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Side effects of oxysterols: cytotoxicity, oxidation,
inflammation, and phospholipidosis
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Oxysterols are 27-carbon atom molecules resulting from autoxidation or enzymatic oxidation of cholesterol. They are present in
numerous foodstuffs and have been demonstrated to be present at increased levels in the plasma of patients with cardiovascular
diseases and in atherosclerotic lesions. Thus, their role in lipid disorders is widely suspected, and they might also be involved
in important degenerative diseases such as Alzheimer’s disease, osteoporosis, and age-related macular degeneration. Since
atherosclerosis is associated with the presence of apoptotic cells and with oxidative and inflammatory processes, the ability of
some oxysterols, especially 7-ketocholesterol and 7R-hydroxycholesterol, to trigger cell death, activate inflammation, and
modulate lipid homeostasis is being extensively studied, especially in vitro. Thus, since there are a number of essential
considerations regarding the physiological/pathophysiological functions and activities of the different oxysterols, it is important
to determine their biological activities and identify their signaling pathways, when they are used either alone or as mixtures.
Oxysterols may have cytotoxic, oxidative, and/or inflammatory effects, or none whatsoever. Moreover, a substantial accumula-
tion of polar lipids in cytoplasmic multilamellar structures has been observed with cytotoxic oxysterols, suggesting that cytotoxic
oxysterols are potent inducers of phospholipidosis. This basic knowledge about oxysterols contributes to a better understanding
of the associated pathologies and may lead to new treatments and new drugs. Since oxysterols have a humber of biological
activities, and as oxysterol-induced cell death is assumed to take part in degenerative pathologies, the present review will focus
on the cytotoxic activities of these compounds, the corresponding cell death signaling pathways, and associated events
(oxidation, inflammation, and phospholipidosis).
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Oxysterols: sources and pathophysiological
relevance

Oxysterols are 27-carbon atom cholesterol oxidation
products resulting from either the autoxidation or enzy-
matic oxidation of oxysterols (1,2). Cholesterol is com-
posed of three regions: a hydrocarbon tail (also called the
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lateral chain), a ring structure region with four hydrocarbon
rings (A, B, C, and D), and a hydroxyl group. Oxidation can
occur on the ring of the structure or on the lateral chain.
The double bond present on the B hydrocarbon ring can be
the target of free radical attacks, and therefore positions 4,
5, 6 and 7 are the most sensitive sites for autoxidation. The
autoxidation of cholesterol on the B hydrocarbon ring leads
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to the formation of 7a- and 7[3-hydroxycholesterol, 7-ketoc-
holesterol (constituting a good autoxidation marker), 5a,60.-
epoxycholesterol, 5,6R3-epoxycholesterol, and cholestane-
3R,5a,6B-triol (Figure 1). It is noteworthy that introducing an
oxygen function increases the rate of cholesterol degrada-
tion into more polar compounds, and oxysterols with addi-
tional oxygen functions on the lateral chain can therefore be
easily transported out of cells and eliminated.

Oxysterols are present in various foodstuffs, notably
cholesterol-rich foods such as dairy products, milk, eggs,
dried egg powder, clarified butter (or ghee), meat products,
and dried or stored fish (1). Generally, products containing
cholesterol are susceptible to oxidation, especially dehy-
drated foodstuffs subjected to radiation or submitted to
high temperatures, as well as those that are cooked in the
presence of oxygen (1). Indeed, under these conditions,
alimentary cholesterol is exposed to numerous reactive
oxygen species (ROS), such as singlet oxygen ('0,),
which can contribute to the generation of cholesterol hy-
droperoxides (3), hydrogen peroxide (H,0O,), hydroxyl radi-
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cal (-OH), and ozone (O3). Consequently, when food is not
stored for lengthy periods in an environment other than in
avacuum, the generation of oxysterols markedly increases.
The most commonly detected oxysterols in processed foods
are 7-oxygenated sterols (7-ketocholesterol, 7o-hydroxyc-
holesterol, 7(-hydroxycholesterol), 5,6-oxygenated sterols
(5a,6a-epoxycholesterol, 5B,6R-epoxycholesterol,
cholestane-313,50,6B-triol), as well as 25-hydroxycholes-
terol, 19-hydroxycholesterol, 20a-hydroxycholesterol, 3R-
hydroxy-5a-cholestane-6-one, and 3B,5a-dihydroxy-
cholestane-6-one, which are present in smaller amounts (1).
Food oxysterols are mainly absorbed as esters in the
intestinal tract and further transported in the plasma by
chylomicrons. Interestingly, contrary to 7R-hydroxycholes-
terol, the 7-ketocholesterol is slightly absorbed and rapidly
metabolized by the liver (4). Furthermore, in the plasma,
oxysterols are transported by lipoproteins. The highest
levels of oxysterols are present in low-density lipoproteins
(LDL) and to a lesser extent in high-density lipoproteins
and very-low-density lipoproteins. Some studies have also
shown that oxysterols can be
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transported by albumin (1). Com-
pared to cholesterol, oxysterols
are absorbed more quickly in the
intestine, have faster plasma clear-
ance and are quickly collected by
tissues. It should be noted that
cholesterol autoxidation can also
take place in various tissues, es-
pecially in the arterial wall, during
the atheromatous process (1,2,5).

