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humaines et interactions vasculaires), Laboratoire de Biochimie Médicale,
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Abstract
7-Ketocholesterol is a component of oxidized LDL, which plays a
central role in atherosclerosis. It is a potent inducer of cell death
towards a wide number of cells involved in atherosclerosis. In
this study, it is reported that 7-ketocholesterol treatment induces
an increase of cytosolic-free Ca2þ in THP-1 monocytic cells.
This increase is correlated with the induction of cytotoxicity as
suggested from experiments using the Ca2þ channel blockers
verapamil and nifedipine. This 7-ketocholesterol-induced apop-
tosis appears to be associated with the dephosphorylation of
serine 75 and serine 99 of the proapoptotic protein Bcl-2
antagonist of cell death (BAD). We demonstrated that this
dephosphorylation results mainly from the activation of calcium-
dependent phosphatase calcineurin by the oxysterol-induced
increase in Ca2þ . Moreover, this Ca2þ increase appears related
to the incorporation of 7-ketocholesterol into lipid raft domains of
the plasma membrane, followed by the translocation of transient
receptor potential calcium channel 1, a component of the store
operated Ca2þ entry channel, to rafts.
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Introduction

Oxidized low-density lipoproteins (oxLDL), which are a
complex mixture of various components comprised of lipid
hydroperoxides, aldehydes, and cholesterol oxidation pro-
ducts (oxysterols), play an important role in the development
of atherosclerosis.1 It has been shown that oxysterols mediate
the early events in atherosclerosis induced by oxLDL, such as
the expression of adhesion molecules, the production of
various proinflammatory cytokines,2 and cytotoxicity towards
various cell types, including those found in the vascular wall,
that is, vascular smooth muscle cells (SMC), endothelial cells,
macrophages/monocytes, and fibroblasts.3–6 This cytotoxicity
has been partly attributed to the induction of apoptosis. So
apoptosis appears to be an important event occurring during
atherosclerosis. It is probably involved in the formation of the
initial lesions, where endothelial cells could be killed by
oxLDL, or later, when in progressing lesions, the destruction
of foam cells induces the formation of the lipid core. Due to this
fundamental role of apoptosis in atherosclerosis, it is
important to identify the molecules susceptible in initiating
this form of cell death and to characterize their mechanisms.
Among these proapoptotic molecules, oxysterols probably
play a key role in the initiation and the development of
atherosclerosis. Indeed, some of them are potent inducers of
apoptosis in tumor and normal cells, especially monocytes5

and those found in the vascular wall, that is, SMC, endothelial
cells, and fibroblasts.3,4,6 However, of the 60 oxysterols
identified, only a few of them are cytotoxic, including
7b-hydroxycholesterol and 7-ketocholesterol.7 Oxysterol-
induced apoptosis is characterized by well-known postmito-
chondrial events, such as the loss of mitochondrial trans-
membrane potential (DCm), the release of cytochrome c into
the cytosol, caspase-9 and -3 activation, and PARP degrada-
tion.8 Of note, 25-hydroxycholesterol is not cytotoxic to
monocytes, whereas cytotoxic activities were established in
macrophages and vascular SMC, underlying the complexity of
the biological activities of oxysterols.9,10 Recently, it has been
shown in monocyte-like cells that oxysterol-mediated cell
death resulted in the inability of ACAT to esterify these
compounds.11 However, it is not clear how oxysterols, and
particularly 7-ketocholesterol, induce apoptosis in these and
other vascular cells. Therefore, it is important to identify the
premitochondrial events triggered by 7-ketocholesterol and to
elucidate the differences observed between oxysterols.
Ca2þ mobilization can induce apoptosis by activating

Ca2þ -dependent proteases, phosphatases, and endonu-
cleases, and by depleting intracellular Ca2þ stores. So,
it appears that calcium homeostasis needs to be tightly
regulated for cell survival. It has been recently reported that in
human aortic SMC, 7b-hydroxycholesterol-induced apoptosis
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is preceded by Ca2þ oscillations9 and 25-hydroxycholesterol-
induced apoptosis is inhibited by the Ca2þ channel blockers
verapamil and nifedipine.12 Moreover, Wang et al.13 recently
demonstrated that L-glutamate induced a sustained increase
in cytosolic-free Ca2þ leading to the activation of the serine–
threonine phosphatase calcineurin (PP2B) and to the sub-
sequent apoptosis of hippocampal neurons by dephosphor-
ylation of the proapoptotic protein Bcl-2 antagonist of cell
death (BAD). Indeed BAD, through heterodimerization with
the antiapoptotic proteins Bcl-2 and Bcl-XL,

14 triggers
apoptosis by inducing the release of mitochondrial cyto-
chrome c and is only active in its dephosphorylated form. The
inactive form of human BAD, which remains in the cytosol, is
therefore phosphorylated in the following ways:

� On serine 75 and/or 99, establishing an interaction with the
14-3-3 proteins15 and is then locked up in the cytoplasm far
from the mitochondrial membrane where it could interact
with Bcl-XL.

