: phosphorylated anti-apoptotic Bad protein; pERK: phosphorylated ERK kinase;
NAC: N-acetylcysteine; Nrf2: nuclear erythroid 2-related factor 2.
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Abstract

Oxysterols, a family of oxidation products of cholesterol, are increasingly drawing attention

of scientists to their multifaceted biochemical properties, several of them of clear relevance to

human pathophysiology. Taken up by cells through both vesicular and non vesicular ways or

often generated intracellularly, oxysterols contribute to modulate not only the inflammatory

and immunological response but also cell viability, metabolism and function by modulating

several signaling pathways. Moreover, they have been recognized as elective ligands for the

most important nuclear receptors. The outcome of such a complex network of intracellular

reactions promoted by these cholesterol oxidation products appears to be largely dependent

on the type of cells, the dynamic conditions of the cellular and tissue environment but also on

the concentration of the oxysterols. Here focus has been given to the cascade of molecular

events exerted by relatively low concentrations of certain oxysterols that elicit survival and

functional signals in the cells, with the aim to contribute to further expand the knowledge

about the biological and physiological potential of the biochemical reactions triggered and

modulated by oxysterols.
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1.Introduction

Cholesterol is undoubtedly a molecule of key biological importance, being the structural core

of estrogens and androgens, starting the synthesis of vitamin D and biliary acids and playing

a primary role in stabilization and function of membrane lipid rafts, but its “popularity” is

biased by the fact that hypercholesterolemia represents a main risk factor of cardiovascular

disease, neurodegeneration, inflammatory bowel disease and cancer.

Going a bit deeper in evaluating the pathophysiological impact of cholesterol, it appears clear

that this powerful molecule exerts a number of effects not simply per se but mainly through

the  biochemical  properties exerted by  its  metabolites.  Among cholesterol  metabolites,  an

increasing  attention  is  drawn  by  the  family  of  cholesterol  oxidation  products  termed

oxysterols. Oxysterols are  27-carbon molecules that, unlike cholesterol, have an epoxide or

ketone or an additional hydroxyl group in the sterol nucleus and/or a hydroxyl group in the

side chain. Within this family of compounds there are components that are from 10 to 100

more chemically reactive than cholesterol, thus suggesting their involvement in many of the

biochemical  and  biological  effects  ascribed  to  cholesterol  (Leonarduzzi  et  al.,  2002;

Schroepfer, 2000). In Figure 1, the oxidation sites in the cholesterol molecule are depicted,

and Table 1 reports on the most representative oxysterols of non enzymatic and enzymatic

origin.

In the last years oxysterols have been mainly investigated for their physiological role played

in the synthesis of bile acids and steroid hormones, in the sterol transport and metabolism,

and in gene regulation. Evaluating the effects of cholesterol oxidation products, it appeared

quite  evident  the  strong pro-inflammatory,  pro-apoptotic  and pro-fibrogenic  properties  of

some  of  them  (Sottero  et  al.,  2009).  In  particular,  the  molecular  aspects  of  their  pro-

inflammatory effects have been well deepened, and a growing bulk of experimental findings

points to a significant contribution paid by these cholesterol derivatives to the progression of



inflammatory-based chronic pathologies, such as vascular aging, atherosclerosis, Alzheimer’s

disease, multiple sclerosis, inflammatory bowel disease and colorectal cancer, non alcoholic

liver disease, retinopathies, diabetes mellitus (Biasi et al., 2013; Gamba et al., 2012, 2015;

Gargiulo et al., 2015; Poli et al., 2013).

Nowadays, new emphasis to the beneficial effects exerted by at least certain oxysterols, has

been given by the largely proven evidence that side-chain cholesterol oxides like 24-, 25- and

27-hydroxycholesterol (24OH, 25OH and 27OH) are among the best ligands of a variety of

physiologically  important  nuclear  receptors,  such  as  peroxisome  proliferator-activated

receptors (PPARs) and liver X receptors (LXRs), and by this way could modulate not only

the  inflammatory  and  immunological  response  but  also  cell  viability,  metabolism  and

function (Bensinger and Tontonoz, 2008; Janowski et al.,1996,1999).

It  has been shown that  27OH, a good LXR ligand,  rather polarized human macrophages

towards  an  anti-inflammatory  state  (Marengo  et  al.,  2015),  while  the  sterol  ring-derived

oxysterol,  namely  7keto-cholesterol  (7K),  definitely  not  binding  to  LXRs,  induced  and

sustained  mainly  pro-inflammatory  reactions  in  human  monocyte-derived  macrophages

(Buttari  et  al.,  2013).  In  any case,  it  becomes evident that  various oxysterols are  able  to

trigger  and  promote  signal  transduction  pathways,  which  can  be  either  dependent  or

independent from the binding to nuclear receptors.

So far, the focus was only on the negative effects of oxysterols, including their potential pro-

apoptotic effect on various cell types. In the last years, an increasing bulk of studies is giving

evidence of the involvement of certain oxysterols, in particular 27OH, in the modulation of

cell survival pathways (Berthier et al., 2005; Riendeau and Garenc, 2009; Vurusaner 2014,

2015).

Before  trying  to  straighten  out  the  knowledge  about  oxysterols  and  their  modulation  of

survival signaling,  it  is noteworthy to mention that 27OH, together with 25OH, has been



shown to exert a broad of antiviral effects against a large number of viruses with or without

lipid  envelope,  a  highly  promising  beneficial  property  that  is  definitely  mediated  by  a

complex intracellular signaling, yet to be properly elucidated (see Lembo et al., in this issue).

2. Oxysterols, signal transduction and transcriptional activity

2.1 Oxysterols and signal transduction

There  is  not  an  unique  way  by  which  oxysterols  can  trigger  the  various  cell  signaling

pathways  within  cells.  Furthermore,  uptake  and  cellular  trafficking  significantly  differ

between sterol ring oxysterols and side chain oxysterols, even if the mechanisms underlying

such events are far from being fully elucidated.

Because  of  their  relative  lower  hydrophobic  and  higher  amphipathic  properties  as  to

cholesterol, oxysterols diffuse much better through the lipid bilayer of biomembranes and the

diffusion rate is concentration dependent, but, as in the case of cholesterol, a certain percent

of both exogenous and endogenous oxysterols resides in the plasmamembrane (PM), mainly

localized  in  lipids  rafts,  i.e.  small  (10-200 nm)  heterogeneous  PM microdomains  rich  in

cholesterol, sphingomyelin and phosphatidylcholine.

Of note, from 60 to 80% of total cell cholesterol is contained in the PM (Liscum and Munn,

1999), and lipid raft phosphatidylcholines are  phosphatidyl inositol 4,5 diphosphate (PIP2)

and phosphatidyl inositol 3,4,5 triphosphate (PIP3) (Wang and Richards, 2012), namely two

key  regulators  of  several  signaling  pathways,  including  the  PI3K/Akt  survival  signaling

cascade (Di Paolo and De Camilli, 2006). The effect of the various oxysterols on lipid rafts

formation and stability is not homogeneous.  While 27OH and 25OH seem to favour raft

physiological functions, 7K  and 7β-hydroxycholesterol (7βOH) act rather as inhibitors and

activate  cytotoxic  signals  (Massey,  2006;  Ragot  et  al.,  2013).  Up-regulation  of  the



phospholipase c (PLC)/PIP2 signaling cascade was proved to be exerted by a diet-compatible

mixture  of  oxysterols,  eventually  leading  to  scavenger  receptor  CD36  overexpression  in

U937  promonocytic  cells,  and  involving  the  protein  kinase  C  (PKC)/mitogen-activated

protein  kinase  ERK  kinase  (MEK)/extracellular  signal-regulated  kinases  (ERK)  pathway

(Leonarduzzi et al., 2010).

Another primary trigger of the PKC/MEK/ERK pathway, is represented by NADPH oxidase

(NOX), located in caveolae and lipid rafts (Jin et al., 2011), whose assembly and activation

within PM has been investigated in details in phagocytic cells, but nowadays recognized to be

present  in  various  isoforms  in  most  cell  types.  The  NOX  family  of  NADPH  oxidases

certainly  is  a  predominant  source  of  reactive  oxygen  species  (ROS)  under  physiological

conditions and oxysterols were shown able to up-regulate  at  least  some members of this

family of enzymes, in particular NOX1 in colonic cells (Biasi et al., 2013) and neuronal cells

(Gamba et al., 2011) and NOX2 in cells of the macrophage lineage (Leonarduzzi et al., 2004;

Vurusaner  et  al.,  2014).  Oxysterol-mediated  ROS  signaling  through  PKC/MEK/ERK

pathway was demonstrated to sustain the pro-inflammatory effects (Biasi et al., 2009) as well

as CD36 induction (Leonarduzzi et al., 2010), but also the pro-survival stimuli exerted by

oxysterols (Vurusaner et al., 2014, 2015).

Still on PM, at least certain oxysterols of pathophysiological relevance, like 25OH and 27OH,

could activate the Hedgehog cell signaling (de Weille et al., 2013; Nedelcu et al., 2013), a

transduction  pathway  based  on  two  PM  proteins,  namely  the  Patched  receptor  and  the

Smoothened transducer (Smo), involved in the regulation of a number of cellular processes

besides embryogenesis (Cohen, 2010). Apparently, oxysterols physically interact with Smo

(Nedelcu et al., 2013) and the perturbation of this process is considered to play a significant

role in carcinogenesis (de Weille et al., 2013). Smo function and Hedgehog signaling were

shown to be strictly dependent on lipid raft integrity and function (Shi et al., 2013).



Moreover,  the  internalization of oxidized low density  lipoproteins (oxLDL) occurs at  the

level of lipid rafts and represents a further way of oxysterols’ uptake by the cells. The latter

process mainly depends on CD36 and related scavenger receptors (Kiyanagi et al., 2011; Rios

et al., 2013), even if a receptor-independent entry of oxysterols within macrophagic cells was

described as  promoted by lipoprotein lipase  (Makoveichuk et  al.,  2004). In  this  relation,

important appears that mentioned ability of a biologically relevant mixture of oxysterols to

up-regulate expression and synthesis of CD36 (Leonarduzzi et al., 2008, 2010).

The cell incorporation of lipoproteins containing also oxysterols leads to conclude that at

least one way by which these molecules, besides the localization within lipid rafts, may move

intracellularly is vesicular.  But there is also a non vesicular way of oxysterols’s transport

within different cell compartments (Maxfield and Wustner, 2002), certainly even if not only

involving  oxysterol-binding proteins (OSBPs).  OSBPs are a  group of cytoplasmic carrier

proteins having oxysterols as major ligands that are involved in lipid homeostasis and sterol-

dependent signal transduction (Olkkonen et al., 2012). With regard to the latter point and, in

particular,  the  hereafter  considered  oxysterol-triggered  survival  signaling,  OSBPs  were

displaying a key role in the modulation of ERK1/2 phosphorylation level,  by forming an

active oligomer with the serine/threonine protein phosphatase 2A (PP2A) (Wang et al., 2005).

Anyway, OSPBs appear to play a major role in oxysterol-modulated signal transduction since

allow at least part of the non vesicular transport of these cholesterol derivatives from the PM

to intracellular organelles.

A further statement, even if the overall picture is far from being elucidated in full, is that

vesicular  and  not  vesicular  transport  of  cholesterol  and  oxysterols,  combined  with  their

biomembrane crossing down a free-energy gradient or for passive diffusion, do operate the

complex intracellular movements of these important molecules.

2.2. Oxysterol-mediated activation of transcription factors



Cell signaling induced and sustained by oxysterols of pathophysiological interest is combined

with the activation of a number of transcription factors, that appear to be redox modulated.

Among them there are sterol regulatory element binding proteins (SREBPs), nuclear factor 

B (NF-B),  Toll  like receptors (TLRs),  nuclear factor erythroid 2-related factor 2 (Nrf2),

LXRs,  retinoid X receptor (RXR),  PPARs,  retinoic acid receptor-related orphan receptors

(RORs),  estrogen receptors (Figure 2).  The mentioned transcription factors are  described

below.  

SREBPs are localized in a precursor form within the endoplasmic reticulum, complexed with

SREBP cleavage activating protein (SCAP) that regulates its transport into the Golgi and

consequent activation. Once activated, SREBPs translocate in the nucleus where bind to the

sterol responsive elements of the genes involved in fatty acids and cholesterol synthesis and

uptake  (Yan  and Olkkonen,  2008).  Mainly  side-chain  oxysterols  are  good ligands  and/or

activators of SREBPs (Björkhem, 2009).

The  widely  recognized  pro-inflammatory  effect  exhibited  by  a  variety  of  oxysterols  is

definitely based, at least in part, on the strong activation and nuclear translocation of NF-B,

through the ERK/c-Jun N-terminal kinase (JNK) pathway (Leonarduzzi et al., 2005; Umetani

et al., 2014), with or without the involvement of Erα (Umetani et al., 2014). There is strong

experimental  evidence that  a  variety  of cholesterol  oxidation products may up-regulate  a

large number of inflammation-related genes. Namely, expression of these genes is NF-B-

dependent, like those coding for interleukin (IL)-1β, -6, -8 and monocyte chemotactic protein

1 (MCP-1), intercellular adhesion molecule 1 (ICAM-1) and vascular cell adhesion molecule

1 (VCAM-1) (Poli et al., 2013).

