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Summary

Platinum compounds are
known to lead to severe
adverse effects and their
accumulations to brain tumor
(glioblastoma) are limited by
their hepatic and renal
clearance when adminis-
trated intravenously. To
overcome these limitations
we compare free platinum to
their new liposomal formu-
lations which were adminis-
trated using the intra-arterial
route in Fischer rats implan-
ted with a brain tumor. These
drug treatments were
combined, or not, with tumor
brain irradiation delivered by
Gamma Knife.
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Purpose: Treatments of glioblastoma with cisplatin or oxaliplatin only marginally improve the
overall survival of patients and cause important side effects. To prevent adverse effects, improve
delivery, and optimize the tumor response to treatment in combination with radiotherapy,
a potential approach consists of incorporating the platinum agent in a liposome.
Methods and Materials: In this study, cisplatin, oxaliplatin, carboplatin, Lipoplatin (the lipo-
somal formulation of cisplatin), and Lipoxal (the liposomal formulation of oxaliplatin) were
tested on F98 glioma orthotopically implanted in Fischer rats. The platinum compounds were
administered by intracarotid infusion and were assessed for the ability to reduce toxicity,
improve cancer cell uptake, and increase survival of animals when combined or not combined
with radiotherapy.
Results: The tumor uptake was 2.4-fold more important for Lipoxal than the liposome-free
oxaliplatin. Lipoxal also improved the specificity of oxaliplatin as shown by a higher ratio of
tumor to right hemisphere uptake. Surprisingly, Lipoplatin led to lower tumor uptake compared
with cisplatin. However, Lipoplatin had the advantage of largely reducing the toxicity of
cisplatin and allowed us to capitalize on the anticancer activity of this agent.
Conclusion: Among the five platinum compounds tested, carboplatin showed the best increase
in survival when combined with radiation for treatment of glioma implanted in Fischer rats.
� 2012 Elsevier Inc.
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Introduction
 Novopharm (Toronto, Ontario, Canada) and Sanofi-Aventis
(Laval, Québec, Canada), respectively. Lipoplatin and Lipoxal
Glioblastoma multiforme (GBM) is the most aggressive primary
brain neoplasm, causing death in patients at a median of 12 to 14
months after diagnosis (1). Standard treatment typically consists
of optimal surgical resection of the tumor followed by concomi-
tant radiation and chemotherapy. Radiation therapy remains the
most effective single treatment modality, resulting in transient
disease control in most patients. The addition of chemotherapy
also produces a slight survival benefit for GBM patients (2).
However, despite decades of research, malignant gliomas ulti-
mately become resistant to radiation and chemotherapeutic drugs,
contributing to the poor prognosis associated with these tumors
(3). One potential way to improve the efficacy of radiation would
be by coupling it with a potent radiosensitizer, such as a platinum
compound. Numerous platinum analogs were evaluated in
preclinical and clinical studies, but so far, only cisplatin, oxali-
platin, and carboplatin have been approved for clinical use (4).

In numerous cell lines, combining radiotherapy and platinum
compounds was found to increase cell death, possibly by enhancing
the production of DNA single- and double-strand breaks (5). To
explain the radiosensitizing properties of platinum compounds, our
group has shown that the efficiency of low-energy electrons
produced by ionizing radiation to induce DNA strand breaks is
significantly increased in the presence of cisplatin (6). However,
important adverse effects caused by cisplatin frequently hinder the
use of higher doses, which limits its antineoplastic effects in clinical
practice (7, 8). With regard to oxaliplatin, no such trial was under-
taken for the treatment of GBM, because of its neurotoxicity.

