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1. ABSTRACT

A significant fraction of cholesterol that
accumulates in atherosclerotic lesions is actually oxidized
to yield a number of derivatives, named oxysterols, which
are provided with much stronger biochemical effects than
the parental compound. Of note, an increasing bulk of
studies is giving evidence of accumulation of oxysterols in
a number of other chronic disease processes including quite
common neurodegenerative diseases. In particular, defined
cholesterol oxidation products, among those of main
interest in pathophysiology, may strongly activate the
mitochondrial pathway of apoptotic death. Modulation by
oxysterols of various pro- and anti-apoptotic molecules
involved in that pathway are hereafter examined under the
light of the most recent relevant literature.

2. INTRODUCTION

Oxysterols represent a family of 27-carbon
cholesterol derivatives that may be absorbed with the diet
or originated endogenously. Food products rich in
cholesterol, such as powdered milk, cheese, meats and eggs
can be susceptible to form products of cholesterol
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degradation and oxidation after prolonged storage or
cooking (1-2). Exogenous oxysterols are completely
absorbed from the bowel, cleared from plasma and taken up
in different tissues and organs more rapidly than parental
unoxidized cholesterol (3-4). Endogenous production of
oxysterols may partly occur within tissues through a non
enzymatic oxidation of cholesterol, in which are involved
oxygen species reactions, or via enzymatic catalysis, the
latter one representing for some oxysterols the only way of
formation (5). It is now well accepted that these compounds
are able to modulate various signaling pathways, by this
way exerting a number of biochemical effects that include
promotion of chronic inflammation, fibrosis and
programmed cell death. Thus, oxysterols are now definitely
considered as potentially involved in the pathogenesis of
several chronic diseases occurring in humans (for review
see 4-6).

Here we will rapidly comment on the possible
pathogenetic implication of oxysterol molecules in
neurodegenerative diseases and atherosclerosis, before
going to the main aim of the present report, i.e. a review
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Table 1. Summary of recent studies that quantified oxysterols in normal and atherosclerotic blood vessels

Sample 7alpha- 7Tbeta-OH 7K 27-OH Cholesterol Unit Analytical Reference
OH hni

Human carotid: 32

normal vessel n.d. 0.2+0.1 0.8+0.7 n.d. 2200 + 600 pmol/mg wet weight tissue GC-MS

lesion n.d. 7.7+3.9 359+21.5 n.d. 40600 + 28600

Human carotid lesion: 33

alpha-Tocopherol supplementation n.d. 437 +707 n.d. n.d. 125000 + 82000 pmol/mg wet weight tissue GC-MS

placebo n.d. 420+ 724 n.d. nd. 117000 + 88000

Human carotid lesion n.d. 146 + 88 322+279 4324323 93328 + 45009 pmol/mg wet weight tissue GC-FID Sottero et al.,
unpublished
data

Cholesterol fed rabbit aorta: 34

vitamin E supplemented diet 0.2 +0.04 03+0.1 03+0.1 n.d. n.d. mmol/mol cholesterol HPLC-UV

vitamin E normal diet 0.4+0.1 0.6 +0.1 1.6+0.5 n.d. n.d.

vitamin E deficient diet 1.3+£0.2 22+03 7.2+0.9 n.d. n.d.

Human aorta: 35

no lesions n.d. n.d. 30 20 10600 pmol/mg protein HPLC-UV

fatty streak lesions n.d. nd. 50 290 28600

fibro-fatty lesions n.d. n.d. 90 640 79900

ulcerated/complicated lesions n.d n.d. 140 960 92500

7alpha-OH, 7alpha-hydroxycholesterol; 7beta-OH, 7beta-hydroxycholesterol; 7K, 7-ketocholesterol; 27-OH, 27-
hydroxycholesterol; n.d., not detected; GC-MS, gas chromatography-mass spectrometry; GC-FID, gas chromatography-flame
ionization detector; HPLC-UV, high-performance liquid chromatography-ultraviolet detection.

analysis of the pro-apoptotic effect of this class of
compounds.