The ability of tissues to pro-
mote oxysterol synthesis was re-
ported for the first time in 1956 (1).
To this end, radiolabeled choles-
terol was incubated with a subcel-
lular fraction enriched in mitochon-
dria, and 25-hydrocholesterol and
26-hydrocholesterol were formed.
The enzymatic synthesis of an-
other oxysterol, 24-hydroxycho-
lesterol, was described much later
in 1974 (1). Since even minor oxi-
dation of cholesterol during sam-
ple processing would yield a sub-
stantial increase in oxysterol lev-
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Figure 1. Structures of cholesterol and major oxysterols. Oxysterols are cholesterol oxide
products resulting from the autoxidation or enzymatic oxidation of cholesterol. The major
oxysterols resulting from autoxidation (7-ketocholesterol; 7a-hydroxycholesterol, and its
enantiomer 7R-hydroxycholesterol) and enzymatic oxidation (cholesterol-5a,6a-epoxide,
and its enantiomer cholesterol-53,6R-epoxide) of cholesterol are represented.
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els, isotopic methods combined
with gas chromatography and
mass spectrometry were devel-
oped to avoid artefactual results
(1). Consequently, it is now ac-
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cepted that among the oxysterols found in plasma, some of
them, such as 7a-hydroxycholesterol, 24S-hydroxycho-
lesterol, 25-hydroxycholesterol, and 27-hydroxycholesterol,
can result from enzymatic synthesis.

The microsomal cytochrome P450 system is largely
responsible for the enzymatic generation of endogenous
oxysterols (Table 1), including hepatic 7a-hydroxycholes-
terol (catalyzed by CYP7A1), 24S-hydroxycholesterol in
brain and retina (catalyzed by CYP46) (6), and 27-hydroxy-
cholesterol in most tissues (catalyzed by CYP27), whereas
the minor oxysterol, 25-hydroxycholesterol, is generated by
the non-heme iron protein enzyme, cholesterol 25-hydroxy-
lase (7). In the hepatocytes, 27-hydroxylase (CYP27A1) and
7a-hydroxylase (CYP7A1) are two key enzymes of bile acid
biosynthesis, and the enzyme CYP7A1 is the enzyme limit-
ing the conversion of cholesterol into bile acids (1,2,7). The
enzyme CYP27A1 also catalyses the addition of a hydroxyl
group not only on cholesterol to give 27-hydroxycholesterol,
but also on a number of intermediates in bile synthesis, such
as the 5R-cholestane-3a,7a,120-triol and the 53-cholestane-
3a,70-diol, to produce their hydroxylated forms in position
27. In treatment with phenobarbital, a hepatic production of
4(3-hydroxycholesterol resulting from the activation of the
enzyme CYP3A4 has also been described (1). Physiologi-
cally, distinct strategies exist to reverse important accumula-
tion of oxidized sterols. Thus, 7-ketocholesterol is the sub-
strate for CYP27A1, which is expressed in the liver and a
range of extrahepatic tissues, including macrophages (1,2).
70-hydroxycholesterol can be metabolized by the enzyme
11R-hydroxysteroid dehydrogenase type 1 (4). In hamster
and chicken microsome preparations, an enzymatic conver-
sion of 7a-hydroxycholesterol into 7-ketocholesterol has

Table 1. Enzymes involved in oxysterol synthesis.
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been reported (8). It has also been found that R-amyloid, the
toxic peptide in neurons of Alzheimer's disease patients,
binds oxysterols and catalyzes its oxidation to 7R-hydroxy-
cholesterol (9). In atherosclerotic arteries, evidence for O
formation leading subsequently to autoxidation of choles-
terol and to oxysterols formation has also been reported
(10), but remains questionable (11). Thus, whereas oxy-
sterols produced by cholesterol ozonolysis have been de-
scribed, and have biological activities (12), the part taken by
O3, and by these molecules in atherosclerosis and other
degenerative diseases requires further investigation.

It is well established that oxysterols are involved in
some physiological processes, such as the regulation of
cholesterol homeostasis (13). However, these compounds
are also suspected to play key roles in various pathologies,
mostly in cardiovascular diseases (5). Indeed, 7-ketocho-
lesterol and 7R-hydroxycholesterol, which are major com-
ponents of oxidized LDL (oxLDL), are known to contribute
to the genesis of atherosclerosis (14), and are found at
increased levels in atherosclerotic lesions, and in the
plasma of patients with cardiovascular diseases and of
subjects after a fat-rich meal (1,5,14). A number of investi-
gations have also demonstrated that oxysterols can have
cytotoxic and pro-inflammatory activities (15), and some
studies have shown that these molecules can stimulate the
differentiation of mesenchymal cells, monocytes, keratino-
cytes, lens epithelial cells, and osteoblasts (16). There-
fore, in addition to atherosclerosis, it is now suggested that
oxysterols might contribute to the development of numer-
ous other degenerative diseases such as age-related macu-
lar degeneration (17), Alzheimer’s disease (18), and os-
teoporosis (19).

