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Abstract

The development of a non-toxic selective cytoprotective agent that preferentially protects normal tissues from chemotherapy
toxicity, without protecting malignant tissues, is a major challenge in cancer chemotherapy research. The available cytoprotective
agents are either toxic or lack selective cytoprotective activity. Here, we report the in vitro selective cytoprotective activity of
squalene, an isoprenoid molecule with antioxidant properties. Normal human bone marrow (BM) derived colony-forming unit
(CFU) growth was increased by squalene in a dose-dependent manner. Squalene (12.5-25 uM) treatment significantly protected the
CFUs from cisplatin-induced toxicity; the protective effect was equivalent to reduced glutathione (GSH), a known cytoprotective
agent. Squalene also increased the long-term survival of cisplatin-treated 4-week-old CFUs. Cisplatin-induced apoptosis of CFUs
as measured by the TUNEL assay was reduced by squalene. To examine the squalene-induced protection of tumours, several neu-
roblastoma cell lines, including five M YCN-amplified cell lines, were grown in monolayers, as well as in anchorage-independent
cultures, in the presence of squalene and cisplatin. Squalene did not protect the neuroblastoma (NBL) cell lines from cisplatin-
induced toxicity. In addition, squalene did not protect the NBL cells from carboplatin, cyclophosphamide, etoposide and doxo-
rubicin-induced toxicity. In conclusion, our results suggest that squalene has a selective in vitro cytoprotective effect on BM-derived
haematopoietic stem cells that is equipotent to GSH.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

One of the major limitations of cancer chemotherapy
is the indiscriminate injury of normal tissue, leading to
multiple organ toxicity and consequent dose limitation/
treatment failure. Often the consequences of toxicity,
such as myelosuppression, renal toxicity and neuro-
pathy, have profound effects on adults and children
with long-term remission that not only affects the ther-
apy, but also the overall quality of life [1]. Several anti-
oxidants have been tested and shown to protect normal
tissues from the chemotherapeutic toxicity by scaven-
ging free radicals. Amongst these antioxidant agents,
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amifostine, a thiol antioxidant, has cytoprotective
action and was approved for the use against platinum-
induced renal toxicity in ovarian carcinoma patients [2].
However, the clinical use of amifostine is associated
with toxicity [3], and its efficacy in preventing acute and
chronic toxicity remains doubtful, particularly in pae-
diatric tumours [4]. We found that intravenous (i.v.)
administration of amifostine was associated with sig-
nificant toxicity, such as hypocalcaemia, anxiety, and
hypotension [5]. Other cytoprotective agents such as
sodium thiosulphate, mesna, and procainamide are not
approved for wide clinical use due to a lack of efficacy
and/or non-selective cytoprotection of tumour tissues
against platinum and alkylating agents-induced toxicity
[2]. Glutathione (GSH), an endogenous thiol anti-
oxidant, is known to detoxify cisplatin metabolites [6,7].
We found that 1-2-oxothiazolidine-4-carboxylate (OTZ),
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a GSH prodrug, is able to selectively modulate tumour
GSH. It was observed that tumour GSH is depleted
(chemopotentiation), while normal tissue GSH is ele-
vated (chemoprotection). This phenomenon is known as
the GSH paradox and it suggests that GSH enhancing
agents may be used to differentially protect normal ver-
sus tumour tissues [8]. Despite these findings, the devel-
opment of OTZ as a cytoprotective drug has not been
possible because of its high toxicity. The direct clinical
use of glutathione as a cytoprotective agent has been
disappointing, likely because of the difficulty of achiev-
ing a therapeutic plasma level of GSH and its instability
in plasma [7,9].

Therefore, there is a need for the development of
novel agents, which maintain the fundamental char-
acteristics of cytoprotective agents (these include pro-
tection of normal tissue from chemotherapy-induced
toxicity, absence of tumour protection and absence of
tumour growth stimulation). In addition, such agents must
exhibit an excellent safety profile; good oral availability
would be an asset.

Squalene is an isoprenoid compound having six iso-
prene units that possess antioxidant activities (Fig. 1);
squalene is an intermediate of cholesterol metabolism,
and is secreted in human sebum, where it may protect
the skin from ultraviolet (UV) radiation [10]. Storm and
colleagues [11] demonstrated the protective activity of
squalene against radiation-induced injury in a mouse
model. Several experimental models demonstrated the
detoxifying activities of squalene against diverse chemicals
such as hexachlorobiphenyl, hexachlorobenzene, arsenic,
theophylline, phenobarbital and strychnine [12—14]. Squa-
lene has also been found to have protective activity
against several carcinogens, including azoxymethane-
induced colon cancer [15] and nicotine-derived nitrosa-
minoketone - (NMK) induced lung carcinogenesis [16].

Squalene has shown differential activity in the growth
and survival of normal versus tumour tissues. Hamilton
and colleagues [17] found that Hjorth adjuvant (10%
(w/v) squalene in water) increased the survival and pro-
liferation of murine bone marrow (BM)-derived cells. Tke-
kawa and colleagues [18] found that squalene inhibited
murine sarcoma growth and survival in a mouse model.

Such protective, anticarcinogenic and differential
activities in normal versus tumour tissue suggest that
squalene may have cytoprotective potential against
chemotherapeutic agents. To address this potential, we
investigated the protective activity of squalene in a BM

Fig. 1. Molecular structure of squalene. Squalene is an isoprenoid
compound comprised of six isoprene units. The antioxidant property
of squalene may be related to these isoprene units [10].

versus neuroblastoma (NBL) model of cisplatin-induced
toxicity, and compared it with the protective activity of
GSH, a known cytoprotectant against cisplatin toxicity

[7].