Indeed, a rapidly growing interest is focusing on
the potential toxic role of oxysterols in central nervous
system, the tissue with the relatively highest concentration
of cholesterol in the body. Perturbation of cholesterol
metabolism in central nervous system may be etiologically
related to the onset of neurological diseases. Most of the
cholesterol present in the brain derives from de novo
synthesis because of the inability of plasma lipoproteins to
cross the blood-brain barrier, and the fact that oxysterols
represent the only way of cholesterol efflux to plasma. The
major oxysterol involved in the regulation of that process is
the 24S-hydroxycholesterol, produced only in the brain by
cholesterol ~ 24-hydroxylase. Changes of 24S-
hydroxycholesterol plasma levels have been correlated with
the progression of dementia in Alzheimer’s disease (AD)
(7). Recently, other oxysterols were found to be produced
in situ or even flow from the circulation into the brain (8),
and be metabolized in neurons and glial cells with the
generation of other reactive hydroxylated cholesterol
products (9).

It has been suggested that overproduction of
oxysterols in the brain could represent a risk factor for AD
development: in this relation, a link between neuronal sites
of cholesterol 24- and 27-hydroxylase expression and
amyloid beta-peptide (Abeta) formation and accumulation
was observed. Furthermore, oxysterols are able to regulate
the processing of beta-amyloid protein precursor (APP)
(10) and cholesterol accumulates in mature plaques in the
brain of AD patients as well as in the brain of APP
transgenic mice (11).

A rapidly increasing body of literature deals with
the association between oxysterols and the vascular wall
impairment of atherosclerosis (12). During atherogenesis,
local oxidative degradation of LDL may generate lipid-
derived bioactive molecules, such as oxysterols,

792

peroxidized fatty acids and lysophospholipids; the
accumulation of these compounds within the vascular
intima is considered to be involved in the recruitment of
circulating monocytes into the subendothelial space with
their transformation into macrophages, and the
subsequent uptake of modified lipoprotein particles
and formation of foam cells. These lipid-filled cells
undergo apoptosis leading to an abnormal accumulation
of cell debris in the lesion that contribute to the
formation of an unstable plaque and to atherothrombosis
(13-14). Among the different lipid oxidation products
which are present in the unstable atherosclerotic plaque,
there are oxysterols which tend to accumulate in the core
region of the lesion (15-16). Of note, the available data on
oxysterol content of the plaques are quite inconsistent. This
fact may depend on the stage development of the plaque, as
well as on the great variability of fat deposition in different
lesions even of the same individual, but also on the
sensitivity of the analytical technique employed.
However, despite quantitative discrepancies, the same
trend is observed in all studies, which report 27-
hydroxycholesterol,  7-ketocholesterol =~ and  7beta-
hydroxycholesterol as the most abundant oxysterols in
atherosclerotic lesions. The most recent analyses of
oxysterol content in atherosclerotic plaques (17-20) are
grouped in Table 1, while for less recent data one should
refer to the review of Brown and Jessup (15). Most likely,
oxysterols provide a primary contribution to the whole
atherogenetic process not only through the activation of
pro-inflammatory and pro-fibrogenic pathways, but also by
sustaining the overexpression of the apoptotic death of
vascular cells, especially in the advanced stages of the
atherogenic process (21-26).

Understanding the main mechanisms by which
these agents can induce apoptosis in mammalian cells could
contribute to modulate cell death and prevent lesion
development. Of the two main pathways of programmed
cell death we will focus our attention on that involving
mitochondria.
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3. THE MITOCHONDRIAL PATHWAY OF
APOPTOSIS

Programmed cell death occurs  during
physiological organism development, during maintenance
of tissue homeostasis throughout adult life and when cells
are severely damaged as in the case of cancer, autoimmune
disorders, neurodegenerative and cardiovascular diseases.
This process is a genetically controlled cellular self-
destruction in response to a wide range of endogenous or
exogenous stimuli which lead to cell shrinkage, membrane
blebbing and chromatin condensation.

Apoptosis may be generated by signals arising
within the cell, or triggered by death activators which bind
to surface receptors, as in the case of TNF-alpha,
lymphotoxin, Fas ligand (FasL). In response to all these
signals, apoptosis proceeds either through the receptor-
mediated pathway (extrinsic path) or through the
mitochondrial pathway (intrinsic path) centered on the
mitochondrial outer membrane permeabilization. The
intrinsic pathway of apoptosis is regulated by a number of
molecules which are members of Bcl-2 family: the actual
balance between anti-apoptotic Bcl-2 and Bcel-x;, and pro-
apoptotic homologues Bax, Bad, Bim, regulates the
mitochondrial membrane permeability.