Enzymes Cellular distribution Subcellular localization Oxysterol References

24-hydroxylase (CYP46A1) Neurons, neural retina Endoplasmic reticulum 24S-hydroxycholesterol 6,13
Hepatocytes

25-hydroxylase Hepatocytes Endoplasmic reticulum 25-hydroxycholesterol 1,6,13

and Golgi apparatus

27-hydroxylase (CYP27) Hepatocytes Mitochondria 27-hydroxycholesterol 1,2,13
Macrophage
Endothelial cells

7a-hydroxylase (CYP7A1) Hepatocytes Endoplasmic reticulum 7a-hydroxycholesterol 1,2,13
Ovary cells

CYP3A4 Hepatocytes Microsomes 43-hydroxycholesterol 1,13

11R-hydroxysteroid Hepatocytes Microsomes 7-ketocholesterol 1,4,13

dehydrogenase type 1

7R-hydroxycholesterol

The cellular distribution and subcellular localization are indicated for each enzyme. CYP = cytochrome P450.
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Oxysterol-induced cell death and associated
signaling pathways

Cell death is a fundamental physiological process that
plays important roles in ontogenesis and in tissue homeo-
stasis. It is now accepted that its dysregulation can contri-
bute to the emergence of numerous diseases. From 1965,
two distinct types of cell death have been described: apopto-
sis (also called programmed cell death) and necrosis (also
called oncosis). Apoptosis is induced by many biological,
chemical and physical agents, and it is involved in embry-
onic development. It is morphologically defined by a de-
crease in cell volume, maintenance of membrane integrity,
and condensation and/or fragmentation of nuclei. Two main
signaling pathways capable of triggering apoptosis have
been described: 1) the death receptor pathway, which be-
longs to the TNF superfamily pathway, leads to a direct
activation of caspases (cysteinyl-aspartate-cleaving pro-
teases) existing as pro-enzymes or zymogen, and 2) the
mitochondrial signaling pathway. The mitochondrial path-
way involves the formation of the apoptosome, subsequent
to mitochondrial depolarization, which is considered to be a
point of no return, and the activation of a cascade of cas-
pases contributing to numerous morphological and bio-
chemical modifications, including internucleosomal DNA frag-
mentation. In certain cases, secondary necrosis is the final
step of apoptosis. Necrosis is characterized by swelling of
cells and organites and increased cell permeability (20).

Currently, several other types of cell death have been
described (21): apo-necrosis, autophagy, pyroptosis, and
paraptosis. Among these additional forms of cell death,
autophagy has been extensively studied (22). It contri-
butes to the renewal of proteins, RNAs, and other cytoplas-
mic macromolecules. During autophagy, the cytoplasmic
components are sequestered into cytoplasmic structures
with a double membrane 300-900 nm in diameter (23).
Autophagy can be induced under various stress condi-
tions: amino acid deprivation and treatment with rapamy-
cin or steroid hormones.

Since some dead cells, including apoptotic cells, are
present in atherosclerotic lesions (1,5), the type of cell death
induced by oxysterols present at increased levels in athero-
sclerotic plaque (especially 7-ketocholesterol and 7R3-hy-
droxycholesterol) is widely studied in vascular wall cells.

Whereas most investigations report that oxysterols are
potent inducers of apoptosis, they can also induce necro-
sis in various cell types (24,25), and this mode of cell death
may be more pronounced at higher oxysterol concentra-
tions. Generally, 7-ketocholesterol, 7f3-hydroxycholesterol,
and 27-hydroxycholesterol induce apoptosis on various
cell types, whereas 25-hydroxycholesterol has a more or
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less pronounced cytotoxicity depending on the cell consid-
ered (15,26). Moreover, the ability of 7-ketocholesterol to
induce an apoptotic mode of cell death associated with
autophagic characteristics in U937 cells and in human
aortic smooth muscle cells has been reported based on
increased fluorescence staining with monodansylcadav-
erine in dying cells (27) and on the analysis of the two
forms of the LC3 protein (microtubule-associated protein 1
light chain 3) (28), respectively. LC3-1 is cytosolic, whereas
LC3-ll, identified in 7-ketocholesterol-treated cells (28), is
linked to the plasma membrane and found in autophagic
vacuoles. Mutation analyses suggest that LC3-I is formed
by the removal of the C-terminal 22 amino acids from newly
synthesized LC3, followed by the conversion of a fraction
of LC3-linto LC3-II (23). The amount of LC3-Il is correlated
with the extent of autophagosome formation (23). Whereas
the involvement of an autophagic process is supported by
the identification of LC3-Il in 7-ketocholesterol-treated hu-
man aortic smooth muscle cells, the presence of cytoplas-
mic structures stained by the lysosome cationic lipophilic
dye, monodansylcadaverine, which is detected before the
loss of mitochondrial potential in 7-ketocholesterol-treated
U937 cells, suggests instead that 7-ketocholesterol is a
potent inducer of phospholipidosis (29). Indeed, under
treatment with cytotoxic oxysterols, these structures, which
are identified both in cells with condensed and/or frag-
mented nuclei characteristic of apoptotic cells and in cells
with swollen nuclei considered as oncotic cells, can also
be stained with Nile Red, which colors neutral and polar
lipids yellow and orange/red, respectively (30). In addition,
their biochemical characterization revealed that they con-
tain a high concentration of phosphatidylcholine and sphin-
gomyelin. Moreover, at cytoplasmic levels, since oxysterol-
induced cell death is associated with important modifica-
tions (presence of multilamellar cytoplasmic structures)
revealed by transmission electron microscopy (27,30,31),
we asked whether 7-ketocholesterol-induced apoptosis
was associated with an activation of reticulum, stress
inducing a coordinated activated program called the un-
folded protein response (UPR). In 7-ketocholesterol-treated
human aortic smooth muscle cells, an activation of the
UPR pathway characterized by the following events was
observed (32): early transient calcium oscillations and
induction of the expression of the cell death effector CHOP
and GRP78/Bip chaperone via the activation of IRE-1, all
hallmarks of the UPR. It was also shown that 7-ketocholes-
terol activated the IRE-1/Jun-NH2-terminal kinase/AP-1
signaling pathway to promote expression of Nox-4, an
ROS, generating NAD(P)H oxidase homologue.
Currently, whereas the pre-mitochondrial events associ-
ated with oxysterol-induced cell death are still not well known,
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early modifications of the cytoplasmic membrane, calcium
influx, and overproduction of oxygen radicals seem to play
important roles. Indeed, some pro-apoptotic oxysterols have
the ability to modify biophysical membrane properties and
the composition of raft domains involved in signal transduc-
tion (33); some of them also induce intracellular calcium
oscillations that can be blocked by calcium channel blockers
such as verapamil and nifedipine (34). The role of calcium
influx in 7 ketocholesterol-induced PC12 cell death was also
supported by the activation of calmodulin, a ubiquitous
calcium-binding protein that can bind up to four calcium ions,
which contributes to the loss of mitochondrial transmem-
brane potential, the release of cytochrome c, and subse-
guent activation of caspase-3 (34). In addition, in 25-hy-
droxycholesterol-treated fibroblasts and macrophages, cal-
cium influx is associated with activation of the cytosolic
phospholipase-A2 and with arachidonic acid release. This
activation could be, at least in part, capable of triggering
apoptosis, since in PLA2 (-/-) cells, the cytotoxic effect of 25-
hydroxycholestrol is substantially reduced (35).

