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Abstract
Biological activities of oxysterols seem tightly regulated.
Therefore, the ability to inducecell death of structurally related
oxysterols, such as those oxidized at C7(7a-, 7b-hydroxycho-
lesterol, and 7-ketocholesterol), was investigated on U937
cells at different times of treatment in a concentration range of
5 ± 80 mg/ml. Whereas all oxysterols accumulate inside the
cells, strong inhibition of cell growth and increased
permeability to propidium iodide were observed only with
7b-hydroxycholesterol and 7-ketocholesterol, which trigger
an apoptotic process characterized by the occurrence of cells
with fragmented and/or condensed nuclei, and by various
cellular dysfunctions: loss of mitochondrial transmembrane
potential, cytosolic release of cytochrome c, activation of
caspase-9 and -3 with subsequent enhanced activity of
caspase-3, degradation of poly(ADP-ribose) polymerase, and
increased accumulation of cellular C16 : 0 and C24 : 1
ceramide species. This ceramide generation is not attributed
to caspase activation since inhibition of 7b-hydroxycholester-
ol- and 7-ketocholesterol-induced apoptosis by Z-VAD-fmk
(100 mM), a broad spectrum caspase inhibitor, did not reduce
C16 : 0 and C24 : 1 ceramide species accumulation. Con-
versely, when U937 cells were treated with 7b-hydroxycho-
lesterol and 7-ketocholesterol in the presence of fumonisin B1
(100 mM), a specific inhibitor of ceramide synthase, C16 : 0 and
C24 : 1 ceramide species production was completely abro-
gated whereas apoptosis was not prevented. Noteworthy, 7a-
hydroxycholesterol induced only a slight inhibition of cell
growth. Collectively, these results are consistent with the
notion that the a or b hydroxyl radical position of oxysterols

oxidized at C7 plays a key role in the induction of the apoptotic
process. In addition, our findings demonstrate that 7b-
hydroxycholesterol- and 7-ketocholesterol-induced apopto-
sis involve the mitochondrial signal transduction pathway and
they suggest that C16 : 0 and C24 : 1 ceramide species
generated through ceramide synthase play a minor role in
the commitment of 7b-hydroxycholesterol- and 7-ketocholes-
terol-induced cell death. Cell Death and Differentiation (2001) 8,
83 ± 99.
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Introduction

Oxysterols are 27-carbon derivatives of cholesterol that
contain additional oxygen atoms either on the steroid nucleus
or on the side chain.1 These compounds constitute a wide
family of molecules resulting either from the auto-oxidation of
cholesterol in air, or from the enzyme-catalyzed transforma-
tion of cholesterol in various cell species.2,3 To date,
oxysterols, which are present in various amounts in different
kinds of foods,3 ± 5 have been shown to possess diverse
biological activities,6,7 and some of them are strongly
cytotoxic to both normal and tumoral cells of human origin
and from various animal species.8,9 However, from one
oxysterol to another, important variations in the ability to
induce cell death were observed. Thus, in cultured aortic
smooth muscle cells the toxic potency differed with the
oxysterol considered.10 In bovine aortic endothelial cells, we
demonstrated that 7b-hydroxycholesterol and 7-ketocholes-
terol were more cytotoxic than 19-hydroxycholesterol,
cholesterol 5a, 6a-epoxide, and 25-hydroxycholesterol, and
that their cytotoxicity was accompanied by an enhanced
proportion of cells with fragmented and/or condensed nuclei
characteristic of apoptotic cells.11 In human umbilical venous
endothelial cells (HUVECs),12 in human, rabbit, and rat
smooth muscle cells,12,13 as well as in leukemic cells such
as U937 promonocytic human leukemia cells,9,14,15 typical
features of apoptosis were also observed under treatment
with 7b-hydroxycholesterol and 7-ketocholesterol but not with
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7a-hydroxycholesterol.16 Taken together, these different
observations underline the complexity of the biological
activities of oxysterols, mainly of those oxidized at C7 (7a-,
7b-hydroxycholesterol and 7-ketocholesterol). Indeed, these
oxysterols are detected in appreciable quantities in human
tissues and fluids, including human plasma and atheromatous
lesions,17 in oxidized low density lipoproteins (oxLDL) which
play a key role at different stages of the atherosclerotic
process,18,19 as well as in various kinds of food (powdered
milk, cheese and egg products) especially when they are
heated in air during processing and stored for a lengthy
period.20 Therefore, it is of importance to investigate the
cytotoxicity of these oxysterols oxidized at C7, to precisely
determine the mode of cell death that they induce,21,22 and to
elucidate the signaling pathway(s) triggered by these
compounds.

Since the biological activities of 7a-,7b-hydroxycholester-
ol and 7-ketocholesterol seem tightly regulated,16,19 the
cytotoxicities of these molecules were investigated in U937
cells in a range of concentrations varying from 5 to 80 mg/
ml (12.5 ± 200 mM) after 30 min to 30 h of treatment by
using different criteria: cell counting; flow cytometric
measurement of cell permeability with propidium iodide;11

observation by transmission electron microscopy; determi-
nation by fluorescence microscopy of the proportion of
apoptotic cells displaying condensed and/or fragmented
nuclei after DNA staining with Hoechst 33342;23 quantifica-
tion of cellular oxysterol concentration by gaseous phase
chromatography coupled with mass spectrometry;24 flow
cytometric quantification of mitochondrial transmembrane
potential (Dcm) with the cationic lipophilic dye DiOC6(3);25

Western blot analysis of the release of cytochrome c into
the cytosol; activation of caspase-9 (MACH6/ICE-LAP6)
and -3 (CPP32/apopain/Yama), and degradation of
poly(ADP-ribose) polymerase (PARP).26 In addition, cas-
pase-3 activity was simultaneously measured by a
fluorogenic assay. According to these different criteria, 7a-
hydroxycholesterol was not cytotoxic and induced only a
slight inhibition of cell growth, whereas it accumulates in
the cells in higher amounts than 7b-hydroxycholesterol and
7-ketocholesterol. As for 7b-hydroxycholesterol and 7-
ketocholesterol, they were potent inducers of cell death
by apoptosis characterized by the following dysfunctions:
inhibition of cell growth, increased permeability to propidium
iodide, fragmentation and/or condensation of the nuclei,
mitochondrial depolarization, cytochrome c release into the
cytosol, activation of caspase-9 and -3, and PARP
degradation.

Since ceramides seem of fundamental importance in
some signaling pathways leading to apoptosis,27 ± 29 we
further asked whether the different potencies of oxysterols
to induce apoptosis could depend on their ability to
stimulate ceramide generation. Thus, by electrospray
ionization mass spectrometry, an important increase of
cellular C16 : 0 and C24 : 1 ceramide accumulation was
detected after treatment with 7b-hydroxycholesterol and 7-
ketocholesterol, but not with 7a-hydroxycholesterol. Inter-
estingly, simultaneous incubation of 7b-hydroxycholesterol
and 7-ketocholesterol with Z-VAD-fmk (100 mM), a wide
spectrum caspase inhibitor,30 impaired the apoptotic

process but not ceramide generation, and otherwise
simultaneous incubation of 7b-hydroxycholesterol and 7-
ketocholesterol with fumonisin B1, a specific inhibitor of
ceramide synthase,31 completely inhibited C16 : 0 and
C24 : 1 ceramide species generation without inhibiting
apoptosis.

The reported data confirm that 7a-hydroxycholesterol
has no cytoxic effects, underlining that the pro-apoptotic
effects of oxysterols oxidized at C7 depend not only on the
radical (hydroxyl or keto) present at C7, but also on the a or
b position of the hydroxyl radical, and they demonstrate
that 7b-hydroxycholesterol- and 7-ketocholesterol-induced
apoptosis characterized by a loss of mitochondrial
transmembrane potential (Dcm), a release of cytochrome
c into the cytosol, an activation of caspase-9 and -3, and a
PARP degradation, is independent of the endogeneously
generated C16 : 0 and C24 : 1 ceramide species.

