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A B S T R A C T

7b-Hydroxycholesterol cytotoxicity has been shown in vivo and in vitro to be dependent on the

accumulation of its esters. We show in our study, using a detergent-free raft preparation and LC/MS lipid

content analysis, that membrane microdomains isolated from 7b-hydroxycholesterol-treated C6 cells

have a reduced cholesterol: cholesterol ester ratio and accumulate 7keto-hydroxycholesterol, 7b-

hydroxycholesterol and 7b-hydroxycholesterol esters. These modifications in lipid content are

accompanied by a redistribution of flotillin-1 in the lipid rafts. Transient increases of AMPK

phosphorylation and mitochondrial activity during the first 12 h of 7b-hydroxycholesterol treatment

indicate that C6 cells undergo energy stress and increase oxidative phosphorylation. Even so, ATP levels

are maintained during 15 h until glucose uptake decreases. The cell’s answers to raft modifications and

energy stress are sequential activations of different signaling pathways such as ERK, AMPK and PI3K/Akt.

These pathways, known to be activated under energy stress conditions, are transiently activated at 6 h

(ERK, AMPK) and 12 h (Akt) of treatment respectively suggesting a shift from cell survival to cell

proliferation. The persistence of 7b-hydroxycholesterol-induced stress led after 24 h to P38 activation,

loss of GSK3b activation and to cell death. Finally we demonstrate that the observed signaling responses

depend on 7b-hydroxycholesterol esterification, confirming that esterification of 7b-hydroxycholes-

terol is essential for cytotoxicity.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Gliomas are the most frequent brain tumor with an incidence of
5/100,000 inhabitants. These tumors are divided in two main
categories: ‘‘primary high grade gliomas’’ (WHO grade IV), and ‘‘low
grade gliomas’’ (WHO grade II glioma), with a constant growth and
which ineluctably evolves to anaplasia (WHO grade III and then IV).
Abbreviations: 22HC, 22-hydroxycholesterol; 25HC, 25-hydroxycholesterol; 7kCH,

7keto-cholesterol; CH, cholesterol; 7bHC, 7b-hydroxycholesterol; 7bHC ester, 7b-

hydroxy-cholesteryl 3 ester; CH ester, cholesterol ester; PL, phospholipid; cav-1,

caveolin-1; flot-1, flotillin-1; ACAT, acyl-CoA:cholesterol acyltransferase; THF,

tetrahydrofurane.

* Corresponding author.

** Corresponding author at: Ecole Nationale Supérieure de Chimie de Montpellier

8, rue de l‘Ecole Normale, 34296 Montpellier, France. Tel.: +33 4 99636067;

fax: +33 4 99636020.

E-mail addresses: m.mersel@beta-innov.com (M. Mersel),

norbert.bakalara@enscm.fr (N. Bakalara).

0006-2952/$ – see front matter � 2011 Elsevier Inc. All rights reserved.

doi:10.1016/j.bcp.2011.09.022
Grade IV glioma or glioblastoma (GBM), is an infiltrating,
vascularized and necrotizing multi-drug resistant tumor [1].
Typically, surgical resection, radiotherapy and/or chemotherapy
(Temozolomide) are combined for treatment. However, mortality is
still close to 100% within two years and the median survival of
patients with GBM is around 1 year using classical treatments. As a
consequence, new effective drugs to treat gliomas need to be found.
In this context we studied the mode of action of the 7b-
hydroxycholesterol (7bHC) which ester form was shown to inhibit
growth of experimental rat C6 glioblastoma [2]. It has been reported
that 7bHC is esterified by naturally occurring fatty acid in the C-3-
OH position resulting in 7b-hydroxy-cholesteryl 3 ester (7bHC
ester) and that its cytotoxicity is correlated with its degree of
esterification [3,4]. Although highly toxic against transformed
astrocyte cell lines [5] the 7bHC exhibits a poor toxicity against
primary culture of rat and mouse astrocytes [6].

Oxysterols are 27-carbon derivatives of cholesterol or by-
products of cholesterol biosynthesis [7]. They are either formed by

http://dx.doi.org/10.1016/j.bcp.2011.09.022
mailto:m.mersel@beta-innov.com
mailto:norbert.bakalara@enscm.fr
http://www.sciencedirect.com/science/journal/00062952
http://dx.doi.org/10.1016/j.bcp.2011.09.022