Mitochondria of normal cells mainly express on
outer membrane the anti-apoptotic proteins Bcl-2 and Bel-
xp, which inhibit the opening of mitochondrial permeability
transition pore which regulates the flux of ions in and out
of mitochondria. In the first steps of activation of the
intrinsic pathway of apoptosis, pro-apoptotic proteins
translocate from the cytoplasm to the mitochondrial
membrane where interact with anti-apoptotic Bcl-2
homologues to antagonise their function; insertion of these
proteins into the mithocondrial membrane increases its
permeability by opening the pore that allows release of
proteins of the mitochondrial intermembrane, including
cytochrome ¢ into the cytosol. In response to apoptotic
stimuli, the cytosolic inactive Bax undergoes
conformational changes that trigger its translocation to
mitochondria and its interaction with Bcl-2 or Bel-xg;
several Bax-binding proteins with caspase recruitment
domains (CARD) are involved in this process, as Bax
inhibitors (i.e. ARC: apoptosis repressor with CARD), or
activators (i.e. ASC: apoptosis-associated speck-like
protein containing a CARD); in addition Bax and ASC are
both regulated by pro-apoptotic protein p53 (27).

Bad is regulated by maintenance of
phosphorylated serine residues (Ser 112, Ser 136, and Ser
155) in which a variety of survival kinases are involved.
Dephosphorylation at these sites enables Bad to bind anti-
apoptotic Bcl-2 proteins and induce their oligomerization
(28).

Bim is sequestered within dynein cytoskeleton
motor complex away from the mitochondria. In response to
apoptotic stimuli the bond with cytoskeleton is disrupted
and Bim becomes free to translocate to Bcl-2 (29).
Emerging studies suggest the regulation of Bim activity
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through different mechanisms: by its release through
phosphorylation and proteosomal degradation, or by a rapid
de novo expression and synthesis. All these pro-apoptotic
proteins contribute to the destabilization of mitochondrial
membrane integrity that eventually leads to alteration of ion
exchange and loss of cytochrome c.

Once released from mitochondria, cytochrome c
binds to the protein Apaf-1 (apoptotic protease activating
factor-1); the presence of ATP mediates a conformational
change of Apaf-1, promoting its oligomerization and
formation of the apoptosome. The apoptosome binds to and
activates caspase-9, which, in turn, cleaves and activates
the executioner caspase-3. The onset of the proteolytic
cascade leads to digestion of cytoplasmic structural
proteins, degradation of chromosomal DNA and eventually
activation of cell phagocytosis.

Of note, especially in the early steps of activation
of the intrinsic pathway of apoptosis, modulation of both
cytosolic and stored intracellular Ca®" appears central.
Under apoptotic stimulus, calcium is released from
endoplasmic reticulum (ER) stores and is taken up by
mitochondria. Then, rise of mitochondrial Ca*" can directly
induce swell and rupture of the subcellular organelle and
indirectly stimulate Ca’*-dependent enzymes that engage
other apoptotic mechanisms. Bcl-2 is also present in the ER
where likely represents one major factor able to maintain
ER calcium homeostasis. Conversely, the overexpression of
pro-apoptotic Bax and Bak, also localized to the ER, favors
endoplasmic Ca”" release which is followed by increase of
mitochondrial Ca®" and cytochrome c release (30-31).

4. PRO-APOPTOTIC EFFECT OF OXYSTEROLS OF
PATHOPHYSIOLOGICAL RELEVANCE

Over the last decade, reliable in vitro studies
characterized the potential pro-apoptotic effect of the major
oxysterols with regard to vascular cells, namely smooth
muscle cells, endothelial cells, fibroblasts, and monocyte-
macrophages.