Results

Effects of 7a-,7b-hydroxycholesterol and
7-ketocholesterol on cell growth and on cell
permeability to propidium iodide

Characterization of the effects of 7a-,7b-hydroxycholesterol
and 7-ketocholesterol (5, 10, 20, 40 and 80 mg/ml) on cell
growth and on cell permeability to propidium iodide was
performed on U937 cells at 18, 24 and 30 h of treatment. As
shown in Figure 1, treatment of U937 cells with 7b-
hydroxycholesterol and 7-ketocholesterol was associated
with an inhibition of cell growth occuring in a dose-and time-
dependent manner. Thus, as early as 18 h after treatment
has begun, 7b-hydroxycholesterol and 7-ketocholesterol
significantly (P50.05) inhibited cell growth when they were
used at minimum concentrations of 10 and 20 mg/ml,
respectively, and the most significant inhibition of cell
proliferation for each compound was observed at 30 h of
treatment (Figure 1). Interestingly, 7b-hydroxycholesterol
was the strongest inhibitor of cell proliferation regardless of
the time of treatment. When cells were treated with 7a-
hydroxycholesterol, a slight but significant inhibition of cell
growth (P50.05) was observed only at 30 h of culture,
when this oxysterol was used at the highest concentration
investigated (80 mg/ml) (Figure 1). Because of the complex
relationships between inhibition of cell growth and modifica-
tion of cellular membrane integrity, flow cytometric analyses
of cell permeability were performed with propidium iodide,
which distinguishes between dead and living cells.32 In
those conditions, strong increases in the proportions of
propidium iodide positive cells were detected after 18 h of
treatment with 7b-hydroxycholesterol and 7-ketocholesterol
when these compounds were used at minimum concentra-
tions of 20 and 40 mg/ml, respectively, and the highest
proportions of propidium iodide permeable cells were
identified at 30 h of culture (Figure 1). Noteworthy, among
the oxysterols oxidized at C7 (7a-,7b-hydroxycholesterol
and 7-ketocholesterol), 7b-hydroxycholesterol induced the
highest proportion of cells permeable to propidium iodide
regardless of the time of treatment, whereas no effect was
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observed with 7a-hydroxycholesterol (Figure 1).

Characterization of oxysterol-induced cell death

When U937 cells were cultured in the presence of 7b-
hydroxycholesterol or 7-ketocholesterol (5, 10, 20, 40 and
80 mg/ml) for 18, 24, and 30 h, some cells with fragmented
and/or condensed nuclei characteristic of apoptotic cells were

identified by transmission electron microscopy, as well as by
fluorescence microscopy after nuclei staining with Hoechst
33342 (Figures 2 and 3). The latter method, which was used
to quantify apoptosis, showed a significant (P50.05) increase
in apoptotic cells as early as 18 h of treatment when 7b-
hydroxycholesterol and 7-ketocholesterol were used at
minimum concentrations of 20 and 40 mg/ml, respectively,
and whatever the time of treatment the highest proportion of

Figure 1 Concentration and time-dependent effects of 7a, 7b-hydroxycholesterol and 7-ketocholesterol on cell growth and on cell permeability to propidium
iodide. U937 cells were treated for 18, 24, and 30 h with either 7a-hydroxycholesterol, 7b-hydroxycholesterol, or 7-ketocholesterol in a range of concentrations from
5 to 80 mg/ml. Cell growth was determined by cell counting, and the permeability to propidium iodide was quantified by flow cytometry. Data are mean+S.D. of four
independent experiments performed in triplicate
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apoptotic cells was obtained with 7b-hydroxycholesterol
(Figure 4). When U937 cells were treated with 7a-hydroxy-
cholesterol, the morphological aspect of the cells and of their
nuclei were the same as those of untreated cells when the
observations were performed either by transmission electron
microscopy or by fluorescence microscopy after nuclei
staining with Hoechst 33342 (Figures 2 and 3). Thus,
regardless of the time of treatment considered (18, 24, and
30 h), 7a-hydroxycholesterol used at 5, 10, 20, 40, and 80 mg/
ml never induced apoptosis when this mode of cell death was
characterized by the occurrence of cells with fragmented and/
or condensed nuclei (Figure 4).

For further characterization of cell death, 7b-hydroxycho-
lesterol and 7-ketocholesterol were used at concentrations
of 20 and 40 mg/ml, respectively, since these were the
lowest concentrations able to induce maximal proportions
of apoptotic cells at 24 and 30 h of treatment (Figure 4). As
7a-hydroxycholesterol was not an inducer of apoptosis, it
was used at 80 mg/ml corresponding to the highest
concentration investigated.

Quantification of the intracellular uptake of 7a-,
7b-hydroxycholesterol and 7-ketocholesterol

In order to define whether the differences of toxicity between
oxysterols oxidized at C7 were due to different uptakes from

one oxysterol to another, the quantity of oxysterol (per cell)
was quantified at 24 h of treatment by capillary gas
chomatography coupled to mass spectrometry. In these
conditions, when the cells were treated for 24 h in the
presence of oxysterols used at final concentrations of 5, 10,
20, 40 and 80 mg/ml, the uptake of 7a-hydroxycholesterol was
approximately twofold higher than those obtained with 7b-
hydroxycholesterol and 7-ketocholesterol. Thus, when cells
were treated with 7a-hydroxycholesterol at concentrations of 5
to 80 mg/ml, the uptake of this oxysterol varied from 8.22+1.8
to 104.95+14.21 mg/106 cells (Table 1). When cells were
treated with 7b-hydroxycholesterol and 7-ketocholesterol at
final concentrations of 5 to 80 mg/ml, the uptakes of these
oxysterols were similar and varied from 3.40+1.30 to
65.00+5.50 mg/106 cells, and from 4.30+1.38 to
53.08+7.94 mg/106 cells, respectively (Table 1).

Effect of 7a-,7b-hydroxycholesterol and
7-ketocholesterol on mitochondrial
transmembrane potential (Dcm) and on
cytochrome c release into the cytosol

Disruption of Dcm and cytochrome c release from the
intermembrane space of mitochondria into the cytosol seems
a general feature of apoptosis.33 Therefore, in the presence of
7b-hydroxycholesterol (20 mg/ml) and 7-ketocholesterol

Figure 2 Morphological characterization of 7a-, 7b-hydroxycholesterol and
7-ketocholesterol-treated cells by transmission electron microscopy. U937
cells were cultured for 24 h in the absence (control) or in the presence of 7a-
hydroxycholesterol (80 mg/ml), 7b-hydroxycholesterol (20 mg/ml), or 7-
ketocholesterol (40 mg/ml), and the morphological aspects of the cells were
analyzed by transmission electron microscopy (magnification63000): (A),
control corresponding to untreated cells; (B), 7a-hydroxycholesterol-treated
cells. 7a-hydroxycholesterol-treated cells are morphologically similar to
untreated cells; (C), 7b-hydroxycholesterol-treated cells; (D), 7-ketocholester-
ol-treated cells. Apoptotic cells with fragmented nuclei (large arrows) obtained
after treatment with 7b-hydroxycholesterol and 7-ketocholesterol are shown in
C and D

Figure 3 Morphological characterization of 7a-,7b-hydroxycholesterol and 7-
ketocholesterol-treated cells by fluorescence microscopy. U937 cells were
cultured for 24 h in the absence (control) or in the presence of 7a-
hydroxycholesterol, 7b-hydroxycholesterol, or 7-ketocholesterol in a range
of concentrations from 5 to 80 mg/ml, and the morphological aspects of the
cells were analyzed by fluorescence microscopy after nuclei staining with
Hoechst 33342 (magnification6450): (A), control corresponding to untreated
cells; (B), 7a-hydroxycholesterol-treated cells (80 mg/ml); (C), 7b-hydroxycho-
lesterol-treated cells (20 mg/ml); (D), 7-ketocholesterol-treated cells (40 mg/ml).
Apoptotic cells with fragmented (large arrows) and/or condensed nuclei (small
arrows) were observed after treatment with 7b-hydroxycholesterol and 7-
ketocholesterol but not among 7a-hydroxycholesterol-treated cells, which
were morphologically similar to untreated cells
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(40 mg/ml), the evolution of Dcm and the processing of
cytochrome c release were simultaneously quantified after
various treatment times (18, 24, and 30 h) by flow cytometry
with the cationic lipophilic dye DiOC6(3), and by Western blot
with a mouse monoclonal antibody directed against cyto-
chrome c (molecular weight 15 kD), respectively. The levels
of cytochrome c release into the cytosol were quantified
comparatively to the constant level of a cross reacting protein
of around 65 kD present in the cytosolic extract. When
compared to untreated cells, treatment with 7b-hydroxycho-
lesterol and 7-ketocholesterol resulted in a time-dependent
increase of the percentage of depolarized cells (characterized
by low values of Dcm) which were observed as early as 18 h
after treatment, and the effects were more marked with 7b-
hydroxycholesterol than with 7-ketocholesterol (Table 2). This
increase in the percentage of cells with low Dcm was
associated with a cytosolic release of cytochrome c which
was already significant at 18 h of treatment; with 7-
ketocholesterol, the cytosolic release of cytochrome c was
slightly detected at 18 h, but was more and more pronounced
at 24 and 30 h of treatment (Table 2). 7a-hydroxycholesterol
induced only a slight but not significant increase in the
proportion of depolarized cells, and when treated with this
oxysterol no cytosolic release of cytochrome c was observed
(Table 2).