Moreover,  enhanced NF-B nuclear translocation and consequent gene transcription stem

from the activation of TLRs, a family of receptors primarily involved in the innate immunity



and localized on the PM and/or in endosomes, that may also be induced by oxysterols such as

27OH and 25OH (Gargiulo et al., 2015; Poli et al., unpublished data).

Another  redox-sensitive  transcription  factor  that  like  NF-B is  kept  in  an  inactive  form

within the cytoplasm but, once activated, translocates into the nucleus, namely Nrf2, has been

considered a possible target of oxysterol-mediated cell signaling, as reported in more details

in this paper.

A number of nuclear receptors playing a key role  in a variety of physiological processes

recognize oxysterols as primary ligands. This is especially the case of LXRα and β that form

obligate  heterodimers with RXR and then act  as  sensors  of cholesterol  and its  oxidative

metabolites, mainly side-chain oxysterols (Janowski et al., 1996, 1999). The two oxysterols

mainly  investigated  for  their  LXR  binding  property  are  24OH  and  27OH  and  their

involvement  in  the  physiological  regulation  of  cholesterol  and lipid metabolism strongly

proposed (Björkhem, 2009, 2013). An additional interesting effect that has been ascribed to

side-chain-oxysterols and triggered through the LXR-RXR pathway, is the stimulation of an

anti-inflammatory phenotype in macrophages, i.e. an important process in the modulation of

inflammatory and immunologic events (Töröcsik et al., 2009), which can lead to the survival

of immune cells (Joseph et al., 2004) but also of foam cells (Sallam et al., 2014) and tumor

cells (York and Bensinger, 2013). Still,  the overall effect of oxysterols, usually present in

mixture within human tissues and biological fluids, on the modulation of inflammation and

immunity is far from being fully elucidated. Confirming the complexity of the subject is the

report of a pro-inflammatory effect of the sterol ring oxysterol 7K on both human type I and

type 2 differentiated macrophages (Buttari et al., 2013).

Not only LXRs but also the PPARα, β/δ and γ form heterodimers with RXR, an example of

integrated modulation of cell metabolism and inflammatory reactions (Hong and Tontonoz,

2008).  There  is  not  much evidence  of  an  involvement  of  PPARs  in  signal  transduction



operated  by  oxysterols,  but  the  very  likely  interconnection  between  the  various  nuclear

receptor  classes  suggests  not  to  exclude  a  priori while  deeper  investigate  the  possible

modulation of the different PPAR isoforms by cholesterol oxides. At present, one study is

available  which proved the involvement of PPARγ isoform in the up-regulation of CD36

scavenger  receptor  in  U937  promonocytic  cells  challenged  with  a  biologically  relevant

mixture of oxysterols (Leonarduzzi et al., 2008).

A further class of nuclear receptor, namely RORα, β, γ, playing an important role in both

development and functions of immune system, brain, retina and various other tissues (Burris

et  al.,  2012) recognize several oxysterols as ligands.  In  this  relation, the few data  so far

available indicate a significant inhibitory regulation of RORs as exerted by 7αOH, 7βOH, 7K

(Wang et al., 2010a) and, with regard to side chain cholesterol oxides, by 24OH (Wang et al.,

2010b).

Finally and importantly, 27OH was definitely demonstrated to act as competitive ligand for

estrogen receptor-α and -β, by this way triggering intracellular signals potentially able to

modulate cancer cell growth and atherosclerosis progression (Lee et al., 2014; Umetani et al.,

2007, 2014). Consistently, a marked promotion of cell proliferation was observed in human

breast and ovarian cell lines, as well as in murine cardiomyocytes following treatment with

25OH, which was shown to signal trough estrogen receptor-α (Lappano et al., 2011). Again,

as in the case of oxysterol-mediated modulation of the activity of other nuclear receptors,

because of the complex and yet largely unknown interaction between them, it is better not to

draw any conclusion, for instance claiming that defined oxysterols can simply favour cancer

proliferation and growth. In this regard, there is a line of evidence indicating that oxysterols

could on the contrary counteract cancer progression, for instance in the case of tamoxifen and

related drugs, by stimulating malignant cell differentiation and apoptosis (de Medina et al.,

2011).



3. Survival signaling pathways and oxysterols

Over the last decade, numerous in vitro studies have characterized the potential pro-apoptotic

effect of oxysterols in a variety of cells. It has been long accepted that apoptosis induced by

oxysterols has been strongly related with the potential toxicity and pathogenic implication of

these  molecules  in  chronic  pathologies  including  atherosclerosis  and  neurodegenerative

diseases.

Based  on  the  presently  available  data,  oxysterols  show  differences  in  the  degree  of

cytotoxicity  and ability  to  induce cell  death,  but  these  cellular  effects  have  been mostly

studied for single compounds. However, oxysterols in oxLDL, foods and the core region of

atherosclerotic  plaques  are  always  present  as  a  mixture  and  literature  about  the  way

oxysterols  act  collectively  is  limited.  In  this  connection,  Biasi  et  al.  reported  that  the

cytotoxicity of single 7K and 7 is quenched when cells are challenged with a mixture

composed of both oxysterols  (Biasi et al., 2004). In particular, murine macrophages treated

with 7K underwent apoptosis through the mitochondrial pathway, whereas when the same

cells were treated with 7K and an equimolar concentration of 7, the pro-apoptotic effect

of the first oxysterol was markedly attenuated. Notably, the 7K-induced intracellular ROS

rise, dependent upon NOX activation, was inhibited in the presence of the oxysterol mixture,

suggesting the occurrence of a substrate-based competition among oxysterols at the level of

NOX (Biasi et al., 2004; Leonarduzzi et al. 2004, 2006). In agreement with this, Aupeix et al.

showed that the challenge of U937 human promonocytic cell line with 7OH (30-40  M)

alone exerted pro-apoptotic effects, that significantly diminished when an identical amount of

25OH was simultaneously added (Aupeix et al., 1995).

Interestingly, it has recently been demonstrated that oxysterols of pathophysiological interest

could show both beneficial and detrimental properties at the same time, i.e. that they could



trigger both survival and death signals within cells. In  Figure 3 the main survival signals

modulated by oxysterols are summarized.

Intercellular communication is a crucial process in multicellular organisms. Growth factors,

defined as polypeptides, act as signaling molecules that regulate diverse biological processes

such as cellular growth, proliferation, differentiation, and migration through the binding to

receptors on the surface of their target cells (Bafico and Aaronson, 2003). 

Many growth factors bind to  and activate  receptors with intrinsic  protein kinase  activity.

These receptor tyrosine kinases (RTKs) contain an extracellular ligand binding domain, a

transmembrane  region  and  an  intracellular  portion  that  contains  a  catalytic  domain  with

kinase activity and several regulatory tyrosines, which are modified through auto- or trans-

phosphorylation  (Bafico and Aaronson, 2003; Perona, 2006). Many different RTK classes

have been identified such as epidermal  growth factor (EGF),  vascular  endothelial  growth

factor (VEGF), fibroblast growth factor (FGF) and platelet-derived growth (PDGF) which are

important in pathological conditions including atherosclerosis and cancer (Raines and Ross,

1996; Witsch et al., 2010).

Kinase activation through the binding of growth factors to their receptors is mediated by

receptor  dimerization  where  ligand  binding  stabilizes  interactions  between  adjacent

cytoplasmic domains  (Perona, 2006). This event results in autophosphorylation of tyrosine

residues  located  at  the  cytoplasmic  tail  of  the  RTKs  and  also  phosphorylation  of  relay

proteins, each one able to trigger a separate cellular response. 

3.1 Principal mechanisms of survival signaling

Activation of receptor signaling initiates multiple signal transduction pathways involved in

cell  survival.  The  three  best  characterized  signaling  pathways  activated  in  response  to

receptor  tyrosine  kinases  (RTKs)  are  the  mitogen-activated  protein  kinases  (MAPKs)



cascade, the phosphatidylinositol 3 kinase (PI3K)/Akt cascade and the PLC cascade (Katz et

al.,  2007).  Besides these pathways,  Nrf2 transcription factor also plays a key role in cell

survival by protecting cells against  oxidative damage (Vurusaner et  al.,  2015).  Moreover,

there is now growing evidence suggesting that endoplasmic reticulum (ER) stress (Schleicher

et al., 2010) and autophagy (Scherz-Shouval and Elazar, 2011) modulate the balance between

cell survival and death.

MAPKs. Cells can sense and respond to stress in various ways, including initiation of cell

death and promotion of cell survival. There are many different types of response to stress that

depend on the type, strength and duration of the stimuli  involving a complex network of

signaling  pathways.  Among  these  pathways  MAPKs,  a  group  of  proline-directed

serine/threonine kinases, are the best characterized signaling molecules (Arciuch et al., 2009).

MAPKs regulate stress signals in a three layer cascade fashion with a MAPK kinase kinase

(MAPKKK) phosphorylating and activating its substrate MAPK kinase (MAPKK) which are

dual-specificity  kinases  that  in  turn  phosphorylate  serine  and threonine  residues  in  their

MAPK substrate (Trachootham et al., 2008).

In mammals, three distinct cascades of MAPKs have been elucidated: ERK 1/2, JNK, and

p38. These kinases are crucial for many biological processes and each pathway is regulated

by  distinct  stimuli.  Activation  of  JNK  and  p38  by  oxidative  stress  and  inflammatory

cytokines  are  generally  associated  with  initiation  of  apoptosis  and  cell  cycle  arrest.  In

contrast,  ERK  cascade  is  generally  activated  by  G-protein  coupled  receptor  ligands  and

growth factors, and regulates proliferation, survival, and differentiation signals  (Matsuzawa

and Ichijo, 2005).

The ERK1 and ERK2 are widely expressed in human tissues and have great research interest

because of their critical involvement in a broad array of cellular functions,  including cell

cycle  progression,  proliferation,  cytokinesis,  transcription,  differentiation,  senescence,  cell



death, migration, learning and oncogenic transformation  (Shaul and Seger, 2007). ERK1/2

signaling pathway is initiated by  various-stress inducing stimuli  including  growth factors,

viral  infections,  carcinogens  and mitogens  and this  activation  involves  the  Ras/Raf/ERK

cascade (Ramos, 2008).

JNK is encoded by three genes, termed JNK1, JNK2 and JNK3, and these genes alternatively

splice resulting in 10 or more JNK isoforms  (Arciuch et  al.,  2009). JNK1 and JNK2 are

ubiquitously expressed, whereas JNK3 is present in the brain, heart and testis. JNK signaling

cascade  regulates  cell  death  and  the  development  of  multiple  cell  types  in  the  immune

system, whereas JNK1 and JNK2 deficient mice are immunodeficient due to severe defects in

T cell function (Tournier et al., 2000). JNK activation is initiated by stress conditions such as

ionizing  radiation,  heat  shock,  DNA  damage  and  by  inflammatory  cytokines.  JNK

phosphorylation is catalyzed by two protein kinases MAPKK4 and MAPKK7 which are dual

specifity kinases that  selectively phosphorylate  JNK on Tyr and Thr,  respectively  (Davis,

2000).  JNK translocates  to  the  nucleus  where  it  phosphorylates  and up-regulates  several

transcription factors, including c-Jun, JunA, JunB, activating transcription factor 2 and Elk-1

(Katz et al., 2007).

The p38 kinase family consists of four members namely α, β, γ and δ and these enzymes are

activated  by  hormones,  cytokines,  G protein-coupled  receptor  ligands  and  cellular  stress

(Arciuch et al., 2009). Activation of p38 kinases is mediated by the MAPKK3 and MAPKK6,

and following the activation, p38 phopshorylates its substrates including MAPK interacting

kinases 1 and 2 (Mnk1 and Mnk2),  and eukaryotic initiation factor 4e  (Roux and Blenis,

2004).  Many  studies  have  shown  that  p38  MAPKs  have  critical  role  in  molecular

transduction of immune and inflammatory responses. In addition, they are also involved in

the regulation of angiogenesis, cytokine production, cell death and proliferation (Arciuch et

al., 2009; Katz et al., 2007).



The crucial role of MAPKs in controlling gene expression, cell growth, differentiation and

apoptosis  has  made  them a  priority  for  research  whereas  deregulation  of  these  MAPKs

activity may result in many diseases and cancer. Thus, MAPKs are molecular targets for drug

development, and pharmalogical manipulation of these kinases will likely help the treatment

of human diseases related to disproportionate apoptosis.

PI3K /Akt. The PI3K/Akt pathway has been established as one of the most critical signaling

pathways  in  regulating  cell  survival.  PI3K is  a  heterodimeric  enzyme  composed  of  two

subunits, namely the p85 regulatory subunit and the p110 catalytic subunit. PI3K activation

can be stimulated by binding of its regulatory subunit to an activated receptor  (Katz et al.,

2007).  Alternatively,  phosphorylation  of  RTKs can also  stimulate  the  activation  of  PI3K

cascade, resulting in recruitment of PI3K to the PM. Following activation, PI3K converts the

PIP2 lipids to PIP3, a second messenger that recruits 3-phosphoinositide-dependent protein

kinase 1 (PDK1) and Akt (also knows as PKB) to the PM  (Arciuch et al., 2009; Cantley,

2002).  Subsequently,  PDK1  phosphorylates  Akt  at  two  regulatory  sites,  Thr308 in  the

activation loop and Ser473 in the C-terminal tail: phosphorylation of both sites is required for

full  activation  of  Akt  (Arciuch  et  al.,  2009).  Akt  activation  leads  to  phosphorylation  of

various substrate proteins, including caspase-9, Mdm2, glycogen synthase kinase 3 (GSK3)

and forkhead transcription factor (FKHRL1), which targets FasL, Bim, insulin-like growth

factor-binding protein 1 (IGFBP1), and Puma. A large amount of evidence has suggested that

Bad is one of the direct targets of Akt in promoting cell survival and that phopshorylation of

Bad on Ser136 by Akt inactivate this pro-apoptotic factor (Song et al., 2005; Trachootham et

al., 2008).