To prevent the adverse effects caused by cisplatin and oxali-
platin, increase their delivery, and thus optimize the tumor
response, a potential approach consists of incorporating the plat-
inum agent in a liposome and combining it with radiation to obtain
a synergistic effect. A potential benefit for using liposomal drugs in
the treatment of GBM patients includes a more selective crossing
of the bloodebrain barrier (BBB) derived from their lipid nature,
which would lead to higher drug accumulation in brain lesions.
Lipoplatin and Lipoxal were developed to reduce the systemic
toxicity of these platinum compounds while simultaneously
improving the delivery of the drug to the primary tumor (9, 10).

Because platinum compounds do not reach sufficient concen-
tration in the central nervous system with intravenous adminis-
tration, intra-arterial infusion was used in this study. Although
intra-arterial administration is not a standard procedure in clinical
practice, it is a much more effective route to deliver chemother-
apeutic agents in brain tumors compared with intravenous drug
administration (11).

In this study we evaluated the efficiency of the intra-arterial
administration of cisplatin, oxaliplatin, Lipoplatin, Lipoxal, and
carboplatin. These drugs were combined with radiation or
administered without radiation and tested in Fischer rats bearing
F98 gliomas implanted orthotopically.
Methods and Materials

Chemicals

Cisplatin was purchased from Sigma-Aldrich (Oakville, Ontario,
Canada). Carboplatin and oxaliplatin were obtained from
were generously provided by Regulon (Regulon, Athens, Greece).

Cell line and culture conditions

The rat F98 Fischer glioma model was chosen because it was
shown to adequately reproduce the behavior of human glioblas-
toma (12, 13). The F98 cell line was obtained from ATCC
(Manassas, VA) and tested negative for the mouse antibody
production (MAP) assay by Charles River Laboratories (Wil-
mington, MA). Cell preparation and maintenance were performed
as described by Blanchard et al. (14).

Animal experiments

The experimental protocol was approved by the institutional
ethical committee and conformed to regulations of the Canadian
Council on Animal Care. For all procedures (implantation,
chemotherapy, radiotherapy, and euthanasia), male Fischer rats
(Charles River Laboratories) were anesthetized with an intraper-
itoneal injection of ketamine/xylazine (87:13 mg/mL) at 1 mL/kg.

F98 glial cell implantation in Fischer rat brain

For the implantation procedure, confluent F98 cells were suspended
in non-supplemented warm Modified Eagle Medium (MEM)
at a concentration of 2,000 cells/mL. The implantation (10,000
cells in 5 mL) was performed as described by Blanchard et al. (14).

Intracarotid infusion of platinum compounds

Ten days after F98 glioma cell implantation, platinum compounds
were infused in the right internal carotid artery in a retrograde
manner through the external carotid as described by Fortin et al.
(15). To administer a platinum compound dose equivalent to doses
administered in humans, the dosewas establishedwith respect to the
body surface area, which is determined as 0.04 m2 for rats weighing
250 g. Platinum doses used in this study were thus as follows:
carboplatin, 5 mg; oxaliplatin, 3 mg; cisplatin, 3 mg; Lipoplatin, 3
mg (of cisplatin); and Lipoxal, 3 mg (of oxaliplatin). Free platinum
was diluted in 1 mL of 5% dextrose solution (Baxter, Toronto,
Ontario, Canada). Lipoplatin and Lipoxal were used without dilu-
tion at a concentration of 3 mg of platinum per milliliter. Solution
of 1 mL of platinum formulation was injected over a period of
20 minutes. After intra-arterial infusion, the external carotid
was sacrificed and the neck of the animal was closed by sutures.

Platinum uptake in tumor and brain tissue

Animals (3 to 4 animals per group) were implanted with the F98
glioma cells on Day 0, injected with platinum compounds at Day
10, and killed 24 h later. Brains were removed by craniotomy and
promptly cut into three sections (Fig. 1) with a brain matrix
(RBMA-300C; WPI, Sarasota, FL). Tumor section of a thickness
of 3.5 mm was standardized in the right hemisphere between Slots
2 and 4 of the brain matrix (starting from frontal position). The
tumor implantation point is situated in the middle of Slot 3.
The left hemisphere (contralateral section) and healthy right



Fig. 1. Three-dimensional schema of standardized dissection
of rat brain in three sections. Tumor sections were standardized as
a section between Slots 2 and 4 of the rat brain matrix (as dis-
cussed in the “Methods and Materials” section). The tumor is
represented on the diagram by a black circle. The model was
initially based from the perpendicular side and top views of the rat
brain and modeled with Google SketchUp software, version
6.4.112 (Google, Mountain View, CA).