Analysis of caspase-9 and -3 activation, and of
poly(ADP-ribose) polymerase degradation in 7a-,
7b-hydroxycholesterol- and 7-ketocholesterol-
treated U937 cells

As the loss of mitochondrial transmembrane potential (Dcm)
and the release of cytochrome c generally leads to subsequent
activation of caspase-9, and -3, as well as to PARP
degradation,34 ± 36 the occurrence of this cascade of events
was investigated during 7b-hydroxycholesterol and 7-keto-
cholesterol-induced apoptosis. To this end, U937 cells were
treated for 18, 24, and 30 h with 7b-hydroxycholesterol (20 mg/
ml), or 7-ketocholesterol (40 mg/ml), and Western blot analysis
was used to demonstrate the involvement of caspase-9 and -3,
as well as PARP degradation. In addition, caspase-3 activity
was simultaneously measured by a fluorogenic assay based
on the cleavage of Ac-DEVD-7-amino-4-methylcoumarin.
When compared to untreated cells, incubation with 7b-
hydroxycholesterol resulted in the degradation of procas-
pase-9 as well as in the cleavage of procaspase-3 (32 kD) in its
active subunit (17 kD) as early as 18 h after treatment (Table
3). In the presence of 7-ketocholesterol, degradation of
procaspase-9 and cleavage of procaspase-3 were not
observed at 18 h but they began to be detected at 24 h, and
were more pronounced at 30 h (Table 3). This cleavage of
procaspase-3 occurring when treated with 7b-hydroxycholes-
terol and with 7-ketocholesterol was associated with an
increase of caspase-3 activity (Table 3). In untreated cells
and in the presence of 7a-hydroxycholesterol (80 mg/ml), no
degradation of procaspase-9, no cleavage of procaspase-3,
and no caspase-3 activity were ever observed (Table 3).

The findings that oxysterols induce the activation of
caspase-3 prompted an analysis of poly(ADP-ribose)
polymerase (PARP) cleavage since one of the potential

Figure 4 Concentration and time-dependent effect of 7a-,7b-hydroxycholes-
terol and 7-ketocholesterol on the induction of apoptotic cells. To quantify the
percentage of apoptotic cells, U937 cells were treated for 18, 24, and 30 h with
either 7a-hydroxycholesterol (80 mg/ml), 7b-hydroxycholesterol (20 mg/ml), or
7-ketocholesterol (40 mg/ml). Apoptotic cells characterized by condensed and/
or fragmented nuclei were identified by fluorescence microscopy after DNA
staining with Hoechst 33342. Data are mean+S.D. of four independent
experiments performed in triplicate
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substrates of caspase-3 during apoptosis is PARP
(115 kD), an enzyme that appears to be involved in DNA
repair, genome surveillance, and integrity.37 So, PARP
degradation was also investigated by Western blot analysis
of 7b-hydroxycholesterol (20 mg/ml), and 7-ketocholesterol
(40 mg/ml)-treated U937 cells taken at 18, 24 and 30 h of
incubation. Immunoblot analysis with an antibody recogniz-
ing both the full length and the cleaved form of PARP (115
and 85 kD) revealed an early cleavage of PARP occurring
after 18 h of treatment with 7b-hydroxycholesterol, whereas
in the presence of 7-ketocholesterol, PARP degradation

was observed only at 24 and 30 h of treatment (Table 3). In
untreated cells, as well as in 7a-hydroxycholesterol (80 mg/
ml)-treated cells, no PARP degradation was found
regardless of the time of treatment (Table 3).

Generation of C16 : 0 and C24 : 1 ceramide species
when treated with 7b-hydroxycholesterol and
7-ketocholesterol

Ceramide is a group of neutral sphingolipids that mediate
several cellular processes38 and constitute important sec-

Table 1 Uptake of 7a-, 7b-hydroxycholesterol and 7-ketocholesterol in U937 cells after 24 h of treatment

Treatment with 7a-, 7a-, 7b-hydroxycholesterol or 7-ketocholesterol content

7b-hydroxycholesterol (mg/106 cells)

or 7-ketocholesterol

(mg/ml) 7a-hydroxycholesterol 7b-hydroxycholesterol 7-ketocholesterol

0 0 0 0
5 8.22+1.80 3.40+1.30 4.30+1.38

10 15.73+5.32 7.25+2.01 5.71+1.15
20 35.90+1.27 13.32+4.60 13.08+5.53
40 52.60+6.50 32.50+2.61 23.91+2.38
80 104.95+14.21 65.00+5.50 53.08+7.94

Data are mean+S.D. of three independent experiments performed in triplicate

Table 2 Effects of 7a-, 7b-hydroxycholesterol and 7-ketocholesterol on mitochondrial transmembrane potential (Dcm), and cytosolic release of cytochrome c

The percentage of cells with depolarized mitochondria resulting from the loss of mitochondrial transmembrane potential (Dcm) were measured by ¯ow cytometry with the
lipophilic dye DiOC6(3), and the cytosolic release of cytochrome c (PM=15 kD) was determined by Western blot after 18, 24 and 30 h of treatment, in the absence
(control) or in the presence of 80 mg/ml 7a-hydroxycholesterol (7a), 20 mg/ml 7b-hydroxycholesterol (7b), and 40 mg/ml 7-ketocholesterol (7-keto). Quantitative analysis of
cytochrome c was performed using autoradiography with a Biocom image analysis system and normalized against the 65 kD protein. Data obtained by ¯ow cytometry
correspond to three independent experiments performed in triplicate. Data corresponding to cytochrome c release are representative of three independent experiments.
* indicates statistically signi®cant differences (P<0.05) between control and oxysterol-treated cells
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ondary messenger molecules mainly in the regulation of cell
growth, and in apoptosis signaling.27 As cellular ceramide
generation is frequently observed after treatment with various
apoptosis inducers,39 we asked whether ceramide synthesis
was upregulated during 7b-hydroxycholesterol and 7-keto-
cholesterol-induced apoptosis. To this end, U937 cells were
treated for 30 min, 1, 6, 12, 18, 24, and 30 h with 7b-
hydroxycholesterol (20 mg/ml), or 7-ketocholesterol (40 mg/
ml), and ceramide species were characterized and quantified
by electrospray ionization mass spectrometry. As previously
mentioned, the major ceramide species present in U937 cells
were C16 : 0 and C24 : 1.40 The cellular content of these
predominant ceramides increased with the time of treatment
(Figure 5), whereas there was no generation of any previously
undetected ceramide species following cell stimulation at any
time (data not shown). Thus, significant increases (P50.05)
of C16 : 0 were observed after 6 and 12 h of treatment with 7b-
hydroxycholesterol and 7-ketocholesterol, respectively, and
with each oxysterol, a plateau was reached at 18 h of
treatment (Figure 5A). Similar profiles were found with
C24 : 1 (Figure 5B). At the plateau, C16 : 0 and C24 : 1

content (per cell) were three to four times higher in 7b-
hydroxycholesterol- than in 7-ketocholesterol-treated cells,
and C24 : 1 content (per cell) was always four to five times
lower than C16 : 0 content (Figure 5). In untreated cells, as
well as in the presence of 7a-hydroxycholesterol (80 mg/ml),
no ceramide generation was ever observed (Figure 5).
Therefore, even at a high concentration (80 mg/ml), 7a-
hydroxycholesterol is unable to induce apoptosis or to
stimulate ceramide generation. As the aim of further
experiments was to establish the relationship between
apoptosis and ceramide synthesis, the following investiga-
tions were only performed on 7b-hydroxycholesterol- and 7-
ketocholesterol-treated cells.