Akt can also exert its anti-apoptotic functions by phosphorylating inhibitory B kinase (IKK)

and the cyclic  AMP response element-binding protein (CREB),  with consequent  elevated

transcription  of  genes  encoding  the  anti-apoptotic  proteins  Bcl-2,  Bcl-XL,  and  Mcl-1.



Another target of Akt is apoptosis signal-regulating kinase 1 (ASK1) and its Akt-mediated

phosphorylation inhibits its ability to activate JNK/p38 and prevents stress-induced apoptosis.

Thus, it can be suggested that there is a cross-talk between the PI3K/Akt and ASK1/JNK

pathways in the regulation of cell survival  (Matsuzawa and Ichijo, 2005; Song et al., 2005;

Trachootham et al., 2008).

PKCs. PLCγ activation is stimulated by G protein coupled receptors  that interact with G

proteins of the Gq family. Active PLCγ enzyme catalyzes the hydrolysis of PIP2 to produce

inositol 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG). Binding of IP3  receptors on the

membrane of the  endoplasmic reticulum causes the  release  of intracellular  Ca2+ which is

followed by the activation of PKC family members (Katz et al., 2007; O’Gorman and Cotter,

2001).

The PKC is an ubiquitous family of serine/threonine kinases and has at least 10 members

containing a highly conserved kinase core at the C-terminal and an N-terminal autoinhibitory

pseudosubstrate peptide. PKC isoforms can be subdivided into three subfamilies according to

their  structural  differences  in  isoenzyme regulatory  domains.  Conventional/classical  PKC

isoforms (α, β1, β2 and γ) are regulated by both Ca2+ and DAG; the novel isoforms (δ, ε, � and

η) contain  DAG-sensitive C1 domains  but  Ca2+-insensitive C2 domain while the atypical

PKCs (ζ and ι) are both Ca2+ and DAG-independent. PKC isoforms play diverse role in signal

transduction,  cell  proliferation,  differentiation,  death,  mitogenesis  and  stress  responses

(Arciuch et al., 2009; Guo et al., 2004). Most of the PKC family members have been shown

to contribute to cell survival whereas members such as PKCα and PKCδ have been associated

with apoptosis induction through inhibition of the Akt survival pathway and activation of p38

MAPK (Matsuzawa and Ichijo, 2005; Yang et al., 2008).

Nrf2. Nrf2, a member of the Cap’n’Collar family of b-Zip transcription factors and p45 NF-

E2-related proteins, has been identified as a key mediator of the antioxidant genes activation



through  the  antioxidant  response  element  (ARE)  (Nguyen  et  al.,  2003).  Under  normal

conditions, Nrf2 is sequestered in the cytoplasm by the interaction with Kelch-like ECH-

associated  protein  1  (Keap1),  an  actin-binding  cytoskeletal  protein  (Motohashi  and

Yamamoto,  2004).  Under  oxidative  stress,  Nrf2  dissociates  from Keap1,  thus  also  from

cytoskeleton, and migrates into the nucleus where it heteromerizes with Maf (v-maf avian

musculoaponeurotic fibrosarcoma oncogene homolog) and binds to ARE sequences; Nrf2

then  codifies  for  various  antioxidant  enzymes  including  aldoketoreductase,  glutathione

peroxidase,  glutathione  reductase,  heme  oxygenase  1  (HO-1),  and  NADPH:quinone

oxidoreductase 1 (NQO-1) (Dinkova-Kostova, 2002; Dinkova-Kostova et al., 2001; Iqbal et

al., 2003; Nguyen et al., 2009). While a growing bulk of evidence showed that the protective

adaptive response to ROS/reactive nitrogen species (RNS) as induced by Nrf2 is mediated by

enhanced  expression  of  these  cytoprotective  enzymes,  the  specific  upstream  signal

transduction pathways recruited to  stimulate  transcription of these phase II  genes are  yet

poorly  defined  (Lee  and  Choi,  2003;  Mann  et  al.,  2007).  In  this  relation,  some  studies

demonstrated  the clear involvement of several protein kinase pathways including ERK1/2,

JNK, p38 and PKCs in the phosphorylation and stabilization of Nrf2 to facilitate its nuclear

translocation and binding to ARE sequences of target genes  (Anwar et al., 2005; Yu et al.,

2000).  More  recently,  Wang et  al.  demonstrated  that  palmitic  acid  stimulated  hepatocyte

proliferation through the activation of Nrf2, which depends on ROS-induced activation of

p38/ERK-Akt  cascade  (Wang  et  al.,  2011).  In  bovine  aortic  endothelial  cells,  He  at  al.

showed that JNK signaling pathway is involved in advanced glycation end products (AGE)-

induced activation of Nrf2 with consequent expression of its target antioxidant genes (He et

al., 2011). A cancer chemopreventive agent induced activation of Nrf2 through ERK1/2, p38,

JNK, and PI3K kinases in kidney derived cells (Rojo et al., 2012).



ER stress. Perturbations in ER functions including protein folding, storing intracellular Ca2+

and lipid biosynthesis results in ER stress (Schröder, 2008). In eukaryotic cells, ER stress is

sensed by 3 ER resident proteins: inositol requiring protein-1 (IRE1), activating transcription

factor  (ATF)  6  and  protein  kinase  RNA-like  ER  kinase  (PERK).  Activation  of  these

transmembrane sensors triggers unfolded protein response (UPR) that relieves ER stress and

reestablishes homeostasis by several mechanisms, including inhibition of protein translation

and induction of ER-resident chaperons (Kim et al., 2008a). IRE1 and ATF6 are crucial for

chaperone production, which maintain the proper protein folding and promote cell survival.

IRE1 also promotes the expression of X-box-binding protein 1 (XBP1), a transcription factor

that facilitates degradation of misfolded proteins. In addition to XBP1, IRE1 pathways can

also  lead  to  apoptosis.  Among  the  resident  chaperons,  the chaperone  glucose-regulated

protein 78 (GRP78) plays a key role in regulating ER stress by binding to transmembrane ER

stress sensors inhibiting their activation. Altered protein folding in the ER stimulates GRP78

to release  transmembrane signaling proteins including IRE1,  PERK and ATF6 that  allow

oligomerization of IRE1 and PERK thus leading to UPR. As a result  of oligomerization,

PERK  is  activated.  Activation  of  PERK  results  in  the  phosphorylation  of  eukaryotic

translation  initiation  factor  2α (EIF2α)  to  slow  down  protein  translation.  However,  in

contrast, when EIF2α is phosphorylated and inactivated, certain mRNAs, including ATF4, are

translated. ATF4 regulates the expression of several genes involved in restoring cellular redox

and ER homeostasis as well as autophagy genes. Moreover, ATF4, ATF6 and XBP1 assemble

on the promoter of the gene encoding CEBP-homologous protein (CHOP), which participates

as a down-stream component of ER stress pathways. Overexpression of CHOP is a potent

inducer of apoptosis through a mechanism controlling the expression of Bim and Bcl-2 genes

(Kim et al., 2008a; Scull and Tabas, 2010; Tabas, 2011).



The UPR-induced signal-transduction events ameliorate the accumulation of unfolded protein

aggregates that are commonly accompanied by the activation of signaling pathways including

ERK, JNK, p38, Akt and also NF-κB (Kaneko et al., 2003). In addition, ER stress associated

with  autophagy  could  activate  alternative  mechanisms  to  remove  unfolded  proteins

independently from the proteasome system (Ogata et al., 2006).

Despite the beneficial functions of a transient UPR, prolonged ER stress leads to a wide range

of  diseases,  including  cardiovascular,  stroke,  diabetes,  neurodegeneration  and  cancer.

Prolonged activation of UPR occurs in various pathological conditions, including hypoxia,

ischemia, heat shock, oxidative stress, proteasome inhibition and Ca2+ depletion of ER stores

(Kim et al., 2008a; Oyadomari and Mori, 2004).

Autophagy. The term autophagy derives from the Greek words auto (self) and phagy (eating)

and was first used by Christian de Duve to define a non selective pathway for the degradation

of  non-essential  cellular  constituents,   that  was  activated  under  conditions  of  nutrient

starvation (De Duve, 1963; De Duve and Wattiaux, 1966).  Selective autophagy of specific

organelles and proteins can be induced in response  to  diverse  stimuli  and is involved in

housekeeping  degradation  of  aggregated  proteins  (aggrephagy),  damaged  mitochondria

(mitophagy), and invading bacteria (xenophagy) via ubiquitin signaling (Deretic and Levine,

2009; Kirkin et al., 2009; Youle and Narendra, 2011). Macroautophagy (generally referred to

as autophagy) breaks down macromolecules and allows cellular recycling to generate energy

in  order  to  survive  to  cellular  stress.  In  this  multi-step  process,  the  cell  material  to  be

eliminated is sequestered within double-membrane vesicles known as autophagosomes, then

the outer-membrane of the autophagosome fuses with lysosome for subsequent degradation

(He and Klionsky, 2009). In the last years, it was made clear that even if autophagy can be

considered a cell survival mechanism, under certain conditions its excessive enhancement

may  lead  to  a  caspase-independent  non-apoptotic  type  of  cell  death  (type  II  cell  death)



(Galluzzi et al.,  2009). Several lines of evidence suggests that a cross-talk exists between

autophagy  and  classical  apoptosis.  Important  molecular  players  of  such  a  connession

appeared to be the anti-apoptotic genes Bcl-2, Bcl-xl and autophagy genes such as  autophagy

related 5 (Atg5), autophagy related 4D (Atg4D) and beclin1 (Dewaele et al., 2010).

Despite the increasing interest in understanding the mechanism of autophagy, there is limited

information about the way cellular signaling molecules like kinases regulate this complex

process. There are several reports that suggest a regulatory role for serine/threonine kinases

involving mammalian target of rapamycin (mTOR), AMP-activated protein kinase (AMPK),

Akt, MAPKs (ERK, p38 and JNK) and PKCs in various steps of autophagy such as vesicle

maturation, autophagosome inception and autophagy-related gene expression (Suffixidharan

et al., 2011). It is generally accepted that PI3K/mTOR pathway primarily inhibits autophagy

whereas the MAPK pathway and PKCs either positively or negatively regulate autophagy

depending on the cellular context and inducers involved.

A role for autophagy in the cellular response to oxidative stress has been described. There are

findings showing that increased ROS levels stimulate autophagic processes which, in turn,

reduce ROS levels  (Scherz-Shouval and Elazar, 2011).  Since excessive ROS accumulation

and oxidative stress are involved in the pathogenesis of many chronic diseases, including

cancer, neurodegenerative and cardiovascular diseases, understanding the complex interplay

between ROS and autophagy pathways may help in developing effective clinical strategies

against these pathologies. 

It  has  been  described the  important  role  of  lipids,  including sphingolipids,  in  regulating

autophagy.  In  particular,  ceramides  and  sphingosine  1-phosphate  (S1P)  is  considered  a

physiological regulator of autophagy in relation to cellular growth, survival, and aging. These

two sphingolipids act as second messengers to regulate the balance between cell death and

survival,  however,  their  effect  on  cell  fate  are  opposite:  S1P promotes  cell  survival  and



proliferation, whereas ceramide induces growth arrest and cell death (Harvald et al., 2015;

Ogretmen and Hannun, 2004; Spiegel et al., 2003). Interestingly, it has been observed that

S1P is implicated in the mitogenic response of mesenchymal cells to a low oxidative stress;

conversely, high oxidative stress induces growth arrest through S1P depletion (Cinq-Frais et

al., 2013). 

3.2. Oxysterols and cell survival

The first evidence of the involvement of oxysterols in cell survival was provided by Berthier

and colleagues, in an  in vitro study where THP-1 human monocytic cells were challenged

with a high concentration of 7K (100 M), namely one of the most abundant oxysterols in

human tissues, provided with a strong pro-apoptotic effect. The treatment of THP-1 cells with

7K induces  an  early  and transient  up-regulation  of  MEK/ERK signaling  pathway  which

transiently inactivated the pro-apoptotic protein Bad, thus significantly delaying the apoptotic

process initiated by 7K itself (Berthier et al., 2005).

More recently, another group performed experiments on another human promonocytic cell

line (U937) with low micromolar concentration of 27OH, showing a significant stimulation

of cell viability due to the phosphorylation of Akt at residue Thr308,  postponing apoptotic

death; conversely, higher concentrations of 27OH rapidly triggered lysosomal-independent

apoptosis  (Riendeau and Garenc, 2009). Moreover, using low micromolar doses of another

oxysterol, cholestan-3β,5α,6β-triol (Triol), Jusakul et al. demonstrated  that activation of pro-

survival  signaling  in  human  MMNK-1  cholangiocytes  involved  ERK1/2  and

p38phosphorylation (Jusakul et al., 2013).