Interestingly, among the signaling pathways capable
of triggering oxysterol-induced apoptosis, some investiga-
tions report the involvement of the mitochondrial pathway
and the probable participation of the death receptor path-
way. Thus, in 25-hydroxycholesterol- and 7R3-hydroxycho-
lesterol-treated cells or in treatment with oxLDL, increased
levels of Fas and Fas ligand and their corresponding
mRNAs have been reported; these latter might contribute
to activating apoptosis (36). Consequently, given that the
death of smooth muscle cells is a key element in the
destabilization of the fibrous cap, the simultaneous pres-
ence of 7-ketocholesterol and of Fas ligand could increase
the risk of rupture of atherosclerotic plaque (37). In the
presence of 7-ketocholesterol, a predisposition to the Fas
and to the TNF-o signaling pathway has also been de-
scribed in human aortic smooth muscle cells (37), and
since 7-ketocholesterol and TNF-a have been identified in
atherosclerotic lesions, their simultaneous presence might
also contribute to plaque destabilization.

In treatment of U937 and THP-1 cells and vascular cells
(endothelial cells, smooth muscle cells) with 7-ketocholes-
terol and 7R-hydroxycholesterol, some investigations dem-
onstrated that the mitochondrial pathway was involved. This
pathway is characterized by a loss of transmembrane mito-
chondrial potential (A¥m), a mitochondrial release of vari-
ous proteins (cytochrome c, apoptosis-inducing factor, and
endonuclease G) into the cytosol, negative regulation of Bcl-
2 expression, Bad dephosphorylation, Bid cleavage, activa-
tion of different caspases (caspase-2, -3, -7, -8, and -9),
inhibitor caspase-activated deoxyribonuclease cleavage,
poly-ADP-ribose polymerase degradation, internucleosomal
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DNA fragmentation, and condensation and/or fragmentation
of the nuclei (38,39). During treatment with 7[3-hydroxycho-
lesterol and 25-hydroxycholesterol, an inactivation of the
Akt/PKB pathway was observed in U937 cells and in murine
macrophages, respectively (40). Given that down-regulation
of the PI3-K/PDK-1/Akt/PKB signaling pathway is a vitamin
E inhibitable event associated with 7-ketocholesterol-in-
duced apoptosis, these data suggest relationships between
mitochondria and the Akt/PKB signaling pathway since mito-
chondrial depolarization can be inhibited by vitamin E (41). A
proposed model of the different signaling pathways induced
by 7-ketocholesterol, which is probably the most extensively
studied oxysterol, is presented in Figure 2.

When oxysterol mixtures, prepared according to the
relative proportions and molar concentrations found in
human atheroma lesions, were used, contradictory results
were obtained. Therefore, although an oxysterol mixture
composed of 7a-hydroxycholesterol (5%), 73-hydroxycho-
lesterol (10%), cholesterol-5a,60-epoxide (20%), choles-
terol-5R,6R-epoxide (20%), cholestane-313,5a,63-triol (9%),
7-ketocholesterol (35%), and 25-hydroxycholesterol (1%)
had no cytotoxic effects (42), the combination of four
oxysterols [used in atheroma relative proportions: 27-hy-
droxycholesterol (23.0), 7-ketocholesterol (16.8), 7R-hy-
droxycholesterol (9.52), and 25-hydroxycholesterol (1.0)]
was pro-apoptotic (43). These observations, obtained un-
der in vitro experimental conditions more precisely mimick-
ing the physiopathological environments observed in ath-
erosclerotic lesions, not only underscore the potent side
effects of oxysterols, but also focus on the complexity of
the resulting cytotoxic characteristics of an oxysterol mix-
ture, which depends on the oxysterols considered, their
levels, and their relative proportions.

