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Abstract. Background: It was previously demonstrated that
the 7B-hydroxycholesteryl-3f (ester)-oleate (7[-ester) possesses
antitumor properties against the experimental rat C6
glioblastoma. The effect of an analog of this molecule,
7B-hydroxycholesterol-33-O(ether)-oleyl ~ (7B-ether), was
investigated. Materials and Methods: Liposomes containing no
oxysterol (control), 7B-ether or 7f-ester were injected into
tumors induced by C6 cells in rat brain cortex. At defined
times, the animals were sacrificed, the tumors stained with
cresyl violet and their volumes measured by densitometry.
Oxysterol clearance was assessed by quantification from lipid
extraction of treated tumors. Results: The clearance of the new
compound was slower than that of the 7f-ester form. The
7p-ether and 7f-ester forms displayed similar antitumor
activities against 3-day-old tumors. In contrast, the 73-ether
form was more active on well-developed glioblastoma: 75 nmol
inhibited tumor growth by 70% compared to controls, while
the 7B-ester had no effect under such conditions. The 7(3-ether
form had a cytostatic rather than a cytotoxic effect. In addition,
the composition of the liposomes did not affect the antitumor
activity. Conclusion: Only blockade of the C-3-OH group is
required for the antitumor effect of this kind of oxysterol. It is
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suggested that the absence of "etherases" enhances the
antitumor activity of this type of compound. Thus, an original
therapeutic approach for glioblastoma treatment may be
envisaged with such compounds.

Astrocytes are the most abundant cells present in the
central nervous system. It is now established that their role
is not restricted to structural and metabolic support for
neurons, but also that they are sensors of neuronal activity
and contribute to signal transmission. Two major
pathologies derive from this cell type: an inflammatory
process following brain injury, termed reactive gliosis, and
a tumor process, termed astrocytoma or glioblastoma.
Glioblastomas are the most commonly diagnosed brain
tumor in adults aged 45-74 yeast. In most European and
North American countries, the incidence is approximately
two to three new cases per 100,000 people per year (2,400
cases per year in France). Glioblastoma is essentially
characterized by poorly-differentiated neoplastic astrocytes.
Based on the World Health Organization classification
(WHO) which confers four grade degrees for astrocytoma,
glioblastoma multiforme (GBM) is the most malignant
(WHO, grade IV). Gliosarcoma and giant cell glioblastoma
are variants of GBM. They typically contain more than one
cell type. One therapeutic treatment may prevent division
of some cell populations, but not that of the others. This
characteristic makes glioblastomas very difficult to treat.
GBMs commonly overexpress the oncogenes for the
epidermal growth factor receptor (EGFR) and platelet-
derived growth factor receptor (PDGFR) and contain
mutations and deletions of the tumor suppressor genes
PTEN (phosphatase and tensin homolog) and TP53. Some
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of these alterations lead to activation of the PI3K/Akt and
Ras/MAPK pathways.

Some experiments of suicide gene therapy mediated by
the thymidine kinase gene of the Herpes Simplex Typel
virus (HSV1) combined with ganciclovir have been
performed on experimental gliomas and clinical protocols
were established for the treatment of human glioblastoma
15 years ago (2-4). However, Hadaczek et al. (5) evoked two
limitations to this strategy: expression of thymidine kinase
in dividing tumor cells is rapidly decreased and there is a
focal transduction of the brain tumor. Moreover, ganciclovir
(a nucleotide analog) has adverse side-effects, such as
neutropenia, thrombocytopenia, attention troubles,
cutaneous rashes and also possesses teratogenic potential.
Based on the fact that GBM expresses some antigens which
differ from those of the normal brain tissue, other authors
proposed stimulating a stronger immune response in
patients with glioblastoma by using lymphokine-activated
killer cells as cytotoxic T lymphocytes combined with
interleukin-2 treatment (6, 7).