Fig. 2. Platinum compound accumulation in F98 brain tumor
and healthy brain tissue. The tumor implanted in the right hemi-
sphere and the healthy brain tissue of the two hemispheres were
isolated 24 h later. The concentration of platinum was determined
by an inductively coupled plasma mass spectrometer. ng Pt Z
nanogram of platinum.
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hemisphere (adjacent tissue) were also isolated. Fresh tissue
samples were rapidly weighed and solubilized in 10% nitric acid
and 30% hydrogen peroxide and sonicated until homogenization.
Samples were then analyzed for platinum concentration by an
inductively coupled plasma mass spectrometer (ELAN DRC-II;
PerkinElmer, Woodbridge, Ontario, Canada).

Gamma Knife irradiation

Twenty-four hours after chemotherapeutic treatments (platinum
compounds and sham), rats (8e12 animals per group, except for the
cisplatin group, which contained 4 animals) were anesthetized and
positioned in our homemade stereotactic frame (16) designed for
the Gamma Knife 4C (Elekta AB, Stockholm, Sweden). The 8-mm
collimators were used to deliver the radiation treatment (15 Gy with
a dose rate of approximately 2.8 Gy/min) at predetermined coor-
dinates targeting the tumor, which has a diameter of about 4 mm
(14). A daily radiation dose of 2 Gy cannot be used because such
a protocol in animals would require repetitive anesthesia, which
progressively leads to important toxic effects. Therefore the brain
tumors were irradiated with a single dose of 15 Gy, which is
equivalent to a typical protocol of 25 fractions of 2 Gy.

Control animals (n Z 7) received the same surgical procedures
as treated animals, and 1 mL of 5% dextrose (vehicle for platinum
drugs) was infused in the carotid as performed for animals treated
with platinum compounds.

Experimental endpoints (survival)

Monitoring including weight measurement and assessments of
mobility, coordination, loss of self-grooming (periocular secretion
accumulation), and landing ability was performed on a daily basis.
In agreement with the ethical committee regulations, the experi-
mental endpoint for survival was established as complete lethargy
(and apathy) of the animals. At this point, animals were anes-
thetized and 4% paraformaldehyde was infused by an intracardiac
route to fix the brain tissue. The brain was removed by craniotomy
to corroborate the presence of tumor and kept in para-
formaldehyde for future analysis.
Statistics

Data for brain tissue accumulation were analyzed by a Student
t test for intragroup comparison and by analysis of variance for
intergroup comparison. For the survival study, data were analyzed
by the quartile method before performing Kaplan-Meier survival
curves, which were analyzed by log-rank test. We considered
p values under 0.05 statistically significant.

Results

Platinum uptake in tumor and brain tissue

All platinum compounds preferentially accumulated in brain
tumor (Fig. 2). The highest uptake was measured with cisplatin.
Liposomal cisplatin (Lipoplatin) accumulated significantly less in
brain tumor; however, this reduction could not be solely attributed
to the liposomal formulation. Indeed, 2.4-fold more liposomal
oxaliplatin (Lipoxal), which has a similar liposomal formulation
to Lipoplatin, reached the tumor compared with the liposome-free
oxaliplatin. Carboplatin behaved like Lipoplatin and Lipoxal
because its distribution in the brain tumor was similar to the
liposomal formulations.

The highest ratio of tumoreright hemisphere uptake was
obtained with Lipoxal (ratio of 4.64). This represented a large
improvement compared with the other platinum compounds,
which reached ratios ranging from 2.5 to 2.9.