In a very recent study, our group provided clear evidence of survival signaling by 27OH. Low

micromolar  concentration  (10  µM)  of  27OH  triggered  survival  signals  in  U937  human

promonocytic  cell  line  through  the  activation  of  ERK  and  PI3K/Akt,  with  consequent



phosphorylation  of  the  pro-apoptotic  protein  Bad;  this  reaction  prevents  the  loss  of

transmembrane mitochondrial potential,  thereby delaying cell apoptotic death. In addition,

activation of both survival  pathways appeared dependent  upon a transient  ROS increase,

mediated by the up-regulation of NOX2; thus, the prooxidant effect of 27OH resulted to be a

key early mechanism in the survival signaling operated by the oxysterol, at least on U937

cells and at low concentration (Vurusaner et al., 2014) (Figure 4).

In agreement with our results, another oxysterol, 7 was shown to be anti-apoptotic and

to induce cell proliferation when added at low concentrations (below 20 μg/ml) to human

umbilical-vein endothelial  cells (HUVEC);  this effect was dependent on the activation of

MEK/ERK cascade, but apparently independent from ROS production (Trevisi et al., 2009).

However,  at  higher  concentrations,  7led HUVEC to apoptosis,  showing then a  dual

effect on endothelial cell viability, depending on the concentration.

Also oxLDL displayed a dual effect on cell viability and proliferation of endothelial cells

(Galle et al., 2001). At low oxLDL concentrations (5-10  μg/mL) a proliferative effect was

observed,  while  at  high  concentrations  (50-300  μg/mL)  cells  underwent  apoptotic  death.

Interestingly, a NOX-dependent increase of ROS appeared involved in both conditions (Galle

et al., 2001; Heinloth et al., 2000).

With regard to oxLDL induced proliferation, another research group challenged cultured bone

marrow derived macrophages with oxLDL in the 1.56-200  g/ml concentration range and

showed activation of both ERK1/2 and Akt as well as subsequent phosphorylation of Bad and

IkB (Hundal et al., 2001). In another study, THP-1 monocytic cells were challenged with 50

g/ml oxLDL, and such a treatment attenuated staurosporine-induced apoptosis through the

up-regulation  of  ERK  but  not  PI3K/Akt  signaling  (Namgaladze  et  al.,  2008).  Of  note,

similarly to oxLDL, both 27OH and 24OH were shown to antagonize staurosporin mediated

apoptosis in human neuroblastoma SH-SY5Y cells (Emanuelsson and Norlin, 2012).



While it is well established that oxLDL activate pro-survival signaling pathways promoting

macrophage  proliferation  and  survival,  little  is  known  regarding  the  upstream  signaling

events, and the pattern recognition receptors involved. The only available study by Riazy et

al.  excludes  a  role  for  endocytic  pattern  recognition receptors,  scavenger  receptor  A and

CD36 in the  oxLDL-mediated survival of  bone marrow derived macrophages (Riazy et al.,

2011). Moreover, oxLDL-induced proliferation of SMCs appeared to be partly dependent on

the  bioactive  sphingolipid  S1P,  via  activation  of  sphingomyelinase,  ceramidase,  and

sphingosine kinase (Augè et al., 1999; Levade et al., 2001).  Furthermore, by using specific

inhibitors, it has been also demonstrated that sphingomyelin/ceramide pathway was involved

in 7k and  -epoxycholesterol-induced SMC proliferation (Liao et al., 2010). Nevertheless,

there  are  few  results  about  the  link  between  oxysterols  and  the  pro-survival  pathway

involving S1P.

It appears that both MEK/ERK and PI3K/Akt signaling pathways would play a critical role in

the pro-survival effect inducible by modified lipoproteins, whereby the balance between anti-

apoptotic  pathways  (ERK,  Akt)  and  stress-activated  pro-apoptotic  pathways  (JNK,  p38)

would determine the final effect: either cell survival or apoptosis.

Another important aspect regarding pro- and anti-apoptotic signaling by oxysterols is the

likely modulation of cytosolic free Ca2+. Lizard and colleagues demonstrated that 7K-induced

apoptosis in THP-1 cells was triggered by a sustained influx of extracellular Ca2+ followed by

activation of calcineurin and dephosphorylation of Bad  (Berthier et  al.,  2004).  Moreover,

activation of calcineurin was proved to be induced by the translocation of transient receptor

potential calcium channel 1, a component of the store-operated Ca2+ entry channel, into lipid

raft domains of PM. Notably, the same group showed that 7K, in parallel to the pro-apoptotic

signaling,  exerted  a  Ca2+-dependent  activation  of  MEK/ERK  survival  pathway  via  Ca2+-

sensitive proline rich tyrosine kinase 2 (Berthier et al., 2005). A net increase of intracellular



Ca2+  was  shown  to  be  required  also  for  the  pro-survival  effect  inducible  by  oxLDL

(Matsumura  et  al.,  1997).  More  recently,  to  clarify  the  down-stream  pathways  that  are

activated by intracellular Ca2+  increase, bone marrow derived macrophages were challenged

with oxLDL; these oxidized micelles prevented macrophage apoptosis through mobilization

of intracellular Ca2+,  that in turn activated the Ca2+-sensitive kinase  eukaryotic elongation

factor 2 (Chen et al., 2009).

An increasing bulk of evidence points to the redox regulation of several transcription factors

such as Nrf2, NF-B, Jun/activator protein-1 (AP-1) and p53, whose modulation may lead to

cell  cycle  changes and integration of pro- and anti-apoptotic  signals  (Trachootham et al.,

2008).

While AP-1 and p53 are mostly involved in the induction of cell death, up-regulation of Nrf2

and NF-B rather promotes cell proliferation and survival.

At  present,  little  is  known  about  oxysterol-mediated  survival  effects  operated  at  the

transcriptional level. Here we will briefly review this matter focusing on the redox sensitive

Nrf2 pathway which plays a critical role in protecting cells against  oxidative/electrophilic

stress following the exposure to a variety of exogenous and endogenous stimuli and promotes

cell survival.

The activation of Nrf2 by components of oxLDLs in vascular cells suggests the involvement

of  this  transcription  factor  and  its  related  antioxidant  response  in  the  signaling  pathway

sustaining atherosclerosis progression (Ishii et al., 2004). Moreover, oxLDLs were shown to

activate Nrf2 much strongly in murine macrophages than in smooth muscle cells (SMCs),

while  4-hydroxynonenal  (HNE),  a  major  product  of  lipid  peroxidation,  stimulated  Nrf2

nuclear translocation in both cell types. These findings suggest that Nrf2 modulation could

depend on the type of the cells and of the chemical inducers.



In a very recent study, C6 glioma cells were challenged with either 10 or 20  M 27OH to

study  its  role  in  Nrf2  modulation  in  neurodegenerative  diseases,  including  Alzheimer’s

disease.  At the concentration employed, 27OH resulted to  be pro-oxidant and neurotoxic,

being able  to  significantly down-regulate  the  expression  of  Nrf2 and of  its  down-stream

antioxidant genes HO-1, NQO-1 and -glutamyl-cysteine synthetase, both at gene and protein

level (Ma et al., 2015).

Nrf2-target genes, such as HO-1 and NQO-1, are critical in the cellular response against pro-

oxidative stimuli such as oxLDLs and oxidized phospholipids, in macrophages, endothelial

cells,  and  SMCs  (Araujo  et  al.,  2012).  In  this  relation,  the  oxidized  1-palmitoyl-2-

arachidonyl-sn-glycerol-3-phosphocholine  (oxPAPC)  was shown to  induce  HO-1,  NQO-1

and glutamate-cysteine  ligase  modifier  subunit  expression  in  endothelial  cells  in  a  Nrf2-

dependent manner (Jyrkkänen et al., 2008). Similarly, HO-1 induction via Nrf2 signaling was

observed in vascular SMCs in response to moderately oxLDLs (Anwar et al., 2005).

Moreover,  Nrf2 nuclear translocation is modulated by ERK1/2,  p38, PKCs and PI3K/Akt

pathways, but the activation of these upstream signals depends on the type of the inducer and

of  the  targeted  cells.  As  far  as  it  regards,  Papaiahgari  and  colleagues  showed  that,  in

pulmonary  epithelial  cells,  in  response  to  hyperoxia,  a  ROS-dependent  ERK  and  Akt

activation  up-regulated  Nrf2-mediated  gene  expression  (Papaiahgari  et  al.,  2004,  2006).

Further,  the  survival  signaling  pathway  PI3K/Akt-dependent  was  demonstrated  to  be

responsible for Nrf2 protein increase and HO-1 expression in PC12 pheochromocytoma cells

(Martin et  al.,  2004). Also HNE-mediated induction of HO-1 expression and synthesis in

macrophages and epithelial cells was suggested to be dependent on  the activation of ERK

survival pathway (Iles et al., 2005; Li et al., 1996).

Inconsistent results were obtained in hepatoma cells challenged with 15-deoxy-delta 12,14-

prostaglandin J2, where induction of HO-1 synthesis was not quenched by using the ERK1/2



inhibitor PD98059. This evidence suggests that the up-regulation of this heme catabolism-

related enzyme might depend on the activation of more than a single signaling pathway (Liu

et al., 2004). Conversely, the anti-apoptotic effect of 15-deoxy-delta 12,14-prostaglandin J2

was  confirmed  in rat  pheochromocytoma  cells  through  the  involvement  of  ERK/Akt-

dependent Nrf2 activation (Kim et al., 2008b).

Therefore, based on the presently available data, the activation of Nrf2 by different types of

inducers,  including lipid oxidation  products,  leads  to  cell  survival  and protection against

oxidative stress, a condition that does not necessarily imply positive outcome, since Nrf2-

dependent delay or quenching of apoptotic cell death might also result in tumorigenesis and

drug resistance (Niture and Jaiswal, 2012).

There is now growing evidence indicating that ER stress is activated by oxidized lipids and

modulates  the  balance  between survival  and apoptotic  effects  induced by lipid oxidation

products. Sanson et al.  demonstrated that oxLDLs trigger ER stress induction that can be

prevented  by  the  ER-associated  chaperone  oxygen-regulated  protein  150  in  human

endothelial cells (Sanson et al., 2009). Moreover, 7K and HNE induced ER stress in vascular

cells,  characterized by the detection of ER stress  markers (phospho Ire1 and PERK) and

activation of their down-stream pathways. Interestingly, ER stress is involved in the apoptotic

effect of oxLDLs through the Ire1/JNK pathway. Moreover, the antioxidant N-acetylcysteine

prevented the ER stress induced by oxLDLs, 7K and HNE, suggesting that oxidative stress is

involved in the activation of ER stress.  In  agreement with these findings,  Pedruzzi  et  al.

showed that 7K induced ER stress and apoptosis in aortic SMCs via the activation of Nox-4

(Pedruzzi et al., 2004). Increased ER stress also occurs in unstable plaques; in coronary artery

SMCs and THP-1 monocytes, 7K induced ER stress and apoptosis (Myoishi et al., 2007). 

In human aortic endothelial cells, oxidized phospholipids induced UPR activation and up-

regulated the  expression  of  inflammatory genes  (Gargalovic  et  al.,  2006).  The ER stress



induced by oxLDLs in endothelial  cells  was prevented by  AMP-activated  protein  kinase

(AMPK) (Dong et al., 2010). Low doses of 7K induced a more subtle ER stress and activated

pattern recognition receptors (PRRs) which alter the balance between survival and death in

macrophages (Devries-Seimon et al., 2005; Seimon et al., 2006). Another study showed that

lipid oxidation products, including oxysterols, present in advanced atherosclerotic plaques,

contribute to trigger ER stress (Tabas, 2010). Altogether, these studies indicate that ER stress

is induced by oxysterols and oxLDLs, and that it could play a key role in the progression of

atherosclerosis.

A prolonged  ER  stress  has  been  also  identified  as  a  pathogenic  mechanism in  diseases

associated  with neurodegeneration,  such as  Alzheimer’s  disease.  In  retinal  pigment  cells,

27OH  increased  the  level  of  ER  stress,  together  with  amyloid- (A)  production  and

oxidative stress  (Dasari et al., 2010). Furthermore, it has been shown that 27OH activated

CHOP  thus  down-regulating  leptin,  a  hormone  which  reduces  A production  and  tau

phosphorylation in neuroblastoma cells  (Marwarha et al.,  2012). In the given mechanism,

CHOP was shown as a negative regulator of C/EP,a transcription factor which regulates

leptin  expression.  Another  oxysterol,  namely  24OH,  has  been  shown  to  suppress

Aproduction via amyloid precursor protein down-regulation, which occurred through the

expression of GRP78 ER chaperone (Urano et al., 2013). According to these results, it can be

suggested that the up-regulation of the nontoxic ER chaperon inducers, such as 24OH, may

represent a therapeutic target for AD. Additional studies are needed to fully understand the

relation between oxysterols and ER stress that may suggest new therapeutic implications in

ER stress-driven pathologies.

It  is  now well  established that  autophagy  appears  stimulated  in  advanced atherosclerotic

plaques by inflammation and oxidized lipids (Martinet and De Meyer, 2009). The protective

role of autophagy in atherosclerosis involves the removal of damaged organelles in response



to  mild  oxidative  stress  (Kiffin  et  al.,  2006).  In  an  in  vitro pharmacological  study,  7K-

stimulated autophagy was shown to attenuate SMCs apoptosis induced by low concentrations

of lipophilic statins  (Martinet et al.,  2008). Most likely, autophagy up-regulation in statin-

treated cells  allowed to  quench the  release  of  cytohrome c into the  cytosol  and caspase

activation, by this way limiting the extent of apoptotic cell death  (Gozuacik and Kimchi,

2004; Martinet et al., 2008).