� On serine 118 in the interaction domain (BH3) with Bcl-XL,
blocking the association between the two proteins.16

Phosphorylation of serine 75, under the control of growth
factors, uses the signal pathway ending with protein kinase A
(PKA)17 or with RSK1, one of the terminal kinases in the MAP
kinase pathway.18 Phosphorylation of serine 99 is under the
control of PI3 kinase – Akt (PKB),19 whereas phosphorylation
of serine 118 needs the intervention of the MAP kinases and
PKA pathways.20

In the reported data, we demonstrated for the first time, a
mechanism initializing cell death induced by a main cytotoxic
oxysterol present in oxLDL. 7-Ketocholesterol treatment of
THP-1, a human monocytic cell line, induces modifications in
lipid raft domains (LRDs), leading to a sustained increase of
cytosolic-free Ca2þ then to calcineurin activation, BAD
dephosphorylation, and consequently apoptosis.

Results

Effect of 7-ketocholesterol on intracellular
(cytosolic-free) Ca2þcontents

In order to demonstrate that 7-ketocholesterol treatment
affects the intracellular concentration of calcium, we directly
measured Ca2þ contents in THP-1 cells. Treatment of THP-1
cells with 7-ketocholesterol (40mg/ml) induced a significant
and sustained increase (six-fold compared to control cells) of
intracellular calcium content whereas treatment with choles-
terol (40mg/ml) had no effect (Figure 1). A maximum was
reached after 8 h of treatment, which was maintained until
propidium iodide (PI) permeable cells appeared (data not
shown). On the contrary, ethanol, the oxysterol solvent
(0.04%), did not induce Ca2þ flux, indicating that the rise in
calcium was specific to 7-ketocholesterol treatment (data not
shown). Cell treatment with the L-type calcium channel
blockers nifedipine (50mM) or verapamil (100 mM) induced a
significant decrease of free-calcium content in 7-ketocholes-
terol-treated cells, as measured with Fluo-3, indicating the
involvement of L-Type calcium channels in 7-ketocholesterol-
induced cytosolic calcium increase (Figure 1).

7-Ketocholesterol-induced cytotoxicity:
a calcium-dependent apoptosis

To investigate if the 7-ketocholesterol-induced Ca2þ increase
correlated with the induction of apoptosis, nifedipine (50mM)
and verapamil (100 mM) were individually added to the 7-
ketocholesterol treatment. Treatment of THP-1 cells with 7-
ketocholesterol induced cell death as assayed by the PI
staining viability test, and this death was mainly apoptosis as
assessed by measurement of Hoechst 33342 staining or
active caspase-3 immunocytochemistry (Figure 2), whereas
cholesterol treatment did not induce THP-1 cell death (data
not shown). Interestingly, the number of dead cells measured
with PI was slightly higher than cells exhibiting typical
morphological features of apoptosis such as condensed
and/or fragmented nuclei, which were identified after staining
with Hoechst 33342. However, no difference was detected
between the number of cells permeable to PI and the number
of cells with activated caspase-3 (cleaved caspase-3),
showing that 7-ketocholesterol-induced apoptosis is a com-
plex mechanism degenerating to secondary necrosis.21

When added to the 7-ketocholesterol treatment, nifedipine
and verapamil significantly reduced cell death and apoptosis.
Indeed, these L-type channel blockers induced a significant
decrease in the proportion of dead cells: a 45% decrease 18 h
after nifedipine treatment and a 40% decrease 18 h after
verapamil treatment. In the same way, apoptosis was partially
inhibited by nifedipine and verapamil with a 37 and 45%
decrease, respectively, when quantified with Hoechst 33342
(Figure 2). These L-Type channel blockers also inhibited the
number of cells with active caspase-3 (37 and 40% inhibition
with nifedipine and verapamil, respectively). Besides immu-
nocytochemistry, Western blot analyses were performed to
confirm the cleavage of caspase-3 (data not shown).
However, the effects of these channel blockers diminished
after 24 h of treatment. The incomplete inhibition of the
7-ketocholesterol-induced Ca2þ increase by verapamil or

Figure 1 7-Ketocholesterol induces an increase of free intracellular Ca2þ

inhibited by L-type channel blockers. THP-1 cells were incubated in the presence
of 7-ketocholesterol (40 mg/ml, 7-keto), with or without nifedipine (50 mmol/l, Nif)
or verapamil (100 mmol/l, Vera), in the absence of oxysterol (Ctrl) or in presence
of cholesterol (40 mg/ml, Chol). After different incubation times, cells were loaded
with fluo-3/AM and the dye fluorescence was measured by flow cytometry. Each
fluorescent data point is normalized to the maximal fluo-3 fluorescence induced in
cells treated with ionomycin (2 mmol/l). Data are the mean values7S.D. (n¼ 5)
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nifedipine could suggest the involvement of (a) calcium
source(s) insensitive(s) to these drugs.

7-Ketocholesterol treatment of THP-1 cells
induces BAD dephosphorylation

BAD is a proapoptotic protein, which in its dephosphorylated
form induces the mitochondrial apoptotic pathway by opening
themegachannel through its interaction with Bcl-2 or Bcl-XL.