2. Materials and methods
2.1. Materials

Materials for the colony-forming unit (CFU) assay,
including methylcellulose media (Methocult GFH#434),
were obtained from Stem Cell Inc., BC, Canada. Cis-
platinum (II) diammine dichloride (cisplatin), reduced
glutathione (GSH), etoposide, carboplatin and doxo-
rubicin were obtained from Sigma; 4-hydroxy cyclo-
phosphamide was a gift from Asta Medica, Germany.
Squalene (Squalene iP6, derived from dogfish shark oil)
was a gift from Isshogenki International, Hong Kong.
Gas chromatography analysis performed in our labora-
tory established the purity of Squalene iP6 as more than
99.3% pure. The In Situ Cell Death Detection kit
(fluorescein label) was obtained from Roche Molecular-
Biochemical, Indianapolis, USA. Alamar blue reagent
for cytotoxic assay was obtained from Biosource Inter-
national, CA, USA. Soft-agarose (Sea Prep agarose)
was obtained from Mandel Scientific Company,
Guelph, Canada. Unless otherwise stated, tissue culture
and other reagents/drugs were obtained from Sigma.

2.2. Cell culture

Fresh normal human BM specimens were obtained
from normal healthy donors for BM transplantation after
obtaining informed consent; normal light density BM
mononuclear cells containing heamatopoitic progenitor
cells (LD-BM cells) were separated by the Percoll method
as described in Ref. [19]. Separated LD-BM cells were
immediately used for the CFU assay as described below.

NBL cell lines, SKNSH, SKNBE-2, LAN-5, GOTO,
IMR-32 and NBL-S were obtained from the American
Type Culture Collection (ATCC), Manassas, USA; the
NUB-7 cell line was developed in our laboratory [20].
GOTO [21] and NBL-S [22] cell lines were generously
provided by Dr. Higuchio and Dr. S. Cohn, respectively.
All NBL cell lines were maintained in alpha-MEM med-
ium (GIBCO-BRL) supplemented with 20% fetal bovine
serum (FBS) and antibiotics, in a humidified atmosphere
of 5% CO, at 37 °C.

Cisplatin was dissolved in dimethyl sulphoxide
(DMSO). Glutathione was prepared as a 10-mM stock
solution in media just prior to the treatment of cells.
Squalene was first prepared as a 20-mM stock in etha-
nol and then combined with bovine lipoprotein (1:1)
before being added to media. Squalene was freshly pre-
pared for each set of experiments.
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2.2.1. CFU assay

This assay measures the functional capacity of the
haematopoietic progenitor cells to form colonies; CFU
granulocyte, erythroid, macrophage, megakaryocyte
(CFU-GEMM), burst forming unit-erythroid (BFU-E),
and CFU granulocyte-macrophage (CFU-GM) are
assessed using a standardised methylcellulose assay sys-
tem [23]. Briefly, LD-BM cells were seeded in 35 mm
dishes (50000 cells in each dish) containing 1.1 ml of
methylcellulose media (Methocult GF H4434, contain-
ing interleukin-3 (IL-3), stem cell factor (SCF), granu-
locyte macrophage-colony stimulating factor (GM-
CSF) and erythropoietin) in the presence of test drugs.
Culture dishes were incubated at 37 °C and 5% CO,
and haematopoeitic colonies were counted after 14
days. Colonies were identified according to well-estab-
lished morphological criteria [24] and scored in an
inverted microscope using a gridded 60-mm dish.
Results were expressed as percent of colony growth in
control cultures; experiments were repeated four times.
Colony composition was evaluated by pooling ran-
domly selected colonies removed with a Pasteur pipette;
cells were washed three times, cytocentrifuged on to
glass slides, and stained with Wright-Giemsa (Sigma,
MO, USA), and examined microscopically.

2.2.2. TUNEL assay for apoptosis

The terminal deoxynucleotidyl transferase-mediated
dUTP nick end labelling (TUNEL) assay can detect
apoptosis at the single-cell level by enzymatic labelling
of DNA strand-breaks. The assay was performed using
the In Situ Cell Death Detection kit (fluorescein label)
as previously described in Ref. [25]. Briefly, 4-week-old
CFU-GEMM colonies were randomly isolated with a
Pasteur pipette; pooled cells (20 000 cells) were washed
twice with phosphate-buffered solution (PBS) and then
cytocentrifuged onto glass slides and fixed with 4%
freshly prepared paraformaldehyde for 1 h at 25 °C.
After washing with cold PBS, cells were permeabilised
(0.1% Triton X-100 in 0.1% sodium citrate) for 2 min
on ice and washed twice with cold PBS. The slides were
stained with 50 uM of freshly prepared reaction mixture
and incubated for 1 h at 37 °C in the dark. Slides were
again washed twice using PBS and counterstained with
4’ 6-diamidino-2-phenylindole (DAPI) for 15 min and
mounted in Prolong Antifade (Molecular Probes, Eugene,
OR, USA) mounting media. The slides were examined
under epifluorescence microscopy; apoptotic cells were
viewed under a fluorescein isothiocyanate (FITC) filter
and total DAPI-stained cells under an ultraviolet (UV)
filter. Results were expressed as the percentage of apop-
totic cells per field of DAPI-stained cells.