In spite of classic protocols combining surgical resection,
radiotherapy and/or chemotherapy [Temodal agent/
radiotherapy (8) or surgery/external beam radiotherapy using
GliaSite brachytherapy (9)] and new therapeutic approaches
such as: (i) bi-/trichemotherapies [paclitaxel/ topotecan/
filgrastim; (10)] or (ii) dendritic cell vaccines (11) associated
with Cilengitide (12), an angiogenesis inhibitor, the prognosis
of malignant gliomas remains bleak, with a poor survival rate
over a 2-year period, especially for glioblastoma (13).
Currently, genetic, biological and pharmaceutical approaches
are being undertaken for the detection of the tumor cells in
their earliest stage of development.

Oxysterols are usually described as lethal for tumoral cells
(14). This family of compounds consists of cholesterol bearing
additional mono- or multi-oxygenated functions (alcohol,
ketone, peroxide, epoxide). Among them, a variety of
monohydroxylated forms constitute the major representatives
of this family. One of them, 7(3-hydroxy-cholesterol (73-OHCH)
has been thoroughly investigated, because of its marked
cytotoxic effect toward hepatomas or lymphomas (15, 16). In
addition, the lethal effect of 7B-OHCH on spontaneously
transformed astrocyte cell lines (ACL), but not on the mother
cells (primary cultures of neonatal rat astrocytes), has been
previously demonstrated in our laboratory (17).

In recent years, a few groups have described oxysterols as
antitumoral drugs in vivo. Christ et al. (18) intra-peritoneally
administered two water-soluble phospho-diesters of 7f-
OHCH to mice with subcutaneous P815 mastocytoma:
between 20 and 40% of the treated mice recovered
completely. 78,22R-dihydroxycholesterol treatment of rats
with mammary carcinomas, induced by an intravenous
injection of dimethylbenzanthracene, reduced both the
number and tumor size and increased animal survival (19).
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7B-Hydroxycholesteryl-3f(ester)-oleate (7p-ester form)
has been previously demonstrated to inhibit the growth of
experimental rat C6 glioblastoma (1), a model developed by
Kaye et al. (20) and San Galli et al. (21). An intra-tumor
injection of 36 nmol of this compound, incorporated into
liposomes, reduced the tumor size by 70% compared to
control animals (1), while 73-OHCH or oleate themselves
did not affect tumor growth.

In the present study, the effect of another derivative of
78-OHCH, the 7p-hydroxycholesteryl-33-O(ether)-oleate
(7p-ether form), was is investigated on the same tumor
model. The aims of this study were: (i) to verify if the
presence of the ester group on C3-OH is necessary for
antitumor properties, and (ii) to test if this molecule is more
effective than the ester form, since the lack of enzymatic
hydrolysis of the ether link in the brain would predict a
better effect. The galenic preparation and the in vivo model
are also improved in view of clinical assays.

Materials and Methods

Drug synthesis. a) 7p-Hydroxycholesteryl-3f(ester)-oleate was
prepared in the steps as described previously, with some
modifications (1). In the first step, 4-dimethylaminopyridine was
added to catalyze the esterification reaction. Then, the reaction
mixture was initially heated at 80°C for 4 h before being left at room
temperature for 48 h. Diethyloxide (Et,0) (30 ml) was used to stop
the reaction. Before the reduction reaction, the organic phase was
placed in an ice bath and washed successively with NaOH (40 ml of
a 5% solution), HCI (40 ml of a 5% solution) and Na,CO5 (40 ml
of a 5% solution). Sodium borohydride (18.5 mmol) dissolved in
methanol (10 ml) was subsequently added dropwise to the organic
phase containing 7-keto-cholesteryl-3f3(ester)-oleate for 15 min at
0°C and for 90 min at room temperature. The reaction was
quenched by adding acetic acid. Et,O was evaporated in vacuo and
7p-hydroxycholesteryl-3p(ester)-oleate was extracted with 21 ml of
a mixture of 2,2,4-trimethylpentane (Aldrich, USA)/methanol/
bidistilled water (10/10/1; v/v/v). The organic phase was washed twice
with saturated sodium chloride (50 ml). The product was purified as
described previously (16, 22, 23).

b) 7p-Hydroxycholesteryl-33-O(ether)-oleyl was also prepared in
two steps. First, the etherification of 7-keto-cholesterol was
performed according to Pouzar’s procedure (24). 7-Keto-cholesterol
(Sigma, USA) (1 mmol), oleyl bromide (Sigma) (3 mmol) and
tetrabutylammonium hydrogen sulfate (0.48 mmol, Aldrich) were
dissolved in 10 ml of benzene (Prolabo, France). 7-Keto-cholesteryl-
3B-O(ether)-oleyl was purified by thin layer chromatography (TLC)
using benzene/Et,O (19/1, v/v) as eluant. The reduction protocol to
convert 7-keto into 7p-hydroxy was the same as described above.