14

The inactive form of BAD, which remains in the cytoplasm, is
phosphorylated. After treatment with 7-ketocholesterol, BAD,
which in control cells was phosphorylated on serine 75 and
serine 99, was dephosphorylated (Figure 3). Western blot
analyses performed with antibodies specific to phospho-BAD
ser 75 or phospho-BAD ser 99 revealed a significant depho-
sphorylation of BAD, which first appeared no later than 6 h
after the beginning of treatment. However, dephosphorylation
at serine 75 was delayed (18 h) and incomplete, whereas
dephosphorylation at serine 99 was complete in cells treated
for 18 h with 7-ketocholesterol. The phosphorylation state of
BAD on serine 118 was also investigated, but we were unable
to show, by Western blot analysis, that BAD was phosphory-
lated on this serine residue in either untreated or 7-
ketocholesterol-treated cells (data not shown). Western blot
analyses performed with an antibody interacting with all forms
of BAD showed that the decrease of the phosphorylated forms
of BAD after oxysterol treatment was not related to a
significant alteration of the amount of BAD protein, but rather
to the dephosphorylation of BAD (Figure 3).

7-Ketocholesterol-induced apoptosis is
calcineurin-dependent

Since it has been shown that a sustained increase in cytosolic-
free calcium could lead to the activation of the serine/
threonine phosphatase calcineurin (PP2B) and to subsequent
apoptosis in susceptible cells,13 we explored the possibility
that, in our model, PP2B might be activated. FK506 and
cyclosporin A (CsA), drugs that indirectly inhibit calcineurin
through their effects on peptidyl-propyl-cis trans isomerase,
were used to investigate the possibility that calcineurin could
mediate the 7-ketocholesterol-induced apoptosis of THP-1
cells. Figure 4 shows that the addition of either CsA (2mmol/l)
or FK506 (1 mmol/l) to the cell culture significantly decreases,
particularly after 18 h of 7-ketocholesterol treatment, in the
number of dead cells by 35% (measured by PI staining), the
number of apoptotic cells by 45% (quantified with Hoechst
33342), as well as the number of cells with active caspase-3
by 40% (Figures 4a–c). Western blot analyses of caspase-3
were also performed in order to confirm the activation of

Figure 2 Ca2þ channel blockers inhibit apoptosis induced by 7-ketocholes-
terol. THP-1 cells were either untreated (Ctrl) or incubated with verapamil
(100mmol/l), nifedipine (50 mmol/l) alone or in association with 7-ketocholesterol
for 18 or 24 h. (a) Cell permeability to PI was quantified by flow cytometry. After
treatment, cells were incubated with PI and 10 000 cells were subjected to flow
cytometry analysis. Results represent the mean values7S.D. (n¼ 5). (b)
Microscopic quantification of cells with fragmented and/or condensed nuclei was
performed using Hoechst 33342. After treatment, cell nuclei were observed by
fluorescence microscopy after staining with Hoechst 33342 and the percentage
of apoptotic cells was determined. Data are the mean values7S.D. (n¼ 5). (c)
Immunocytochemistry analysis of cells with active caspase-3 was performed
after staining with an antibody recognizing only the active form of caspase-3.
After treatment, cells were observed and the percentage of active caspase-3 cells
was determined. Data are the mean values7S.D. (n¼ 5). For all experiments,
**Po0.05

Figure 3 7-Ketocholesterol induces BAD dephosphorylation. After 7-ketocho-
lesterol treatment for 6, 12, and 18 h, treated or untreated THP-1 cell extracts
were collected, subjected to SDS-PAGE and immunoblotted with BAD antibody
(lane 1), phospho-BAD ser 99 antibody (lane 2), phospho-BAD ser 75 antibody
(lane 3) and, in order to verify protein quantities, Hsc-70 antibody (lane 4). The
blot is representative of three similar experiments
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caspase-3 by cleavage (data not shown). As it has been
reported that CsA could have partial cytoprotective effects
beyond calcineurin inhibition, due to its binding to mitochon-
drial cyclophilin and its interference with mitochondrial
transition pore opening, it is interesting to note that the effects
of FK506 could not be explained by this alternative mechan-
ism and that there was no significant difference between CsA
or FK506-treated cells for all parameters studied.
Therefore, the implication of calcineurin in BAD depho-

sphorylation was only determined through the use of CsA. As
Wang et al.13 demonstrated that calcineurin could induce the