2.2.3. Alamar blue cytotoxicity assay
The effect of squalene on cisplatin-induced NBL cell
toxicity was assessed by an Alamar blue cytotoxicity

assay, which incorporates an oxidation-reduction
(redox) indicator that both fluoresces and changes col-
our in response to chemical reduction, reflecting the
extent of cell growth [26]. Briefly, NBL cells were grown
in 24-multiwell plates (Costar) and treated with various
doses of drugs, with and without squalene (0-25 uM).
After 48 h of treatment, cells were washed with fresh
media and Alamar blue solution was added to each well
in an amount equal to 10% of the media volume. Cells
were incubated for an additional 3 h and fluorescence
readings were obtained using the Gemini Spectra MAX
microplate reader (emission 540 nm, excitation 590 nm
and cut-off 570 nm). Relative fluorescence values were
normalised to the solvent control set at 100. All assays
were run in triplicate, and ECsy values (the concen-
tration of drug needed to reduce cell population by 50%
in vitro) were obtained.

2.2.4. Clonogenic assay

In this assay, tumour cells are grown in the soft agar-
ose gel system, and colonies were counted after 2 weeks
of incubation [27]. We have used this assay to assess the
effects of squalene against NBL growth. Briefly, 1x 103
cells were added to medium plus agarose gel (1.5%
bottom layer and 1% top layer of agarose) prepared in
a 35 mm suspension culture dish in presence of squalene
(025 uM) with serum supplementation. Culture dishes
were incubated at 37 °C and 5% CO,. After 2 weeks,
colonies were counted under a phase-contrast micro-
scope. The effect of squalene on cisplatin-induced NBL
toxicity was also assessed by this assay.

2.2.5. Statistical analysis

The colony growth data for both the agarose and
methylcellulose assays were normalised to the percen-
tage of the control, and analysed by one-way ANOVA.
Cisplatin-induced cytotoxicity results were analysed by
non-linear regression (sigmoidal dose response) to obtain
the ECs( value of cisplatin in both the NBL and BM col-
ony growth assays. The apoptotic data was analysed by
the Student r-test (unpaired). Graphpad prism software
was used for the statistical analysis and graphs. Statistical
significance was set at P <0.05.

3. Results
3.1. Effect of squalene on BM colony growth

In the CFU assay, squalene increased the number of
haematopoietic colonies in a dose-dependent manner;
colony stimulation was maximum at a dose range of
12.5-25 uM (Fig. 2a). CFU-GM exhibited maximal
growth effect with a 40% increase in colony number at
12.5 uM of squalene (P <0.02); CFU-GEMM colony
growth was not significantly increased. There were no
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Fig. 2. Effect of squalene on bone marrow (BM) colony growth as
measured by the colony forming unit (CFU) assay; (a) squalene (12.5
and 25 pM) increased colony forming unit-granulocyte-monocyte
(CFU-GM) and blast forming unit-erythroblast (BFU-E) colony
numbers significantly (P <0.02); (b) GSH (10-800 uM) used as a
standard control also increased BFU-E and CFU-GM colony num-
bers (P<0.001). The data represent four independent experiments
expressed as means+tstandard error of the means (SEM). Mean col-
ony numbers in control cultures were: colony forming unit-granulo-
cyte, erythrocyte, monocyte and megakarocyte (CFU-GEMM), 25+7;
CFU-GM, 110+18; BFU-E, 126 +21.

marked differences in the colony size between the con-
trol and squalene treatment groups. GSH treatment was
used as a standard control. GSH stimulated a higher
degree of BFU-E colony growth compared with squa-
lene (P <0.001; Fig. 2b).

3.2. Effect of squalene on cisplatin-induced BM colony
toxicity

We first evaluated the toxic effect of cisplatin on BM
colony growth. Cisplatin reduced the colony number in
a dose-dependent manner (Fig. 3a); 1-8 pM cisplatin
doses were selected to study the effect of squalene on
cisplatin-induced toxicity. Squalene (12.5-25 pM)
demonstrated a significant protective effect against 1-2
uM cisplatin-induced toxicity. Squalene (25 pM)
increased the colony growth by 62% compared with
cisplatin 2 pM alone (P=0.042; Fig. 3c). At a higher

dose of cisplatin (4 uM), 25 uM squalene increased the
colony growth by 32% compared with cisplatin alone
(P=0.042; Fig. 3d). Low doses of squalene (6-12.5 uM)
failed to show significant protection against higher cis-
platin doses. The protective effect was evident for all of
the colony types, CFU-GEMM, CFU-GM and BFU-E
(data not shown).

The protective effect of squalene was compared with
GSH, a known cytoprotectant against cisplatin-induced
toxicity [6]. The maximum protection was observed at
200 uM of GSH (Fig. 3e and f). At 8 uM of cisplatin,
both squalene and GSH failed to show any significant
protection of the BM colonies (data not shown).

To further compare the protective effect of squalene
with GSH, LD-BM cells were treated with serial doses
of cisplatin, with and without 25 uM squalene or 200
uM GSH, and dose response curves were obtained
(Fig. 4). Non-linear regression analysis of the data
revealed that squalene (25 uM) increased the cisplatin
ECs from 2.6 to 3.9 uM (P=0.017), and GSH (200
uM) increased the cisplatin ECsq from 2.6 to 4.1 uM
(P=0.042), suggesting that 25 uM squalene has a simi-
lar degree of cytoprotective activity as 200 uM GSH.
From the dose response curves, squalene and GSH-
induced protection was seen within a cisplatin dose
range of 0.1-4 pM. Both squalene and GSH maintained
the stimulatory effect on BM colony growth at a cisplatin
dose range of 0.1-2 uM.

3.3. Effect of squalene against the persistent toxicity of
cisplatin

Platinum compounds have been found in tissues such
as the bone marrow and kidney, even 6 months after the
initial dose of cisplatin; the persistent toxic effect of
deposited platinum may contribute to cumulative toxi-
city [28]. The in vitro testing of such persistent cisplatin
toxicity has not yet been reported. Here, we have tried
to assess the persistent cisplatin toxicity and the poten-
tial protective effect of squalene using the CFU assay.
We hypothesised that accumulated platinum com-
pounds in the methylcellulose media would increase the
amount of apoptosis of individual cells of BM colonies,
leading to a decreased survival of the BM colonies.