Preparation of treatment solution. Liposomes containing oxysterols
(7B-hydroxycholesteryl-3(ester)-oleate or 7p-hydrochycholesteryl-
3-O(ether)-oleyl) were prepared according to Holmberg et al. (25),
with some modifications (1). Regarding the lipid composition,
either monosialoganglioside (GM1, Fidia, Italy) or cholesteryl-3-
sulfate (CHS, Sigma) was mixed with phosphatidylcholine (PC,
Sigma). The liposome compositions were PC/oxysterol/GM1 at
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molar ratios 10:5:1 or PC/oxysterol/CHS at 20:5:4. The molar
lipids/detergent ratio was 4.

Lipids dissolved in solvents were initially mixed vigorously in
a conical tube, then evaporated under a stream of nitrogen. The
viscous residue thus formed was redissolved in sterile PBS
(Gibco-BRL) containing 20 mM n-octyl-f-D-glucopyranoside
(Sigma). Liposomes were obtained by dialyzing this mixture
against PBS overnight at 4°C, using a microdialyzer and dialysis
membranes with an exclusion limit of 12,000-14,000 (BRL, USA)
to remove the detergent. Control liposomes, without oxysterols,
were prepared in the same way. The liposomes were then
concentrated under a stream of nitrogen to obtain the required
oxysterol concentration.

C6 cell cultures. The C6 glioma cell lines, originally cloned from an
N-nitrosomethylurea-induced glioma (26), were purchased from the
American Type Culture Collection (Bethesda, MD, USA). The cells
were seeded in 80-mm dishes (Falcon, PolyLabo, France) at 37°C
under a humidified 5% CO,-95% air atmosphere and kept in
Dulbecco’s modified Eagle’s medium (DMEM) containing glutamex-
1 (Gibco-BRL, France) supplemented with 10% decomplemented
fetal calf serum (Dominique Dutscher, France) and a cocktail of 10
ug/ml of penicillin and 10 pg/ml of streptomycin (Sigma, France).

Generally, after 4 days in culture (proliferative phase of growth),
the cells were washed twice with DMEM and were harvested
mechanically in fresh culture medium, centrifuged at 450 x g and
finally resuspended in a small volume of DMEM in order to obtain
2x105 cells/5 ul. This cell suspension was kept in the incubator at
37°C until implantation in rat brain cortex.

Glioblastoma implantation. The C6 cell implantation procedure
was essentially the same as described previously (1). New-born
Wistar rats, 7-day-old and weighing 10-14 g, were used as tumor
hosts. The animals were housed in a restricted temperature
controlled vivarium, on a 12:12 light-dark cycle and the pups
were left with their mother until transplantation. They were
anesthetized with a cocktail composed of Ketalar (5%, Parke
Davis, France) 20 pg/g and Rompun-Xylasine (2%, Bayer,
Germany) 1.3 pg/g (in the proportion of 8/2, v/v). Each animal
was securely placed in a stereotaxic David Kopf surgical frame
and the brain was exposed by a short incision of the skin. A small
burr hole was drilled 4.5 mm anterior to the lambda and 2.0 mm
lateral to the median suture. The dura was pierced and a
Hamilton syringe (PolyLabo) with a blunted tip was placed into
the right frontal cortex 2.2 mm deep to the surface of the brain.
The cell suspension containing 2x105 C6 cells was inoculated
slowly (30 sec) into the right frontal cortex. The needle was left
in place for 2 min after injection and then slowly withdrawn. The
skin was sutured. The pups were returned to the mother only
after the anesthetic effect had worn off.