Oxysterols: potent pro-oxidative molecules

Epidemiological investigations and animal experiments
have provided evidence supporting the role of lipid peroxi-
dation in atherogenesis and cardiovascular diseases, age-
related macular degeneration, and Alzheimer’s disease
(5,9,17). Some studies have indicated that oxLDL, known
to contain high levels of oxysterol, and some oxysterols
identified in atherosclerotic lesions or entering retinal pig-
mentary epithelial cells through choriocapillaris (5,14,17),
are relevant in the induction of oxidative processes result-
ing from an overproduction of ROS. ROS are either free
radicals such as superoxide anion (O,) and hydroxyl
radical (-OH), reactive anions containing oxygen atoms
such as H,0, and peroxynitrite (ONOOH), and/or second-
ary radicals [alkyl (R-), alkoxyl (RO-) and peroxyl (ROO-)],
which are chemically activated by ROS following the oxi-
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dizing activity of ROS on unsaturated fatty acids, carbohy-
drates, and/or proteins; they can, in turn, contribute to
producing free radicals. It is worth noting that these ROS
have important side effects on vascular wall cells at vari-
ous stages of the development of atherosclerosis as well
as on retinal and neuronal cells. Indeed, they favor certain
major pro-atherosclerotic events: proliferation of smooth
muscle cells; enhanced accumulation of oxLDL in macro-
phages and smooth muscle cells as well as subsequent
formation of foam cells; loss of endothelial cell reactivity;
peroxidation of membrane lipids and accumulation of lipid
oxidation products such as malondialdehyde and oxys-
terols resulting from the autoxidation of cellular cholesterol
(1); induction of cell death (5).

Therefore, to evaluate the oxidative potential of oxLDL

A. Vejux et al.

and oxysterols, which are strongly suspected of being
involved in various pathological processes, some investi-
gations have been conducted in vivo and especially in vitro
with oxysterols and oxysterol mixtures. Rats fed a diet
containing oxysterols have significantly higher mRNA lev-
els of glutathione peroxidase and superoxide dismutase,
significantly enhanced glutathione peroxidase activity, and
lower concentrations of total and reduced glutathione in
the liver than rats fed without oxysterols, suggesting that
dietary oxysterols stress the antioxidant defense system in
rats (44). In atherosclerotic apolipoprotein E-deficient mice,
it has also been reported that some oxysterols (7-ketocho-
lesterol, 7@-hydroxycholesterol, and cholesterol-53,613-
epoxide) induced the activation of macrophage NADPH-
oxidase, arachidonic acid release, and superoxide anion

7-ketocholesterol or
7/-hydroxycholesterol

A AIF—3) DNA condensation

cytochrome-c Endo-G Internucleosomal
f \§ t-Bid DNA fragmentation
' caspase-9
sy | J
* PARP
chioiasterol Bid caspase-3 —— ICAD—}CAD}
phospholipids ‘/ \
l caspase-8 caspase-7 )
phospholipidosis "

apoptosis

Figure 2. Signaling pathways associated with 7-ketocholesterol- and 7#-hydroxycholesterol-induced apoptosis. 7-Ketocholesterol- and
7R-hydroxycholesterol-induced cell death are characterized by an early externalization of phosphatidylserine and by the following
events: Ca2* influx; activation of calmodulin and calcineurin leading to Bad dephosphorylation and subsequent mitochondrial depolariza-
tion (loss of transmembrane mitochondrial potential A¥m); mitochondrial release of cytochrome c, apoptosis-inducing factor (AIF) and
endonuclease-G (Endo-G) into the cytosol; caspase-3, -7, -8, and -9 activation; Bid truncation; poly(ADP-ribose)polymerase (PARP)
degradation; cleavage of the DNA fragmentation factor (DFF45)/inhibitor of caspase-activated DNase (ICAD), leading to the activation of
caspase-activated DNase (CAD) involved in internucleosomal DNA fragmentation. The ability of 7-ketocholesterol and 73-hydroxycho-
lesterol to induce an overproduction of reactive oxygen species (ROS) contributes to decrease the transmembrane mitochondrial
potential (A¥m) and the intracellular level of reduced glutathione (GSH). In addition, 7-ketocholesterol inhibits the PDK1/Akt (PKB)
signaling pathway, and both 7-ketocholesterol and 703-hydroxycholesterol trigger the formation of multilamellar cytoplasmic structures
(myelin figures) containing high levels of phospholipids. (Copyright Dr. Gérard Lizard, Inserm, France).
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production, which contribute to enhancing cell-mediated
oxidation of LDL, and that vitamin E was able to counteract
these different events (45). In vitro, under treatment with 7-
ketocholesterol, 78-hydroxycholesterol, cholesterol-5R,63-
epoxide, cholesterol-5a,6a-epoxide, and 25-hydroxycho-
lesterol, important oxidative processes, sometimes asso-
ciated with a complex mode of cell death with some of the
characteristics of apoptosis, have also been described on
various cell types (15,27,32). Thus, on 7-ketocholesterol-
treated U937 cells, an abrupt drop in reduced glutathione
associated with an increased production of ROS preced-
ing caspase activation has been reported (46). In human
aortic smooth muscle cells, 7-ketocholesterol also induces
oxidative stress associated with apoptotic events, and it
has been demonstrated that this specific effect of 7-keto-
cholesterol is mediated by a robust upregulation (3-fold
from the basal level) of Nox-4, an ROS-generating NAD(P)H
oxidase homologue (32).