LD-BM cells were plated in methylcellulose media in
the presence of 2 uM cisplatin, and CFU-GEMM colo-
nies were counted at 2 and 4 weeks (CFU-GM and
BFU-E colonies were not counted as they often degen-
erate at 3—4 weeks). We found that only 16% of the
cisplatin-treated colonies survived compared with 82%
of colonies in the control group after 4 weeks (Fig. 5a).
To test for apoptosis, 4-week-old colonies were ran-
domly isolated, washed in PBS and stained with the
TUNEL reagent (described in the Materials and meth-
ods). Apoptosis increased by 5-folds in the 2 uM cis-
platin-treated-treated cells relative to controls (Fig. 5b).



2560 B. Das et al. | European Journal of Cancer 39 (2003) 2556-2565
(a) 1407 ®) 4 40-
1204
2 g1201
100 Z100]
S 801 Q 801
o o
S 60 5 607
* 40 3 407
20 201
o-
0- - . 0 O 6 125 25 50 Squalene uM
2 4 8 16CisplatinuM o 1 1 1 1 1 Cisplatin uM
(d)
140+
120+
3
-g100-
S 804 .
o
%5 60
® 404
204
0 6 125 25 50 Squalene uM oA
2 2 2 2 2 Cisplatin uM 0 0 6 125 25 50 Squalene uM

(©) 150+

_A
)
@

% of colonies

o)
2

o 2 2 2 2 2

2 Cisplatin pM

0 O 10 100 200 400 800 GSH uM

0 4 4 4 4 4 Cisplatin pM

(U]
120+

% of colonies

0 4 4 4 4 4

4 Cisplatin uM

0 O 10 100 200 400 800 GSH uM

Fig. 3. Effect of squalene on cisplatin-induced bone marrow (BM) toxicity as measured by a colony-forming unit (CFU) assay: (a) cisplatin reduced
BM colony growth in a dose-dependent manner; (b—d) the protective effect of squalene against 1-4 uM of cisplatin. A significant protective effect
was seen with doses of 25 uM squalene against a cisplatin dose range of 1-4 uM. (e, f) glutathione (GSH) used as a standard control; 200 uM GSH
resulted in the maximum protective activity. The data represent four independent experiments expressed as means+standard error of the mean
(SEM). Mean colony numbers in the control cultures were: CFU-granulocyte, erythrocyte, monocyte and megakarocyte (CFU-GEMM), 15+2;
CFU-granutocyte-monocyte (CFU-GM), 98+ 10; Blast-forming unit-erythroblast (BFU-E), 142+17; *P <0.05.

The addition of 25 uM squalene significantly decreased
apoptosis by 2-folds (P <0.05) and increased survival of
CFU-GEMM colonies by 2.9 folds compared with 2
UM cisplatin alone (P<0.05). GSH (200 pM) had a
similar effect on the survival and apoptosis of CFU-
GEMM colonies (Fig. 5a and b).

Microscopic observation of 4-week-old CFU-GEMM
colonies (after Wright-Giemsa staining) revealed the
presence of large numbers of foam cells (macrophages
with lipid-filled vacuoles; Fig. 5¢). The number of foam
cells increased by 5-fold in the cisplatin-treated group
relative to the control group; the addition of squalene
and GSH reduced foam cell accumulation significantly
(Fig. 5d).

Overall, the results demonstrated an increase in the
number of foam cells, correlating with decreased colony
survival and increased apoptosis in the cisplatin-treated
group, suggesting the persistence of the toxic effect of
cisplatin in the methylcellulose media. Both squalene
and GSH were able to reduce apoptosis and foam cell

accumulation, suggesting they have a protective activity
against such cisplatin-induced persistent toxicity.

3.4. Effect of squalene on neuroblastoma (NBL) colony
growth

It is very important that cytoprotective agents neither
stimulate the growth of tumours nor protect them from
the chemotherapeutic toxicity. We have found that
squalene (6-25 puM) stimulated the growth of bone
marrow colonies. Therefore, we examined the growth
effect of squalene against several NBL cell lines of
diverse characteristics; SKNBE-2, NUB-7, LAN-5,
GOTO and IMR-32 were highly malignant MYCN-
amplified cell lines, whereas SKNSH and NBL-S were
non-M YCN-amplified cell lines [21,29].

The effect of squalene on the NBL colony growth was
assessed by a clonogenic assay (see Material and meth-
ods), and the results are shown in Fig. 6. The growth of
NUB-7 and SKNBE-2, LAN-5 and IMR-32 cell lines
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remained unaffected; the growth of the GOTO cell line
showed some degree of inhibition compared with the
control, but the difference was not significant. The
SKNSH and NBL-S cell lines showed a slight, yet sig-
nificant, growth inhibition; 25 pM squalene inhibited
SKNSH colony growth by 13% (P <0.05). To further
evaluate the growth inhibitory activity, SKNSH cells
were treated with 25 pM of squalene for 10 days in
monolayer culture. Squalene-treated cells showed mor-
phological changes such as the predominance of large
flat cells in the culture suggestive of differentiation,
while other cell lines failed to show such morphological
changes (data not shown).