Tissue collection and histology. At indicated dates, the grafted rats
were anesthetized with a lethal dose of sodium pentobarbital
(Sanofi, France) and perfused through the heart, first with 0.9%
NaCl and then with a fixative composed of 3.6% (w/v)
paraformaldehyde (Sigma) and 2.5% (w/v) gluteraldehyde (Sigma)
in 0.1 M phosphate buffer, pH 7.4. Sometimes 0.4% of Trypan
Blue Solution (Sigma) was added to this solution. The brains were
removed and immersed in the same fixative solution for 5-7 days,
dehydrated in graded alcohol and embedded in histowax (Reichert-

Jung, Germany). Ten-um-thick sections were cut and stained with
basic Cresyl Violet (Sigma).

Dose of treatment. The rats were anesthetized as described in the
"Glioblastoma implantation" section and the liposomes were
administered stereotactically. Liposomes containing 7.5, 60, 75 or
150 nmol of 7p-hydroxycholesteryl-33-O(ether)-oleyl, 60 or 150 nmol
of 7p-hydroxycholesteryl-3p(ester)-oleate were used; the injection
volume was 5 pl.

Oxysterol extraction.

a) Liposomes. The lipid extraction of liposomes was carried out
according to Folch ef al. (27). Briefly, 400 ul of deionized water
and 10 ml of chloroform (HPLC grade, Carlo Erba, Italy):
methanol (HPLC grade, Carlo Erba), 2:1 v/v (C:M, 2:1) were
added to 100 pl of liposome solution. After mixing, the single
phase was allowed to settle for 30 min and then washed with 0.2
volume of NaCl (0.73%, w/v in water). After centrifugation, the
upper phase was discarded and the organic phase evaporated to
dryness under a stream of nitrogen.

b) Tumors. Tumors removed from non-fixed brains were
homogenized (3000 t/min for 10 min, Bioblock Scientific, France)
in HyO at the ratio of 10-15 mg of fresh tissue/ml. Lipids were
extracted according to Folch et al. (27) as described above, except
that the "breaking" single phase was water only (0.2 volume). The
extracts were kept at 37°C until organic/aqueous phase separation
occurred (at least 2 hours). The organic phase was then evaporated
under a stream of nitrogen.

Oxysterol quantification.

a) High performance thin layer chromatography (HPTLC). The lipid
residue was dissolved in C:M, 2:1, and subjected to thin-layer
chromatography (Precoated silica 60 HPTLC plates, Merck,
Germany). Two-dimensional elution was carried out in
chloroform/acetone (80/120, v/v) and benzene-ether (17/3, v/v).
Lipids were visualized using the Macala reagent (28). HPTLC plates
were heated at 135°C until purple (corresponding to cholesterol)
and blue (7f-hydroxycholesterol and its derivatives) appeared. A
quantitative analysis of spot intensity was performed by scanning
the HPTLC plates (Densitometer, Molecular Analyst, Bio-Rad,
USA) and comparing the scans with standards from 0.2 to 5.0 ug.
b) High pressure liquid chromatography (HPLC). Dry lipids were
dissolved in 200-500 wl of acetonitrile (Merck, HPLC grade):
isopropanol (Carlo Erba, HPLC grade): H,0 (44:54:2, v:v:v). The
same mixture was used for HPLC in isocratic mode.
Chromatography was carried out with a Waters Associates HPLC
equipped with a reverse phase lichrosphere column (Interchim,
USA; K10 OD2, 10 um granulometry, 250 mm long and 2.2 mm
internal diameter); the column was protected with a guard
cartridge (Waters associates). The pressure was 500 PSI and the
compounds were detected at 206 nm. The retention times for the
7p-ester and 7f-ether forms were 15.2 and 21.0 min, respectively;
cholesterol, cholesteryl-esters, 7-keto-cholesterol and 7-hydroxy-
cholesterol were used for HPLC calibration.

