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Pharmacological modulation of blood-brain barrier
increases permeability of doxorubicin into the rat brain
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Abstract: Our group recently demonstrated in a rat model that pretreatment with morphine facilitates doxorubicin
delivery to the brain in the absence of signs of increased acute systemic toxicity. Morphine and other drugs such
as dexamethasone or ondansetron seem to inhibit MDR proteins localized on blood-brain barrier, neurons and glial
cells increasing the access of doxorubicin to the brain by efflux transporters competition. We explored the feasibil-
ity of active modification of the blood-brain barrier protection, by using morphine dexamethasone or ondansetron
pretreatment, to allow doxorubicin accumulation into the brain in a rodent model. Rats were pretreated with mor-
phine (10 mg/kg, i.p.), dexamethasone (2 mg/kg, i.p.) or ondansetron (2 mg/kg, i.p.) before injection of doxoru-
bicin (12 mg/kg, i.p.). Quantitative analysis of doxorubicin was performed by mass spectrometry. Acute hearth and
kidney damage was analyzed by measuring doxorubicin accumulation, LDH activity and malondialdehyde plasma
levels. The concentration of doxorubicin was significantly higher in all brain areas of rats pretreated with morphine
(P<0.001) or ondansetron (P<0.05) than in control tissues. The concentration of doxorubicin was significantly high-
er in cerebral hemispheres and brainstem (P<0.05) but not in cerebellum of rats pretreated with dexamethasone
than in control tissues. Pretreatment with any of these drugs did not increase LDH activity or lipid peroxidation
compared to controls. Our data suggest that morphine, dexamethasone or ondansetron pretreatment is able to al-
low doxorubicin penetration inside the brain by modulating the BBB. This effect is not associated with acute cardiac
or renal toxicity. This finding might provide the rationale for clinical applications in the treatment of refractory brain
tumors and pave the way to novel applications of active but currently inapplicable chemotherapeutic drugs.

Keywords: Doxorubicin, morphine, dexamethasone, ondansetron, blood-brain barrier, rodent model, MDR trans-
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Introduction er that protects the brain from toxic insults [1,
2].

Cure rate of CNS tumors is hampered by limited

diffusion of chemotherapeutic agents within
the nervous parenchyma. A prerequisite for the
efficacy of an anti-neoplastic agent is that it
reaches the tumor at an efficacious concentra-
tion. In CNS the achievement of therapeu-
tic concentration of antineoplastic agents is
complicated by the presence of P-glycopro-
tein (P-gp) efflux transporter localized on the
blood-brain barrier (BBB), a physiological barri-

Anthracyclines have been shown to inhibit
tumor cell growth in several tumor lines and are
now used to treat different types of neoplasms.
Doxorubicin is a potent inhibitor of glioma in
vitro and in vivo and is toxic to glioblastoma cell
lines [3, 4].

Unfortunately, doxorubicin has a poor penetra-
tion into the brain when systemically adminis-
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tered due to the lack of drug penetration
through the BBB.

Our group recently verified in an animal model
that morphine pretreatment increases the level
of doxorubicin into the brain [5, 6].

It has lately emerged that the mechanism of
BBB-mediated drug resistance is complicated
by the cooperation of P-glycoprotein (P-gp,
ABCB1) and breast cancer resistance protein
(BCRP, ABCG2). They very efficiently remove
several molecules and drugs from the CNS,
thus limiting their entry into the brain [7]. These
two “gatekeeper” efflux pumps work in synergy
on the BBB and are usually present on the plas-
ma membrane of many brain tumors. Inhibition
of P-gp or BCRP can be compensated by the
respective other transporter [8]. Interestingly,
P-gp and BCRP have broad substrate specificity
and interact with a range of chemically assort-
ed molecules, including chemotherapeutic
agents, such as doxorubicin, methotrexate, eto-
poside, paclitaxel and vincristine [7, 9l.
Moreover, many other drugs as morphine, dexa-
methasone and ondansetron are substrate of
these efflux transporters. Thus, it is conceiv-
able that morphine and other chemical agents
could inhibit P-gp and BCRP localized on BBB,
neurons and glial cells and thus increase the
access of doxorubicin to the brain.

Materials and methods
Drugs and reagents

Doxorubicin (12 mg/kg, i.p. solution for injec-
tion, Sandoz Spa, Varese, Italy); Morphine (10
mg/kg, i.p. solution for injection, Molteni SpA,
Firenze, Italy); Ondansetron (Zofran® 2 mg/kg,
i.p. solution for injection, Glaxosmithkline SpA,
Verona, lItaly). Dexamethasone phosphate (2
mg/kg, i.p. solution for injection, Hospira,
Napoli, Italy).