L. Clarion et al. / Biochemical Pharmacology 83 (2012) 37–4638
cholesterol oxidation catalyzed by cytochrome P450 enzymes, or
by non enzymatic auto-oxidation processes [8]. If 27-, 24-, 7a and
to a lesser extent 22- and 25-hydroxycholesterol (22HC, 25HC) are
enzymatically synthesized 7-ketocholesterol (7kCH), 7bHC and
5b, 6b-epoxycholesterol are non enzymatically formed. Because
oxysterol are found in the human diet [9], in tissues as well as in
blood circulation a new interest has been given to the study of their
biological roles [8] which have been largely documented for more
than thirty years [10]. Their implications in morphogenesis [11],
retina degenerative processes [12], atherosclerosis [13] and
cholesterol biosynthesis regulation have been well reported.
One of the most exciting biological properties of oxysterols is
their action against tumoral cells [14]. Among them, 7bHC,
isolated from the traditional Chinese anticancer drug Bombyx cum
Botryte [15], has been thoroughly investigated because of its
marked cytotoxic effect on hepatocarcinoma [16], lymphomas [17]
and spontaneously transformed astrocytes [18]. More recently, in

vitro assays have shown that 7bHC-induced apoptosis in colon
adenocarcinoma [19], in head and neck squamous carcinoma [20]
and in lung carcinoma [21] cell lines. However, despite all these
physiological observations about their biological involvements
little is known about their antiproliferative mode of action.

Several authors reported that, after treatment with 7bHC,
tumor cells die by apoptosis due to cytochrome c release from
mitochondria and caspase 3 activation [22–25]. This is remarkable
given that tumor cells hardly solicit mitochondria as they rely
mostly on glycolysis for their energy requirements [26,27]. The
objective of this study is to determine the early cellular and
molecular events induced by 7bHC leading to cell death, using the
C6 glioblastoma cell model. In this paper we show that 7bHC esters
accumulate in lipid rafts during the first 24 h of 7bHC treatment.
The cholesterol (CH):cholesterol ester (CH ester) ratio as well as
flotillin-1 (flot-1) distribution in lipid rafts are modified. These
membrane modifications induced an energy stress as witnessed by
increase in both AMPK phosphorylation and glucose oxidation 6–
7 h after 7bHC addition. Next, the ERK, PI3K/Akt signaling
pathways are sequentially activated in response to this stress.
Finally after 24 h, activation of the P38 signaling pathway leads to
cell death.

2. Materials and methods

2.1. Cell culture

The C6 glioma cell line, originally cloned from a N-nitro-
somethylurea induced glioma (61), was obtained from the
American Type Culture Collection and tested in 2008 by
immuno-fluorescence for GFAP expression. Briefly, passages were
obtained by digestion with 0.05% trypsin (from bovine pancreas,
Sigma) supplemented with EDTA (Sigma), and filtered through
0.2 mm. Cells were seeded on 75 cm2 Corning cell culture flasks at a
density of 20,000 cells/mL in MH5V [70% MEM (Gibco), 30% HBSS
(Gibco) and 5% heat inactivated FBS (Invitrogene)] with 2.5 mg/mL
of Fungizone (Gibco) and 5 mg/mL of Cyprofloxacine (Euromedex)
and maintained at 37 8C under humidified 5% CO2–95% air
atmosphere. 7bHC was solubilized in absolute EtOH (at a stock
concentration of 30 mM) and treatments were carried out 24 h
after seeding. Cells were treated with absolute EtOH as controls.
Tetracaine was solubilized in EtOH/water 1:3 (final concentration
30 mM) and treatments were carried out in the same conditions as
for 7bHC.

2.2. Immunocytochemistry and microscopy

C6 cells (20,000) were seeded in 24-well plates (Nunc, 9.6 cm2/
well) containing poly-D-lysine (Sigma–Aldrich)-coated glass
coverslips (diam. 12 mm). After 24 h of culture, cells were treated
with 30 mM of 7bHC for 24 and 48 h. Cells were then washed twice
with PBS (Sigma–Aldrich), fixed and permeabilized with metha-
nol at �20 8C for 10 min and incubated with anti-caveolin-1
antibody (1:100; Abcam) overnight at 4 8C followed by incubation
with goat anti-rabbit antibody conjugated to Alexa 488 (1:1500,
Jackson) for 1 h at room temperature and with anti-flotillin-1
(1:200, BD Biosciences) followed by goat anti-mouse Cy3
antibody (1:1500, Jackson). All antibodies were incubated in
PBS supplemented with 1% BSA (Sigma), 5 mg/mL Hoechst 33258
(Sigma–Aldrich) and 0.05% Azide (Sigma–Aldrich). Dako mount-
ing medium was used for all observations. Image bit depth was 16
bits and exposure time was 500 ms for caveolin and 300 ms for
flotillin. Space resolution of all images was 150 ppi. Fluorescence
microscopy was performed with a Zeiss AxioimagerZ1.

2.3. Cell harvesting and lysis

Cell resuspension and lysis were carried out at 4 8C. Cell lysates
were prepared from C6 cells treated either with EtOH as control or
with 10 or 30 mM of 7bHC for 24 and 48 h. Having reached 70% of
confluence, cells were washed twice in cold PBS and incubated for
10 min at 4 8C under gentle shaking with 1 mL of cold lysis buffer
[Cell signaling lysis buffer 10� (200 mM Tris–HCl (pH 7.5), 1.5 M
NaCl, 10 mM EGTA, 10 mM EDTA, 10% Triton, 25 mM sodium
pyrophosphate, 10 mM b-glycerophosphate, 10 mM Na3VO4

(Sigma–Aldrich), 10 mg/mL leupeptin and complete protease
inhibitors or phosphatase inhibitor (Roche)]. Cells were harvested
using a scraper (Nunc). Cell suspension was centrifuged for 5 min
at 10,000 � g at 4 8C (partition of fragments membrane and DNA).
The supernatant was stored at �80 8C.