¢) Control experiments. HPLC versus HPTLC analysis of oxysterol
levels in liposomes and brain tumors gave the same values. Thus,
the majority of oxysterol determinations were carried out with the
HPTLC method. Analysis of the oxysterol content in liposomes
was 90-100% of the initial oxysterol amounts added for liposome
preparation.
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Figure 1. Effect of 7f-hydroxycholesteryl-35-O(ether)-oleyl (7f-ether) on C6 glioblastoma induced in Wistar rat brain cortex. (A) Doselresponse
evaluation. Treatments were performed on 3-day-old glioblastoma and tumor volumes calculated 10 days after the liposome injection. Liposomes
composed of PC and GM1 contained: 0 nmol (control) (1); (2) 7.5 nmol; (3) 60 nmol; (4) 150 nmol of 7B-ether. (B) Comparison between the liposome
composition on the 7p-ether activity (60 nmol) on 3-day-old glioblastoma; the effect was analyzed 9 days after the oxysterol injection. Open bars

correspond to GM1/PC liposomes and solid bars to CHS/PC liposomes.

Determination of tumor volume and statistics. The dimensions of the
tumors on each slice were measured by microscopy and
densitometry (Molecular Analyst, Bio-Rad). After approximating
the shape of the tumor to an ellipsoid, the tumor volumes were
estimated by the formula 4/6 x 7 x (largest width x largest height x
number of slices x thickness of slices).

Data, expressed as means+SEM values, were compared using
one way ANOVA; post hoc analysis was performed using Student-
Newmann-Keuls multiple comparisons test (Instat, GraphPad,
USA); p<0.05 was considered significant.

Results

Dose-response effect of 73-hydroxycholesteryl-33-O(ether)-oleyl
on C6 glioblastoma growth. The inoculation of 2x10° C6 cells
into the frontal cortex of 7-day-old Wistar rats produced
large tumors (mean volume 9.44+0.70 mm?>) 13 days later.
Treatment solutions were injected 3 days after C6
implantation and the tumors were examined 10 days later.
Three kinds of treatment were tested: PBS solution (control

2056

1, data not shown), liposomes containing 0 (control 2) or 60
nmol 7p-ether. Treatment controls had no effect on the
tumor size. In contrast, 60 nmol 7B-ether significantly
reduced the tumor growth by 62% and, in 80% of cases, the
tumor volume was decreased by at least 50% (Figure 1A).

To evaluate the dose-response relationship, two extreme
doses were tested: 7.5 nmol (threshold) and 150 nmol (high
dose). 7p-Ether at 7.5 nmol decreased the tumor size by at
least 25% (8.18 mm>£1.80, p=0.54), in 60% of cases.
7B-Ether at 150 nmol had the same effect as at 60 nmol
(p=0.83) (Figure 1A).

The influence of the lipid carrier composition on
treatment efficiency was also compared. For this, PC/GM1
versus PC/CHS containing 0 (control) or 60 nmol of
7p-ether were tested (Figure 1B). No significant differences
were found: (i) between liposome control treatments (mean
size volume at 6.23+0.51 and 5.68+0.52 mm?, GM1- and
CHS- based liposomes, respectively) or (ii) between
oxysterol-based liposomes (3.27+0.34 mm?> and 3.19+0.35
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Figure 2. Comparison between the effect of control liposomes and
liposomes containing 75-hydroxycholesteryl-3f3-O(ether)-oleyl (7f-ether) on
the development of C6 rat glioblastoma induced in Wistar rat brain cortex.
The tumors were treated 3 days after C6 glioblastoma implantation with
liposomes containing no oxysterol (control) or 60 nmol of 7p-ether. Open
circles correspond to control tumors; dark circles to 7p-ether-treated tumors.

mm?, PC/oxysterol/GM1 and PC/oxysterol/CHS, respectively;
p=0.884). In both cases, the scatter of tumor volumes was
identical: 60% of oxysterol-treated tumors were 50% smaller
than the controls.

Follow-up of tumor growth rate after treatment with 60 nmol
of 7B-hydroxycholesteryl-33-O(ether)-oleyl. The time-curve of
tumor growth is shown in Figure 2. Tumors were treated
with liposomes containing either 0 (control) or 60 nmol of
7p-ether 3 days after C6 cell implantation. The rats were
sacrificed at 3, 6, 9, 10 or 12 days after oxysterol injection.