dephosphorylation of BAD, we tested this possibility. Co-
immunoprecipation experiments revealed that calcineurin is
complexed with BAD in THP-1 control cells. Interestingly, little
calcineurin was complexed with BAD after induction of
dephosphorylation by 7-ketocholesterol (Figure 5). Thus,
calcineurin appears to exist in a complex containing BAD
before, but not after, Ca2þ influx as described in HCT 116
cells.13 To confirm the involvement of PP2B in 7-ketocholes-
terol-induced apoptosis, CsA was used to investigate whether
it could abolish the dissociation of BAD–calcineurin com-
plexes and, in consequence, inhibit BAD dephosphorylation.
To test this hypothesis, we first performed co-immunopreci-
pitaion experiments in THP-1 cells treated with 7-ketocholes-
terol and CsA. Figure 5 shows that CsA treatment significantly
decreases the dissociation of BAD–calcineurin complexes, as
early as 6 h after treatment. Moreover, Western blot analyses
performed with phospho-BAD ser 75- and phospho-BAD ser
99-specific antibodies showed that the addition of CsA to the
7-ketocholesterol treatment inhibited BAD dephosphoryla-
tion, particularly at serine 99, confirming the involvement of
calcineurin in BAD dephosphorylation (Figure 6). However,
the inhibition of dephosphorylation was not permanent at
serine 99 after 18 h of treatment and was not seen at serine
75, suggesting that another phosphatase or alternative Ca2þ -
initiated cell death pathway(s) could also be implicated in
oxysterol-induced BAD dephosphorylation.22,23

Moreover, as mitochondria depolarization and cytochrome
c release from mitochondria are key events in the mitochon-
drial apoptotic pathway induced by cytotoxic oxysterols, we
wondered if CsA could inhibit such mechanisms. Transmem-

Figure 4 CsA and FK506 inhibit 7-ketocholesterol-induced apoptosis. THP-1
cells were either untreated (Ctrl), treated with CsA (CsA, 2 mmol/l) or with FK506
(1 mmol/l), or treated with 7-ketocholesterol (7-keto) for 18 and 24 h alone or in
association with CsA (2 mmol/l) or FK506 (1 mmol/l). (a) Cell permeability to PI
was quantified by flow cytometry. After treatment, cells were incubated with PI
and 10 000 cells were subjected to flow cytometry analysis. Results represent the
mean values7S.D. (n¼ 5). (b) Microscopic quantification of apoptotic cells was
performed using Hoechst 33342. After treatment, cell nuclei were observed by
fluorescence microscopy after staining with Hoechst 33342 and the percentage
of apoptotic cells was determined. Data are the mean values7S.D. (n¼ 5). (c)
Immunocytochemistry analysis of cells with active caspase-3 was performed
after staining with an antibody recognizing only the active form of caspase-3.
After treatment, cells were observed and the percentage of active caspase-3 cells
was determined. Data are the mean values7S.D. (n¼ 5). For all experiments,
**Po0.05

Figure 5 7-Ketocholesterol induces the dissociation of BAD from calcineurin.
THP-1 cells were either untreated (Ctrl), treated with CsA (2 mmol/l), or treated
with 7-ketocholesterol (7-keto) for 6, 12, and 18 h alone or in association with CsA
(2 mmol/l). After treatment, anti-BAD immunoprecipitates were collected,
subjected to SDS-PAGE, and immunoblotted with antibodies specific for the A
subunit of calcineurin (lane 1) or BAD (lane 2). The blot is representative of three
similar experiments

Figure 6 CsA inhibits 7-ketocholesterol-induced apoptosis through the
inhibition of BAD dephosphorylation. THP-1 cells were either untreated (Ctrl),
treated with CsA (2 mmol/l), or treated with 7-ketocholesterol (7-keto) for 6, 12,
and 18 h alone or in association with CsA (2 mmol/l), and cell extracts were
collected. Lysates were subjected to SDS-PAGE and immunoblot analysis with
antibodies against BAD (lane 1), phospho-BAD ser 99 (lane 2), phospho-BAD ser
75 (lane 3), and Hsc-70 (lane 4) was performed
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brane mitochondrial potential analysis and cytochrome c
Western blots were performed, and we showed that CsA
dramatically reduced the number of cells with depolarized
mitochondria and the cytochrome c release in agreement with
the involvement of calcineurin in 7-ketocholesterol-induced
apoptosis. As CsA has the ability to prevent mitochondrial
permeability transition without involvement of BAD, the
experiments were also performed with FK506 which cannot
prevent mitochondrial permeability (Figure 7). These results
showing no significant differences between the protective
effects of CSA and FK506 support the involvement of a BAD
mediated pathway in 7-ketocholesterol induced apoptosis.

7-Ketocholesterol treatment of THP-1 cells
induces translocation into rafts of Trpc-1, a
component of the store operated Ca2þ entry
channel

As Trpc-1 can participate in the formation of L-type calcium
channel24 and has been functionally localized in LRDs of the
plasma membrane,25 we wondered whether 7-ketocholester-
ol could modify the localization of Trpc-1 protein and raft
composition. As shown in Figure 8 in untreated cells, Trpc-1
was exclusively found in nonraft structures (high-density
fractions), whereas treatment of THP-1 cells with 40 mg/ml 7-
ketocholesterol induced the translocation of Trpc-1 into LRDs
(light-density fractions rich in cholesterol and sphingomyelin).
Moreover, in these treated cells, 7-ketocholesterol is incorpo-

rated in the LRDs as demonstrated by lipid analysis.
Interestingly, treatment of THP-1 cells with 40 mg/ml of
cholesterol did not induce relocalization of Trpc-1 into lipid
raft and no significant change in the cholesterol content of raft
was observed (data not shown).