When we excluded the tumor section, the infusion by the intra-
arterial route resulted in 2.3- to 3.2-fold more accumulation of
platinum compounds in the right hemisphere compared with the
left hemisphere, thus lending credence to intra-arterial infusion
being an appropriate strategy to improve drug delivery.

Toxicity and tumor response to platinum
compounds

The mean survival time after tumor implantation was 21 days
for sham animals (Table, Figs. 3 and 4). For this study, drugs
were administered 10 days after implantation of the F98 tumor



Table Mean survival time of Fischer rats implanted with F98
brain tumor after treatment with platinum compounds

Treatment Survival time (mean � SD) (days)

3 mg of cisplatin 13.3 � 0.3
3 mg of oxaliplatin 21.0 � 2.6
Sham 22.0 � 0.8
3 mg of Lipoxal 29.6 � 1.3
3 mg of Lipoplatin 30.2 � 1.2
5 mg of carboplatin 31.0 � 1.2
3 mg of Lipoplatin þ GK 31.2 � 3.3
GK 34.0 � 2.8
3 mg of Lipoxal þ GK 37.9 � 2.5
5 mg of carboplatin þ GK 46.8 � 1.1

Abbreviation: GK Z Gamma Knife.

Standard deviations were calculated by use of Kaplan-Meier curves.
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in the animals. An important toxicity was observed after injec-
tion of cisplatin, resulting in the death of all animals 3 days
after drug injection, for an overall survival of 13.3 days (Table,
Fig. 3A). Because of the high toxicity observed with cisplatin,
this group was limited to 4 animals. The liposomal cisplatin
(Lipoplatin) formulation markedly reduced this toxicity. The
survival time of rats treated with Lipoplatin improved to 30.2
days compared with 13.3 days for cisplatin (Figs. 3B and 4).
This result supports that liposomal cisplatin has an anticancer
activity against F98 cancer cells while decreasing toxicity for
the animal. Carboplatin depicted a similar anticancer activity to
Lipoplatin (Figs. 3D and 4).

Treatment with oxaliplatin did not significantly modify the
survival time compared with the control group (sham) (Table,
Figs. 3C and 4). Peripheral toxicity was observed, such as
a reduction of the microvasculature in the ears, fingers, and eyes.
In addition, hairs bristled and vasomotor spasms were observed in
a few animals. It is noteworthy that its liposomal formulation
(Lipoxal) prevented all forms of toxicity and largely improved the
antitumor activity of oxaliplatin, as evidenced by an improved
survival time of 29.6 days, the equivalent to carboplatin and
Lipoplatin (Table, Figs. 3D and 4).

Concomitant treatment with platinum compounds
and radiation

Irradiation of the F98 brain tumor without chemotherapy
increased the mean survival time of Fischer rats from 22 to 34
days, thus supporting that a radiation dose of 15 Gy resulted in
a partial transient tumor response (Table, Figs. 3F and 4).

The anticancer efficiency of cisplatin combined with radio-
therapywas not evaluated because this platinum compound led to an
important toxicity in Fischer rats bearing the F98 brain tumor. The
liposome-free oxaliplatin was also excluded because it was asso-
ciated with peripheral toxicity and no clear improvement of tumor
response was measured when tested without radiotherapy (Table).

Infusion of carboplatin followed by radiation treatment resul-
ted in the longest survival time (mean survival, 46.8 days). Among
the liposomal formulations tested, the highest concomitant
response was obtained with Lipoxal, resulting in a mean lifetime
of 37.9 days (Figs. 3C and 3F), compared with 31.2 days for
radiation with Lipoplatin. However, it is noteworthy that the
concomitant treatment with Lipoplatin resulted in an inferior
survival time compared with that obtained after treatment solely
with radiotherapy (34 days) (Table).