Given that cytotoxic concentrations of 7-ketocholesterol
and 7B-hydroxycholesterol also induce lipid peroxidation
processes and down-regulation of anti-oxidative defenses
(46), genotoxic effects of these compounds have been
observed (47). Interestingly, some antioxidants [apigenin,
astaxanthin, carotene, folate, glutathione, lycopene, N-ace-
tylcysteine, vitamin E (a-tocopherol)] have been described
as preventing oxysterol-induced cell death (27,41,46).
Oxysterol mixtures, in atheroma-relevant proportions, also
display pro-oxidative activities. Thus, when 703-hydroxycho-
lesterol is combined with cholesterol-5R,6R3-epoxide, the
decrease in the glutathione level in U937 cells is significantly
greater than with 7R-hydroxycholesterol alone (48). Subse-
quent experiments showed that when 7-ketocholesterol was
administered to cells together with another oxysterol, namely
7B-hydroxycholesterol, the generation of ROS in J774-A1
murine macrophages was markedly attenuated (42).

It has been proposed that competition among oxys-
terols, apparently at the level of NADPH oxidase, dimin-
ishes the ROS induction and direct toxicity that is evoked
by specific oxysterols. Moreover, in the J774-A1 murine
macrophage cell line, with a biologically representative
oxysterol mixture (5-cholestene-3R,7a-diol (10.2%), 5-
cholestene-3B,7R-diol (6.7%), cholestane-5a,6a-epoxy-313-
ol (10.3%), cholestane-5B,6(-epoxy-36-ol (24.3%),
cholestane-33,5a,6R-triol (10.0%), 5-cholestene-3[3-ol-7-
one (31.0%), and 5-cholestene-3,25diol (7.3%)), which
approximates the proportions of oxysterols found in LDL
from human plasma, the mRNA level of manganese super-
oxide dismutase was markedly increased after 24-h expo-
sure. This overexpression of manganese superoxide dis-
mutase mMRNA may serve as an important adaptive re-
sponse of oxysterols to regulate oxygen species involved
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in the apoptotic death of macrophage/foam cells. How-
ever, in certain conditions, anti-oxidative effects of oxy-
sterols have also been described. Thus, oxidized choles-
terol in oxLDL may be responsible for the inhibition of
lipopolysaccharide (LPS)-induced nitric oxide production
in J774-A1 murine macrophages (49).

It has also been reported that a specific oxysterol combi-
nation consisting of 22(S)- or 22(R)-hydroxycholesterol and
20(S)-hydroxycholesterol has potent osteogenic proper-
ties in vitro when applied to osteoprogenitor cells, includ-
ing M2-10B4 marrow stromal cells, and that this osteo-
genic combination of oxysterols prevents adverse effects
of oxidative stress on the differentiation of M2 cells into
mature osteoblastic cells (50). Under these conditions, the
protective effect of the oxysterols against oxidative stress
was dependent on cyclooxygenase 1 and was associated
with the osteogenic property of the oxysterols (50).

Oxysterols and inflammatory processes

It is generally accepted that vascular areas of athero-
sclerotic progression are in a state of persistent inflamma-
tion, and the association of hypercholesterolemia with ath-
erosclerosis is well established. However, the primary means
by which a long-term excess of blood cholesterol contributes
to the expression of inflammatory events characterizing the
onset and/or progression of atherosclerosis is still largely
undefined. Given that numerous oxidative events are asso-
ciated with the development of atherosclerotic plaque, it is
now accepted that oxLDL plays a major role in the initiation
and promotion of fatty streaks and fibrotic plaques.

Among oxidative agents present in oxLDL that may be
responsible for inflammatory processes, some oxysterols
appear to be particularly attractive targets for research.
When human monocytes, monocyte-derived macrophages
(THP-1 cells), and porcine retinal pigment epithelial cells
were exposed to a series of different oxysterols (7-ketocho-
lesterol, 7R-hydroxycholesterol, 24-hydroxycholesterol, 25-
hydroxycholesterol, or cholestane-303,5a,6R-triol), all of them
had a tendency to stimulate IL-8 production, but 25-hydroxy-
cholesterol was the most potent (15). It is worth noting that in
human mononuclear cells isolated by Ficoll-Paque centrifu-
gation, the pro-inflammatory activity of 25-hydroxycholes-
terol was enhanced in hypoxic conditions, and this oxysterol
was also capable of potentiating LPS-induced IL-13 secre-
tion (51). Moreover, in human promonocytic leukemia cells
(U937) and the J774-A1 murine macrophage cell line, a
biologically representative oxysterol mixture (7o-hydroxy-
cholesterol (5%), 7B-hydroxycholesterol (10%), cholesterol
a-epoxide (20%), cholesterol R-epoxide (20%), cholestane-
3R,50,60B-triol (9%), 7-ketocholesterol (35%), and 25-hy-