Nishio and Watanabe (32) showed that both 7-
ketocholesterol and 25-hydroxycholesterol (30 microM)
induce apoptosis in rabbit cultured smooth muscle cells
(SMCs). Lizard and colleagues confirmed the effect of 7-
ketocholesterol, using cultured SMCs obtained from human
artery, and also tested 7beta-hydroxycholesterol. In their
experimental model, 7beta-hydroxycholesterol displayed
pro-apoptotic effects at final concentrations of 20-30
microM or above, whereas 7-ketocholesterol showed
induced apoptosis at 40-60 microM final concentration
(33). Similar concentrations of the two oxysterols triggered
apoptotic death also in human umbilical vein endothelial
cells (HUVECs) (33). With regard to cells of the
macrophage lineage, Aupeix and colleagues showed that
apoptosis occurred shortly after treatment of human
monocytic cell lines with either 25-hydroxycholesterol or
7beta-hydroxycholesterol, at final concentrations of 20 to
30 microM or above (34). Treating U937 human
promonocytic cells (35) or murine J774A.1 macrophages
with 7-ketocholesterol (25), a significant pro-apoptotic



Oxysterols and apoptosis

effect of that cholesterol oxide was evident between 10 and
30 microM.

Therefore, based on the presently available data,
oxysterols are able to activate programmed cell death in
various vascular cell types. The only apparent exception
were the fibroblasts of vascular origin, that underwent
necrosis in the presence of the same oxysterol
concentrations (20 to 50 microM) able to induce apoptosis
in the other cell types of the arterial wall (33). By
reviewing the available literature on oxysterol-dependent
cytotoxicity we are developing the opinion that, in general
terms, defined concentrations of oxysterols lead vascular
cells to apoptosis, while relatively higher amounts induce
straight necrosis. Our own experience is definitely
confirming this point of view. In fact, already at the
concentration of 30 microM, 7-ketocholesterol increases
the percentage of J774A.1 macrophages which take up
Trypan Blue dye, a clear index of necrosis (Biasi et al.,
unpublished data). Consistently, Lizard and colleagues,
treating BAE endothelial cells with 7-ketocholesterol or
7beta-hydroxycholesterol (50 microM and 24.8 microM
respectively) showed both apoptosis and necrosis, with the
latter becoming predominant and eventually main death
pathway at relatively higher concentrations (36).

In a very recent and comprehensive study, the
group of Lizard provided clear biochemical and
morphological evidence of two different types of cell death
being inducible by oxysterols of pathophysiologic interest.
Namely, human promonocytic cells U937 were challenged
up to 24 hours with relatively high concentrations of 7-
ketocholesterol (100 microM) and 7beta-
hydroxycholesterol (50 microM) and a strong activation of
both extrinsic and intrinsic pathways of apoptosis was
demonstrated in terms of net activation of caspases 3, 7, 8
and 9. With regard to the mitochondrial path, both
oxysterols significantly induced release of cytochrome c
and degradation of cytosolic Bid, being the effect of 7beta
-hydroxycholesterol much stronger than that of 7-
ketocholesterol. The inhibition of caspase 3-dependent
death pathway in U937 cells or, alternatively, the oxysterol
challenge of caspase-3 null MCF-7 cells, did not preserve
cells from death, but in this case mainly cells with swollen
or punctuated nuclei were observed being those with
fragmented and/or condensed nuclei less than 1%, to
indicate that oxysterols may induce two different types of
cell death, a caspase 3-dependent one (apoptosis) and a
caspase-3 independent one (oncosis) (37).

Another research group challenged cultivated
rabbit aortic smooth muscle cells with 7-ketocholesterol in
the 25-50 microM concentration range and showed the
oxysterol as able to early up-regulate protein Bax levels
and its translocation from cytosol into the mitochondria, to
induce marked mitochondrial cytochrome c release and
eventually lead to cell loss. Of interest, at least in SMCs,
cytochrome c release from mitochondria appeared the
consequence of a reversible change of the outer membrane
rather than due to a no return rupture of it. In fact, when
after 16 hours cultivation in the presence of 25 microM 7-
ketocholesterol the sterol oxide was removed and SMCs
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were incubated in the presence of fetal bovine serum,
cytosolic dispersion of cytochrome ¢ was not any more
evident and cell loss slowed down significantly (38).