Discussion

Among oxysterols, a significant amount of 7-ketocholesterol is
present in the plasma and in atherosclerotic lesions. This
oxysterol, whose concentration used in this study is in the
range of levels measured in the plasma of subjects after a
meal rich in fat26 and in rabbits that are fed a cholesterol-rich
diet,27 induces a form of cell death with apoptotic features
such as mitochondrial depolarization, cytochrome c release
into the cytosol, caspase-9 and -3 activation, PARP degrada-
tion, and condensation/fragmentation of the nuclei.7,8 How-
ever, the mechanisms prior to the involvement of
mitochondria are not well known. In this study, we elucidated,
at least in part, the events by which 7-ketocholesterol induces
mitochondria dysfunction and, consequently, apoptosis in the
monocytic cell line THP-1. One of the first steps of the
phenomenon is the sustained increase of cytosolic-free
calcium contents occurring in the hours following the treat-
ment with 7-ketocholesterol, which was partially inhibited by
the L-type calcium channel blockers nifedipine and verapamil.
Interestingly, unlike nifedipine, verapamil induces a delay in
the increase of calcium levels for 4 h after 7-ketocholesterol
addition before joining the nifedipine inhibition rate. Recently,
it has been demonstrated that the nifedipine treatment of
THP-1 cells, which were differentiated into macrophages by
phorbol ester, prevented the 25-hydroxycholesterol induction
of apoptosis.9 It has been reported that 25-hydroxycholesterol
and 7b-hydroxycholesterol quickly induce Ca2þ oscillations
followed by apoptosis in human aortic SMC, which are
involved, like monocytic cells, in the genesis of atheroma.10,12

However, whereas 25-hydroxycholesterol-induced SMC
apoptosis could be inhibited by the Ca2þ channel blockers
verapamil and nifedipine,12 oxysterol-induced calcium oscilla-
tions cannot be inhibited by verapamil.10 An increase in
cytosolic-free calcium has been previously described in the
thapsigargin-induced apoptosis of several cell types, particu-
larly prostatic cancer cells.28–30 Thapsigargin (an inhibitor of
the endoplasmic reticulum Ca2þ /ATPase) induces an initial
depletion of intracellular Ca2þ stores, resulting in Ca2þ

oscillations followed by a capacitative entry of extracellular
Ca2þ , which appears necessary for triggering apoptosis.31

The authors demonstrated that thapsigargin-induced apopto-
sis was initiated by the capacitative entry of calcium and not by
early Ca2þ oscillations. As demonstrated in our work,
7-ketocholesterol treatment of THP-1 cells induces a sus-
tained increase of cytosolic-free calcium blocked by verapamil
and nifedipine, as seen in thapsigargin-treated prostatic
cancer cells,30 and consequently apoptosis that can be
inhibited by these L-type channel blockers. So these results
suggest that 7-ketocholesterol apoptosis is initiated by the
sustained elevation of cytosolic calcium content and probably
not by early Ca2þ oscillations. Nevertheless, incomplete
inhibition of 7-ketocholeserol-induced apoptosis was observed

Figure 7 CsA or FK506 treatment of THP-1 cells inhibits cytochrome c release
and mitochondrial depolarization induced by 7-ketocholesterol. (a) Transmem-
brane mitochondrial potential was measured by flow cytometry using the
DiOC6(3) dye. After the incubation period, fluorescence associated with DiOC6(3)
was measured by flow cytometry and 10 000 cells were analyzed for each assay.
Results represent the mean values7S.D. (n¼ 5, **Po0.05, ***Po0.01). (b)
THP-1 cells were either untreated (Ctrl), treated with CsA (2 mmol/l) or with
FK506 (FK, 1 mmol/l), or treated with 7-ketocholesterol (7-keto) for 18 and 24 h
alone or in association with CsA or FK506, and cytosol fractions were collected.
Subcellular fractions were subjected to SDS-PAGE and immunoblot analysis with
antibodies against cytochrome c (lane 1) and Hsc-70 (lane 2) were performed
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with the L-type calcium channel blockers verapamil and
nifedipine. Indeed, the blocking of calcium channels appeared
to inhibit less than half of either cell death or apoptosis. This
observation suggests that the Ca2þ signal could be due to the
opening of other calcium channels insensitive to these channel
blockers. Thus, these data confirm that cytotoxic oxysterol-
induced apoptosis is a complex phenomenon and cells have
more than one way to die. However, a rise in intracellular
calcium must be a strong candidate for an early step in the
signaling pathway of oxysterol-induced apoptosis, as demon-
strated by our data and several studies.
Recently, several groups have demonstrated the involve-

ment of a calcineurin-dependent apoptotic cascade following
calcium increase in apoptosis induced by thapsigargin or L-
glutamate.13,31 Indeed, one of the important targets of the
cellular increase of Ca2þ is the serine–threonine phospha-
tase calcineurin (PP2B) and one of calcineurin’s main targets
is the proapoptotic protein BAD, which in its serine 75 (serine
112 in mouse) and/or serine 99 (serine 136 in mouse)
phosphorylated species is bound to the 14-3-3 protein in the
cytoplasm.15 Once dephosphorylated by calcineurin, BAD
translocates to the mitochondria where it allows cytochrome c
to be released by interacting with the antiapoptotic proteins
Bcl-2 and Bcl-XL.