Further,  oxidized lipids,  such as  oxysterols and HNE,  are  able  to  stimulate  autophagy in

atherosclerosis.  Signs of autophagy,  such as autophagolysosomes and  increase of  LC3-II,

were detectable when epithelial cells were treated with oxLDLs but not with native LDLs

(Nowicki  et  al.,  2007).  Moreover,  7K-induced autophagy was demonstrated  in SMCs,  in

terms  of  myelin  figure  formation,  intense  protein  ubiquitination,  and  LC3-II  increase

(Martinet et al., 2004). Interestingly, cultured SMCs treated with aggregated LDLs showed

up-regulation of death-associated protein kinase (DAPK), a Ser/Thr death kinase that regulate

membrane  blebbing and autophagic  (type  II)  programmed cell  death  (Inbal  et  al.,  2002;

Martinet et al., 2002). Indeed, DAPK was confirmed to induce survival in SMCs, since the

antisense depletion of this kinase promoted caspase-dependent apoptosis (Jin and Gallagher,

2003).

Several studies focused on lectin-like oxLDL scavenger receptor 1 (LOX-1), a major receptor

responsible for binding, internalization and degradation of oxLDLs, with a primary role in

atherosclerosis  development  (Sawamura  et  al.,  1997).  In  an  in  vitro study,  autophagy

activation in HUVECs challenged with oxLDLs was proven to be mediated by a ROS/LOX-1

pathway  (Ding  et  al.,  2013a).  Such  an  autophagic  response  would  contribute  to  the

degradation of oxLDLs, thus favoring cell survival. In a similar way, treatment of vascular

SMCs with a relatively low concentration of oxLDLs was shown to trigger autophagy with

increased beclin-1and Atg5 expression, as well as LC3-II/LC3-1; on the contrary, high levels



of oxLDLs induced SMC apoptosis and, under this experimental condition, autophagy was

suppressed (Ding et al., 2013b).

Thus,  autophagy  may  protect  vascular  cells  against  apoptosis  depending  on  cell  types,

oxidant concentration and time of exposure (Perotta and Aquila, 2015) and 7K could be one

of  the  triggering  factors  of  autophagy  itself.  The  same  oxysterol  was  suggested  to  be

primarily involved in another pro-survival mechanism involving autophagy, namely the up-

regulation of a mitochondrial enzyme, proline oxidase, in oxLDLs challenged cancer cells,.

Activation  of  this  enzyme  would  increase  intracellular  ROS  and,  subsequently,  cell

autophagic response, by this way counteracting cancer cell apoptosis (Zabirnyk et al., 2010). 

No  published  papers  concerning  the  potential  stimulation  of  pro-survival  autophagy  by

oxysterols other than 7K are presently available, even if the involvement of 27OH at low

micromolar concentrations appears very likely (Vurusaner et al., unpublished data). On the

other hand, a relatively high concentration (50 uM) of 7K, but also of 7βOH, and 24(S)OH,

led 158N murine oligodendrocytes to a type of death termed oxyapoptophagy (Nury et al.,

2013). Once again, it seems that at least certain oxysterols may modulate the actual outcome

of cell autophagic response mainly depending upon their concentration, being able to trigger

pro-survival autophagy only when present in low amount.

By  reviewing  the  available  literature  on  oxysterol-induced  pro-survival  signals  we  are

developing the opinion that, in general terms, this is a complex phenomenon depending on

cell types, environmental factors, cell senescence, oxysterol concentration and exposure time.

Notably,  when  relatively  low  and  not  directly  toxic  concentrations  of  oxysterols  are

administered in a biologically representative mixture, they tend to have a “Trojan-horse”-like

behaviour  (Biasi  et  al.,  2004;  Leonarduzzi  et  al.,  2004).  Namely,  instead  of  killing cells

directly,  oxysterols  might  delay  its  irreversible  damage,  in  the  meantime  initiating  pro-

inflammatory and pro-fibrogenic pathways. On the contrary, relatively higher amounts of the



same compounds induce earlier and direct cell death  (Leonarduzzi et al., 2002). Moreover,

delayed  macrophage  apoptosis  would  favour  growth  and  destabilization  of  advanced

atherosclerotic  plaques  (Martinet  et  al.,  2012).  Thus,  the  elucidation  of  the  molecular

mechanisms underlying oxysterol-induced pro- and anti-apoptotic signaling might contribute

to  a  better  understanding  of  the  pathogenesis  of  several  oxysterol-associated  disease

processes.

 4. Conclusions

Oxysterols have been shown to contribute to the modulation of a wide variety of signaling

pathways, thus influencing a number of transcription factors. Further, especially oxysterols of

enzymatic origin have been recognized to be primary ligands of key nuclear receptors. As

repeatedly stated in this review, the type of cells, the cellular and tissue environment and,

above  all,  the  actual  concentration  of  the  cholesterol  oxides,  resulted  to  be  the  main

conditioning factors as far as their final effects are concerned.

We deemed of particular  interest  trying to  comprehensively analyse  the  potential  role  of

various oxysterols at least, with regard to the modulation of survival signaling. Oxysterols

appear as primarily involved in the pathogenesis of inflammation-driven chronic pathologies

like cancer, atherosclerosis, neurodegenerative diseases, thus possibly useful is to draw the

attention to the high potentiality of oxysterols in triggering and sustaining survival response

in cells challenged with the various stressors.

Acknowledgements

Authors wish to thank Sabanci University (Turkey),  Tubitak (Cost Eu-Ros,  113Z463), the

CRT Foundation (Turin) and the University of Turin (Italy), for supporting this work. Beyza

Vurusaner is supported by Yousef Jameel Scholarship.



References

Anwar, A., Li, F.Y.L., Leake, D.S., Ishii, T., Mann, G.E., Siow, R.C.M., 2005. Induction of 
heme oxygenase 1 by moderately oxidized low-density lipoproteins in human vascular 
smooth muscle cells: role of mitogen-activated protein kinases and Nrf2. Free Radic. 
Biol. Med. 39, 227–236. 

Araujo, J., Zhang, M., Yin, F., 2012. Heme oxygenase-1, oxidation, inflammation, and 
atherosclerosis. Front. Pharmacol. 3, 119. 

Arciuch, V.G., Alippe, Y., Carreras, M.C., Poderoso, J.J., 2009. Mitochondrial kinases in cell 
signaling: Facts and perspectives. Adv. Drug Deliv. Rev. 61, 1234–1249. 

Augé, N., Nikolova-Karakashian, M., Carpentier, S., Parthasarathy, S., Nègre-Salvayre, A., 
Salvayre, R., Merrill, A.H. Jr, Levade, T., 1999. Role of sphingosine 1-phosphate in the 
mitogenesis induced by oxidized low density lipoprotein in smooth muscle cells via 
activation of sphingomyelinase, ceramidase, and sphingosine kinase. J Biol Chem. 274, 
21533-21538. 

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

Bafico, A., Aaronson, S.A., 2003. Growth Factor Receptors with Tyrosine Kinase Activity, 
Holland-Fr. ed. BC Decker.

Bensinger, S.J., Tontonoz, P., 2008. Integration of metabolism and inflammation by lipid-
activated nuclear receptors. Nature 454, 470–477. 

Berthier, A., Lemaire-Ewing, S., Prunet, C., Monier, S., Athias, A., Bessède, G., Pais de 
Barros, J., Laubriet, A., Gambert, P., Lizard, G., Néel, D., 2004. Involvement of a 
calcium-dependent dephosphorylation of BAD associated with the localization of Trpc-1
within lipid rafts in 7-ketocholesterol-induced THP-1 cell apoptosis. Cell Death Differ. 
11, 897–905. 

Berthier, A., Lemaire-Ewing, S., Prunet, C., Montange, T., Vejux, A., Pais De Barros, J.P., 
Monier, S., Gambert, P., Lizard, G., Néel, D., 2005. 7-Ketocholesterol-induced 
apoptosis: Involvement of several pro-apoptotic but also anti-apoptotic calcium-
dependent transduction pathways. FEBS J. 272, 3093–3104. 

Biasi, F., Leonarduzzi, G., Vizio, B., Zanetti, D., Sevanian, A., Sottero, B., Verde, V., Zingaro,
B., Chiarpotto, E., Poli, G., 2004. Oxysterol mixtures prevent proapoptotic effects of 7-
ketocholesterol in macrophages: implications for proatherogenic gene modulation. 
FASEB J. 18, 693–695. 

Biasi, F., Mascia, C., Astegiano, M., Chiarpotto, E., Nano, M., Vizio, B., Leonarduzzi, G., 
Poli, G., 2009. Pro-oxidant and proapoptotic effects of cholesterol oxidation products on
human colonic epithelial cells: a potential mechanism of inflammatory bowel disease 
progression. Free Radic. Biol. Med. 47, 1731–1741. 



Biasi, F., Leonarduzzi, G., Oteiza, P.I., Poli, G., 2013. Inflammatory bowel disease: 
mechanisms, redox considerations, and therapeutic targets. Antioxid. Redox Signal. 19, 
1711–1747.

Björkhem, I., 2009. Are side-chain oxidized oxysterols regulators also in vivo? J. Lipid Res. 
50 Suppl, S213–218. 

Björkhem, I., 2013. Five decades with oxysterols. Biochimie 95, 448–454. 

Burris, T.P., Busby, S.A., Griffin, P.R., 2012. Targeting orphan nuclear receptors for treatment
of metabolic diseases and autoimmunity. Chem. Biol. 19, 51–59. 

Buttari, B., Segoni, L., Profumo, E., D’Arcangelo, D., Rossi, S., Facchiano, F., Businaro, R., 
Iuliano, L., Riganò, R., 2013. 7-Oxo-cholesterol potentiates pro-inflammatory signaling 
in human M1 and M2 macrophages. Biochem. Pharmacol. 86, 130–137. 

Cantley, L.C., 2002. The phosphoinositide 3-kinase pathway. Science 296, 1655–7. 

Chen, J.H., Riazy, M., Smith, E.M., Proud, C.G., Steinbrecher, U.P., Duronio, V., 2009. 
Oxidized LDL-mediated macrophage survival involves elongation factor-2 kinase. 
Arterioscler. Thromb. Vasc. Biol. 29, 92–98. 

Cinq-Frais, C., Coatrieux, C., Grazide, M.H., Hannun ,Y.A., Nègre-Salvayre, A., Salvayre, 
R., Augé, N., 2013. A signaling cascade mediated by ceramide, src and PDGFRβ 
coordinates the activation of the redox-sensitive neutral sphingomyelinase-2 and 
sphingosine kinase-1. Biochim Biophys Acta 1831, 1344-1356. 

Cohen, M.M., 2010. Hedgehog signaling update. Am. J. Med. Genet. A 152A, 1875–1914.

Dasari, B., Prasanthi, J.R.P., Marwarha, G., Singh, B.B., Ghribi, O., 2010. The oxysterol 27-
hydroxycholesterol increases β-amyloid and oxidative stress in retinal pigment epithelial
cells. BMC Ophthalmol. 10, 22

Davis, R.J., 2000. Signal transduction by the JNK group of MAP kinases. Cell 103, 239–252.

De Duve, C., 1963. The lysosome. Sci. Am. 208, 64–72.

De Duve, C., Wattiaux, R., 1966. Functions of lysosomes. Annu. Rev. Physiol. 28, 435–492. 

De Medina, P., Paillasse, M.R., Ségala, G., Khallouki, F., Brillouet, S., Dalenc, F., Courbon, 
F., Record, M., Poirot, M., Silvente-Poirot, S., 2011. Importance of cholesterol and 
oxysterols metabolism in the pharmacology of tamoxifen and other AEBS ligands. 
Chem. Phys. Lipids 164, 432–437. 

Devries-Seimon, T., Li, Y., Yao, P.M., Stone, E., Wang, Y., Davis, R.J., Flavell, R., Tabas, I., 
2005. Cholesterol-induced macrophage apoptosis requires ER stress pathways and 
engagement of the type A scavenger receptor. J. Cell Biol. 171, 61–73.

De Weille, J., Fabre, C., Bakalara, N., 2013. Oxysterols in cancer cell proliferation and death.
Biochem. Pharmacol. 86, 154–160. 



Deretic, V., Levine, B., 2009. Autophagy, immunity, and microbial adaptations. Cell Host 
Microbe 5, 527–549. 

Dewaele, M., Maes, H., Agostinis, P., 2010. ROS-mediated mechanisms of autophagy 
stimulation and their relevance in cancer therapy. Autophagy 6, 838–854. 

Di Paolo, G., De Camilli, P., 2006. Phosphoinositides in cell regulation and membrane 
dynamics. Nature 443, 651–657. 

Ding, Z., Liu, S., Wang, X., Khaidakov, M., Dai, Y., Mehta, J.L., 2013a. Oxidant stress in 
mitochondrial DNA damage, autophagy and inflammation in atherosclerosis. Sci. Rep. 
3, 1077. 