3.5. Effect of squalene on cisplatin-induced NBL toxicity

The effect of squalene against cisplatin-induced NBL
toxicity was measured by an Alamar blue assay, and the
ECso of cisplatin, with and without various doses of
squalene (3-25 uM), were obtained. The results of 12.5-25
uM squalene doses are shown in Table 1. Squalene slightly
increased the cisplatin sensitivity in the SKNSH and
SKNBE-2 cell lines. To further examine the effect of
squalene against cisplatin-induced NBL cell toxicity, a
clonogenic assay was performed as described in the
Materials and methods. 25 uM squalene increased the
toxicity of 4 uM cisplatin in the SKNSH cell line by 22%

1257
= Cisplatin uM
S 100 A
-% s+ + Squalene 25 uM
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Fig. 4. Normal human light density fraction of bone marrow mono-
nuclear cells containing haemopoietic progenitor cells (LD-BM cells)
were plated in the methylcellulose media in the presence of serial doses
of cisplatin (0-16 uM), with or without 25 uM squalene or 200 M
GSH. After 2 weeks, colonies were counted, data were converted to
percent of colony reduction compared with control, and a non-linear
regression analysis was done to obtain ECsq values. In the figure, the
sigmoidal dose response curves show similar cytoprotective activity of
squalene and glutathione (GSH) against cisplatin toxicity. The curves
also showed that within a cisplatin dose range of 0.1-2 uM, the BM
stimulatory effect of both squalene and GSH was maintained. Mean
colony numbers in the control cultures were: colony-forming unit-
granulocyte,monocyte and megakarocyte (CFU-GEMM), 18+5;
CFU-granulocyte-monocyte (CFU-GM) 122+22.4; blast-forming
unit-erythoblast (BFU-E), 109+20; Abbreviations: + squalene 25 pM:
cisplatin plus squalene 25 uM; + GSH 200 uM: cisplatin plus GSH
200 pM.

(P <0.05, Fig. 7b), whereas SKNBE-2 cells showed no
significant potentiation or protective effect of squalene
against cisplatin-induced toxicity (Fig. 7d). The other
NBL cell lines also showed no significant changes in the
cisplatin toxicity in the presence of squalene (data not
shown).

3.6. Squalene did not protect NBL cells from other
chemotherapeutic agents

Since cisplatin is often included in a multidrug
chemotherapy regimen, it is necessary to determine if
squalene may protect malignant tissues from other
commonly used chemotherapeutic agents such as alkyl-
ating agents, and topoisomerase inhibitors. Two NBL
cell lines, SKNBE-2 and SKNSH, were cultured in
monolayers and treated with various doses of cyclo-
phosphamide, etoposide, carboplatin and doxorubicin,
with or without squalene (12.5 and 25 uM). An Alamar
blue cytotoxicity assay was performed to obtain ECs
values. Squalene did not affect the ECsy of any of the
agents (data not shown). In the clonogenic assay, 25 uM
squalene appeared to potentiate the effect of etoposide
toxicity in the SKINSH cell line; however, the result was
not statistically significant (data not shown).

4. Discussion

Squalene is an isoprenoid compound having protec-
tive activities against certain chemicals and radio-
therapy [10,11,15]. Here, we report that squalene (12.5—
25 uM) increased the growth and protected BM colonies
from cisplatin-induced toxicity without protecting NBL
colonies in vitro.

We used GSH as a standard control and found that
100200 uM GSH increased BFU-E colony growth. Pre-
vious investigators found maximum stimulation at 10—-100
pUM. This apparent discrepancy might be due to the use of
a different methylcellulose media. We used methylcellu-
lose media enriched with cytokines (SCF, 1L-3, CSF-GM
and erythropoietin), whereas previous investigators used
leucocyte-conditioned media [30]. In our assay set-up, 25
UM squalene-induced protection resembled 200 uM GSH-
induced protection, suggesting that squalene-induced
protection is equipotent to GSH-induced protection in
BM cell colonies. GSH is known to protect renal and
neuronal cells from cisplatin-induced toxicity [7]. Thus, it
remains to be seen whether squalene may have a similar
effect as GSH in renal and neuronal tissues.

Earlier, Storm and colleagues [11] found that squalene
protected the haematopoietic system from radiation
injury in mice, and Hamilton and colleagues [17]
observed that Hjorth adjuvant (10% squalene in water)
increased the survival and proliferation of murine bone
marrow-derived lymphocytes. Such a haematopoietic
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Fig. 5. Colony-forming unit-granulocyte, erythrocyte, monocyte and megakarcyte (CFU-GEMM) colonies were counted after 2 and 4 weeks to
obtain the percentage of survival by comparing colony numbers at 2 and 4 weeks. Apoptosis was measured as described in Material and methods (a)
cisplatin markedly reduced the colony survival, whereas the addition of squalene and glutathione (GSH) increased the survival (b) addition of 25 uM
squalene and 200 uM GSH decreased apoptosis in the CFU-GEMM colonies compared with cisplatin treatment alone (c) the microscopic appear-
ance of a 4-week-old cisplatin (2 uM)-treated CFU-GEMM colony filled with large cells (arrow). Wright-Giemsa staining shows these large cells as
lipid-filled foam cells. (d) Both squalene and GSH decreased foam cell accumulation compared with cisplatin. Mean CFU-GEMM colony numbers
in control cultures were: 2445 at the 2nd week and 1944 at the 4th week. *P <0.05. Abbreviations: +squalene 25 uM; squalene 25 uM plus Cis-

platin 2 uM; + GSH 200 pM; GSH 200 pM plus Cisplatin 2 uM.

protective effect of squalene has been attributed to its
antioxidant nature [11]. We found that squalene
increased CFU-C growth in a dose-dependent manner;
the growth stimulatory effect was maintained even in
the presence of cisplatin (0.1-2 pM dose range, Fig. 4).
Thus, the observed protective effect of squalene against
cisplatin-induced toxicity may be related to the anti-
oxidant effects of squalene.