Braz J Med Biol Res 41(7) 2008



552

droxycholesterol (1%)) induced both expression and syn-
thesis of key chemokines for monocytes/macrophages, es-
pecially MCP-1 (52), and upregulated TGF-R1 expression,
playing a pivotal role in smooth muscle cell chemoattraction
and differentiation into myofibroblast-like structures (53). In
U937 and THP-1 cells, stimulation of the secretion of various
chemokines involved in the recruitment of immunocompe-
tent cells at the subendothelial level, namely MCP-1, MIP-
1B, TNF-a, IL-18 and IL-8, was also reported, mainly in the
presence of 7R-hydroxycholesterol and 25-hydroxycholes-
terol (54). Treatment of aortic rat smooth muscle cells with
25-hydroxycholesterol or 22R-hydroxycholesterol causes
the accumulation of group IIA secretory phospholipase A(2)
and increases enzyme activity (55). However, under certain
conditions, anti-inflammatory effects of oxysterols have also
been reported. Thus, when human macrophages were incu-
bated with 7-ketocholesterol, 73-hydroxycholesterol, 25 hy-
droxycholesterol, or 27-hydroxycholesterol before exposure
to LPS, all oxysterols, except 7-ketocholesterol, significantly
decreased LPS-induced TNF-o secretion (56). Currently,
little is known about the molecular mechanisms involved in
oxysterol-induced inflammation at the transcriptional level.
Various modes of regulation of gene expression are prob-
ably involved since the activation of LXR receptors can only
be envisaged with a few pro-inflammatory oxysterols, namely
with 22R-hydroxycholesterol and 25-hydroxycholesterol, but
not with 7R-hydroxycholesterol, which is not an LXR sub-
strate. Similarly, little information is available on oxysterol-
activated metabolic pathways at the translational and post-
translational levels. However, in 7R&-hydroxycholesterol-
treated U937 and THP-1 cells, it has been clearly estab-
lished that IL-8 secretion is associated with activation of the
MEK/ERK1/2 signaling pathway (54). Interestingly, in the
presence of PD98059, a potent inhibitor of MEK, IL-8 secre-
tion was totally counteracted, whereas no decrease in the IL-
8 mRNA level or intracellular IL-8 was observed (54).

Cytotoxic oxysterols: powerful inducers of
phospholipidosis

As atherosclerosis is characterized at the subendothe-
lial level by an intracellular accumulation of lipids in macro-
phages and smooth muscle cells, and since these cells
can transform into foam cells - both lipid-laden cells char-
acteristic of the first step of atherosclerosis - it is important
to clarify the function of certain oxysterols in intracellular
lipid accumulation, especially with oxysterols such as 7-
ketocholesterol and 7f3-hydroxycholesterol present at in-
creased levels in atherosclerotic plaque and capable of
inducing cytotoxic effects (14,15). Indeed, death of macro-
phage foam cells leads to the development of the lipid core
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of advanced atherosclerotic lesions, while death of smooth
muscle cells thins the fibrous cap, and these changes desta-
bilize lesions, predisposing them to rupture, with thrombo-
genic consequences. Moreover, it has been reported that
7-ketocholesterol can favor in vitro monocyte differentia-
tion and foam cell formation (16). Interestingly, in the
atherosclerotic process, the part played by unesterified cho-
lesterol in intracellular lipid accumulation is well docu-
mented, and the associated cellular modifications, such as
the presence of multilamellar cytoplasmic structures, re-
call the modifications observed under treatment with cyto-
toxic oxysterols (7-ketocholesterol, 7R-hydroxycholesterol,
cholesterol-5B, 66 epoxide) in various cell types (24,31,
32,46): presence of multilamellar cytoplasmic structures
(also called myelin figures) of various sizes and shapes
(27) and intracellular accumulation of polar lipids revealed
by Nile Red staining and subcellular fractionation associ-
ated with gaseous chromatography coupled with mass
spectrometry (30,38). When the cells were treated with 7-
ketocholesterol, these biochemical analyses also revealed
an accumulation of cholesterol and 7-ketocholesterol in
myelin figures. Moreover, with 7-ketocholesterol, it has
been reported that myelin figures were localized in acidic
compartments revealed by staining with monodansylca-
daverine, which is a lysosomotropic cationic fluorescent
probe (27). Moreover, when 7-ketocholesterol-treated cells
were cultured in the presence of 7-ketocholesterol for
periods of time preceding the loss of transmembrane mito-
chondrial potential considered as a point of no return and
reintroduced in 7-ketocholesterol-free medium, the per-
centage of cells with depolarized mitochondria was sub-
stantially reduced and lower levels of polar lipids per cell
(evaluated by Nile Red staining and characterized by large
red cytoplasmic structures) were found (30).

Taken together, these data demonstrate that 7-keto-
cholesterol-induced myelin figure formation is associated
with the following cellular events: 1) accumulation of polar
lipids shown by Nile Red staining and biochemical analysis
(high levels of phospholipids, mainly phosphatidylcholine
and sphingomyelin in myelin figures isolated after staining
with monodansylcadaverine or Nile Red); 2) location of
myelin figures in acidic compartments (staining with mon-
odansylcadaverine); 3) accumulation of 7-ketocholesterol
in myelin figures; 4) reversibility of polar lipid accumula-
tion. Taken together, these different observations lead us
to conclude that 7-ketocholesterol is a potent inducer of
phospholipidosis characterized by the following criteria:
excessive accumulation of phospholipids in cells; ultra-
structural appearance of multilamellar cytoplasmic inclu-
sions, predominantly lysosomal in origin; accumulation of
the inducing drug in association with phospholipids in
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multilamellar structures; reversibility of alterations after
interruption of drug treatment (29).