Ding, Z., Wang, X., Schnackenberg, L., Khaidakov, M., Liu, S., Singla, S., Dai, Y., Mehta, 
J.L., 2013b. Regulation of autophagy and apoptosis in response to ox-LDL in vascular 
smooth muscle cells, and the modulatory effects of the microRNA hsa-let-7 g. Int. J. 
Cardiol. 168, 1378–1385. 

Dinkova-Kostova, A.T., 2002. Protection against cancer by plant phenylpropenoids: induction
of mammalian anticarcinogenic enzymes. Mini Rev. Med. Chem. 2, 595–610.

Dinkova-Kostova, A.T., Massiah, M.A., Bozak, R.E., Hicks, R.J., Talalay, P., 2001. Potency 
of Michael reaction acceptors as inducers of enzymes that protect against carcinogenesis
depends on their reactivity with sulfhydryl groups. Proc. Natl. Acad. Sci. U. S. A. 98, 
3404–3409. 

Dong, Y., Zhang, M., Wang, S., Liang, B., Zhao, Z., Liu, C., Wu, M., Choi, H.C., Lyons, T.J., 
Zou, M.-H., 2010. Activation of AMP-activated protein kinase inhibits oxidized LDL-
triggered endoplasmic reticulum stress in vivo. Diabetes 59, 1386–1396

Emanuelsson, I., Norlin, M., 2012. Protective effects of 27- and 24-hydroxycholesterol 
against staurosporine-induced cell death in undifferentiated neuroblastoma SH-SY5Y 
cells. Neurosci. Lett. 525, 44–48. 

Galle, J., Heinloth, A., Wanner, C., Heermeier, K., 2001. Dual effect of oxidized LDL on cell 
cycle in human endothelial cells through oxidative stress. Kidney Int. Suppl. 78, S120–
123. 

Galluzzi, L., Aaronson, S.A., Abrams, J., Alnemri, E.S., Andrews, D.W., Baehrecke, E.H., 
Bazan, N.G., Blagosklonny, M. V, Blomgren, K., Borner, C., Bredesen, D.E., Brenner, 
C., Castedo, M., Cidlowski, J.A., Ciechanover, A., Cohen, G.M., De Laurenzi, V., De 
Maria, R., Deshmukh, M., Dynlacht, B.D., El-Deiry, W.S., Flavell, R.A., Fulda, S., 
Garrido, C., Golstein, P., Gougeon, M.-L., Green, D.R., Gronemeyer, H., Hajnóczky, G.,
Hardwick, J.M., Hengartner, M.O., Ichijo, H., Jäättelä, M., Kepp, O., Kimchi, A., 
Klionsky, D.J., Knight, R.A., Kornbluth, S., Kumar, S., Levine, B., Lipton, S.A., Lugli, 
E., Madeo, F., Malomi, W., Marine, J.-C.W., Martin, S.J., Medema, J.P., Mehlen, P., 
Melino, G., Moll, U.M., Morselli, E., Nagata, S., Nicholson, D.W., Nicotera, P., Nuñez, 
G., Oren, M., Penninger, J., Pervaiz, S., Peter, M.E., Piacentini, M., Prehn, J.H.M., 
Puthalakath, H., Rabinovich, G.A., Rizzuto, R., Rodrigues, C.M.P., Rubinsztein, D.C., 
Rudel, T., Scorrano, L., Simon, H.-U., Steller, H., Tschopp, J., Tsujimoto, Y., 



Vandenabeele, P., Vitale, I., Vousden, K.H., Youle, R.J., Yuan, J., Zhivotovsky, B., 
Kroemer, G., 2009. Guidelines for the use and interpretation of assays for monitoring 
cell death in higher eukaryotes. Cell Death Differ. 16, 1093–1107. 

Gamba, P., Leonarduzzi, G., Tamagno, E., Guglielmotto, M., Testa, G., Sottero, B., Gargiulo, 
S., Biasi, F., Mauro, A., Viña, J., Poli, G., 2011. Interaction between 24-
hydroxycholesterol, oxidative stress, and amyloid-β in amplifying neuronal damage in 
Alzheimer’s disease: three partners in crime. Aging Cell 10, 403–417. 

Gamba P, Testa G, Sottero B, Gargiulo S, Poli G, Leonarduzzi G. The link between altered 
cholesterol metabolism and Alzheimer's disease. Ann N Y Acad Sci. 2012 Jul;1259:54-
64. 

Gamba, P., Testa, G., Gargiulo, S., Staurenghi, E., Poli, G., Leonarduzzi, G., 2015. Oxidized 
cholesterol as the driving force behind the development of Alzheimer’s disease. Front. 
Aging Neurosci. 7, 119. 

Gargalovic, P.S., Gharavi, N.M., Clark, M.J., Pagnon, J., Yang, W.-P., He, A., Truong, A., 
Baruch-Oren, T., Berliner, J.A., Kirchgessner, T.G., Lusis, A.J., 2006. The unfolded 
protein response is an important regulator of inflammatory genes in endothelial cells. 
Arterioscler. Thromb. Vasc. Biol. 26, 2490–2496.

Gargiulo, S., Gamba, P., Testa, G., Rossin, D., Biasi, F., Poli, G., Leonarduzzi, G., 2015. 
Relation between TLR4/NF-κB signaling pathway activation by 27-hydroxycholesterol 
and 4-hydroxynonenal, and atherosclerotic plaque instability. Aging Cell 14, 569–581. 

Gozuacik, D., Kimchi, A., 2004. Autophagy as a cell death and tumor suppressor mechanism.
Oncogene 23, 2891–2906. 

Guo, B., Su, T.T., Rawlings, D.J., 2004. Protein kinase C family functions in B-cell 
activation. Curr. Opin. Immunol. 16, 367–373. 

Harvald, E.B., Olsen, A.S., Færgeman, N.J., 2015. Autophagy in the light of sphingolipid 
metabolism. Apoptosis 20, 658-670. 

He, C., Klionsky, D.J., 2009. Regulation mechanisms and signaling pathways of autophagy. 
Annu. Rev. Genet. 43, 67–93. 

He, M., Siow, R.C.M., Sugden, D., Gao, L., Cheng, X., Mann, G.E., 2011. Induction of HO-1
and redox signaling in endothelial cells by advanced glycation end products: A role for
Nrf2 in vascular protection in diabetes. Nutr. Metab. Cardiovasc. Dis. 21, 277–285. 

Heinloth, A., Heermeier, K., Raff, U., Wanner, C., Galle, J., 2000. Stimulation of NADPH 
oxidase by oxidized low-density lipoprotein induces proliferation of human vascular 
endothelial cells. J. Am. Soc. Nephrol. 11, 1819–1825.

Hong, C., Tontonoz, P., 2008. Coordination of inflammation and metabolism by PPAR and 
LXR nuclear receptors. Curr. Opin. Genet. Dev. 18, 461–467. 



Hundal, R.S., Salh, B.S., Schrader, J.W., Gómez-Muñoz, a, Duronio, V., Steinbrecher, U.P., 
2001. Oxidized low density lipoprotein inhibits macrophage apoptosis through 
activation of the PI 3-kinase/PKB pathway. J. Lipid Res. 42, 1483–1491.

Iles, K.E., Dickinson, D. a., Wigley, A.F., Welty, N.E., Blank, V., Forman, H.J., 2005. HNE 
increases HO-1 through activation of the ERK pathway in pulmonary epithelial cells. 
Free Radic. Biol. Med. 39, 355–364. 

Inbal, B., Bialik, S., Sabanay, I., Shani, G., Kimchi, A., 2002. DAP kinase and DRP-1 
mediate membrane blebbing and the formation of autophagic vesicles during 
programmed cell death. J. Cell Biol. 157, 455–468. 

Iqbal, M., Sharma, S.D., Okazaki, Y., Fujisawa, M., Okada, S., 2003. Dietary 
supplementation of curcumin enhances antioxidant and phase II metabolizing enzymes 
in ddY male mice: possible role in protection against chemical carcinogenesis and 
toxicity. Pharmacol. Toxicol. 92, 33–38.

Ishii, T., Itoh, K., Ruiz, E., Leake, D.S., Unoki, H., Yamamoto, M., Mann, G.E., 2004. Role 
of Nrf2 in the Regulation of CD36 and Stress Protein Expression in Murine 
Macrophages: Activation by Oxidatively Modified LDL and 4-Hydroxynonenal. Circ. 
Res. 94, 609–616. 

Janowski, B.A., Willy, P.J., Devi, T.R., Falck, J.R., Mangelsdorf, D.J., 1996. An oxysterol 
signalling pathway mediated by the nuclear receptor LXR alpha. Nature 383, 728–731.

Janowski, B.A., Grogan, M.J., Jones, S.A., Wisely, G.B., Kliewer, S.A., Corey, E.J., 
Mangelsdorf, D.J., 1999. Structural requirements of ligands for the oxysterol liver X 
receptors LXRalpha and LXRbeta. Proc. Natl. Acad. Sci. U. S. A. 96, 266–271.

Jin, S., Zhou, F., Katirai, F., Li, P., 2011. Lipid raft redox signaling: molecular mechanisms in 
health and disease. Antioxid. Redox Signal. 15, 1043–1083. 

Jin, Y., Gallagher, P.J., 2003. Antisense depletion of death-associated protein kinase promotes
apoptosis. J. Biol. Chem. 278, 51587–51593. 

Joseph, S.B., Bradley, M.N., Castrillo, A., Bruhn, K.W., Mak, P.A., Pei, L., Hogenesch, J., 
O’Connell, R.M., Cheng, G., Saez, E., Miller, J.F., Tontonoz, P., 2004. LXR-Dependent 
Gene Expression Is Important for Macrophage Survival and the Innate Immune 
Response. Cell 119, 299–309. 

Jusakul, A., Loilome, W., Namwat, N., Techasen, A., Kuver, R., Ioannou, G.N., Savard, C., 
Haigh, W.G., Yongvanit, P., 2013. Anti-apoptotic phenotypes of cholestan-3β,5α,6β-
triol-resistant human cholangiocytes: characteristics contributing to the genesis of 
cholangiocarcinoma. J. Steroid Biochem. Mol. Biol. 138, 368–375. 

Jyrkkänen, H.K., Kansanen, E., Inkala, M., Kivela, A.M., Hurttila, H., Heinonen, S.E., 
Goldsteins, G., Jauhiainen, S., Tiainen, S., Makkonen, H., Oskolkova, O., Afonyushkin, 
T., Koistinaho, J., Yamamoto, M., Bochkov, V.N., Ylä-Herttuala, S., Levonen, A.L., 
2008. Nrf2 regulates antioxidant gene expression evoked by oxidized phospholipids in 
endothelial cells and murine arteries in vivo. Circ. Res. 103. 



Kaneko, M., Niinuma, Y., Nomura, Y., 2003. Activation signal of nuclear factor-kappa B in 
response to endoplasmic reticulum stress is transduced via IRE1 and tumor necrosis 
factor receptor-associated factor 2. Biol. Pharm. Bull. 26, 931–935

Katz, M., Amit, I., Yarden, Y., 2007. Regulation of MAPKs by growth factors and receptor 
tyrosine kinases. Biochim. Biophys. Acta 1773, 1161–1176. 

Kiffin, R., Bandyopadhyay, U., Cuervo, A.M., 2006. Oxidative Stress and Autophagy. 
Antioxid. Redox Signal. 8, 152–162. 

Kim, I., Xu, W., Reed, J.C., 2008a. Cell death and endoplasmic reticulum stress: disease 
relevance and therapeutic opportunities. Nat. Rev. Drug Discov. 7, 1013–1030

Kim, J.W., Li, M.H., Jang, J.H., Na, H.K., Song, N.Y., Lee, C., Johnson, J., Surh, Y.J., 2008b. 
15-Deoxy-Δ12,14-prostaglandin J2 rescues PC12 cells from H2O2-induced apoptosis 
through Nrf2-mediated upregulation of heme oxygenase-1: Potential roles of Akt and 
ERK1/2. Biochem. Pharmacol. 76, 1577–1589. 

Kirkin, V., McEwan, D.G., Novak, I., Dikic, I., 2009. A role for ubiquitin in selective 
autophagy. Mol. Cell 34, 259–269. 

Kiyanagi, T., Iwabuchi, K., Shimada, K., Hirose, K., Miyazaki, T., Sumiyoshi, K., Iwahara, 
C., Nakayama, H., Masuda, H., Mokuno, H., Sato, S., Daida, H., 2011. Involvement of 
cholesterol-enriched microdomains in class A scavenger receptor-mediated responses in 
human macrophages. Atherosclerosis 215, 60–69. 

Lappano, R., Recchia, A.G., De Francesco, E.M., Angelone, T., Cerra, M.C., Picard, D., 
Maggiolini, M., 2011. The cholesterol metabolite 25-hydroxycholesterol activates 
estrogen receptor α-mediated signaling in cancer cells and in cardiomyocytes. PLoS One
6, e16631. 

Lee, P.J., Choi, A.M.K., 2003. Pathways of cell signaling in hyperoxia. Free Radic. Biol. 
Med. 35, 341–350.

Lee, W., Ishikawa, T., Umetani, M., 2014. The interaction between metabolism, cancer and 
cardiovascular disease, connected by 27-hydroxycholesterol. Clin. Lipidol. 9, 617–624. 

Leonarduzzi, G., Sottero, B., Poli, G., 2002. Oxidized products of cholesterol: Dietary and 
metabolic origin, and proatherosclerotic effects (review). J. Nutr. Biochem. 13, 700–710.