Discussion

Our preclinical study supports the lack of efficacy of cisplatin to
treat GBM tumors implanted in Fischer rats. Severe toxicity
leading to a much shorter mean survival time than the control F98
Fischer rats was observed. This toxicity is not associated with the
intracarotid infusion of 5% dextrose used as vehicle, because the
mean survival time for sham animals was similar to that reported
for untreated Fischer rats (14). To overcome the toxicity of free
cisplatin, we used a formulation of cisplatin encapsulated in
a liposomal formulation, Lipoplatin. Although we cannot state
that the toxicity of cisplatin to healthy brain tissue was completely
eliminated after liposomal encapsulation, our results nonetheless
showed an important improvement in mean survival without
obvious signs of toxicity. We could also capitalize on the anti-
cancer potential of liposomal cisplatin, which resulted in a longer
mean survival time of Fischer rats compared with the control
animals. It is noteworthy to mention that Lipoplatin did not
increase the accumulation of cisplatin in brain tumor. Our results
suggest that the better anticancer potential of Lipoplatin was
associated with a more favorable selective distribution of cisplatin
between tumor and healthy brain tissue than that obtained with
liposomal-free cisplatin, thereby contributing to spare healthy
tissue while “hitting” tumor cells.

The impact of the liposomal formulation on the in vitro
accumulation of cisplatin in the F98 glioma cells was previously
reported. The direct incubation of F98 cells with Lipoplatin
increased the accumulation of cisplatin by 3-fold (17). This is in
contrast to the lower tumor uptake of the liposomal cisplatin
measured in vivo in the F98 tumor implanted in the Fischer rats.
This discrepancy could be caused by the limited diffusion of the
liposome through the tumor BBB.

Accumulation of Lipoplatin and Lipoxal in the glioma tumor
was found to be 2.3- and 4.6-fold higher, respectively, compared
with accumulation in the healthy adjacent brain. The specific
accumulation of these liposomes in brain tumor was inferior to
that previously reported with other solid tumors (18), which might
be caused by the BBB. It is to be noted that the tumor section
samples also contained some surrounding healthy brain tissue,
thus potentially underestimating the real tumor uptake (Fig. 1).

Under the conditions used with the F98 model of GBM in
Fischer rats, limited migration of F98 cells in surrounding brain
occurs (G. Desmarais, submitted Oct 2011) compared with what is
observed in clinical practice with human GBM. Our data support
that drug uptake in the tumor core where the BBB is already
disrupted would probably not benefit from a transitory opening of
the BBB. On the other hand, a way to improve drug uptake in
cancer cells scattered in the brain without increasing the injected
dose of drugs could still be to transitory open the BBB, which
would also avoid systemic toxicity.

Antitumoral activity of oxaliplatin has been observed during
clinical Phase 1 testing for some cancers, as well as in glioma
patients (19). However, acute neurotoxicity has been observed
after oxaliplatin infusion and resolves within days, whereas
chronic neuropathy develops progressively with higher cumulative
doses (20). This neurotoxicity has limited the testing of this
platinum compound in glioma patients. In our study the antitumor
efficacy of the liposomal formulation of oxaliplatin, Lipoxal, was



Fig. 3. Kaplan-Meier survival graphs for F98 glioma-bearing rats. Rats were implanted on Day 0. Chemotherapy was given on Day 10.
Radiation treatment by Gamma Knife (GK) was performed on Day 11. Sham (control animals) curves are shown in gray. (A, C) Each group
was significantly different except for sham/oxaliplatin (p Z 0.934). (B) Each group was significantly different except for Lipoplatin/
LipoplatineGK (p Z 0.126). (D) The carboplatin, Lipoplatin, and Lipoxal groups were significantly different compared with sham but not
compared with each other. (E) All groups were significantly different (p < 0.05). (F) Every treatment was different compared with the sham
curve, but only the carboplatin group showed a difference compared with each other group.
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evaluated. No severe toxicity leading to early death of the animals
was observed with Lipoxal compared with oxaliplatin. More
importantly, the anticancer efficiency of Lipoxal was considerably
better. Whereas the liposome-free oxaliplatin failed to increase the
mean survival time of rats implanted with the F98 tumor, treat-
ment with Lipoxal prolonged the mean survival time to 29.6 days,
compared with 22 days for the untreated animals. This improve-
ment could be associated with a larger tumor uptake of this
platinum agent when incorporated with Lipoxal, without signifi-
cantly modifying its distribution in adjacent brain tissue.