Until now, phospholipidosis has never been described
with oxysterol treatment, and the main in vivo and in vitro
reports concern phospholipidosis induced by drugs with
cationic amphiphilic structures such as amiodarone, fluox-
etine, imipramine, chlorcyclizine, tamoxifen, and gentami-
cin, which are characterized by a hydrophobic ring struc-
ture and a hydrophilic side chain with a charged cationic
amine group, capable of interacting with lipid cell compo-
nents and causing lipid storage disorders. Currently, the
relationship between phospholipidosis and toxicity remains
unclear. It has been suggested that phospholipidosis might
be a part of a defense system when the cell is confronted
with a substantial accumulation of xenobiotics and their
metabolites because the imprisonment of these compounds
in the lamellar structures can inactivate their actions (29).
Thus, phospholipidosis has been primarily considered as
an adaptive response to the exposure of cationic amphi-
philic drugs rather than as a toxic response. In addition,
multilamellar bodies have been observed to undergo exo-
cytosis and therefore might contribute to reducing accu-
mulation of cytotoxic molecules (29). However, some ob-
servations also support the notion that phospholipidosis
might be a part of cell death. Indeed, amiodarone and
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imipramine, which are two major inducers of phospholipi-
dosis, were also shown to inhibit cell proliferation and to
activate caspase-mediated apoptosis in cell culture (57).
Moreover, in murine macrophages loaded with free cho-
lesterol, some phospholipid whorls, suggesting myelin fig-
ures, have been observed, and their presence is associ-
ated with considerable cytotoxic effects, including stress of
the reticulum connected with the induction of a mode of cell
death by apoptosis (58). It has also been suggested, with
cytotoxic oxysterols (15) and cationic amphiphilic drugs
(29), that the rupture of the acidic compartments contain-
ing multilamellar structures might favor the release of
some proteolytic enzymes into the cytoplasm, which could
subsequently contribute to activating certain apoptotic path-
ways. Moreover, since vitamin E and caspase inhibitors (z-
VAD-fmk: broad-spectrum caspase inhibitor; z-VDVAD-
fmk: caspase-2 inhibitor) can counteract phospholipidosis,
as well as certain apoptotic-associated events (caspase
activation, lysosomal degradation) (30,41), it is tempting to
speculate that phospholipidosis and cell death may have
common signaling pathways. Therefore, the ability of cyto-
toxic oxysterols to activate intracellular lipid accumulation
(mainly polar lipids) favors the hypothesis that the balance
between these oxysterols and vitamin E might play key
roles in the lipid profile of atherosclerotic lesions (Figure 3),

-cell death

Vit-E @
—I -ROS
(a-tocopherol)

- phospholipidosis

Oncotic cells
(swollen nuclei)

()
... 0
§ I myelin figures

Normal cells

Cytotoxic oxysterols
(7-ketocholesterol, 7p-hydroxycholesterol)

Apoptotic cells
(condensed and/or fragmented nuclei)

Figure 3. Effects of vitamin-E on 7-ketocholesterol-, and 7R-hydroxycholesterol-induced cell death. When U937, THP-1, or vascular cells
are cultured in the presence of 7-ketocholesterol or 7f3-hydroxycholesterol, cell death is associated with nuclear morphological changes.
Some cells with swollen nuclei (oncotic cells), as well as with condensed and/or fragmented nuclei, are simultaneously detected.
Moreover, under treatment with 7-ketocholesterol and 713-hydroxycholesterol, myelin figures and polar lipid accumulation are observed
as well as an overproduction of reactive oxygen species (ROS). In vivo, these events could give foam cells (lipid-laden macrophages)
known to contribute to the early steps of the development of atherosclerotic lesions (formation of the fatty streak) and probably also to the
formation of the lipid core in more advanced lesions. Vitamin E (Vit-E), which is able to counteract 7-ketocholesterol- and 73-
hydroxycholesterol-induced apoptosis, overproduction of ROS, myelin figure formation and phospholipidosis, could consequently
contribute to reducing the release of some cellular components from dying cells (phospholipids, cholesterol, oxysterols) in the arterial
wall, and therefore inhibit the formation of the lipid core and reduce plaque instability. (Copyright Dr. Gérard Lizard, Inserm, France).
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and subsequently in their progression since this latter
depends on the biological activities of the lipids considered
(59). Interestingly, in agreement with these in vitro obser-
vations, increased concentrations of oxysterols measured
in the plasma from coronary artery bypass graft patients
were associated with a substantial enhancement of sphin-
gomyelin in coronary artery tissue (60).

Conclusions

The present review underlines the multiple activities
and mechanisms of oxysterols and the complexity of their
action. As judged from the results of animal experiments,
the involvement of oxysterols in atherogenesis is highly
controversial but cannot be excluded. Consequently, more
appropriate in vivo and in vitro models of investigation as
well as clinical investigations are needed to clarify the
debate. However, although the role of oxysterols in athero-
sclerosis remains to be elucidated, the large number of
different biological activities of these molecules, the pres-
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