However, the antioxidant activity alone cannot explain
the protective activity against 4-week-old BM colonies,
including a reduction in apoptosis. We have found that
the protective activity of squalene was similar to GSH
(Fig. 5), which is known to detoxify platinum compounds
by enhancing the GSH-GST detoxification system [6].
Squalene may also have a similar detoxification activity
against deposited platinum compounds. In addition, we
found that squalene significantly decreased cisplatin-
induced foam cell accumulation (Fig. 5¢ and d). Foam
cells are lipid-laden macrophages presumably present in

an environment of oxidative stress [31]. We believe that
the deposited cisplatin created an environment of oxi-
dative stress in the culture leading to an increased
accumulation of foam cells. Squalene and GSH reduced
foam cell accumulation suggesting that these two agents
detoxified platinum compounds resulting in decreased
oxidative stress in the culture.

Squalene did not protect NBL cell lines from cispla-
tin-induced toxicity. In addition, squalene did not pro-
tect NBL cell lines from cyclophosphamide, etoposide,
carboplatin and doxorubicin-induced toxicity in vitro.
Interestingly, squalene (25 uM) demonstrated a slight
growth inhibition and potentiation of cisplatin toxicity
in the SKNSH cell line; however, considering that we
did not observe similar activities in other NBL cell lines,
it can be assumed that the findings in SKNSH cells are
cell-line specific.

We recognise that in our study comparison was made
between primary bone marrow stem cells and established
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Fig. 6. Effect of squalene on NBL colony growth as measured by a
clonogenic assay. Squalene (25 uM) slightly inhibited tumour growth
in SKNSH and NBL-S cell lines (P <0.05). Data were normalised to
the percentage of colony growth compared with the control, and the
results represent three independent experiments expressed as the
means£+SEM. Mean colony numbers in the control groups were:
SKNSH, 229+24; SKNBE-2, 3994+29; NUB-7, 315+38; IMR-32,
456+27, GOTO, 167+35; NBL-S, 220+21; LAN-5, 188+26.

neuroblastoma cell lines in terms of the squalene-
induced protection against cisplatin toxicity which may
not be reflective of the clinical situation.

Overall, we found that squalene exerted a selective
protective activity against cisplatin-induced toxicity in
the BM versus NBL cells. Several antioxidants, includ-
ing alpha-tocopherol, GSH and GSH-enhancing agents
(i.e. drugs that increase the cellular GSH Ievel) such as
N-acetyl-cysteine (NAC), have been found to have
selective protective activity against cisplatin toxicity in
normal versus tumour cells [32,33]. The precise
mechanism of such selective protection is not known.
Recently, it has been demonstrated that GSH and NAC
protect neuronal cells from cisplatin-induced toxicity by
modulating the p53-mediated stress response [33,34];
these agents inhibited cisplatin-induced apoptosis in
normal neuronal cells, but not in neuroblastoma cells. It
can be hypothesised that squalene-induced protection

Table 1

may also be p53-dependent. Normal BM cells having
intact p53 would be protected, whereas tumour cells
having a deficient p53 function would not be protected.
It would be important to examine such p53-mediated
selective protection for the future development of more
potent cytoprotective agents.

In summary, our investigations suggest a novel biologi-
cal effect of squalene against cisplatin-induced BM toxi-
city and the absence of such protection against cisplatin-
induced toxicity in neuroblastoma. The cytoprotective
activity of squalene resembles GSH, a known protective
agent against cisplatin-induced toxicity. In addition, we
found that squalene protected CFU-GEMM colonies
from persistent cisplatin toxicity; such protection may
contribute to a reduction in the cumulative toxicity, which
is a major clinical concern relating to platinum toxicity.

Squalene is found in dietary components such as olive,
palm and wheat germ oils [35]. Squalene ingestion (900
mg daily for 7 days) in adults has been found to raise the
plasma level of squalene to approximately 10+ 8 uM (the
data has been converted from pg of squalene/100 mg
cholesterol to pM of squalene) [36]. Squalene can be
administered both orally and intravenously, and a recent
study indicates that the plasma squalene levels remain
above baseline, even 3 h after the injection [37], which
suggests that squalene is relatively stable in plasma com-
pared with GSH and amifostine. Although data is lacking
about the tissue deposition of squalene after oral/par-
enteral administration, very high levels of squalene have
been found in adipose tissue, kidney and lymphoid tis-
sues. Liu and colleagues [38] found that adipose tissue
contains 300 pg/g of squalene in subcutaneous fat and
160 pg/g of squalene in abdominal fat. However, the
study did not measure the squalene level in BM. Con-
sidering that bone marrow contains adipose tissue, it may
be presumed that the squalene level could also be high in
the BM. It is therefore likely that a tissue level of 6-25 pM
(2.4-10 pg/ml) of squalene used in our study is achievable
after oral/parenteral administration of squalene. We are
now investigating the tissue level of squalene in bone
marrow, kidney and other tissues after oral/parenteral
administration of squalene in mice.