14 In our study, the involvement of
calcineurin in the 7-ketocholesterol-induced apoptotic me-
chanism is clearly underlined through the use of FK506 and
CsA, which are calcineurin inhibitors. Each of them strongly
reduces apoptosis, as measured by the quantification of cells

with fragmented/condensed nuclei and cells with activated
caspase-3.
Although calcineurin could also be implicated in the

dephosphorylation of transcription factors belonging to the
family of the nuclear factor of activated T cells (NFAT),
allowing them to regulate inducible genes during the execu-
tion of apoptosis by translocation to the nucleus,32,33 BAD
dephosphorylation appears to be a key event in oxysterol-
induced apoptosis as demonstrated by Tombal et al. in
thapsigargin-induced apoptosis.31 Indeed, Wang et al.13

demonstrated the inability of these cells to commit to Ca2þ -
induced apoptosis by using a cell line transfected with a BAD
mutant mimicking a phosphorylated form of the protein. In our
study, CsA inhibits the dissociation of BAD–calcineurin
complexes and the dephosphorylation of BAD as early as
6 h after 7-ketocholesterol treatment, although no mitochon-
drial damage was still observed (data not shown). Moreover,
the correlation between the inhibition of BAD dephosphoryla-
tion and apoptotic features (mitochondrial depolarization and
cytochrome c release) byCsA strongly argues that BAD is one
of the main components in the signaling pathway of oxysterol-
induced apoptosis. In the same way, our group demonstrated
that, like ras/raf-1-stimulated apoptosis,34 7-ketocholesterol-
mediated apoptosis can be inhibited by Bcl-2,35 confirming the
probable implication of BAD. The inability of cyclosporin to
inhibit BAD dephosphorylation on serine 75, to maintain the
inhibition of 7-ketocholesterol-induced dephosphorylation on
serine 99 at 18 h and to fully abolish apoptosis is in agreement

Figure 8 7-Ketocholesterol treatment of THP-1 cells induces relocation of Trpc-1 to lipid rafts. THP-1 cells treated or not with 7-ketocholesterol for 6 h (7-keto and Ctrl
respectively) were lysed in cold Triton X-100 and fractionated on a sucrose density gradient. (a) Distribution of total protein were determined (b) and equal volume
aliquots of the fractions were collected and analyzed for shyngomyelin (SM) and cholesterol (Chol) contents (mean of determinations of three representative
experiments7S.D.) and (c) Western blotted for Trpc-1. Results are representative of two or three independent experiments
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with the possible involvement of another phosphatase, which
could be protein phosphatase-1a, as suggested by Rebollo’s
group in their study using a IL2-deprived murine T cell line.22

However, the involvement of other proteins regulating
caspase activity could not be excluded and are under
investigation.
LRDs are spontaneously formed at the plasma membrane

and are functionally distinct microdomains that are in a gel
phase because of the lateral packing of glycosphingolipids,
sphingolipids, and cholesterol within the membrane bilayer.
These structures, because of their particular lipid composi-
tion, have been proposed to be implicated in cellular signaling
mechanisms.36 It has been reported that Trpc-1, a component
of the store operated Ca2þ entry channel (SOC), is
assembled in a signaling complex associated with caveolin-
scaffolding LRD.25 Moreover, the requirement for lipid rafts
has been demonstrated in B-cell-receptor-induced Ca2þ

influx.37 In view of these data, we decided to investigate the
possible implication of Trpc-1 and rafts in 7-ketocholesterol-
induced signaling. Unlike cholesterol, 7-ketocholesterol in-
duces the translocation of Trpc-1 from nonraft structures to
LRD. This particular localization could lead to the opening of
Ca2þ channels and consequently to the rise in cytoplasmic
Ca2þ . Moreover, our results showed that in treated cells, 7-
ketocholesterol is localized into lipid rafts. However, it remains
to be seen how 7-ketocholesterol induces the localization of
Trpc-1 into LRD and whether the inhibition of this event could
block apoptosis.
Of note, this is the first study describing the events

preceding cytochrome c release in the 7-ketocholesterol-
induced apoptosis of monocytic cells.