Z-VAD-fmk counteracts 7b-hydroxycholesterol-
and 7-ketocholesterol-induced apoptosis but does
not reduce ceramide generation

The mechanisms by which ceramide generation is related to
apoptosis have not yet been fully addressed. Because
ceramide accumulation occurred concomitantly with en-

Table 3 Effects of 7a-, 7b-hydroxycholesterol, and 7-ketocholesterol on activation of caspase-9, and -3, and poly(ADP-ribose) polymerase degradation

Caspase-9 degradation, caspase-3 cleavage, caspase-3 activity, and poly(ADP-ribose) polymerase (PARP) degradation were investigated by Western blot analysis and
¯uorogenic assay at 18, 24, and 30 h of culture in the absence or in the presence of 80 mg/ml 7a-hydrocholesterol (7a), 20 mg/ml 7b-hydroxycholesterol (7b), and 40 mg/
ml 7-ketocholesterol (7-keto). Western blot data are representative of three independent experiments. Data corresponding to caspase-3 activity represent three
independent experiments performed in triplicate. *Indicates statistically signi®cant differences (P < 0.05) between control and oxysterol-treated cells
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hanced caspase-3 activation, which is an important effector
caspase with numerous substrates,41,42 we asked whether
C16 : 0 and C24 : 1 ceramide generation depended on
caspase-3. To this end, U937 cells were treated for 24 h
with 7b-hydroxycholesterol (20 mg/ml) or 7-ketocholesterol
(40 mg/ml) in the absence or in the presence of Z-VAD-fmk
(100 mM), which is a broad spectrum cell-permeable caspase
inhibitor.30 Taken alone, Z-VAD-fmk did not increase the
percentage of apoptotic cells, of propidium iodide permeable
cells, or of cells with depolarized mitochondria (cells with low
Dcm) (Table 4). Z-VAD-fmk had also no effect on either
ceramide generation, caspase-3 activity, caspase-3 cleavage
or PARP degradation (Table 4). When Z-VAD-fmk was added
to the culture medium 30 min before 7b-hydroxycholesterol
(20 mg/ml) or 7-ketocholesterol (40 mg/ml), the percentage of
apoptotic cells characterized by condensed and/or fragmen-
ted nuclei after staining with Hoechst 33342 was significantly
reduced, cleavage in the small subunit of caspase-3 was
completely inhibited, caspase-3 activity was strongly impaired
and PARP-degradation was counteracted (Table 4). How-
ever, as shown in Table 4, pretreatment of cells with Z-VAD-
fmk had no effect on cell permeability to propidium iodide and
on mitochondrial depolarization measured with the cationic
lipophilic dye DiOC6(3). Likewise, C16 : 0 and C24 : 1

ceramide generation was similar when the cells were treated
with 7b-hydroxycholesterol- or 7-ketocholesterol in the
absence or in the presence of Z-VAD-fmk (Table 4). Thus,
Z-VAD-fmk is able to inhibit certain related events that occur
during 7b-hydroxycholesterol- and 7-ketocholesterol-induced
apoptosis (morphological changes of the nuclei, induction of
caspase-3 activity, cleavage of caspase-3 and PARP
degradation), but not cell permeability to propidium iodide,
mitochondrial depolarization, and C16 : 0 and C24 : 1 cer-
amide generation. Consequently, in our model of apoptosis,
ceramide generation does not depend on caspase-3.

Fumonisin B1 blocks C16 : 0 and C24 : 1 ceramide
species generation but not 7b-hydroxycholesterol-
and 7-ketocholesterol-induced apoptosis

Various metabolic pathways can contribute to ceramide
synthesis,38,39 but the late occurrence of ceramide genera-
tion when treated with 7b-hydroxycholesterol (20 mg/ml) and
7-ketocholesterol (40 mg/ml) rather suggests a stimulation of
ceramide synthesis by the enzyme ceramide synthase.43

Therefore, U937 cells were treated for 24 h with 7b-
hydroxycholesterol (20 mg/ml) or 7-ketocholesterol (40 mg/
ml) in the absence or in the presence of fumonisin B1
(100 mM), a specific inhibitor of ceramide synthase.31 Under
those conditions, similar proportions of apoptotic cells, of
propidium iodide permeable cells, and of cells with depolar-
ized mitochondria (characterized by low values of Dcm) were
detected in untreated- and in fumonisin B1-treated cells
(Table 5). Noteworthy, when fumonisin B1 was added to the
culture medium 30 min before 7b-hydroxycholesterol (20 mg/
ml) or 7-ketocholesterol (40 mg/ml), ceramide generation was
strongly reduced but no significant decreases in the
percentages of apoptotic cells, of propidium iodide perme-
able cells, and of cells with depolarized mitochondria were
observed (Table 5). Therefore, 7b-hydroxycholesterol- and 7-
ketocholesterol-induced apoptosis does not seem mediated
by a de novo pathway of C16 : 0 and C24 : 1 ceramide species
generation involving ceramide synthase. In addition, our data
also suggest that C16 : 0 and C24 : 1 ceramide species
generation through ceramide synthase activity is not involved
in the occurrence of cell permeability to propidium iodide and
in the loss of transmembrane mitochondrial potential (Dcm).

Discussion

Due to the fundamental role of apoptosis in physiological and
in pathological processes, it is of importance to identify the
molecules capable of inducing this form of cell death and to
characterize their mechanisms.33,44 Among these pro-
apoptotic molecules, oxysterols (which are oxygenated
derivatives of cholesterol, and which result from the oxidation
of cholesterol essentially on its B ring or on its side chain)
constitute a wide class of compounds1,3 that could be involved
in Alzheimer's disease45 and that probably play a key role in
the initiation and in the development of atherosclerosis.46

Indeed, some of them, such as 7b-hydroxycholesterol and 7-
ketocholesterol are potent inducers of apoptosis in tumoral
and normal cells,14,47,48 especially those of the nervous
system49 ± 51 and of the vascular wall.12 As 7a-hydroxycho-

Figure 5 Effects of 7a-,7b-hydroxycholesterol and 7-ketocholesterol on
ceramide generation. C16 : 0 (A) and C24 : 1 (B) ceramide changes quantified
by electrospray ionization mass spectrometry were studied in U937 cells
cultured for 30 min, 1, 6, 12, 18, 24, and 30 h in the absence (control) or in the
presence of 7a-hydroxycholesterol (80 mg/ml), 7b-hydroxycholesterol (20 mg/
ml), or 7-ketocholesterol (40 mg/ml). Data are mean+S.D. of three
independent experiments performed in triplicate
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lesterol is not cytotoxic, the biological effects of oxysterols
oxidized at C7 (7a-, 7b-hydroxycholesterol, and 7-ketocho-
lesterol) seem tightly regulated, and it was therefore of interest
to compare, and to characterize their cytotoxic effects. To this
end, human U937 promyelocytic leukemia cells were treated
with oxysterol oxidized at C7 at concentrations (5 ± 80 mg/ml)
that were in the range of levels measured in the plasma of
hypercholesterolemic patients52 and of cholesterol-rich fed
rabbits.53 U937 cells were chosen because they are sensitive
to oxysterols in the same range of concentrations as those
observed in nerve cells49,50 as well as in endothelial and

smooth muscle cells.12 In addition, U937 cells are frequently
used as macrophage-like reference models to investigate the
cytotoxicity of oxysterols in humans,9,14,15 as it is well
admitted that macrophages play an important role in the
atherosclerotic process.47

Under those conditions, with the use of different criteria
(cell counting, permeability to propidium iodide, morpholo-
gical aspect of cellular nuclei, mitochondrial depolarization,
cytochrome c release into the cytosol, caspase-9 and -3
activation, PARP degradation, quantification and character-
ization of ceramide species) we report that 7a-hydroxycho-

Table 4 Effects of z-VAD-fmk on the proportions of apoptotic cells, propidium iodide permeable cells, and cells with depolarized mitochondria, on ceramide generation,
caspase-3 activity, caspase-3 cleavage, and poly(ADP-ribose) polyermase degradation

The proportions of apoptotic cells, propidium iodide permeable cells, and cells with depolarized mitochondria, as well as ceramide generation (C16:0 and C24:1
ceramide species), caspase-3 activity, caspase-3 cleavage, and poly(ADP-ribose) polymerase (PARP) degradation were investigated at 24 h of culture in the absence or
in the presence of 20 mg/ml 7b-hydroxycholesterol (7b), and 40 mg/ml 7-ketocholesterol (7-keto), with or without Z-VAD-fmk (100 mM). Proportions of apoptotic cells,
propidium iodide permeable cells, cells with depolarized mitochondria, C16:0 and C24:1 ceramide species content, and caspase-3 activity correspond to three
independent experiments performed in triplicate. Western blot data are representative of three independent experiments. *Indicates statistically signi®cant differences
(P < 0.05) between control and oxysterol-treated cells; **Indicates statistically signi®cant differences (P < 0.05) between oxysterol-treated cells and (oxysterol+Z-VAD-fmk)-
treated cells
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lesterol induces only a slight inhibition of cell growth, and
that the apoptotic potency is higher with 7b-hydroxycholes-
terol than with 7-ketocholesterol, although these oxysterols
trigger similar signaling pathways.