Tumor growth patterns followed an exponential slope up to
13 days, as described previously by San Galli et al. (21). Up
to 13 days after glioblastoma implantation, tumor growth
was significantly inhibited by the 78-ether form (Figure 3).
Between the third and ninth days, the tumor mass for the
controls increased by 0.94 mm>/day, while that of oxysterol-
treated tumors increased by 0.45 mm?3/day only. Calculation
of the tumor size variation (=7f-ether - controls) gave: 1.3,
1.7, 2.96 and 5.8 mm? at 6, 9, 12 and 13 days, respectively.
These data indicated that the 7f-ether form markedly
inhibited growth (Figure 3) Serial sections were obtained on
13-day-old tumors.

Effect of 7B-hydroxycholesteryl-33-O(ether)-oleyl versus
7B-hydroxycholesteryl-3f (ester)-oleate on undeveloped tumors.
Nine days after treatment with 60 nmol of oxysterol-based
liposomes, i.e., 12 days after implantation, the rats were
sacrificed and the tumors were measured. As compared with
the controls (mean size 6.23+0.50 mm?), the 7p-ester form
reduced the tumor size by 75% and the 7f8-ether form by
48% (Figure 4). Due to the large dispersion of tumor
volume, the difference between these treatments was not
statistically significant (p=0.13). However, the 7p-ester form
lowered the tumor size by 50% in at least 85% of the
experiments, whereas the 7f3-ether treatment had a more
homogenous effect, but in only 40% of the cases was the
tumor size decreased by 50%.

Effect of 7B-hydroxycholesteryl-33-O(ether)-oleyl versus
7B-hydroxycholesteryl-33-O(ester)-oleate on well-developed
tumor. The short-term effects of oxysterol treatment on
well-developed glioblastoma were also investigated.
Treatment was carried out 12 days after C6 cell
implantation (tumor size 6.23+0.51) and the animals were
sacrificed 3 days later, i.e., 15 days after implantation. The
results are represented in Figure 5. For control liposome
treatment, the mean tumor size was 28.65+5.99 mm?. At
150 nmol of oxysterol, tumor progression significantly
stopped: the mean volumes were 8.66+2.59 (p=0.0044) and
11.10£5.01 (p<0.05) mm> for 7f-ester and 7p-ether,
respectively. In 60% of the cases, the tumoral mass after
treatment with each of these oxysterols was at least 50%
smaller than when treated with control liposomes.

Subsequently, the double treatment, 150 nmol oxysterols,
composed of a mixture of 75 nmol of the 73-ester form and
75 nmol of the 7f-ether form, were tested. The tumor size
was 8.52+3.97 mm® (p<0.01) versus 28.65+5.99 mm?
(control liposomes). In parallel, single treatments at 75 nmol
(7B-ester or 7B-ether) were carried out. The data in Figure 5
show clearly that the antitumoral effect is due to the ether
(9.12+1.96 mm?, p=0.03); 75 nmol of 7p-ester (Figure 5, bar
5) had no effect on the tumoral growth (29.60+3.19 mm?,
p=0.9) under these experimental conditions.

2057



ANTICANCER RESEARCH 26: 2053-2062 (2006)

Figure 3. Histochemistry of C6 glioblastoma induced in Wistar rat brain; 10-um sections, embedded in paraffin, were stained with Cresyl Violet as
described in Materials and Methods. Three days after tumor implantation, the rats were injected with liposomes containing no oxysterol (control) (A) or
60 nmol of 7f-hydroxycholesteryl-3f-O (ether)-oleyl (B). These serial sections correspond to a tumor at 13 days of development.

Oxysterol clearance. In this set of experiments, the rats were
double-treated (75 nmol of each oxysterol) 12 days after C6
cell implantation, as described above. At the defined time,
oxysterol extraction was performed on the treated tumors.
Despite optimizing oxysterol extraction techniques (data not
shown), the oxysterol recovery was low: only 5.2% of the
7p-ether and 6.8% of the 7p-ester were recovered in tumors
within 20 min of treatment. As indicated in Figure 6, the
quantity of 7f-ether remained constant while the 7f8-ester
form decreased in the 3 days after treatment: only 25% of
7p-ester remained in the tumors.