2.4. Glucose uptake

C6 cells were cultured until they reached 50% confluence. Cells
were subsequently treated with 20 mM of 7bHC for the times
indicated. Cells were then incubated for 30 min in DMEM devoid of
glucose, but containing 2 mM of deoxyglucose and 2 mM of C14-
deoxyglucose (2.13 GBq/mmol), washed twice with PBS. Deox-
yglucose uptake was measured using a scintillation counter
(Perkin-Elmer). Vehicle (0.05% ethanol) was without effect on cell
growth or deoxyglucose uptake. The Serf software (http://
www.bram.org/serf/CellsAndMaps.php) was used for the statisti-
cal analysis (ANOVA).

2.5. Mitochondrial activity (JC1 fluorescence) [28]

Mitochondrial activity was estimated using the bi-fluorescent
dye JC1 (Sigma France). Cells were incubated for 2 h in the presence
of 3 mM JC1 and then fixed with 4% formaldehyde. Red and green
image pairs were taken with an Olympus X70 fluorescence
microscope (Olympus, France) and the ratio of red over green
fluorescence was determined for each separate cell in the image
pairs using Serf software (http://www.bram.org/serf/CellsAnd-
Maps.php) (ANOVA).

2.6. ATP content measurements [29]

C6 cells were grown in 25 cm2 flasks, treated with 20 mM of
7bHC for the indicated times, harvested using 0.1% trypsin digestion
for 5 min, centrifuged and kept at�20 8C. Cells subsequently thawed
on ice and lysed by 100 mL of a 1% triton PBS solution. 90 mL were
used to determine protein content and the remaining 10 mL were
rapidly mixed with adequate amounts of luceferin and luciferase
(Sigma, France) and emitted photons were counted using a Wallac
1450 microbeta counter (Perkin-Elmer, France). The Serf software
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(http://www.bram.org/serf/CellsAndMaps.php) was used for the
statistical analysis (ANOVA).

2.7. Cell proliferation and MTT viability assay test

C6 cells were seeded in 96-well plates at a density of 3000 cells/
well. After 24 h, cells were treated with 10 or 30 mM of 7bHC and
controls were treated with EtOH. Incorporation and reduction of
Thiazolyl Blue Tetrazolium Bromide (0.1 mg/mL in MH5 V, Sigma–
Aldrich) was carried out at various times following treatment and
measured at 570 nm in DMSO with a microplate reader (model
550, Bio-Rad) [30].

2.8. Antibodies and chemicals

Antibodies anti Akt (pan), p-Akt (Thr308), p-AMPKa (Thr172),
AMPKa, P38, p-P38 (Thr308/Tyr182), p-P38 (Thr180/Tyr182), p-
p44/42 (Erk1/2) (Thr202/Tyr204), p44/42(Erk1/2), GSK3b, p-
GSK3b (Ser9), were purchased from Cell Signaling Technology
and used at a dilution of 1:1000 for western blotting. As none or
very little expression of GSK3a was detected in our C6 cell model,
we have only considered GSK3b activity. 7bHC (H6891,�95%) and
tetracaine (T7383, �98%) were purchased from Sigma–Aldrich.

2.9. Western blotting

Protein concentrations were determined by BCA assay (Pierce),
verified by coomassie blue staining of SDS–PAGE and calibrated
against b-actin. Total kinase detection was performed loading 3 mg
of total proteins and the corresponding phosphorylated kinase was
detected loading 30 mg of total proteins. Cell lysates denatured in
Laemmli buffer 3� containing 150 mM DTT at 95 8C for 5 min were
resolved by SDS–PAGE 10% acrylamide, transferred for 1 h at 15 V
to PVDF membranes (hybond, Amersham) by Trans-Blot-SemiDry-
Transfer Cell (Bio-Rad). Membranes were then blocked for 60 min
at 20 8C with TBS (20 mM Tris–HCl, 270 mM NaCl, pH = 7.5)
containing 0.1% Tween-20 (Bio-Rad) and 5% (w/v) fat-free milk and
incubated overnight at 4 8C with primary antibodies, diluted in the
blocking solution. Revelation was performed by using horseradish
peroxidase conjugated secondary antibodies (Jackson) at a dilution
of 1:10,000 in blocking buffer, and the peroxidase/chemi-
luminescence method (Immobilon ECL western blotting system;
Millipore) using BioMax films (Kodak). Quantifications were
normalized with respect to total unphosphorylated protein.