So, as reported before on a wide variety of normal or
tumoral cell types deriving from the digestive, immune,
nervous and cardiovascular systems,11,49,54,55 the present
in vitro investigation underlines again the important
differences of toxicity from one oxysterol to another even
when these compounds are structurally identical as 7a- and
7b-hydroxycholesterol. Noteworthy, as no cytoxicity of 7a-
hydroxycholesterol was previously observed on lymphoma
and hepatoma cells,56,57 the present investigation suggests
that the activity of this compound would not depend on the
cell type considered as is frequently the case with some
oxysterols. Thus, 25-hydroxycholesterol displays slight
cytotoxic activities towards lymphoma and hepatoma cells
as well as towards endothelial cells, but it is strongly
cytotoxic against microglial cells while 7b-hydroxycholester-
ol acts in the opposite manner.11,49,56,57 Moreover, our data
also confirm the important cytotoxic effects of 7b-hydro-
xycholesterol and of 7-ketocholesterol that were described
to induce either apoptosis or necrosis according to the cells
considered,12,55 and they raise further the interest in
determining the cell death characteristics linked to these
compounds.

In the present work, in agreement with our previous
studies,9,15 we also report that 7b-hydroxycholesterol and
7-ketocholesterol- induced cell death is a form of apoptosis
characterized by a reduction of cell growth, an enhanced
permeability to propidium iodide (which is in agreement with
the alterations of the physical properties of lipid membranes
observed in the presence of various oxysterols by angle-
resolved fluorescence depolarization microscopy and
electron spin resonance),58 and an increased proportion
of cells with condensed and/or fragmented nuclei. The
significant reduction of cell growth associated with a
marked increase permeability to propidium iodide occuring
during treatment with 7b-hydroxycholesterol and 7-ketocho-
lesterol is probably a complex phenomenon that could be
the consequence of the simultaneous downregulation of
proliferation signals and of the complete disruption of

cellular structures in late steps of the apoptotic process,
as it is frequently the case with various pro-apoptotic
compounds.59 Similarly, the occurrence of cells with
fragmented and/or condensed nuclei, which is a character-
istic feature of apoptosis,23 also involves complex signaling
pathways that have not yet been completely delineated,
and a variety of models associated with apoptotic
morphology have been described.21 Nowadays, three
compartments are implicated in the execution of apoptotic
processes;60 these compartments are the plasma mem-
brane where both death and survival receptors reside, the
mitochondrion, which is home for several proteins that
regulate apoptosis, and the endoplasmic reticulum involving
caspase-12.33,60,61 When treated with 7b-hydroxycholest-
erol and 7-ketocholesterol, the loss of the mitochondrial
trasmembrane potential (Dcm) and the simultaneous
release of cytochrome c into the cytosol show that the
mitochondrial compartment is involved in the apoptotic
process, and the requirement of these mitochondrial events
in the induction of the downstream biochemical changes
leading to caspase-9 and -3 activation, and to PARP
degradation, is suggested by the ability of various
antioxidants (glutathion, N-acetylcysteine, and vitamin E)
to counteract 7-ketocholesterol-induced cell death.15,62

Indeed, we previously demonstrated that impairment of 7-
ketocholesterol-induced apoptosis by glutathion, N-acetyl-
cysteine and vitamin E correlates with the prevention of
mitochondrial dysfunctions, i.e, loss of the trasmembrane
mitochondrial potential (Dcm) and simultaneous release of
cytochrome c into the cytosol.62 Therefore, there is
considerable evidence that the disruption of mitochondrial
functions are major events in 7b-hydroxycholesterol and 7-
ketocholesterol-induced apoptosis. In addition, similarly to
numerous inducers of apoptosis,34,63 7b-hydroxycholesterol
and 7-ketocholesterol also induce an apoptotic mode of cell
death where casapases play important roles. Indeed, we
report in the present study that Z-VAD-fmk (a broad-
spectrum caspase inhibitor)30 counteracts the cleavage and
activity of caspase-3, and consequently PARP degradation
and morphological changes associated with apoptosis
(occurence of cells with fragmented and / or condensed
nuclei). However, Z-VAD-fmk does not inhibit the loss of

Table 5 Effects of fumonisin B1, a speci®c inhibitor of ceramide synthase, on the proportions of apoptotic cells, propidium iodide permeable cells, cells with depolarized
mitochondria and on ceramide generation

Treatments (24 h)

Control 7b (20 mg/ml) 7-keto (40 mg/ml)

Fumonisin B1 (100 mM) 7 + 7 + 7 +

Apoptotic cells (%) 2+1 2+1 61+6* 55+5 40+5* 35+3
Propidium iodide permeable cells (%) 3+2 4+3 67+10* 78+6 47+5* 46+6
Cells with depolarized mitochondria (%) 4+2 4+3 77+4* 69+5 64+5* 65+2

Ceramide (ng/106 cells)
C16:0 4.7+3.8 1.2+3.0 138.2+30.5* 10.5+5.0** 45.5+5.0* 9.2+2.6**
C24:1 2.6+0.9 1.3+0.6 40.3+0.5* 6.7+3.0** 15.0+3.0* 5.0+1.5**

The proportions of apoptotic cells, propidium iodide permeable cells, and cells with depolarized mitochondria, as well as ceramide generation (C16:0 and C24:1
ceramide species) were investigated at 24 h of culture in the absence or in the presence of 20 mg/ml 7b-hydroxycholesterol (7b), and 40 mg/ml 7-ketocholesterol (7-
keto), with or without fumonisin B1 (100 mM). Proportions of apoptotic cells, propidium iodide permeable cells, cells with depolarized mitochondria, and C16:0 and C24:1
ceramide species content correspond to three independent experiments performed in triplicate. *Indicates statistically signi®cant differences (P50.05) between control
and oxysterol-treated cells; **Indicates statistically signi®cant differences (P50.05) between oxysterol-treated cells and (oxysterol+fumonisin B1)-treated cells
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transmembrane mitochondrial potential and the permeabil-
ity to propidium iodide known to enter only in dead cells.32

Therefore, in oxysterol-induced apoptosis as in numerous
other types of apoptotic processes,64 the inhibition of
casapases-dependent events by Z-VAD-fmk is not suffi-
cient to inhibit the commitment to cell death. Taken together
these different data led us to speculate that 7b-hydroxy-
cholesterol and 7-ketocholesterol would trigger the follow-
ing post-mitochondrial cascade of events: cytochrome c
release into the cytosol would contribute to the activation of
a complex of apoptosis activating factor 1 (Apaf-1) and of
pro-caspase-9, leading to the cytochrome c dependent
processing of pro-caspase-3 which in turn would cleave
several death substrates including poly (ADP-ribose)
polymerase (PARP).33,65,66

Because cell signals upstream of mitochondrial dysfunc-
tions resulting from 7b-hydroxycholesterol and 7-ketocho-
lesterol-induced apoptosis are yet unknown, and since
some ceramide species that play an important role in the
transduction of the apoptotic signal27,38 were also found to
induce mitochondrial dysfunctions such as loss of
mitochondrial transmembrane potential and cytochrome c
release,67 ± 69 we further investigated changes of ceramide
concentration (per cell) after various treatment times in the
presence of 7b-hydroxycholesterol and 7-ketocholesterol.
The present study is consistent with the findings that the
predominant ceramide species present in U937 cells are
C16 : 0 and C24 : 1,40 and it demonstrates with the use of Z-
VAD-fmk that ceramide generation occurring in U937 cells
following treatment with 7b-hydroxycholesterol and 7-
ketocholesterol does not depend on caspase activation,
especially activation of caspase-3, which is an important
effector caspase with numerous substrates.42 Indeed, in
U937 cells incubated with 7b-hydroxycholesterol (or 7-
ketocholesterol), activation of caspase-3 was inhibited and
the percentage of cells with fragmented and/or condensed
nuclei characteristic of apoptotic cells was reduced in the
presence of Z-VAD-fmk whereas the accumulation of
C16 : 0 and C24 : 1 ceramide species was not modified. In
addition, the present work underlines that ceramide
generation occuring during treatment with 7b-hydroxycho-
lesterol and 7-ketocholesterol (but not with 7a-hydroxycho-
lesterol) is mediated through ceramide synthase, as it is in
daunorubicin-induced apoptosis in hen granulosa cells,70 in
CPT-11-induced apoptosis in L929 cells,71 and in 12-O-
tetradecanoylphorbol-13-acetate-induced apoptosis in
LNCaP cells.72 So, in U937 cells, hen granulosa cells,
L929 cells, and LNCaP cells, incubated in the presence of
oxysterol, daunorubicin, CPT-11, and 12-O-tetradecanoyl-
phorbol-13-acetate, respectively, it was possible to abro-
gate ceramide accumulation with fumonisin B1, a fungal
toxin that specifically inhibits ceramide synthase.31 How-
ever, contrary to the data obtained for daunorubicin-, CPT-
11-, and 12-O-tetradecanoylphorbol-13-acetate-treated
cells, abrogation of ceramide generation in oxysterol-
treated cells did not abolish apoptosis. Therefore, as in
the case of apoptosis triggered by oxidized low density
lipoproteins73 which are known to contain high levels of 7b-
hydroxycholesterol and of 7-ketocholesterol,74 our results
rather suggest that ceramide generation (especially C16 : 0