Leonarduzzi, G., Biasi, F., Chiarpotto, E., Poli, G., 2004. Trojan horse-like behavior of a 
biologically representative mixture of oxysterols. Mol. Aspects Med. 25, 155–167.

 Leonarduzzi, G., Gamba, P., Sottero, B., Kadl, A., Robbesyn, F., Calogero, R.A., Biasi, F., 
Chiarpotto, E., Leitinger, N., Sevanian, A., Poli, G., 2005. Oxysterol-induced up-
regulation of MCP-1 expression and synthesis in macrophage cells. Free Radic. Biol. 
Med. 39, 1152–1161. 



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. Antioxid. Redox Signal. 8, 375–380.

Leonarduzzi, G., Gamba, P., Gargiulo, S., Sottero, B., Kadl, A., Biasi, F., Chiarpotto, E., 
Leitinger, N., Vendemiale, G., Serviddio, G., Poli, G., 2008. Oxidation as a crucial 
reaction for cholesterol to induce tissue degeneration: CD36 overexpression in human 
promonocytic cells treated with a biologically relevant oxysterol mixture. Aging Cell 7, 
375–382. 

Leonarduzzi, G., Gargiulo, S., Gamba, P., Perrelli, M., Castellano, I., Sapino, A., Sottero, B., 
Poli, G., 2010. Molecular signaling operated by a diet-compatible mixture of oxysterols 
in up-regulating CD36 receptor in CD68 positive cells. Mol. Nutr. Food Res. 54 Suppl 1,
S31–41. 

Levade, T., Augé, N., Veldman, R.J., Cuvillier, O., Nègre-Salvayre, A., Salvayre, R., 2001. 
Sphingolipid mediators in cardiovascular cell biology and pathology. Circ Res. 89, 957-
968. 

Li, L., Hamilton, R.F., Kirichenko, A., Holian, A., 1996. 4-Hydroxynonenal-induced cell 
death in murine alveolar macrophages. Toxicol. Appl. Pharmacol. 139, 135–143.

Liao, P.L., Cheng, Y.W., Li, C.H., Wang, Y.T., Kang, J.J., 2010. 7-Ketocholesterol and 
cholesterol-5alpha,6alpha-epoxide induce smooth muscle cell migration and 
proliferation through the epidermal growth factor receptor/phosphoinositide 3-
kinase/Akt signaling pathways. Toxicol Lett. 197, 88-96.

Liscum, L., Munn, N.J., 1999. Intracellular cholesterol transport. Biochim. Biophys. Acta 
1438, 19–37.

Liu, J.-D., Tsai, S.., Lin, S., Ho, Y.., Hung, L.., Pan, S., Ho, F., Lin, C.., Liang, Y, 2004. Thiol 
antioxidant and thiol-reducing agents attenuate 15-deoxy-delta 12,14-prostaglandin J2-
induced heme oxygenase-1 expression. Life Sci. 74, 2451–2463. 

Ma, W., Li, C., Yu, H., Zhang, D., Xi, Y., Han, J., Liu, Q., Xiao, R., 2015. The Oxysterol 27-
Hydroxycholesterol Increases Oxidative Stress and Regulate Nrf2 Signaling Pathway in 
Astrocyte Cells. Neurochem. Res. 40,758-766.

Makoveichuk, E., Castel, S., Vilaró, S., Olivecrona, G., 2004. Lipoprotein lipase-dependent 
binding and uptake of low density lipoproteins by THP-1 monocytes and macrophages: 
possible involvement of lipid rafts. Biochim. Biophys. Acta 1686, 37–49. 

Mann, G.E., Niehueser-Saran, J., Watson, A., Gao, L., Ishii, T., de Winter, P., Siow, R.C., 
2007. Nrf2/ARE regulated antioxidant gene expression in endothelial and smooth 
muscle cells in oxidative stress: implications for atherosclerosis and preeclampsia. 
Sheng Li Xue Bao 59, 117–127.

Marengo, B., Bellora, F., Ricciarelli, R., De Ciucis, C., Furfaro, A., Leardi, R., Colla, R., 
Pacini, D., Traverso, N., Moretta, A., Pronzato, M.A., Bottino, C., Domenicotti, C., 



2015. Oxysterol mixture and, in particular, 27-hydroxycholesterol drive M2 polarization 
of human macrophages. Biofactors 42, 80-92.

Martin, D., Rojo, A.I., Salinas, M., Diaz, R., Gallardo, G., Alam, J., Ruiz De Galarreta, C.M., 
Cuadrado, A., 2004. Regulation of Heme Oxygenase-1 Expression through the 
Phosphatidylinositol 3-Kinase/Akt Pathway and the Nrf2 Transcription Factor in 
Response to the Antioxidant Phytochemical Carnosol. J. Biol. Chem. 279, 8919–8929. 

Martinet, W., Schrijvers, D.M., De Meyer, G.R.Y., Thielemans, J., Knaapen, M.W.M., 
Herman, A.G., Kockx, M.M., 2002. Gene expression profiling of apoptosis-related 
genes in human atherosclerosis: upregulation of death-associated protein kinase. 
Arterioscler. Thromb. Vasc. Biol. 22, 2023–2029.

Martinet, W., De Bie, M., Schrijvers, D.M., De Meyer, G.R.Y., Herman, A.G., Kockx, M.M., 
2004. 7-ketocholesterol induces protein ubiquitination, myelin figure formation, and 
light chain 3 processing in vascular smooth muscle cells. Arterioscler. Thromb. Vasc. 
Biol. 24, 2296–2301. 

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

Martinet, W., De Meyer, G.R.Y., 2009. Autophagy in atherosclerosis: A cell survival and 
death phenomenon with therapeutic potential. Circ. Res. 104, 304–317. 

Martinet, W., Schrijvers, D.M., De Meyer, G.R.Y., 2012. Molecular and cellular mechanisms 
of macrophage survival in atherosclerosis. Basic Res. Cardiol. 107, 297. 

Marwarha, G., Dasari, B., Ghribi, O., 2012. Endoplasmic reticulum stress-induced CHOP 
activation mediates the down-regulation of leptin in human neuroblastoma SH-SY5Y 
cells treated with the oxysterol 27-hydroxycholesterol. Cell. Signal. 24, 484–492.

Massey, J.B., 2006. Membrane and protein interactions of oxysterols. Curr. Opin. Lipidol. 17,
296–301. 

Matsumura, T., Sakai, M., Kobori, S., Biwa, T., Takemura, T., Matsuda, H., Hakamata, H., 
Horiuchi, S., Shichiri, M., 1997. Two intracellular signaling pathways for activation of 
protein kinase C are involved in oxidized low-density lipoprotein-induced macrophage 
growth. Arterioscler. Thromb. Vasc. Biol. 17, 3013–3020.

Matsuzawa, A., Ichijo, H., 2005. Stress-responsive protein kinases in redox-regulated 
apoptosis signaling. Antioxid. Redox Signal. 7, 472–481. 

Maxfield, F.R., Wüstner, D., 2002. Intracellular cholesterol transport. J. Clin. Invest. 110, 
891–898. 

Motohashi, H., Yamamoto, M., 2004. Nrf2-Keap1 defines a physiologically important stress 
response mechanism. Trends Mol. Med. 10, 549–557. 



Myoishi, M., Hao, H., Minamino, T., Watanabe, K., Nishihira, K., Hatakeyama, K., Asada, Y.,
Okada, K.I., Ishibashi-Ueda, H., Gabbiani, G., Bochaton-Piallat, M.L., Mochizuki, N., 
Kitakaze, M., 2007. Increased endoplasmic reticulum stress in atherosclerotic plaques 
associated with acute coronary syndrome. Circulation 116, 1226–1233.

Namgaladze, D., Kollas, A., Brüne, B., 2008. Oxidized LDL attenuates apoptosis in 
monocytic cells by activating ERK signaling. J. Lipid Res. 49, 58–65. 

Nedelcu, D., Liu, J., Xu, Y., Jao, C., Salic, A., 2013. Oxysterol binding to the extracellular 
domain of Smoothened in Hedgehog signaling. Nat. Chem. Biol. 9, 557–564. 

Nguyen, T., Sherratt, P.J., Pickett, C.B., 2003. Regulatory mechanisms controlling gene 
expression mediated by the antioxidant response element. Annu. Rev. Pharmacol. 
Toxicol. 43, 233–260.

Nguyen, T., Nioi, P., Pickett, C.B., 2009. The Nrf2-antioxidant response element signaling 
pathway and its activation by oxidative stress. J. Biol. Chem. 284, 13291–13295. 

Niture, S.K., Jaiswal, A.K., 2012. Nrf2 protein up-regulates antiapoptotic protein Bcl-2 and 
prevents cellular apoptosis. J. Biol. Chem. 287, 9873–9886. 

Nowicki, M., Zabirnyk, O., Duerrschmidt, N., Borlak, J., Spanel-Borowski, K., 2007. No 
upregulation of lectin-like oxidized low-density lipoprotein receptor-1 in serum-
deprived EA.hy926 endothelial cells under oxLDL exposure, but increase in autophagy. 
Eur. J. Cell Biol. 86, 605–616. 

Nury, T., Zarrouk, A., Vejux, A., Doria, M., Riedinger, J.M., Delage-Mourroux, R., Lizard, 
G., 2013. 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. Biochem. Biophys. Res. Commun. 446, 
714–719. 

Ogata, M., Hino, S., Saito, A., Morikawa, K., Kondo, S., Kanemoto, S., Murakami, T., 
Taniguchi, M., Tanii, I., Yoshinaga, K., Shiosaka, S., Hammarback, J.A., Urano, F., 
Imaizumi, K., 2006. Autophagy is activated for cell survival after endoplasmic reticulum
stress. Mol. Cell. Biol. 26, 9220–9231.

O’Gorman, D.M., Cotter, T.G., 2001. Molecular signals in anti-apoptotic survival pathways. 
Leuk.  Off. J. Leuk. Soc. Am. Leuk. Res. Fund, U.K 15, 21–34. 

Ogretmen, B., Hannun, Y.A., 2004. Biologically active sphingolipids in cancer pathogenesis 
and treatment. Nat Rev Cancer 4, 604-616. 

Olkkonen, V.M., Béaslas, O., Nissilä, E., 2012. Oxysterols and their cellular effectors. 
Biomolecules 2, 76–103. 

Oyadomari, S., Mori, M., 2004. Roles of CHOP/GADD153 in endoplasmic reticulum stress. 
Cell Death Differ. 11, 381–389. 



Papaiahgari, S., Kleeberger, S.R., Cho, H.., Kalvakolanu, D. V, Reddy, S.P., 2004. NADPH 
oxidase and ERK signaling regulates hyperoxia-induced Nrf2-ARE transcriptional 
response in pulmonary epithelial cells. J. Biol. Chem. 279, 42302–42312. 

Papaiahgari, S., Zhang, Q., Kleeberger, S.R., Cho, H., Reddy, S.P., 2006. Hyperoxia 
stimulates an Nrf2-ARE transcriptional response via ROS-EGFR-PI3K-Akt/ERK MAP 
kinase signaling in pulmonary epithelial cells. Antioxid. Redox Signal. 8, 43–52.

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. Mol. Cell. Biol. 24, 10703–10717. 

Perona, R., 2006. Cell signalling: growth factors and tyrosine kinase receptors. Clin. Transl. 
Oncol. 8, 77–82.

Perotta, I., Aquila, S., 2015. The role of oxidative stress and autophagy in atherosclerosis. 
Oxid. Med. Cell. Longev. 2015, 10 pages. 

Poli, G., Biasi, F., Leonarduzzi, G., 2013. Oxysterols in the pathogenesis of major chronic 
diseases. Redox Biol. 1, 125–130. 

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

Raines, E.W., Ross, R., 1996. Multiple growth factors are associated with lesions of 
atherosclerosis: specificity or redundancy? Bioessays 18, 271–82. 

Ramos, J.W., 2008. The regulation of extracellular signal-regulated kinase (ERK) in 
mammalian cells. Int. J. Biochem. Cell Biol. 40, 2707–2719. 

Riazy, M., Chen, J.H., Yamamato, Y., Yamamato, H., Duronio, V., Steinbrecher, U.P., 2011. 
OxLDL-mediated survival of macrophages does not require LDL internalization or 
signalling by major pattern recognition receptors. Biochem. Cell Biol. 89, 387–95. 

Riendeau, V., Garenc, C., 2009. Effect of 27-hydroxycholesterol on survival and death of 
human macrophages and vascular smooth muscle cells. Free Radic. Res. 43, 1019–1028.

Rios, F.J.O., Ferracini, M., Pecenin, M., Koga, M.M., Wang, Y., Ketelhuth, D.F.J., Jancar, S., 
2013. Uptake of oxLDL and IL-10 production by macrophages requires PAFR and 
CD36 recruitment into the same lipid rafts. PLoS One 8, e76893. 

Rojo, A.I., Medina-Campos, O.N., Rada, P., Zúñiga-Toalá, A., López-Gazcón, A., Espada, S.,
Pedraza-Chaverri,  J.,  Cuadrado,  A.,  2012.  Signaling  pathways  activated  by  the
phytochemical nordihydroguaiaretic acid contribute to a Keap1-independent regulation



of Nrf2 stability: Role of glycogen synthase kinase-3. Free Radic. Biol. Med. 52, 473–
487. 