Discussion
We previously demonstrated the antitumoral properties of

7p-hydroxycholesteryl-33(ester)-oleate, synthesized in our
laboratory, on C6 glioblastoma induced in rat brain (1).
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We also compared the effects of 7p-ester and 7p-ether
forms on spontaneously transformed astrocytes derived
from primary rat astrocytes in vitro (29). Both compounds
displayed an antiproliferative effect, but the decrease of the
thymidine incorporation rate was more pronounced with
7B-ether. Moreover, we demonstrated, in vitro, that the level
of the 7B-ether form remaining in the cells was markedly
higher than that of the 7f-ester form. These results
encouraged us to test the therapeutic potential of the
7p-ether form on C6 glioblastoma in vivo.

The procedures employed here for obtaining rat
glioblastoma in vivo were modified compared to those
previously used (1). For instance, the C6 cells were injected
using DMEM instead of NaCl, in order to increase the
tumor induction efficiency. However, the principal aims of
this study were to compare two types of carriers by varying
the lipid composition and to follow the tumor growth curve
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Figure 4. Comparison between the effects of 7p-hydroxycholesteryl-
3B-O(ether)-oleyl (7f-ether) and 7B-hydroxycholesteryl-3f(ester)-oleate
(7B-ester) on 3-day-old glioblastoma. The animals were treated at 9 days
before sacrifice; the liposomes contained no oxysterol (control) (1), 60
nmol of 7f-ester (2) or 7p-ether (3).

N

for a long period in order to examine the antitumoral effect
of the drugs on undeveloped and well-developed tumors.
The results indicated that a single local treatment with the
7p-ether form efficiently stopped tumor progression (Figure
1A). Our findings (Figure 2) indicated that this effect was
more cytostatic than cytotoxic. We also demonstrated that the
liposome composition did not change the oxysterol
antitumoral efficiency (Figure 1B). We had previously used
GM1 in order to enhance the hydrophilicity of liposomes,
thereby further increasing drug uptake. The neuroactive
properties of GM1 may also favor nervous tissue recovery,
while retarding liposome clearance (1). However, GM1 was
removed in view of clinical assays. Indeed, there are reports
demonstrating, in a few cases, that injection of gangliosides
(extracted from mammalian brain) may produce acute
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Figure 5. The effects of 73-hydroxycholesteryl-33-O(ether)-oleyl (7f3-ether)
and 7p-hydroxycholesteryl-3f (ester)-oleate (7(-ester) on well-developed
Co glioblastoma. The tumors were injected 12 days after C6 cell
implantation and the animals were sacrificed 3 days later: the liposomes
contained no oxysterol (control) (1); 150 nmol of 7f-ester (2) or 7p-ether
(3); 75 nmol of 7p-ester and 75 nmol of 73-ether (4); 75 nmol of 7p-ester
(5) or 7B-ether (6).

neuropathological illness such as the Guillain-Barré (30) or
Kreutzfeld-Jacob syndromes. GM1 may also produce some
immune responses (31). So, GM1 was replaced by CHS, a
natural component of skin (32), used in cosmetic liposome
preparations. Injection of liposome controls composed solely
of PC/GM1 or PC/CHS does not affect tumor growth and
substitution of GM1 by CHS does not modify the antitumor
property of the 7f3-ether form.

With regard to the 7p-ether form, dose/response studies
showed that 7.5 nmol had little effect on tumor growth,
which was not the case for the 7f-ester form (1).
Surprisingly, a similar effect was observed for both 60 and
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Figure 6. Oxysterol clearance. Liposomes containing both 7[-
hydroxycholesteryl-3f (ester)-oleate (7p-ester) and 7B-hydroxycholesteryl-
3B-O(ether)-oleyl (7f-ether), 75 nmol each, were injected into the tumor
site 12 days after C6 cell inoculation. The tumors were removed and the
oxysterols were extracted as described in Materials and Methods. Open
bars correspond to the treatment with 73-ether and solid bars to 75-ester.

150 nmol of the 7B-ether form, suggesting that, under these
experimental conditions, the antitumoral effect of the
compound reaches a "plateau” between these two values. As
for the 7fB-ester form, a possible explanation is that the
liposomes containing 60-150 nmol of the 73-ether form were
too concentrated and thus, too sticky to easily spread into
the tumor site, since the injection volume was limited. The
7p-ether form is more hydrophobic than the ester and, thus,
may be better incorporated into the liposomes. Hence, in
unvascularized tumors, 7f3-ester delivery may be better than
that of the ether.