and C24 : 1 ceramide species) is not a main event in the
death response to 7b-hydroxycholesterol and 7-ketocholes-
terol probably because ceramide generation (in our model
of cell death) has minor effects on central executioners of
the apoptotic process such as mitochondria. Indeed,
fumonisin B1, which strongly reduces the accumulation of
C16 : 0 and C24 : 1 ceramide species induced by 7b-
hydroxycholesterol and 7-ketocholesterol, does not prevent
the loss of transmembrane mitochondrial potential (Dcm). In
addition, our results also suggest that C16 : 0 and C24 : 1
ceramide species are probably not involved in the
regulation of cell permeability to propidium iodide since
fumonisin B1, which strongly inhibits ceramide generation
triggered by 7b-hydroxycholesterol or by 7-ketocholesterol,
does not simultaneously reduce the proportion of propidium
iodide permeable cells. In support of the idea that ceramide
generation is however implied in the control of several
cellular activities particularly in apoptotically dying cells,38

further studies are therefore needed to clarify the role of
ceramide generation during oxysterol-induced cell death.
However, as some oxysterols such as 25-hydroxycholes-
terol75 and 7b-hydroxycholesterol76 have been shown to
favor the accumulation of the cells in the G0/G1 phase of
the cell cycle, and as increase ceramide generation has
been described in yeast77 as well as in Molt-4 cells78

blocked in G1, we can suppose a link between ceramide
generation and regulation of the cell cycle during oxysterol-
induced apoptosis.

Noteworthy, contrary to 7b-hydroxycholesterol and 7-
ketocholesterol, no cytoxicity was observed in the presence
of 7a-hydroxycholesterol, and the only cellular dysfunction
identified was a slight inhibition of cell growth at the highest
concentration considered (80 mg/ml). As all oxysterols
oxidized at C7 (7a-hydroxycholesterol, 7b-hydroxycholes-
terol and 7-ketocholesterol) accumulate inside the cells, the
differences of activity between 7a-hydroxycholesterol and
7b-hydroxycholesterol, which are structurally analogous but
stereologically different, suggest that the biological activities
of oxysterols oxidized at C7 are probably mediated by a
receptor. Nowadays, various kinds of oxysterol binding
molecules have been identified but nothing is known about
their ability to trigger an apoptotic signal. Among these
molecules, some studies revealed that several oxysterols
can bind to the antiestrogen-binding site (AEBS) located
predominantly in the microsomal fraction, and ubiquitously
distributed in animal and human tissues.79 However, as the
affinities of oxysterols oxidized at C7 for the AEBS are in
the following order (7a-hydroxycholesterol47-ketocholes-
terol47b-hydroxycholesterol), we can suppose that this
receptor does not deliver a death signal.80 Another putative
receptor of oxysterols is the oxysterol-binding protein
(OSBP) present in the cytosol of many cell types,81 whose
gene has been mapped to the long arm of human
chromosome 11 and the proximal end of mouse chromo-
some 19.82 However, 7a-hydroxycholesterol, 7b-hydroxy-
cholesterol, and 7-ketocholesterol are weakly recognized
by this receptor, contrary to the cholesterol derivatives
hydroxylated on the side chain.83 Therefore, OSBP is
probably not involved in the apoptotic process induced by
7b-hydroxycholesterol and 7-ketocholesterol. As it was
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shown that sterols derived from cholesterol by the
introduction of a second functional group (hydroxyl or
ketone) in the 6, 7, 15, 20, 22, 24, or 25 positions are
potent inhibitors of 3-hydroxy-3-methylglutaryl coenzyme A
reductase (HMG-CoA reductase),84 and that some statins
(synthetic inhibitors of HMG-CoA reductase)85 can induce
an apoptotic mode of cell death,86,87 the different potency
of oxysterols oxidized at C7 to induce apoptosis might also
depend on their ability to inhibit HMG-CoA reductase.
Indeed, HMG-CoA reductase activity has major conse-
quences on the transmission of growth factor-dependent
survival signals by contributing to the synthesis of
farnesylpyrophosphate, which is not only a cholesterol
precursor but also an intermediate in different isoprenoid-
dependent metabolic pathways such as dolichol and
ubiquinone synthesis, but also protein farnesylation (Ras)
and protein geranyl-geranylation (Rho, Rab), which seem
essential for the delivery of anti-apoptotic signals through
pathways involving the activation of phosphatidylinositol-3-
kinase (PI(3)K) and of its downstream effector, the serine /
threonine kinase Akt.87 ± 91 So, if we suppose that 7a-
hydroxycholesterol, contrary to 7b-hydroxycholesterol and
7-ketocholesterol, is not a potent inhibitor of HMG-CoA
reductase, it could subsequently not induce a suppression
of Ras farnesylation and of Rho geranyl-geranylation. In
turn, according to this hypothesis, 7a-hydroxycholesterol
could not lead to the suppression of phosphorylation
through the pathway involving the activation of PI(3)K/Akt.
As a consequence, numerous molecules such as Bad or
Bax would not be dephosphorylated and could not interact
with Bcl-2 at the mitochondrial level92 ± 94 to induce a loss of
transmembrane mitochondrial potential (Dcm), cytosolic
release of cytochrome c, activation of caspases-9 and -3,
and PARP degradation. More recently, new receptors
(LXRs) have been identified, and two of them, the closely
related transcription factors LXRa and LXRb, are activated
by hydroxylated cholesterol as ligands,95,96 but their roles
in oxysterol-induced cell death remain to be defined.
However, it seems that these receptors are involved in
the activation of SREB-1, which results from the cleavage
of sterol regulatory element binding proteins (SREBP)
under the action of CPP32/SCA-1,97,98 reinforcing the
hypothesis that molecules implied in cholesterol biosynth-
esis and lipoprotein uptake are probably implied in the
program of apoptosis.

In conclusion, our data underline the complexity of the
mechanisms of oxysterols oxidized at C7 (7a-hydroxycho-
lesterol, 7b-hydroxycholesterol and 7-ketocholesterol), and
they demonstrate the following points: (1) induction of
apoptosis depends on the radical (hydroxyl or keto) present
at C7 as well as on the a or b hydroxyl radical position;
thus, 7b-hydroxycholesterol and 7-ketocholestrol are potent
inducers of apoptosis but 7a-hydroxycholesterol is not; (2)
the mitochondrial signaling pathway involving loss of the
mitochondrial transmembrane potential (Dcm), release of
cytochrome c, activation of caspase-9 and -3, and PARP
degradation is a common feature of 7b-hydroxycholesterol-
and 7-ketocholesterol-induced apoptosis; (3) C16 : 0 and
C24 : 1 ceramide species are generated under treatment
with 7b-hydroxycholesterol and 7-ketocholesterol (but not

with 7a-hydroxycholesterol); (4) Z-VAD-fmk counteracts 7b-
hydroxycholesterol- and 7-ketocholesterol-induced apopto-
sis but does not reduce C16 : 0 and C24 : 1 ceramide
species generation; (5) the inhibition of significant amounts
of C16 : 0 and C24 : 1 ceramide species by fumonisin B1 is
not associated with an impairment of 7b-hydroxycholesterol
and of 7-ketocholesterol-induced apoptosis. Thus, the
present comparative study performed on oxysterols
oxidized at C7 brings new insights on the metabolic
pathways involved in oxysterol-induced apoptosis, and
further understanding of the cytotoxicity of oxysterols,
which probably play important roles in atherosclerosis,46

might allow for the development of new systemic therapies
for this disease.