2.10. Raft isolation and determination of 7bHC esterification [31]

Cells were rinsed twice with cold PBS and scraped off in 1 mL of
buffer containing 20 mM Tris–HCl, 250 mM sucrose, pH 7.8, 1 mM
CaCl2 and 1 mM MgCl2. After the addition of 4 mL of fresh medium
(MH5 V), cells were centrifuged at 250 � g for 2 min. The
supernatant was removed and the pellet was resuspended, after
20 up- and down-pipettings through a 22G needle, with 210 mL of
buffer containing 20 mM Tris–HCl, 250 mM sucrose, pH 7.8, 1 mM
CaCl2, 1 mM MgCl2 and complete protease inhibitors (Roche).
Lysates were then centrifuged at 4 8C at 10,000 � g for 10 min and
1 volume of 50% OptiPrepTM (Sigma) solution was added to the
supernatant giving a 25% OptiPrepTM sample. The OptiPrepTM

solutions were prepared in a buffer containing 20 mM Tris–HCl,
250 mM sucrose, pH 7.8 and samples were loaded on an
OptiPrepTM step gradient (5%, 10%, 15%, 20%). The gradient was
centrifuged for 90 min at 52,000 � g and 4 8C (TLS-500 rotor,
UltraMax, Beckman). The gradient was recovered in 10 fractions of
210 mL each. 10 mg of proteins were resolved by SDS–PAGE. Anti-
cav-1 (antibody dilution: 1 mg/mL, Abcam), anti-flot-1 (antibody
dilution 1:500, BD Biosciences) and anti-transferrin receptor
(1:100, Abcam) antibodies were used to identify by western
blotting fractions containing the raft microdomains.

2.11. Dialysis of raft fraction containing OptiPrepTM

Pierce cassettes were used to dialyze each fraction (10K MWCO,
3–12 mL). OptiPrepTM removal was followed by an optical density
measurement using a spectrometer (Shimadzu) at 490 nm. Pooled
fractions were dialyzed against 4 L of Tris–HCl, pH 7.8 buffer
without sucrose at 4 8C for 24 h under stirring. Buffer was renewed
every 6 h during 24 h. For all samples, optical density and protein
concentration were determined.

2.12. Extraction and saponification of raft fractions

According to Folch’s method [32], extraction of cholesterol
derivatives was achieved in a chloroform/methanol mixture (2:1,
19 vol. of aqueous layer) for 2 h at room temperature. After
addition of 0.2 vol. of ultrapure water two phases were observed.
After decantation, the organic layer was dried and evaporated
under reduced pressure. The oily residue was dissolved in a small
volume of THF for injection in liquid chromatography (LC)/mass
spectroscopy (MS). Next, saponification was carried out in 1 mL of
tetrahydrofurane (THF), with 1 mL of 2 M methanolic solution of
NaOH (NaOH 1 M final) for 24 h at room temperature. The mixture
was diluted in 20 mL of chloroform and after the addition of 5 mL
of water vigorously shaken and left 2 h at room temperature before
decantation. The organic layer was dried and evaporated under
reduced pressure. The oily residue was re-dissolved in a small
volume of THF for LC–MS injection. LC was performed on a Waters
2790 with a BDS Hypersil CI8 column (Thermo, 50 mm � 2.1 mm,
3 mm), eluted with acetonitrile/water containing 0.1% trifluoroa-
cetic acid. Mass detection was carried out by positive electrospray,
on a Waters Micromass QTOF apparatus.

3. Results

3.1. Alteration of sterol content in lipid rafts after 24 h of 7bHC

treatment

Plasma membrane cholesterol and phospholipid analysis have
shown that 20 mM of 7bHC does not affect the ratio CH:pho-
spholipids (CH/PL) in normal cells; in contrast, plasma membranes
of transformed cells treated with 20 mM of 7bHC displayed a
significantly decreased CH/PL ratio without affecting membrane
fluidity [6]. This decrease in the CH/PL ratio coincided with
accumulation of 7bHC-esters due to the activation of acyl-
CoA:cholesterol acyltransferase (ACAT) by 7bHC [4]. These data
prompted us to evaluate the presence of 7bHC and its ester forms
in the plasma membrane and more precisely in lipid rafts (Fig. 1).
Although rafts are commonly isolated using detergents, several
observations raised concerns that extraction with detergent might
be generating clusters of raft lipids and proteins that do not exist in
the intact cell [33]. To avoid this we used a simplified detergent-
free method for the preparation of lipid rafts [31]. We first analyzed
the sterol contents in the selected fractions corresponding to lipid-
raft (Fig. 2). OptiPrepTM gradient fractions 3 and 4 were pooled for
sterol extraction and analysis. In order to identify various sterols
we have chosen a liquid chromatographic separation method, thus
avoiding a derivatisation step that would it make difficult to
identify sterols by mass spectroscopy [34]. Commercial CH, 7kCH,
7bHC, 22-HC and 25-HC were used as markers for the identifica-
tion of sterols in the raft fraction. Fig. 1A and C shows that CH and
7kCH are found in both control and treated samples. Interestingly,
free CH represents 75% of total sterols in control, but only 2% in the
treated samples. This data is in agreement with the reported

http://www.bram.org/serf/CellsAndMaps.php
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Fig. 1. 7bHC modifies the C6 sterol content of lipid raft microdomains. OptiPrepTM gradient fractions 3 and 4 of non treated cells and cells treated for 24 h with 7bHC were

pooled. Sterols were extracted and separated by liquid chromatography and characterized by mass spectroscopy. (A–C) Liquid chromatography profile of extracted sterols

from non treated cells (A) and 30 mM 7bHC-treated cells (C). (B–D) Liquid chromatography profile of extracted and saponified sterols from non treated cells (B) and 30 mM