Materials and Methods

Reagents and antibodies

The THP-1 cell line was purchased from the American Tissue and Culture
Collection (ATCC, Manassas, VA, USA). DiOC6(3) was purchased from
Molecular Probes, Inc. (Eugene, OR, USA). 7-Ketocholesterol, IgePal,
ionomycin, PI, fluo-3/AM, dimethylsulfoxide (DMSO), verapamil, nifedi-
pine, pluronic F-127, probenecid, pepstatin A, aprotinin, trypsine inhibitor,
leupeptin, phenylmethylsulfonylfluoride (PMSF), Hoechst 33342, and
Triton X-100 were purchased from Sigma (Sigma-Aldrich, L’Isles d’Abeau-
Chesnes, France). Anticaspase-3 antibody and CsA were purchased from
Biomol (Plymouth Meeting, PA, USA) and FK506 was purchased from
Calbiochem (San Diego, CA, USA). The anti-BAD monoclonal antibody,
the anti-BAD phospho ser 112 (human ser 75) polyclonal antibody and the
anti-BAD phospho ser 136 (human ser 99) polyclonal antibody were
purchased from Upstate Biotechnology (Lake Placid, NY, USA), and the
anticalcineurin and anticytochrome c monoclonal antibodies and
antiactive-caspase-3 polyclonal antibody were purchased from Pharmin-
gen (San Diego, CA, USA). The anti-Hsc 70 polyclonal antibody, protein
G-Agarose, and total mouse IgG were purchased from Santacruz
(Santacruz Biotechnologies, USA) and the anti-Trpc-1 was purchased
from Alomone Laboratories (Jerusalem, Israel).

Cell culture

THP-1 cells were grown in suspension in RPMI 1640 with glutamax-I
(Gibco, Eragny, France) and antibiotics (100 U/ml penicillin, 100 mg/ml

streptomycin) (Gibco), supplemented with 10% (v/v) heat-inactivated fetal
calf serum (Gibco). The THP-1 cells were incubated at 371C under a 5%
CO2/95% air atmosphere.

Cell treatment

For all experiments, a 7-ketocholesterol stock solution was prepared at a
concentration of 800 mg/ml as previously described.6 7-Ketocholesterol
was added to the culture medium for a final concentration of 40 mg/ml. This
oxysterol concentration is in the range of levels measured in human
plasma after a meal rich in fat.26 Nifedipine and verapamil, two L-type
calcium channel inhibitors, were added to the culture medium at a final
concentration of 50 and 100 mmol/l, respectively. The calcineurin inhibitors
CsA and FK506 were used at a final concentration of 2 and 1 mmol/l,
respectively. In all experiments, nifedipine, verapamil, CsA, and FK506
were introduced in the culture medium 15 min before 7-ketocholesterol.

Determination of cell permeability with PI

Cell permeability was determined with PI (lExmax: 540 nm, lEmmax:
625 nm), which only stains dead cells.38 The red fluorescence was
immediately quantified on a Galaxy flow cytometer (Partec, Münster,
Germany) at excitation and emission wavelengths of 488 and 585/42 nm,
respectively. For each sample, 10 000 cells were acquired and the data
were analyzed with Flomax software (Partec, Münster, Germany).

Characterization of nuclear morphology by
staining with Hoechst 33342

Nuclear morphology of control and treated cells was studied by
fluorescence microscopy after staining with Hoechst 33342 (lExmax:
346 nm, lEmmax: 420 nm) used at 10 mg/ml. The morphological aspect of
cell deposits, applied to glass slides by cytocentrifugation with a cytospin 4
centrifuge (Shandon, Cheshire, UK), was observed with an Axioskop light
microscope (Zeiss, Jena, Germany) by using UV light excitation. In total,
300 cells were examined for each sample.

Flow cytometric measurement of mitochondrial
transmembrane potential (DWm) with the dye
DiOC6(3)

Variations of the mitochondrial transmembrane potential (DCm) were
measured with 3,30-dihexyloxacarbocyanine iodide (DiOC6(3); lExmax:
484 nm, lEmmax: 501 nm) used at a final concentration of 40 nmol/l.8 The
flow cytometric analyses were performed on a Galaxy flow cytometer
(Partec) and the green fluorescence was collected through a 524/44 nm
band pass filter. Fluorescent signals were measured on a logarithmic scale
of four decades of log. For each sample, 10 000 cells were acquired and
the data were analyzed with Flomax software (Partec).

Flow cytometric measurement of cytosolic calcium
with the dye Fluo-3

THP-1 cells were washed with PBS (pH¼ 7.4), and then incubated with
Fluo-3/AM (6 mmol/l; lExmax: 506 nm, lEmmax: 526 nm) for 30 min at 371C
in Hank’s balanced salt buffer (pH¼ 7.2) with Pluronic F-127. After
loading, cells were suspended in HEPES buffer (pH¼ 7.4) supplemented
with probenecid (5 mmol/l) in order to prevent leakage of the dye.39

Fluorescence was measured by flow cytometry with a Galaxy flow
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cytometer (Partec) using a 524/44 nm band pass filter. For each sample,
events were acquired for 60 s and the data were analyzed with Flomax
software (Partec).

Identification of the active form of caspase-3 by
immunocytochemistry

Detection of active caspase-3 was performed on THP-1 cell deposits of
40 000 cells applied to silanated glass slides by cytocentrifugation for
5 min at 300� g with a cytospin 4 centrifuge and stored at �201C.
Immunocytochemistry was performed as previously described.40 In total,
300 cells were examined under an Axioskop microscope (Zeiss).