Materials and Methods

Cells

U937 cells were grown in suspension in culture medium consisting of
RPMI 1640 medium (Gibco, Eragny, France), 2 mM L-glutamine
(Gibco), antibiotics (100 U/ml penicillin, 100 mg/ml streptomycin)
(Gibco) and supplemented with 10% (v/v) heat-inactived fetal calf
serum (Gibco). The cells were seeded at 56105 per ml of culture
medium, passaged twice a week, and incubated at 378C under a 5%
CO2/ 95% air atmosphere.

Cell treatments

The purity of 7a-, 7b-hydroxycholesterol (purchased from Steraloids,
Wilton, USA), and 7-ketocholesterol (Sigma-Aldrich, L'Isles d'Abeau-
Chesnes, France) was determined to be 100% by gaseous phase
chromatography-mass spectrometry. For all experiments, initial
solutions of 7a-, 7b-hydroxycholesterol and 7-ketocholesterol were
prepared extemporaneously at a concentration of 800 mg/ml as
previously described.15 The initial oxysterol solutions were prepared
dissolving 800 mg of oxysterol in 50 ml of absolute ethanol, 950 ml of
culture medium were further added, and the solution was sonicated.
7a-, 7b-hydroxycholesterol and 7-ketocholesterol were studied at final
concentrations of 5, 10, 20, 40, and 80 mg/ml (12.5 ± 200 mM) by
adding 6.25, 12.5, 25, 50, or 100 ml of the initial oxysterol solution
(800 mg/ml) per ml of culture medium. The oxysterol concentrations
used are in the range of levels measured in the plasma of
hypercholesterolemic patients52 and of cholesterol-rich fed rab-
bits.53 Under these experimental conditions, the ethanol concentra-
tion in the culture medium did not exceed 0.5%. In those conditions,
ethanol had no effect on cell growth nor on cell viability measured with
propidium iodide, and did not increase the proportion of apoptotic cells
when compared to untreated cells.12 All oxysterols were introduced in
the culture medium at the beginning of the culture. N-benzyloxy-
carbonyl-valinyl-alaninyl-aspartyl fluoromethylketone (Z-VAD-fmk)
(Bachem Biochimie, Voisins-le-Bretonneux, France), which is a broad
spectrum cell-permeable caspase inhibitor,30 was dissolved in
dimethylsulfoxide (Sigma) to a concentration of 2 mM, and added to
the culture medium at a final concentration of 100 mM. As for fumonisin
B1 (Sigma), a specific inhibitor of ceramide synthase,31 it was
dissolved in sterile saline (0.9%) to a concentration of 500 mM and
used at a final concentration of 100 mM. When the cells were
simultaneously treated with an oxysterol and with Z-VAD-fmk (or with
fumonisin B1), the latter compound was introduced in the culture
medium 30 min before the oxysterol.

Cell Death and Differentiation

Oxysterol-induced apoptosis occurs independently of ceramide generation
C Miguet et al

94



Cell counting

Cell counting was performed with a hemacytometer under a Laborlux
IX 70 inverted phase contrast microscope (Olympus, Tokyo, Japan) on
cells seeded in 6-well plates (Falcon / Becton Dickinson, Plymouth,
UK) at a concentration of 1.56106 cells in 3 ml of culture medium per
well.

Identi®cation and quanti®cation of apoptotic cells
after nuclei staining with Hoechst 33342

Nuclear morphology of control and treated cells was studied by
fluorescence microscopy after staining with Hoechst 33342 (lEx max:
346 nm, lEm max: 420 nm) (Sigma). Apoptotic cells were character-
ized by nuclear condensation of chromatin and/or nuclear fragmenta-
tion.23 Hoechst 33342 was freshly prepared in distilled water at 1 mg/
ml and used at the final concentration of 10 mg/ml. After 30 min of
incubation at 378C, cells were washed twice in cold PBS and
resuspended to a concentration of 106 cells/ml in PBS containing 1%
(w/v) paraformaldehyde. Cell deposits of about 40 000 cells were
applied to glass slides by cytocentrifugation for 5 min at 1000 r.p.m.
with a cytospin 2 (Shandon, Cheshire, UK), mounted in Fluoprep
(BiomeÂ rieux, Marcy l'Etoile, France), and stored in the dark at 48C. The
morphological aspect of cell nuclei was observed with an Axioskop
light microscope (Zeiss, Jena, Germany) by using UV light excitation.
Images were acquired with an image analysis system (Biocom, Les
Ulis, France), and 300 cells were examined for each sample.

Transmission electron microscopy

For transmission electron microscopy, 206106 cells were fixed for 1 h
with 2% glutaraldehyde prepared in a 0.1 M cacodylate buffer
(pH 7.4), postfixed in osmium tetroxide, deshydrated using a graded
ethanol series, and embedded in Epon. Sections were stained with
uranyl acetate and lead citrate, and were examined with a H 600
electron microscope (Hitachi, Tokyo, Japan).

Determination of cell permeability with propidium
iodide

Cell permeability was determined after staining with the phenanthrene
dye propidium iodide (lEx max: 540 nm, lEm max: 625 nm) (Sigma),
which enters only dead cells.32 A stock solution of propidium iodide
was prepared in phosphate-buffered saline (PBS) at the concentration
of 10 mg/ml, and kept in the dark at room temperature. Propidium
iodide was used at a final concentration of 4 mg/ml in a cell suspension
adjusted to 106 cells/ml. Fluorescence was immediately quantified by
flow cytometry in 10 000 cells on a logarithmic scale of fluorescence of
four decades of log on a FACScan flow cytometer (Becton Dickinson,
Moutain View, CA, USA) at excitation and emission wavelengths of
488 and 585/42 nm, respectively.

Characterization and quanti®cation of oxysterols
by capillary gas chomatography and mass
spectrometry

U937 cells incubated for 24 h in their culture medium in the absence or
presence of 7a-, 7b-hydroxycholesterol or 7-ketocholesterol used at
concentrations of 5, 10, 20, 40 and 80 mg/ml for 24 h were collected by
centrifugation (10006g, 48C, 10 min), washed twice in PBS, and
enumerated with a hemacytometer. Total lipids from cells were further
extracted by the methods of Folch et al.99 The extract was saponified
at 608C for 60 min with potassium hydroxide (13.2 g/l), followed by

esterification at 608C for 60 min with boron trifluoride (BF3)-methanol
to yield fatty acid methyl esters, and oxysterols were analyzed by
capillary gas chromatography24 on a 3060.25 mm Hewlett-Packard
HP5MS column with the use of a Hewlett-Packard 6890 gas
chromatograph attached to a 5973 A mass detector (Hewlett-
Packard, Palo Alto, CA, USA). Heptadecanoic acid (17 : 0) was
added as an internal standard to each sample before extraction and
the oxysterol content was determined from the ratio of the peak area of
the sample to the peak area of the internal standard. Data are
represented as the quantity of 7a-, 7b-hydroxycholesterol and 7-
ketocholesterol in mg per 106 cells.

Characterization and quanti®cation of ceramide by
electrospray ionization mass spectrometry

Ceramide changes were studied in U937 cells cultured for 30 min, 1, 6,
12, 18, 24, and 30 h in the absence or in the presence of 7a-
hydroxycholesterol (80 mg/ml), 7b-hydroxycholesterol (20 mg/ml), or 7-
ketocholesterol (40 mg/ml). In addition, the effects of Z-VAD-fmk
(100 mM) and of fumonisin B1 (100 mM) were investigated at 24 h of
treatment in the presence of 7b-hydroxycholesterol (20 mg/ml), or 7-
ketocholesterol (40 mg/ml). At the end of the incubation time, cells
were collected by centrifugation (10006g, 48C, 10 min), washed twice
in culture medium without fetal calf serum, and enumerated with a
hemacytometer. Cells were further lysed in CH3OH/H2O/12 M HCl
95 : 5 : 0.5 (v/v), and sonicated. Lipids were extracted with CHCl3
according to the method described by Gu et al.,100 and N-
acetylsphingosine (ICN, Costa Mesa, CA, USA) was used as internal
standard for ceramides. Lipids were eluted by liquid chromatography
on a 2.06250 mm Hypersil ODS column (Hewlett-Packard) using
5 mM amonium acetate in CH3OH as eluant at a flow rate of 0.5 ml/
min, and ceramides were characterized by positive ion electrospray
ionization mass spectrometry performed on a MSD 1100 mass
spectrometer (Hewlett-Packard). The orifice voltage was operated at
80 V, the capillary voltage at 3.5 kV, and the drying gas flow at 8 l/min.
Ions at m/z 324, 520, and 630 were used to measure N-
acetylsphingosine, palmitoylsphingosine, and nervonoylsphingosine.
Palmitoylsphingosine, and nervonoylsphingosine levels were deter-
mined by comparison with a standard curve produced using known
amounts of palmitoylsphingosine (Sigma), and nervonoylsphingosine
(Sigma). Data are represented as the quantity of ceramide (C16 : 0 and
C24 : 1) in ng per 106 cells.