5. PRO- AND ANTI-APOPTOTIC SIGNALING
TRIGGERED BY OXYSTEROLS

Still in relation to 7-ketocholesterol-induced
apoptosis in cells of the macrophage lineage, the group of
Lizard showed how complicated this process is, being
simultaneously triggered more than one signaling pathway.
This group suggests with reliable experimental data that the
very initial event is represented by a significant increase of
cytosolic free Ca** which in turn start up at least three
biochemical processes: 1) the activation of calcineurin, a
calcium-regulated phosphatase, by translocation of Trpc-1,
a component of the store-operated Ca®" entry channel, into
lipid raft domains; this event would lead to apoptosis
through dephosphorylation of the pro-apoptotic protein Bad
(39); 2) the translocation of the pro-apoptotic protein Bim
from the microtubule dynein motor complex to
mitochondria, and thus its interaction with Bcl-2 complex,
inhibition of this anti-apoptotic element and favoring effect
on cytochrome c release from mitochondria (40); 3) the
involvement of the proline rich tyrosine kinase-2 (PYK-2)
which transduces survival signals through the activation of
mitogen-activated protein kinase (MAPK) and extracellular
signal-regulated kinase (ERK) kinase (MEK)/ERK
pathway, followed by inactivation of Bad through its
phosphorylation in serine 75 and consequent delay of the
apoptotic program (40). Maybe of interest, all this findings
were obtained by treating the human monocytic line THP-1
with a relatively high concentration of 7-ketocholesterol
(100 uM) and dose-dependent data were not provided.

Indeed, an early increase of cytosolic Ca®* as
induced by oxysterols was also observed by Ares and
colleagues following in vitro challenge of human aortic
smooth muscle cells with 7beta-hydroxycholesterol 24.8
microM (41). The downregulation of the anti-apoptotic
protein Bcl-2 that is induced by 7beta-hydroxycholesterol,
25-hydroxycholesterol, and 7-ketocholesterol in different
cell models, with consequent activation of the
mitochondrial pathway of programmed cell death, has been
reported (32,42-43). Now, on the basis of the results
obtained by Berthier and colleagues, one should definitely
consider the oxysterol-induced interaction of Bim with Bcl-
2 as a/the mechanism of Bcl-2 inactivation by cholesterol
oxidation products in pro-apoptotic concentrations. But the
most striking finding obtained by Berthier et al. (40) is, in
our opinion, the unexpected activation of a survival
pathway by 7-ketocholesterol, besides the two, actually
prevailing, pro-apoptotic pathways. Indeed, the activation
of MEK/ERK pathway by oxysterols could be crucial in
providing the cells with a possibly valid anti-apoptotic
mechanism, whose presently elucidated aspects are
depicted in Figure 1. A more valid activation of ERK-
dependent survival mechanism, or better apoptosis-delay
mechanism, likely occurs in cells of the macrophage
lineage (U937 and J774A.1) treated with a
pathophysiologically relevant oxysterol mixture instead of
7-ketocholesterol alone.
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Figure 1. Modulation of cytochrome c release by oxysterols: main signaling pathways likely involved in the process. White
arrows: survival signaling. Grey arrows: pro-apoptotic signaling.

In this relation, a very interesting point has
recently been stressed, namely the relatively lower
cytotoxicity of oxysterols when given to cell models as a
mixture rather than as individual compounds. Oxysterols
are always present as a mixture, in foods, oxidized LDL, or
in the core region of atherosclerotic plaque, and molecular
interactions often occur among mixed compounds. Starting
from this evidence, we analyzed the effect of 7-
ketocholesterol on murine J774A.1 macrophages, in the
presence or in the absence of equimolar concentrations of
7beta-hydroxycholesterol, in terms of reactive oxygen
species (ROS) generation, cytochrome ¢ morphological
appearance of condensed nuclei and apoptotic bodies. All
events along the mitochondrial apoptotic pathway triggered
by 7-ketocholesterol were significantly quenched when
cells were co-treated with identical amounts of the second
sterol oxide (25). In our opinion, the quenching effect on
7-ketocholesterol-induced apoptosis that we observed
occurred chiefly at the level of ROS production. Indeed, the
concomitant addition of 7beta-hydroxycholesterol strongly
inhibited a pathobiological rise of intracellular ROS that
had been induced by 7-ketocholesterol through a marked
upregulation of constitutive NADPH oxidase activity
(25,44). We hypothesized that the concomitant addition of
7 beta-hydroxycholesterol, which also binds to NADPH
oxidase but apparently less efficiently, likely reduced the
concentration of free enzyme available for 7-
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ketocholesterol binding. Now, on the basis of the clear
findings by Berthier and colleagues about oxysterol-
inducible survival pathway involving ERK activation (40),
another mechanism by which oxy-mixtures would be able
to delay programmed cell death would actually imply a
strong upregulation of ERK. This particular aspect is
presently under investigation together with the possible
involvement in the survival pathway also of NF-kB, whose
nuclear binding was actually up-regulated by oxysterol
mixture (45) (Figure 1).