Comparing the mean tumor size after treatment of 3-day-
old tumors with 60 nmol of the 7f3-ester and 7p-ether forms
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demonstrated that the ether form was not more effective
than the ester form; however, the statistics suggest that the
7B-ester form was more efficient.

Treatment of well-developed glioblastoma by both
oxysterols resulted in the same efficiency at 150 nmol, but
at 75 nmol, only the 7f-ether form showed an antitumor
effect. In these experiments, the amount of ether in large
tumors was higher than that of the 7p-ester form (Figure 6).
Interestingly, 75 or 150 nmol of the 78-ether form displayed
the same antitumor effect on 12-day-old glioblastoma.

San Galli et al. (21) reported that, 3 days after C6 cell
implantation, new blood vessels were observed in the tumor
tissue. We suggest that vascularization in well-developed
tumors (12 days) is well-established and this facilitates
diffusion of the highly hydrophobic ether, which, in turn, is
more active than the ester since "etherases" are not present
in the tissue. Diffusion phenomenon may also explain the
small quantity of oxysterols found in vascularized tumors
only 20 min after double treatment (Figure 6).

In the normal adult brain, there is practically no synthesis
of cholesterol, while in brain tumors this biosynthesis can be
15 times higher (33). Fumagalli et al. (34) observed an
unusual accumulation of lanosterol and 24-dihydro-
cholesterol in biopsies of glioblastoma, suggesting that a key
enzyme in the biosynthetic pathway of cholesterol, the
HMG-CoA reductase (EC 1. 1. 1. 3. 4), is activated. In the
last decade, targeting glioblastoma cell lipid metabolism with
lovastatine, a specific inhibitor of HMG-CoA reductase, has
provided a novel approach to the treatment of malignant
gliomas (35). Oxysterols are known to inhibit HMG-CoA
reductase. Recent reports support another action mechanism
of 7-OHCH induced by apoptosis (36-38) in different in
vitro tumor models. In addition to those mechanisms,
alteration of plasma membrane fluidity, stability and
function in vitro by 73-OHCH should also be considered (39,
40). Our in vitro studies on spontaneously transformed
astrocyte cell lines derived from primary cultures of neonatal
rat astrocytes indicated that the lethal effect of 7-OHCH
was not correlated with: (i) changes of the biochemical
composition or biophysical properties of the plasma
membrane (41); or (ii) HMG-CoA inhibition (42). On the
other hand, we demonstrated a clear-cut relationship
between the cytotoxicity of 7B-OHCH and its esterification
at C-3-OH by naturally-occurring fatty acids (43).

The cytotoxic effect of 73-OHCH on C6 cells in vitro is
correlated with the inhibition of mitogen-activated protein
kinase (MAPK) activity, probably by inhibition of p21ras
post-translational farnesylation. Oxysterol may indeed
inhibit at the farnesyl level (44). To our knowledge, no data
are available on the action mechanisms of oxysterols in vivo.
In vivo and ex vivo experiments, using the ester or the ether
as antitumor drugs, could address the question of whether
the suggested action mechanism in vitro is also valid in vivo.
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In conclusion, this is a first report to demonstrate the
antitumor effect of 7B-hydroxycholesteryl-3p-O(ether)-oleyl.
The main advantage of this compound is its resistance to
enzymatic degradation, thus enabling it to persist at the site
of the tumor. These findings demonstrate that the blockade
of the C-3-OH group is sufficient for the antitumor effect
of 7p-OHCH.

The 7p-ester form is currently authorized by TAFSSAPS
(Agence Francaise de Sécurité Sanitaire des Produits de
Santé, Direction de 1’évaluation des médicaments et des
produits biologiques; Paris, France) to be used in clinical
trials as an antiglioblastoma drug (Départements de
Neurologie et de Neurochimie de I’hopital d’Instruction des
Armées; Val de Grace, Paris, France). If the observations are
encouraging, a request for the use of 7p-ether will be made.
In addition, peripheral chemotherapy on glioblastoma with
these oxysterols may be considered. Due to the low molecular
weight and the hydrophobic properties of the molecules, the
carriers are known to bypass the blood brain barrier.
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