The effect of squalene against cisplatin-induced neurblastoma (NBL) toxicity as measured by alamar blue assay

NBL cell lines Cisplatin ECsg in uM +Squalene 12.5 uM +Squalene 25 uM
NUB-7 8.12+0.23 7.52+0.34 8.24+0.35
SKNBE-2 5.22+0.73 5.12+0.54 4.51£0.65

NBL-S 2.50+0.32 2.21+£0.42 2.11£0.32

GOTO 4.5140.83 4.11+1.2 4.03+1.54
SKNSH 3.52+0.65 3.14+0.74 1.64+0.24*
LAN-5 2.53+0.56 3.04+0.65 2.51+£0.34

Cell were grown in 24-well plates and treated with cisplatin, with or without squalene. After 48 h of treatment, cells were incubated with fresh media
containing 10% Alamar blue for 3 h and a fluorescence reading was obtained. Data were converted to percent of controls and analysed by non-
linear regression (sigmoidal dose response). *P=0.0025. Abbreviations: +squalene 12.5 uM; cisplatin ECs, in presence of squalene 12.5 pM;

+squalene 25 pM; cisplatin ECs, in presence of squalene 25 uM.
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Fig. 7. Effect of squalene on cisplatin-induced neuroblastoma (NBL) colony toxicity as measured by a clonogenic assay. (a) effect of cisplatin
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There is an urgent need for the clinical development
of safe and non-toxic cytoprotective agents for the
adequate management of cancer chemotherapy [1]. A
phase I trial demonstrated that oral squalene is safe and
tolerable. In the study, adult males were given 860 mg of
squalene daily for 20 weeks to study the cholesterol-
lowering effect of squalene. Squalene was found to be
safe and tolerable; out of 26 patients studied, only one
patient complained of diarrhoea [39].

Even though we have demonstrated selective cyto-
protection in an in vitro model, it is possible that oxy-
genation in the culture media may affect the antioxidant
activity and therefore, the protective activity of squa-
lene. The in vivo cytoprotective activity of squalene may
differ significantly from the in vitro protective activity.
We are developing a NB xenograft mouse model to test
the cytoprotective activity of squalene in vivo.

In conclusion, the selective cytoprotection of squalene
observed in our studies warrants further investigation,
including in vivo examination of cytoprotection against
cisplatin, carboplatin and other alkylating agents such
as cyclophosphamide, carboplatin, melphalan and
busulphan.

Acknowledgements

Authors would like to thank Dr. Aru Narendran and
Mrs. Wilma Vanek for technical support, and Ms. Risa

Torkin for reviewing the manuscript. This work was
supported by a research fellowship (B.D.) from the
Haematology & Oncology department of the Hospital
for Sick Children, Toronto, and grants from the Issho
Genki Research Foundation, Issho Genki Corporation,
Hong Kong.

References
1. Bukowski R. The need for cytoprotection. Eur J Cancer 1999,

32A, S2-S4.

. Hensley ML, Schuchter LM, Lindley C, et al. American Society
of Clinical Oncology clinical practice guidelines for the use of
chemotherapy and radiotherapy protectants. J Clin Oncol 1999,
17, 3333-3355.

. Shaw PJ, Bleakley M. Systemic inflammatory response syndrome

associated with amifostine. Med Pediatr Oncol 2000, 34, 309-310.

Jahnukainen K, Jahnukainen T, Salmi TT, Svechnikov K, Eks-

borg S, Soder O. Amifostine protects against early but not late

toxic effects of doxorubicin in infant rats. Cancer Res 2001, 61,

6423-6427.

Fouladi M, Stempak D, Gammon J, et al. Phase I trial of a twice-

daily regimen of amifostine with ifosfamide, carboplatin, and

etoposide chemotherapy in children with refractory carcinoma.

Cancer 2001, 92, 914-923.

Zhang K, Chew M, Yang EB, Wong KP, Mack P. Modulation of

cisplatin cytotoxicity and cisplatin-induced DNA cross-links in

HepG2 cells by regulation of glutathione-related mechanisms.

Mol Pharmacol 2001, 59, 837-843.

Hospers GA, Eisenhauer EA, de Vries EG. The sulfhydryl con-

taining compounds WR-2721 and glutathione as radio- and



10.

11.

12.

15.

16.

17.

18.

19.

20.

21.

22.

B. Das et al. | European Journal of Cancer 39 (2003) 2556-2565

chemoprotective agents. A review, indications for use and pro-
spects. Br J Cancer 1999, 80, 629-638.

Baruchel S, Wang T, Farah R, Jamali M, Batist G. In vivo
selective modulation of tissue glutathione in a rat mammary car-
cinoma model. Biochem Pharmacol 1995, 50, 1505-1508.

. Kleinman WA, Richie Jr JP. Status of glutathione and other

thiols and disulfides in human plasma. Biochem Pharmacol 2000,
60, 19-29.

Kohno Y, Egawa Y, Itoh S, Nagaoka S, Takahashi M, Mukai K.
Kinetic study of quenching reaction of singlet oxygen and
scavenging reaction of free radical by squalene in n-butanol.
Biochim Biophys Acta 1995, 1256, 52-56.

Storm HM, Oh SY, Kimler BF, Norton S. Radioprotection of
mice by dietary squalene. Lipids 1993, 28, 555-559.

Fan S, Ho I, Yeoh FL, Lin C, Lee T. Squalene inhibits sodium
arsenite-induced sister chromatid exchanges and micronuclei in
Chinese hamster ovary-K1 cells. Mutat Res 1996, 368, 165-169.

. Kamimura H, Koga N, Oguri K, Yoshimura H. Enhanced elim-

ination of theophylline, phenobarbital and strychnine from the
bodies of rats and mice by squalane treatment. J Pharmacobiodyn
1992, 15, 215-221.

Richter E, Schafer SG. Effect of squalane on hexachlorobenzene
(HCB) concentrations in tissues of mice. J Environ Sci Health B
1982, 17, 195-203.