Immunoprecipitation and Western blotting

For the immunoprecipitation of the BAD protein, cells were suspended in
immunoprecipitation buffer (10 mmol/l Tris-HCl, 140 mmol/l NaCl, and
0.1%. IgePal) containing a mixture of protease inhibitors (0.1 mmol/l
phenylmethylsulfonylfluoride, 2.5mg/l aprotinin, 10 mg/l pepstatin A,
2.5mg/l trypsin inhibitor, and 2.5 mg/l leupeptin). After 20 min of incubation
at 41C in the lysis buffer, the cell debris were eliminated by centrifugation
for 10 min at 10 000� g. The resulting supernatant was precleared by
adding 1 mg of total mouse IgG and 50ml of protein G-Agarose for 30 min.
After a 10 000� g centrifugation (41C, 10 min), the supernatant was
collected, adjusted to 500 ml in lysis buffer, and incubated overnight at 41C
with 10mg of the anti-BAD antibody on a rotating device. After the
incubation period, 50ml of protein G-Agarose were added and the sample
was incubated for 2 h before collecting the immunoprecipitates by
centrifugation at 10 000� g (41C, 5 min). After washing the pellet four
times, the immunoprecipitation extract was suspended in Laemmli’s buffer
(1% SDS, 1 mmol/l sodium-vanadate, 10 mmol/l Tris-HCl).

Alternatively, cells were resuspended in Ripa lysis buffer containing a
mixture of protease and phosphatase inhibitors (0.1 mmol/l phenylmethyl-
sulfonylfluoride, 2.5mg/l aprotinin, 10 mg/l pepstatin A, 2.5mg/l trypsin
inhibitor, 2.5mg/l leupeptin, and 0.1 mmol/l Na-orthovanadate). After
30 min of incubation at 41C in the lysis buffer, the cell debris were
eliminated by centrifugation for 20 min at 10 000� g and the supernatant
was collected.

Cytochrome c release from mitochondria to the cytosol was
investigated by Western blot analysis of THP-1 cells incubated for 12,
18, or 24 h with 7-ketocholesterol alone or in association with cylosporin A
as previously described.40

The protein concentrations were measured by using bicinchoninic acid
reagent (Pierce, Rockford, IL, USA) according to the method of Smith
et al.41

In all, 100mg of protein were incubated in loading buffer (125 mmol/l
Tris-HCl, pH¼ 6.8, 10% b-mercaptoethanol, 4.6% SDS, 20% glycerol,
5 mol/l urea, and 0.003% bromophenol blue), boiled for 3 min, separated
by SDS-polyacrylamide gel-electrophoresis, and electroblotted onto a
polyvinylidine difluoride membrane (BioRad, Ivry sur Seine, France). After
blocking nonspecific binding sites for 2 h at room temperature in TPBS
(PBS, 0.1% Tween-20), the membranes were incubated overnight at 41C
with the primary antibody diluted in TPBS. After three 10-min washes with
TPBS, the membranes were incubated with horseradish peroxidase-
conjugated secondary antibody at a dilution of 1 : 2500 for 1 h at room
temperature and washed three times in TPBS for 10 min. Autoradiography
of the immunoblots was performed using an enhanced chemolumines-
cence detection kit (Amersham, Les Ulis, France). Each experiment was
repeated three times with identical results.

Lipid raft microdomain isolation and analysis

Isolation of lipid raft microdomains was performed as previously
described.42 Briefly, 108 THP-1 cells were washed with ice-cold PBS
and lysed in 1 ml of MES buffer (25 mM 2-(N-morpholino)-ethanesulfonic
acid, pH 6.5, 150 mM NaCl) containing 1% (w/v) Triton X-100. After 30 min
at 41C, cells were further homogenized by 10 strokes of a Dounce
homogenizer on ice. Ice-cold MES (1 ml) was added and suspension was
mixed with 2 ml of 80% (w/v) sucrose in MES. This mixture was
subsequently loaded under a linear gradient consisting of 8 ml of 5–40%
sucrose in MBS. All solutions contained the following protease inhibitors:
100mM PMSF; 1 mM each of leupeptin, aprotinin, pepstatin A and trypsin
inhibitor. Gradients were centrifuged in a Beckman SW41 swinging-rotor
at 39 000 rpm for 16 h at 41C. In total, 12 fractions of 1 ml each were
collected (from top to bottom), vortexed, and stored at �201C before
analysis. The cholesterol and shingomeylin composition of the fractions
was used as a marker of raft. Cholesterol and sphingomyelin were
assayed using a gas chromatography coupled to mass spectrometry
method as previously described.43 To determine the localization of Trpc-1
in lipid rafts, 90 ml of each individual fractions were subjected to SDS-
polyacrylamide gel electrophoresis and immunoblotted.

Statistical methods

Statistical analyses were performed with Statview software (Cary, NC,
USA), using a two-way analysis of variance.
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