Roux, P.P., Blenis, J., 2004. ERK and p38 MAPK-Activated Protein Kinases: a Family of 
Protein Kinases with Diverse Biological Functions. Microbiol. Mol. Biol. Rev. 68, 320–
344. 

Sallam, T., Ito, A., Rong, X., Kim, J., van Stijn, C., Chamberlain, B.T., Jung, M.E., Chao, 
L.C., Jones, M., Gilliland, T., Wu, X., Su, G.L., Tangirala, R.K., Tontonoz, P., Hong, C., 
2014. The macrophage LBP gene is an LXR target that promotes macrophage survival 
and atherosclerosis. J. Lipid Res. 55, 1120–1130. 

Sanson, M., Auge, N., Vindis, C., Muller, C., Bando, Y., Thiers, J.C., Marachet, M.A., 
Zarkovic, K., Sawa, Y., Salvayre, R., Negre-Salvayre, A., 2009. Oxidized low-density 
lipoproteins trigger endoplasmic reticulum stress in vascular cells: Prevention by 
oxygen-regulated protein 150 expression. Circ. Res. 104, 328–336.

Sawamura, T., Kume, N., Aoyama, T., Moriwaki, H., Hoshikawa, H., Aiba, Y., Tanaka, T., 
Miwa, S., Katsura, Y., Kita, T., Masaki, T., 1997. An endothelial receptor for oxidized 
low-density lipoprotein. Nature 386, 73–77. 

Scherz-Shouval, R., Elazar, Z., 2011. Regulation of autophagy by ROS: Physiology and 
pathology. Trends Biochem. Sci. 36, 30–38.

Schleicher, S.M., Moretti, L., Varki, V., Lu, B., 2010 Progress in the unraveling of the 
endoplasmic reticulum stress/autophagy pathway and cancer: implications for future 
therapeutic approaches. Drug Resist Updat. 13, 79-86.

Schroepfer, G.J., 2000. Oxysterols: modulators of cholesterol metabolism and other 
processes. Physiol. Rev. 80, 361–554.

Schröder, M., 2008. Endoplasmic reticulum stress responses. Cell. Mol. Life Sci. 65, 862–
894. 

Scull, C.M., Tabas, I., 2011. Mechanisms of ER stress-induced apoptosis in atherosclerosis. 
Arterioscler. Thromb. Vasc. Biol. 31, 2792–2797.

Seimon, T.A., Obstfeld, A., Moore, K.J., Golenbock, D.T., Tabas, I., 2006. Combinatorial 
pattern recognition receptor signaling alters the balance of life and death in 
macrophages. Proc. Natl. Acad. Sci. U. S. A. 103, 19794–19799.

Shaul, Y.D., Seger, R., 2007. The MEK/ERK cascade: From signaling specificity to diverse 
functions. Biochim. Biophys. Acta - Mol. Cell Res. 1773, 1213–1226. 

Shi, D., Lv, X., Zhang, Z., Yang, X., Zhou, Z., Zhang, L., Zhao, Y., 2013. Smoothened 
oligomerization/higher order clustering in lipid rafts is essential for high Hedgehog 
activity transduction. J. Biol. Chem. 288, 12605–14.

Song, G., Ouyang, G., Bao, S., 2005. The activation of Akt/PKB signaling pathway and cell 
survival. J. Cell. Mol. Med. 9, 59–71. 



Sottero, B., Gamba, P., Gargiulo, S., Leonarduzzi, G., Poli, G., 2009. Cholesterol oxidation 
products and disease: an emerging topic of interest in medicinal chemistry. Curr. Med. 
Chem. 16, 685–705.

Spiegel, S., Milstien, S., 2003. Sphingosine-1-phosphate: an enigmatic signalling lipid. Nat 
Rev Mol Cell Biol. 4, 397-407. 

Suffixidharan, S., Jain, K., Basu, A., 2011. Regulation of autophagy by kinases. Cancers 
(Basel). 3, 2630–2654. 

Tabas, I., 2010. The role of endoplasmic reticulum stress in the progression of 
atherosclerosis. Circ. Res. 107, 839–850.

Töröcsik, D., Szanto, A., Nagy, L., 2009. Oxysterol signaling links cholesterol metabolism 
and inflammation via the liver X receptor in macrophages. Mol. Aspects Med. 30, 134–
152. 

Tournier, C., Hess, P., Yang, D.D., Xu, J., Turner, T.K., Nimnual, A., Bar-Sagi, D., Jones, 
S.N., Flavell, R.A., Davis, R.J., 2000. Requirement of JNK for stress-induced activation 
of the cytochrome c-mediated death pathway. Science 288, 870–874.

Trachootham, D., Lu, W., Ogasawara, M. a, Nilsa, R.V., Huang, P., 2008. Redox regulation of
cell survival. Antioxid. Redox Signal. 10, 1343–1374. 

Trevisi, L., Bertoldo, A., Agnoletto, L., Poggiani, C., Cusinato, F., Luciani, S., 2009. 
Antiapoptotic and Proliferative Effects of Low Concentrations of 7-
Hydroxycholesterol in Human Endothelial Cells via ERK Activation. J. Vasc. Res. 47, 
241–251. 

Umetani, M., Domoto, H., Gormley, A.K., Yuhanna, I.S., Cummins, C.L., Javitt, N.B., 
Korach, K.S., Shaul, P.W., Mangelsdorf, D.J., 2007. 27-Hydroxycholesterol is an 
endogenous SERM that inhibits the cardiovascular effects of estrogen. Nat. Med. 13, 
1185–1192. 

Umetani, M., Ghosh, P., Ishikawa, T., Umetani, J., Ahmed, M., Mineo, C., Shaul, P.W., 2014. 
The cholesterol metabolite 27-hydroxycholesterol promotes atherosclerosis via 
proinflammatory processes mediated by estrogen receptor alpha. Cell Metab. 20, 172–
182. 

Urano, Y., Ochiai, S., Noguchi, N., 2013. Suppression of amyloid-β production by 24S-
hydroxycholesterol via inhibition of intracellular amyloid precursor protein trafficking. 
FASEB J. 27, 4305–4315.

Vurusaner, B., Gamba, P., Testa, G., Gargiulo, S., Biasi, F., Zerbinati, C., Iuliano, L., 
Leonarduzzi, G., Basaga, H., Poli, G., 2014. Survival signaling elicited by 27-
hydroxycholesterol through the combined modulation of cellular redox state and 
ERK/Akt phosphorylation. Free Radic. Biol. Med. 77, 376–385.



Vurusaner, B., Gamba, P., Gargiulo, S., Testa, G., Staurenghi, E., Leonarduzzi, G., Poli, G., 
Basaga, H., 2015. Nrf2 antioxidant defense is involved in survival signaling elicited by 
27-hydroxycholesterol in human promonocytic cells. Free Radic Biol Med. 91, 93-104. 

Wang, J., Richards, D.A., 2012. Segregation of PIP2 and PIP3 into distinct nanoscale regions 
within the plasma membrane. Biol. Open 1, 857–862. 

Wang, P., Weng, J., Anderson, R.G.W., 2005. OSBP is a cholesterol-regulated scaffolding 
protein in control of ERK 1/2 activation. Science 307, 1472–1476. 

Wang, X., Liu, J.Z., Hu, J.X., Wu, H., Li, Y.L., Chen, H.L., Bai, H., Hai, C.X., 2011. ROS-
activated p38 MAPK/ERK-Akt cascade plays a central role in palmitic acid-stimulated
hepatocyte proliferation. Free Radic. Biol. Med. 51, 539–551. 

Wang, Y., Kumar, N., Crumbley, C., Griffin, P.R., Burris, T.P., 2010a. A second class of 
nuclear receptors for oxysterols: Regulation of RORalpha and RORgamma activity by 
24S-hydroxycholesterol (cerebrosterol). Biochim. Biophys. Acta 1801, 917–923. 

Wang, Y., Kumar, N., Solt, L.A., Richardson, T.I., Helvering, L.M., Crumbley, C., Garcia-
Ordonez, R.D., Stayrook, K.R., Zhang, X., Novick, S., Chalmers, M.J., Griffin, P.R., 
Burris, T.P., 2010b. Modulation of retinoic acid receptor-related orphan receptor alpha 
and gamma activity by 7-oxygenated sterol ligands. J. Biol. Chem. 285, 5013–5025. 

Witsch, E., Sela, M., Yarden, Y., 2010. Roles for growth factors in cancer progression. 
Physiology (Bethesda). 25, 85–101. 

Yan, D., Olkkonen, V.M., 2008. Characteristics of oxysterol binding proteins. Int. Rev. Cytol. 
265, 253–285. 

Yang, C., Ren, Y., Liu, F., Cai, W., Zhang, N., Nagel, D.J., Yin, G., 2008. Ischemic 
preconditioning suppresses apoptosis of rabbit spinal neurocytes by inhibiting ASK1-14-
3-3 dissociation. Neurosci. Lett. 441, 267–271. 

York, A.G., Bensinger, S.J., 2013. Subverting sterols: rerouting an oxysterol-signaling 
pathway to promote tumor growth. J. Exp. Med. 210, 1653–1656. 

Youle, R.J., Narendra, D.P., 2011. Mechanisms of mitophagy. Nat. Rev. Mol. Cell Biol. 12, 
9–14. 

Yu, R., Chen, C., Mo, Y.Y., Hebbar, V., Owuor, E.D., Tan, T.H., Kong, A.N., 2000. Activation
of mitogen-activated protein kinase pathways induces antioxidant response element-
mediated gene expression via a Nrf2-dependent mechanism. J. Biol. Chem. 275, 39907–
39913. 

Zabirnyk, O., Liu, W., Khalil, S., Sharma, A., Phang, J.M., 2010. Oxidized low-density 
lipoproteins upregulate proline oxidase to initiate ROS-dependent autophagy. 
Carcinogenesis 31, 446–454. 



Table 1 - Origin of plasma and tissue oxysterols

Oxysterols of not enzymatic origin

Deriving from the diet 

        Mainly formed by autoxidation of foodstuff containing cholesterol (meat, cheese, milk,
dairy products, etc.) as induced by heat, light exposure, refrigeration, freeze-drying.

Generated in the body by:

        Oxidation driven by reactive oxygen species and the leukocyte/H2O2/HOCl system, the
most frequent source being the inflammatory processes; attack by peroxyl and alkoxyl
radicals.

The quantitatively most represented compounds of this subgroup are:

7ketocholesterol, 7β-hydroxycholesterol, 5α,6α-epoxycholesterol,

5β,6β-epoxycholesterol, 3β,5α,6β- trihydroxycholestane

Oxysterols of enzymatic origin

Generated in the body by:

             cholesterol 27-hydroxylase (CYP27A1) (various tissues)

             cholesterol 25-hydroxylase (various tissues)

             cholesterol 24-hydroxylase (CYP46A1) (mainly brain)

             cholesterol 7α-hydroxylase (CYP7A1) (liver, prostate)

27-hydroxycholesterol, 25-hydroxycholesterol, 24-hydroxycholesterol,

7α-hydroxycholesterol



Legends to figures

Fig. 1 Cholesterol structure and its main oxidation sites (in red).

Fig. 2 Transcription factors activated by oxysterols. 

ER: estrogen receptor; IB: inhibitory kappa B; INSIG: insulin induced gene 1; LXR: liver X

receptor; MAF: v-maf avian musculoaponeurotic fibrosarcoma oncogene homolog; MYD88:

myeloid differentiation primary response gene 88; NF-B: nuclear factor B; NOX: NADPH

oxidase; Nrf2: nuclear erythroid 2-related factor 2; PPAR: peroxisome proliferator-activated
receptor; ROR: retinoic acid receptor-related orphan receptor; ROS: reactive oxygen species;
RXR:  retinoid  X  receptor;  SCAP:  SREBP  cleavage  activating  protein;  SREBP:  sterol
regulatory element binding protein; TLR4: Toll like receptor 4.

Fig. 3 Main signal transduction pathways involved in cell response to various stimuli. 

Ca:  Calcium;  DAG:  diacylglycerol;  ERK1/2:  extracellular  signal-regulated  kinase;  IP3:
inositol  1,4,5-trisphosphate;  JNK,  c-Jun  N-terminal  kinase;  MEK1/2:  mitogen-activated
protein  kinase  ERK kinase 1/2;  MEKK1/4:  mitogen-activated  protein  kinase  kinase  1/4;
MKK:  MAP  kinase  kinase;  MLKs:  mixed-lineage  kinases;  PDK1:  3-phosphoinositide-
dependent protein kinase 1; PI3K: phosphatidylinositol 3-kinase; PIP3: phosphatidyl inositol
triphosphate; PKB, PKC: protein kinase B and C; PLC γ: phospholipase C-γ

Fig. 4  Anti-apoptotic signaling cascade operated by low micromolar concentration of 27-
hydroxycholesterol in U937 promonocytic cells.

27-OH: 27-Hydroxycholesterol;  DPI:  diphenyleneiodonium chloride,  inhibitor  of NADPH
oxidases; LY294002: inhibitor of PI3K; PD98059: inhibitor of MEK; pAkt: phosphorylated
Akt; pBad: phosphorylated anti-apoptotic Bad protein; pERK: phosphorylated ERK kinase;
NAC: N-acetylcysteine; Nrf2: nuclear erythroid 2-related factor 2.
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