Rao CV, Newmark HL, Reddy BS. Chemopreventive effect of
squalene on colon cancer. Carcinogenesis 1998, 19, 287-290.
Smith TJ, Yang GY, Seril DN, Liao J, Kim S. Inhibition of 4-
(methylnitrosamino)-1-(3-pyridyl)-1-butanone-induced lung
tumorigenesis by dietary olive oil and squalene. Carcinogenesis
1998, 19, 703-706.

Hamilton JA, Byrene R, Whitty G. Particulate adjuvants can
induce macrophage survival, DNA synthesis, and a synergistic
proliferative response to GM-CSF and CSF-1. Leukocyte Biol
2000, 67, 226-232.

Ikekawa T, Umeji M, Manabe T, et al. Study of antitumor
activity of squalene and its related compounds. J Pharmacol Soc
Jpn, 1990, 106578—106582.

Ellis WM, Georgiou GM, Roberton DM, Johnson GR. The use
of discontinuous Percoll gradients to separate populations of cells
from human bone marrow and peripheral blood. J Immunol
Methods 1984, 66, 9-16.

Dimitroulakos J, Squire J, Pawlin G, Yeger H. NUB-7: a stable I-
type human neuroblastoma cell line inducible along N- and S-
type cell lineages. Cell Growth Differ 1994, S, 373-384.

Sekiguchi M, Oota T, Sakakibara K, Inui N, Fujii G. Establish-
ment and characterization of a human nueroblastoma cell line in
tissue culture. Japan J Exp Med 1979, 49, 67-83.

Cohn SL, Salwen H, Quasney MW, et al. High levels of N-myc
protein in a neuroblastoma cell line lacking N-myc amplification.
Progr Clin Biol Res 1991, 366, 21-27.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

2565

Sutherland H, Eaves A, Eaves C. Quantitative Assays for Human
Hemopoietic Progenitor Cells. Boca Raton, CRC Press, 1991.
Eaves C, Lambi K. Atlas of Human Hematopoietic Colonies.
Vancouver, Stem Cell Technologies Inc, 1995.

Sgonc R, Boeck G, Dietrich H, Gruber J, Recheis H, Wick G.
Simultaneous determination of cell surface antigens and apopto-
sis. Trends Genet 1994, 10, 41-42.

Fields R, Lancaster M. Dual-attribute continuous monitoring of
cell proliferation/cytotoxicity. Am Biotechnol Lab 1993, 11, 48—
50.

Swartz MA, Kiristensen CA, Melder RJ, et al. Cells shed from
tumours show reduced clonogenicity, resistance to apoptosis, and
in vivo tumorigenicity. Br J Cancer 1999, 81, 756-759.

McEvoy GK. Antineoplastic Agents: Cisplatin. Drug Information.
Bethesda, American Society of Health-System Pharmacists, 1999,
817.

Brodeur GM, Maris JM. Neuroblastoma. In Pizzo PA, Poplack
DG, eds. Principle and Practice of Pediatric Oncology 4th edn.
Philadelphia, Lippincott Williams & Wilkins, 2002, 918.

List AF, Heaton R, Glinsmann-Gibson B, Capizzi RL. Amifos-
tine stimulates formation of multipotent and erythroid bone
marrow progenitors. Leukemia 1998, 12, 1596-1602.

De Kimpe S, Anggard E, Carrier M. Reactive oxygen species
regulate macrophage scavenger receptor type I, but not type II, in
the human monocyte cell line THP-1. Mo/ Pharmacol 1998, 53,
1076-1082.

Links M, Lewis C. Chemoprotectants: a review of their clinical
pharmacology and therapeutic efficacy. Drugs 1999, 57, 293-308.
Lee K, Kim K, Jung Y, et al. Induction of apoptosis in p53-defi-
cient human hepatoma cells in wild-type p53 gene transduction:
inhibition by antioxidant. Mol Cells 2001, 12, 17-24.

Park S, Choi K, Bang J, Huh K, Kim S. Cisplatin-induced
apoptotic cell death in a mouse hybrid neurons is blocked by
antioxidants through suppression of cisplatin-mediated accumu-
lation of p53 but not of Fas/Fas ligand. J Neurochem 2000, 75,
946-953.

Budavari M. The Merck Index. New Jersey, Merck, 1989, 8730.
Strandberg TE, Tilvis RS, Miettinen TA. Metabolic variables of
cholesterol during squalene feeding in humans: comparison with
cholestyramine treatment. J Lipid Res 1990, 31, 1637-1643.
Relas H, Gylling H, Miettinen TA. Fate of intravenously admi-
nistered squalene and plant sterols in human subjects. J Lipid Res
2001, 42, 988-994.

Liu G, Ahrens EJ, Schreibman P, Crouse J. Measurement of
squalene in human tissues and plasma: validation and applica-
tion. J Lipid Res 1976, 17, 38-45.

Chan P, Tomlinson B, Lee CB, Lee YS. Effectiveness and safety
of low-dose pravastatin and squalene, alone and in combination,
in elderly patients with hypercholesterolemia. J Clin Pharmacol
1996, 36, 422-427.



	In vitro cytoprotective activity of squalene on a bone marrow versus neuroblastoma model of cisplatin-induced toxicityimplicati
	Introduction
	Materials and methods
	Materials
	Cell culture
	CFU assay
	TUNEL assay for apoptosis
	Alamar blue cytotoxicity assay
	Clonogenic assay
	Statistical analysis


	Results
	Effect of squalene on BM colony growth
	Effect of squalene on cisplatin-induced BM colony toxicity
	Effect of squalene against the persistent toxicity of cisplatin
	Effect of squalene on neuroblastoma (NBL) colony growth
	Effect of squalene on cisplatin-induced NBL toxicity
	Squalene did not protect NBL cells from other chemotherapeutic agents

	Discussion
	Acknowledgements
	References