Thus, besides modulation of intracellular Ca**
another early biochemical event consistently observed in
monocytic cells challenged with various oxysterols was a
significant upregulation of NADPH oxidase enzyme and, as
a direct consequence, upregulation of intracellular steady-
state levels of ROS (25,46-47). Upregulation of NADPH
oxidase in oxysterol-treated monocytic cells is likely the
consequence of Ca*'-activated phospholipase A, followed
by arachidonic acid release (46-47). Further, indirect
confirmation of a primary role of oxidative imbalance of
the cell redox equilibrium in oxysterol-induced apoptosis
comes from the significant protection against this event that
occurs when cells are pretreated with antioxidants or with
selective NADPH oxidase inhibitors (44). With regard to
the steps between oxysterol-induced ROS overproduction
and changes in the expression of genes related to apoptosis,
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a very recent literature is providing some important
evidence. Overproduction of ROS induced by 1-(2-
hydroxy-5-methylphenyl)-3-phenyl-1,3-propanedione

(HMDB) in human A431 cancer cells triggered marked
apoptosis apparently through the induction of DNA damage
followed by activation of growth arrest DNA damagel53
gene (GADDI153), then by upregulation of Bad and p21
and downregulation of Bcl-2 (48). Treating neuroblastoma
cells with the synthetic retinoid fenretinide, Lovat and
colleagues showed that the oxidative stress-dependent
induction of the transcription factor GADD153 was leading
to apoptosis through the upregulation of p21 gene and
protein (49). However, no literature is yet available about
possible effect of cholesterol oxidation products on
GADDI153, while net upregulation of p2l1 by 7-
ketocholesterol was already observed in J774A.1 cells (25).
Another way, not necessarily alternative, of p21
upregulation by ROS overproduction was described as
involving ERK cascade, a pathway actually modulated by
oxysterols. Oxidative stress induced in human monocytic
THP-1 cells by challenge with phorbol myristate acetate
was able to trigger programmed death through PKCs
(protein kinase C) and MAPKs (mitogen-activated protein
kinases) activation up to p2l1 wupregulation (50).
Consequent PKCs and ERK activation, p21 induction, cell
growth arrest was also observed in IEC-18 non transformed
intestinal crypt cells (51). The requirement of enhanced
ERK phosphorylation for p21 induction and consequent
apoptosis was finally suggested by a very recent study of
TGFbetal upregulation of p21 in human keratinocytes (52).

This last series of papers supporting the
involvement of ERK activation in ROS-triggered
mitochondrial pathway of apoptosis did not consider
oxysterols, but actually contribute to make the overall
picture quite complicated. In fact, 7-ketocholesterol at least
is able to induce intracellular rise of both free Ca®* and
ROS steady-state levels, early after cell challenge. The
signaling pathways thus activated likely involve
modulation of PKCs, MAPKSs, and key molecules of the
Bel family.

6. CONCLUSIONS AND PERSPECTIVES

The actual modulation of the balance between
anti-apoptotic and pro-apoptotic Bcl family components by
defined oxysterols may vary with cell type, oxide
concentration and mixture, time, etc., so that it seems
impossible but also illogical trying to make unique
statements and definition, at least before more
comprehensive information and evidence will become
available.

Presently, we may conclude that -certain
oxysterols of primary interest in pathophysiology are
certainly able, at concentrations recovered both in plasma
of hypercholesterolemic patients and in atherosclerotic
lesions, to trigger and sustain the mitochondrial pathway of
apoptosis through a complex induction of pro-apoptotic
signaling pathways. However, both intensity and duration
of programmed cell death inducible by oxysterols appears
easily modulated by the simultaneous property that these
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compounds retain to regulate and possibly activate also
anti-apoptotic biochemical processes.
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