The concomitant treatment of Lipoplatin and radiation led to
the same mean survival as that obtained with Lipoplatin alone or
radiotherapy alone. The reason for the lack of additive effect of
cisplatin encapsulated in liposome for the treatment of brain tumor
remains unclear. The combination of radiation and Lipoxal
showed a tendency to be additive, but it was not statistically
significant compared with radiation alone. Carboplatin, which
accumulated at similar levels to Lipoxal and Lipoplatin in the
brain tumors, retained the additive effect with radiotherapy, as was
previously observed in the in vitro study (17).

Interestingly, the best additive effect with radiation was
obtained with carboplatin. In the absence of radiation, the anti-
cancer potential of carboplatin was similar to that of Lipoplatin
and Lipoxal. However, when combined with radiation, carboplatin



Fig. 4. Mean survival time of F98 glioma-bearing rats after
platinum compound treatment with or without radiation. Experi-
ments were divided into four groups. In the cisplatin group, we
administered 3 mg of cisplatin alone, Lipoplatin (3 mg of cisplatin)
alone, or Lipoplatin (3 mg of cisplatin) combined with 15 Gy of
radiation. In the oxaliplatin group, we administered 3 mg of oxa-
liplatin alone, Lipoxal (3 mg of oxaliplatin) alone, or Lipoxal
(3 mg of oxaliplatin) combined with 15 Gy of radiation. In the
carboplatin group, we administered 5 mg of carboplatin alone or
carboplatin combined with 15 Gy of radiation. In the control group,
sham treatment was given (glioma-bearing animals treated with
1 mL of 5% dextrose solution) with or without 15 Gy of radiation.
The gray columns highlight treatments with radiation. GK Z
ionizing radiation of 15 Gy by Gamma Knife.
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was a much more potent agent than the two other platinum agents,
even though the accumulation and distribution of carboplatin
in the brain were similar to those of Lipoplatin and Lipoxal.
It remains to be determined why carboplatin led to a large
improvement of lifespan when administered concomitantly with
radiation compared with Lipoplatin and Lipoxal whereas their
antitumor response without radiation was similar.

Conclusion

A potential advantage of encapsulating platinum compounds in
a liposomal formulation is to reduce their systemic and local
toxicity, which is particularly important in the treatment of brain
tumors. Lipoplatin and Lipoxal largely reduced the toxicity
observed with free cisplatin and oxaliplatin and allowed us to
capitalize on the anticancer activity of these platinum agents.
However, no additive effect of Lipoplatin or Lipoxal was
measured when combined with radiotherapy to treat the F98
tumor implanted in the brains of Fischer rats. An additive effect
with radiation was observed only with carboplatin, which led to
the best improvement in mean lifetime of the animals. Moreover,
it remains to be determined whether a higher drug uptake in the
tumor core would improve tumor control and therefore increase
the additive effect with radiation. A transient opening of the BBB
before chemotherapy administration could further improve the
efficiency of Lipoxal, Lipoplatin, or carboplatin, allowing no
additive systemic toxicity, increasing the tumor uptake, and
allowing a larger brain tumor region to be reached. A larger area
of drug delivery by transient BBB disruption could allow reaching
of the tumor extensions that show a more intact BBB (charac-
teristic of glioblastoma) that could be far from the deficient leaky
vasculature of the tumor core.
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