7bHC-treated cells (D). (B) The peak at 5.57 min corresponds to cholesterol-O-methyl formed during the saponification process. (D) The peak at 8.78 min denotes that all the

cholesteryl esters have not been totally saponified. Peaks were analyzed by mass spectroscopy and sterol identification was carried out using standard commercial CH

(Sigma–Aldrich), cholesteryl ester (CH ester) (own synthesis according to Bochelen et al. [68]), 7kCH (Sigma–Aldrich), and 7bHC (Sigma–Aldrich).
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observation about the decrease of the CH/PL ratio in transformed
astrocytes [6]. Moreover, 7kCH recovered at 0.63% in the control
represents 11% of total sterols in treated samples. The same liquid
chromatography and mass spectrometry analysis was carried out
after saponification (Fig. 1B and D). That treatment does not modify
[(Fig._2)TD$FIG]

Fig. 2. 7bHC induces cav-1 and flot-1 redistribution in C6 lipid raft fractions. (A) C6 cell ly

separated on an OptiPrepTM step gradient (5–25%). Ten fractions were collected from the

were separated and immunoblotted using anti-cav-1, anti-flot-1 and anti transferrin rec

which has been precut before incubation. (B) Immunofluorescence assays using anti-cav

cav-1 and flot-1 respectively. Nuclei were stained with Hoechst (blue) time exposure 2
the amount of free CH in the control (77% of total sterol) indicating
that in non-treated cells only a small percentage of CH is esterified
(Fig. 1B). After saponification, free CH represents 46.6% of total
sterols in 7bHC-treated cells. This result indicates that in treated
cells most of the CH is esterified. 7bHC is only detected in treated
sates from non treated cells (CT) and cells treated for 24 h with 30 mM of 7bHC were

gradient and the protein content quantified. 10 mg of proteins of the first 9 fractions

eptor (Tfr-R) antibodies. These antibodies were tested against the same membrane

-1 (green) and anti-flot-1 (red) antibodies. Time exposures were of 300 and 500 ms

0 ms. Scale bar, 20 mM.
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Fig. 3. 7bHC induces an energy stress and cell death in a dose- and time-dependent

manner. (A) Growth rate of non treated cells (dark line) and 10 mM 7bHC- (dotted

line), 30 mM 7bHC- (dashed line) and 1 mM staurosporine- (light grey) treated C6

cells. Cell proliferation was estimated by MTT reduction (means � SD; n = 5). (B) C6

cells were treated either with vehicle (CT) or with 10 or 30 mM of 7bHC for 6, 12 and

24 h. Protein samples were quantified, calibrated against b-actin and immunoblotted

with anti-AMPK, anti-phosphoAMPK (AMPKP). AMPK phosphorylation level detection

was performed using the chemiDoc XRS system from BIORAD and Imagelab software.
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cells (Fig. 1C and D). From the saponification experiment we can
conclude that 70% of 7bHC in lipid rafts is esterified. These results
confirm the previous observation that 7bHC not only stimulates its
own esterification but also those of other sterols [4].

3.2. Redistribution of flot-1 in lipid rafts after 24 h of 7bHC treatment

A variety of proteins have been shown to be selectively enriched
in lipid rafts. They include structural proteins such as flot-1 and
cav-1 as well as signaling proteins [35,36]. As lipid raft sterol
content changed with 7bHC treatment, we searched for changes in
cav-1 and flot-1 distributions in the different OptiPrepTM fractions.
The western blot analysis shows the distribution of cav-1 and flot-
1 raft markers across the OptiPrepTM density gradient (Fig. 2A). In
control cells, Flot-1 was principally found in fractions 2–4 while
cav-1 rafts were found in fractions 2–5. The transferrin receptor,
used as a plasma membrane marker, was found in fractions 8 and 9.
The immunofluorescence study (Fig. 2B) shows that flot-1 has a
punctuated distribution on the plasma membrane and is also
located around the nucleus. Cav-1 is also discontinuously
distributed at the plasma membrane and around the nucleus.
However, flot-1 and cav-1 do not completely colocalize. Flot-1 is
present in membrane microdomains in which cav-1 is absent
(Fig. 2B). Taken together the gradient and the immunofluorescence
analysis suggest that cav-1 and flot-1 localize within different lipid
raft populations. After 24 h of 30 mM 7bHC treatment, lipid rafts
were isolated according to the same procedure as above. Western
blot analysis shows a different distribution of flot-1 across the
gradient fractions. Flot-1 shifted from fractions 2–4 to fractions 4
and 5 (Fig. 2A). Although, cav-1 appears to be more spread over the
gradient fractions, the global distribution of this raft marker was
not modified. The flot-1 redistribution is confirmed by the
immunofluorescence micrographs presented in Fig. 2B. Most of
the punctuated distribution of flot-1 on the plasma membrane is
lost. However the perinuclear distribution is conserved. As for cav-
1, its discontinuous distribution on the plasma membrane is
conserved. These results suggest that after 7bHC treatment, cav-1
is still present in lipid rafts whereas flot-1 diminished or even
disappeared in these structures.