Flow cytometric measurement of the mitochondrial
transmembrane potential (Dcm) with the cationic
lipophilic dye DiOC6(3)

The mitochondrial transmembrane potential (Dcm) was measured with
3, 3'-dihexyloxacarbocyanine iodide (DiOC6(3): lEx max 484 nm, lEx
max 501 nm) (Molecular Probes, Inc., Eugene, OR, USA) used at
40 nM final concentration in U937 cells cultured for 18, 24, and 30 h in
the absence or in the presence of 7a-hydroxycholesterol (80 mg/ml),
7b-hydroxycholesterol (20 mg/ml), or 7-ketocholesterol (40 mg/ml).
This cyanine dye, which accumulates in the mitochondrial matrix
under the influence of the Dcm,101 was initially prepared at 1 mM in
DMSO (Sigma), and further diluted in distilled water in order to obtain a
20 mM intermediate solution. To obtain a 40 nM final concentration,
2 ml of this intermediate solution were added to cell suspensions
adjusted to 26106 cells/ml, and after 15 min of incubation at 378C,
DiOC6(3) mitochondrial transmembrane potential related fluorescence
was immediately recorded by flow cytometry with a FACscan flow
cytometer (Becton Dickinson). The green fluorescence was collected
through a 524/44 nm band pass filter, and the fluorescent signals were
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measured on a logarithmic scale of four decades of log. For each
sample, 10 000 cells were acquired and the data were analyzed with
the LYSYS I software (Becton Dickinson).

Protein extraction and Western blot analysis

Degradation of caspase-9 and-3, cytochrome c release into the
cytosol, and cleavage of the poly(ADP-ribose) polymerase (PARP)
were investigated by Western blot analysis of U937 cells incubated for
18, 24 and 30 h in their culture medium in the absence or presence of
7a-hydroxycholesterol (80 mg/ml), 7b-hydroxycholesterol (20 mg/ml) or
7-ketocholesterol (40 mg/ml). Analyses of the degradation of caspase -
9 and -3 were performed in Ripa buffer (150 mM NaCl, 50 mM TrisHCl
pH8,0, 0.1% SDS, 0.5% Na desoxycholate) extracts. To this end, cells
were harvested at the end of the treatment and washed one time with
cold PBS. Cells were further resuspended in the lysis buffer consisting
of Ripa buffer containing a mixture of protease inhibitors (0.1 mM
phenylmethylsulfonylfluoride, 2.5 mg/l aprotinin, 10 mg/ml pepstatine
A, 2.5 mg/ml trypsin inhibitors, and 5 mg/ml leupeptin). After 30 min of
incubation at 48C in the lysis buffer, cell debris was eliminated by
centrifugation for 15 min at 10 0006g and the supernatant was
collected.

For analysis of cytochrome c release into the cytosol, cells were
resuspended in buffer A (20 mM HEPES-KOH pH 7.5, 10 mM KCl,
1.5 mM MgCl2, 1 mM EDTA-Na, 1 mM EGTA-Na, 1 mM dithiothreitol)
containing 250 mM sucrose and a mixture of protease inhibitors (1 mM
phenylmethylsulfonylfluoride, 1% aprotinin, 1 mM leupeptin, 1 mg/ml
pepstatin A, and 1 mg/ml chymostatin). The cells were homogenized
by successive passages through a 25 G fine needle. Unbroken cells,
large plasma membrane pieces, and nuclei were removed by
centrifuging the homogenates for 10 min at 10006g and at 48C.
The resulting supernatant was subjected to 10 0006g at 48C for
20 min, and the supernatant obtained was centrifuged again for 1 h at
100 0006g and at 48C to generate cytosol.

For analysis of PARP, total cellular extracts were needed. The cell
pellets were resuspended and incubated for 30 min at 48C in Laemnli's
lysis buffer (1% SDS, 1 mM sodium-vanadate, 10 mM Tris-HCl) in the
presence of protease inhibitors (1 mM phenylmethylsulfonylfluoride,
1% aprotinin, 1 mM leupeptin, 1 mg/ml pepstatin A, and 1 mg/ml
chymostatin), and the cells were homogenized by successive
passages through a 25 G fine needle.

The protein concentrations were measured by using bicinchoninic
acid reagent (Pierce, Rockford, IL, USA) according to the method of
Smith et al.102 Thirty to 50 mg of protein were incubated in loading
buffer (125 mM Tris-HCl, pH 6.8, 10% b-mercaptoethanol, 4.6% SDS,
20% glycerol, 5 M urea and 0.003% bromophenol blue), boiled for
3 min, separated by SDS-polyacrylamide gel electrophoresis and
electroblotted onto polyvinylidine difluoride membrane (Biorad, Ivry
sur Seine, France). After blocking nonspecific binding sites overnight
by 5% nonfat milk in TPBS (PBS, Tween 20 0.1%), the membranes
were incubated for 2 h at room temperature with various primary
antibodies: a mouse monoclonal antibody directed against procas-
pase-9 used at 2 mg/ml (Pharmingen), a rabbit polyclonal antibody
directed against caspase-3 used at 2 mg/ml (Pharmingen, San Diego,
CA, USA), a mouse monoclonal antibody directed against cytochrome
c also used at 2 mg/ml (Pharmingen), and a mouse monoclonal
antibody directed against the PARP diluted 1/2000 (Boerhinger); all
antibodies were diluted in TPBS. After two washes in TPBS, the
membranes were incubated with horseradish peroxidase-conjugated
goat anti-mouse (Dako, Coppenhagen, Denmark), or anti-rabbit
antibody (Biorad) for 1 h at room temperature and washed twice in
TPBS. Autoradiography of the immunoblots was performed using an
enhanced chemoluminescence detection kit (Amersham, Les Ulis,

France). Autoradiograms were digitized using an image analysis
system (Biocom). Quantitative analysis of cytochrome c release was
performed using autoradiography with a Biocom image analysis
system and normalized against a cross reacting protein of around
65 kD present in the cytosolic extract;62 in these conditions,
cytochrome c release was estimated with the Visiolab software
(Biocom) by the ratio [cytochrome c]/[65 kD protein]. Each experiment
was repeated three times with identical results.

Fluorogenic assay for caspase-3 protease activity

To assess caspase-3 activity, the cleavage of Ac-DEVD-7-amino-4-
methylcoumarin (Ac-DEVD-AMC) was measured according to the
manufacturer procedure with the Quanti PakTM kit (BIOMOL Research
Laboratories, Plymouth Meeting, PA, USA) in U937 cells incubated for
18, 24 and 30 h in their culture medium in the absence or presence of
7a-hydroxycholesterol (80 mg/ml), 7b-hydroxycholesterol (20 mg/ml) or
7-ketocholesterol (40 mg/ml), with or without ZVAD-fmk (100 mM).
Briefly, at the end of the incubation time, cells were counted, harvested
by centrifugation (10006g, 48C, 10 min), and resuspended to 56107

cells per ml of ice-cold lysis buffer (50 mM(N-[(2-hydroxyethyl]
piperazine-N'-[2-ethanesulfonic acid]) (HEPES), pH 7.4, 0.1% (3[(3-
chloramidopropyl) dimethylammonio]-1-propane-sulfonate) (CHAPS),
1 mM dithiothreitol (DTT), 0.1 mM ethylenediaminetetraacetic acid
(EDTA), 1% triton X-100). After 10 min of incubation in an ice bath, cells
were centrifuged (10 0006g, 48C, 10 min), and the supernatant
(cytosolic extract) was collected. For each assay, the cytosolic extract
(10 ml) was mixed with 80 ml of assay buffer (50 mM HEPES, pH 7.4,
100 mM NaCl, 0.1% CHAPS, 10 mM DTT, 1 mM EDTA, 10% glycerol),
and with 10 ml of substrate solution (2 mM Ac-DEVD-AMC). The
fluorescence of the liberated AMC was measured at room temperature
at 2 min intervals for 40 min using a Victor2 microspectrofluorometer
(Wallac, Turku, Finland) (lEx 484 nm, lEm 501 nm) in order to
determine the specific activity of the assay. In these conditions, three
independent experiments were performed in triplicate.

Statistical analysis

Statistical analyses were performed with SYSTAT software (Evanston,
III.) using a one way and a two way analysis of variance.
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