3.3. Lipid raft sterol and flot-1 redistributions are associated with

energy stress and cell death

It has been previously shown that 30 mM of 7bHC induces cell
death after 48 h [19,37]. In order to identify early molecular and
cellular events leading to cell death, a MTT cell viability test was
carried out during 48 h following 10 and 30 mM of 7bHC
treatment. Fig. 3A shows that the antiproliferative effect of
30 mM of 7bHC appears after 6 h of treatment. Progress of
necrosis and apoptosis were estimated using propidium iodide and
Annexin V-FITC. Our data indicate that following initial necrosis at
12 h other cells die by apoptosis after 24 h (not shown). As a
consequence the further analyses were carried out using these (6,
12, 24 h) time points.

Both sterol content and flot-1 expression/distribution have
been reported to play a role in the cell energy metabolism [38] and
in cell growth regulation [39,40]. Therefore in a next step we
addressed the question whether accumulation of 7bHC and its
ester forms in lipid rafts and flot-1 redistribution could generate
cellular stress and cell signaling modifications leading to cell
growth inhibition. The role of AMPK in regulating cellular energy
load places this enzyme at a central check point in maintaining
energy homeostasis [41]. We measured whether AMPK phosphor-
ylation levels were modified before cell growth inhibition (6 h),
and cell apoptosis (12 h) and once apoptosis is detected (24 h).
Fig. 3B shows that using 30 mM 7bHC, AMPK phosphorylation
increases transiently with a maximum at 6 h suggesting that C6
cells undergo an energetic stress similar to glucose deprivation.
The amplitude and the period of activation of AMPK were
increased when 7bHC was used at 10 mM instead of 30 mM
(Fig. 3B), concomitantly the toxic effect of 7bHC at 10 mM was
delayed until 30 h (Fig. 3A).

Once activated AMPK has been proposed to phosphorylate a
number of targets involved in ATP production [42]. The acetyl-CoA
carboxylase (ACC) represents one of these AMPK targets [43]. We
therefore estimate in a next step whether or not AMPK activation
was followed by ACC phosphorylation. Fig. 3B shows that ACC
phosphorylation was coupled with AMPK phosphorylation.

In a next step a link between the energetic stress and glucose
uptake was investigated. Glucose uptake was measured during the
first 24 h of treatment but at 20 mM in order to still have the
antiproliferative effect during that period (data not shown) but
reducing secondary effects due to the cell apoptosis by itself at
24 h. Fig. 4A indicates that glucose uptake by 7bHC-treated C6
cells is reduced by 30 and 80% at 8 and 18 h of treatment. However
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Fig. 4. 7bHC induces an energy stress and cell death in a dose- and time-dependent

manner. (A) Deoxyglucose uptake into 7bHC-treated C6 cells. C6 cells were exposed

to 20 mM of 7bHC for the indicated times. Deoxyglucose uptake as a percentage of

control uptake is significantly lower with respect to control (t = 0 h) at 8 and 18 h.

(B) C6 cells were treated with 20 mM of 7bHC and the evolution of ATP content

(circles) and mitochondrial activity (squares) was monitored. ATP levels were

quantified by a luciferase assay. Starlets indicate p < 0.05.
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ATP levels remain constant for 15 h which corroborates with an
up-regulation the mitochondrial activity reaching a maximum at
7 h (Fig. 4B). A drastic diminution of intracellular ATP follows
(Fig. 4B) both the arrest of mitochondrial activation (Fig. 4B) and
the decrease in glucose uptake (Fig. 4A). Taken together, these data
suggest that AMPK activation is the cell’s initial answer to protect
itself against the stress brought about by 7bHC but it fails.
[(Fig._5)TD$FIG]
Fig. 5. 7bHC modulates ERK, Akt, GSK3 and P38 signaling in a dose- and time-dependent

for 6, 12 and 24 h. Protein samples were quantified and immunoblotted with anti-ERK 1/2

phosphoP38 (p-P38), antiGSK3b and anti-phosphoGSK3b (p-GSK3b) antibodies. The lev

autoradiography exposures.
3.4. 7bHC treatment induces Erk signaling decrease, transient PI3K/

Akt activation and P38 activation

We hypothesized that the AMPK activation described above
was the initial cell’s answer to 7bHC application to protect itself
against energy stress. ERK, a canonical signaling pathway involved
in cell survival, has been shown to be activated by glucose [44,45].
The PI3K/Akt signaling pathway is known to be implied in glucose
metabolism regulation as well [46]. Therefore in a next step we
studied the activation state of these signaling pathways following
the energetic stress caused by the 7bHC treatment.

In accordance with the kinetic studies of Figs. 3 and 4, signaling
studies were performed after 6, 12 and 24 h of 7bHC treatment.
Fig. 5 shows a transient activation of ERK (6 fold) during the first
6 h of 30 mM 7bHC treatment. This pathway is partly inhibited at
12 h, and completely inhibited at 24 h of treatment with 7bHC.
Although phosphorylation of Akt on Ser 473 stayed unmodified by
7bHC treatment (data not shown), Thr 308 phosphorylation
increased as soon as 6 h with a maximum at 12 h (7 fold at 30 mM
7bHC) (Fig. 5). We also show in Fig. 5 that phosphorylation of
GSK3b corroborates with Akt activation as we observed that at
12 h of treatment both Akt phosphorylation on Thr308 (7 fold) and
GSK3 phosphorylation on Ser9 (1.7 fold) are increased. Phosphor-
ylation of GSK3a was not increased (data not shown).

P38 on its turn has been reported to participate with AMPK in
the stimulation of glucose uptake [47,48]. We therefore analyzed
the effect of 7bHC on P38 phosphorylation. Fig. 5 shows that P38
starts to be activated after 12 h and reached maximum activation
at 24 h (53 fold). At the same time, less GSK3b becomes
phosphorylated and therefore more GSK3b is active.

3.5. Modulation of cell signaling and modification of raft structure

depend on 7bHC esterification

Because 7bHC is esterified in the endoplasmic reticulum by
ACAT on C-3-OH [3], we investigated the effect of ACAT inhibition
by tetracaine on flot-1 and cav-1 distributions as well as on P38,
Akt, and GSK3 phosphorylation states.
manner. C6 cells were treated either with vehicle (CT) or with 10 or 30 mM of 7bHC

, anti-Akt, anti-P38, anti-phosphoERK (p-Erk 1/2), anti-phosphoAkt (pThr-Akt), anti-

els of phosphorylation (Qt) were estimated using the Image J software on different
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Fig. 6. The effect of 7bHC on raft structure and signaling is inhibited by tetracaine. C6 cells were treated either with vehicle (CT), tetracaine alone (CT-tet), 7bHC alone (7bHC)

or simultaneously with tetracaine and 7bHC (7b-tet) for 6, 12 and 24 h. (A) cav-1 and flot-1 in the different OptiPrepTM gradient fractions were analyzed by immunoblotting

of C6 cell lysates (10 mg) with anti-cav-1 and anti-flot-1 antibodies. (B) Cells were grown in the presence of 30 mM tetracaine and either treated or not with 10 or 30 mM of

7bHC. Protein samples were calibrated against b-actin and immunoblotted with anti-GSK3b, anti-Akt, anti-P38, anti-phosphoGsk3b, anti-phosphoAkt, anti-phosphoP38

antibodies.
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Fig. 6A shows that the change in flot-1 distribution observed in
7bHC-treated C6 cells (Fig. 2A), does not occur if oxysterol
esterification is blocked by 30 mM of tetracaine. Similarly, P38 and
Akt phosphorylation are not affected by 7bHC if esterification is
inhibited. In addition, GSK3b phosphorylation, which increases by
7bHC treatment, is not modified if 7bHC esterification is blocked
by 30 mM of tetracaine (Fig. 6B).

4. Discussion

We demonstrated the existence of different types of membrane
micro-domains in the C6 cells. This result confirms the observation
that flot-1 is found in triton-insoluble/cholesterol-enriched domains
in cells that do not contain cav-1 [49]. Next we have shown that
addition of 30 mM of 7bHC to C6 GBM cells is characterized by the
presence of oxidized cholesterols such as 7kHC, 7bHC and esters of
cholesterols in lipid rafts. We measured the accumulation of these
sterols only after 24 h of treatment. Unfortunately the sterol
detection technique we used did not allow us to estimate the
presence and amount of these sterols at earlier times, but it may
reasonably be supposed that esterification starts right from the
beginning of treatment with 7bHC, building up over time. Sterol
transport through the cytosol to caveolae is known to be carried out
by a vesicle-independent mechanism [48] involving cav-1. Cav-1 is
part of a cytosolic HSP-immunophilin chaperone complex binding to
and translocating newly synthesized cholesterol to caveolar
membranes [48]. It has also been reported that Cav-1 binds
cholesterol [50] and oxysterols such as 7kHC [51] and cholesteryl
ester [52]. 7bHC and its ester form could therefore compete with
other sterols for binding to cav-1 therewith modifying cav-1 sterol
transport capacities. We observed a decrease of the cholesterol:
cholesterol ester ratio and an increase of 7kHC, 7bHC and 7bHC
ester in membrane micro-domains (Fig. 1). These findings agree
with the observation that, in mouse embryonic fibroblasts (MEF),
lipid microdomain homeostasis depends on cav-1 expression [53].
In conclusion, these data strengthen the hypothesis that cav-1, and
more generally lipid rafts, are therapeutic targets for the treatment
of certain cancers [54].

Although tetracaine does not suppress 7bHC cytotoxicity we
observed that tetracaine antagonizes the modification of flot-1 and
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Fig. 7. Sequential opposing signaling responses to 7bHC-induced stress. 7bHC

induces lipid-raft sterol and protein modifications and energy stress followed by the

sequential activation of AMPK after 6 h (single arrow), Akt after 12 h (bold arrow)

and P38 after 24 h (double arrow). ERK and AMPK activate a cell survival pathway,

Akt activates an opposing pathway that promotes cell growth and finally P38 leads

to cell death by inhibiting the cell growth pathway.
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cav-1 distribution in lipid rafts brought about by 7bHC (Fig. 6A)
while addition of tetracaine alone induces a diffuse distribution of
cav-1 in the different gradient fractions. This last result indicates
that 7bHC counterbalances the partial inhibition of esterification
by tetracaine. This observation is in agreement with the notion that
7bHC activates the ACAT enzyme rather than it inhibits the neutral
cholesteryl ester hydrolase [4]. As a consequence, the new
equilibrium existing between ACAT inhibition by tetracaine and
ACAT activation by the 7bHC delays lipid raft modification and cell
death.

Lipid raft play a central role in glucose uptake and on the
growth factor cellular functions [40,55]. We have therefore taken
a particular interest in the possible impact of the 7bHC-induced
modifications of lipid rafts on cell growth, and on the energetic
state of the cell. It has been well documented that activation of
glucose metabolism is an adaptive response of cancer cells to
micro-environmental changes, hypoxia or growth factor depriva-
tion [26]. After 6 h of 7bHC treatment we have observed energy
stress and cell growth arrest. Interestingly, AMPK is known, in
response to cell stress, to inhibit cholesterol synthesis to decrease
metabolic flux through glycolysis and to induce cell cycle arrest,
favouring cell survival [27]. Phosphorylation of the ACC enzyme
by AMPK results in the inhibition of its catalytic activity
transforming acetyl-CoA in malonyl-CoA. Therefore malonyl-
CoA synthesis inhibition will reduce lipogenesis and consequently
more acetyl-CoA will be available for the Krebs cycle. In
accordance with this coupled AMPK/ACC activation we found
glucose uptake started to decrease after 8 h while ATP content was
maintained by mitochondrial activation (Fig. 4) suggesting a
metabolic switch from glycolysis to glucose oxidation. This
metabolic switch from glycolysis to glucose oxidation is
associated with a shift from cell proliferation to cell growth
arrest (Fig. 3B). We concluded that during the first hours following
7bHC treatment, AMPK and mitochondrial activations favour cell
survival over cell proliferation.

However, shifting metabolism from glycolysis to glucose
oxidation is known to induce apoptosis in glioblastoma [56]. In
addition, inhibition of lactate dehydrogenase which promotes the
transfer of pyruvate into mitochondria also promotes apoptosis
and decreases tumor growth in vitro and in mice xenotransplants
[57]. We found that subsequent to the phase of increased oxidative
phosphorylation, AMPK and ERK are inactivated, the mitochondrial
membrane potential is reduced while Akt is activated (Figs. 4 and
5). Activation of the PI3K/Akt pathway has been shown to promote
glucose uptake and flux through the early steps of glycolysis [27].
This second cell answer has to be considered as novel attempt to
maintain survival and proliferation by increasing glucose metabo-
lism. However, this signaling transition from ERK/AMPK to Akt,
coincides with a reduction in glucose uptake and cell lysis (Fig. 3B).
This last result indicates that Akt activation as a second response to
energy stress is inappropriate. It has previously been shown that
GSK3, pAMPK and pERK inhibit mTOR activity and are involved in a
cell survival pathway [58–61]. Inactivation of ERK and Akt
activation in response to energy stress lead to GSK3b and AMPK
inhibition [62] which in their turn lead to mTOR activation and a to
deleterious attempt to stimulate proliferation [62–65].

Finally, while Akt activation is reduced after 24 h of 7bHC
treatment, P38 reaches its maximum of activation. It is important
to notice here that in fetal neural stem cells, activation of mTOR by
the notch signaling pathway has been reported to be negatively
controlled by a mechanism involving P38 [66]. Notch and mTOR
are expressed and functional in C6 [67]. At the same time GSK3
becomes less phosphorylated and therefore more active (Fig. 5).
These latter two activations are followed by massive cell death. To
further determine the causality between opposing signaling
pathway activations and cell death a more detailed time course
analysis as well as the use of either kinase inhibitors or isogenic
strain mutated on different kinases will be required.

In summary we conclude that three subsequent contradictory
cell cycle regulation messages, integrated at the mTOR level to
alleviate energy stress by maintaining glucose uptake and
intracellular ATP levels end in cell death (Fig. 7). We can also
appreciate the relevance of developing drugs, such as 7bHC, to
exploit the dependence of tumor cells to maintain glucose
consumption.
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