The internal standard Doxorubicin-*C, (98% D
purity) was purchased from Medical Isotopes
Inc. (Pelham, USA). All other chemicals and sol-
vents were of the highest purity grade commer-
cially available.

Animals

Male adult Wistar rats (260-280 g, Harlan
Italia, Milano, Italy) were used. All animal
manipulations were carried out according to
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the European Community guidelines for animal
care (DL 116/92, application of the European
Communities Council Directive 86/609/EEC).
All efforts were made to minimize animal suf-
ferings and to use only the number of animals
necessary to produce reliable scientific data.

Rats were randomly allocated to one of the fol-
lowing experimental groups (N=4-10):

Group 1 (Morph+D0OXO0): on day 1 rats were
treated twice with morphine (10 mg/kg, i.p., at
10.00 a.m. and again at 5.00 p.m.); on day 2 at
10.00 a.m., the rats received a third dose of
morphine; one hour later they received doxoru-
bicin (12 mg/kg, i.p.).

Group 2 (Dexa+DOXO0): on day 1 rats were treat-
ed twice with dexamethasone (2 mg/kg, i.p., at
10.00 a.m. and again at 5.00 p.m.); on day 2 at
10.00 a.m., the rats received a third dose of
dexamethasone; one or 2 h later they received
doxorubicin (12 mg/kg, i.p.).

Group 3 (Onda+D0XO0): on day 1 rats were treat-
ed twice with ondansetron (2 mg/kg, i.p., at
10.00 a.m. and again at 5.00 p.m.); on day 2 at
10.00 a.m., the rats received a third dose of
ondansetron; one or 2 h later they received
doxorubicin (12 mg/kg, i.p.).

Group 4 rats (DOXO): rats were treated with
doxorubicin alone (12 mg/kg, i.p.).

Group 5 rats (Control): naive rats received no
drugs.

Collection of brain tissue samples

One hour after administration of doxorubicin,
the rats were anesthetized with chloral hydrate
(400 mg/kg, i.p.). The heart was exposed and
animals were perfused transcardially with ice-
cold saline (500 mL, 50 mL/min). At the end of
perfusion, cerebral hemispheres, cerebellum,
brainstem were collected, immediately frozen
on dry ice and kept at -80°C until assay.

Doxorubicin determination by mass spectrom-
etry

Doxorubicin determination on plasma: To quan-
tify plasma concentration of doxorubicin, sam-
ples (25 pL) were spotted on filter paper (903®,
Whatman GmbH, Dassel Germany) and air-
dried. Dried plasma spots were punched and
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two 3.2 mm circles (containing about 1.75 uL of
plasma each) were extracted together with 200
uL of 20/80 water/methanol solution contain-
ing 10 umol/L of *C,- doxorubicin. Samples
were put in an orbital shaker and kept at 37°C
for 20 min.

For the setting-up of this study, a pooled mix-
ture of plasma samples from untreated rats
was spiked with increasing concentrations of
doxorubicin and 25 yL were spotted on 903®
filter paper.

Tissue sample preparation: Thawed brain sec-
tions (cerebral hemispheres, brainstem, and
whole brain) were weighed and spiked with 2 uL
of **C,- doxorubicin (10 pymol/L) directly inject-
ed into the tissue. After 10 min, the sections
were diluted with 2.5 mL H,0. Sample homog-
enization was performed using a mechanical
homogenizer (UltraTurrex, IKA-Werke, Staufen,
Germany) followed by 10 min of intermittent
ultrasonication in the ice bath. Samples were
defatted using 2 mL of chloroform with vigor-
ous shaking for 5 min, followed by centrifuga-
tion at 3,000 rpm for 10 min. The aqueous
upper phase was transferred to a new tube,
and the chloroform extraction step was repeat-
ed 6 times. After the last extraction acetonitrile
(400 uL) was added and precipitates removed
by centrifugation at 13,200 rpm for 3 min. The
samples were dried out and rehydrated with
acidified methanol (0.1% formic acid, v/v) 300
uL. To determine the extraction yield of doxoru-
bicin, brain tissue samples from an untreated
rat were spiked with doxorubicin (5 pmol/L)
before and after extraction process.

Mass spectrometry: An Applied Biosystems-
Sciex (Toronto, Canada) API 4000 bench-top
TurbolonSpray-Triple-Quad Mass Spectrometer
(MS/MS) was used for this study. The ion
source operated under positive ion mode
(5,500 V).

Declustering Potential (DP), Collision Exit
Potential (CXP) and Collision Energy (CE) were
automatically optimized for doxorubicin and
3C,- doxorubicin. The resulting DP was 35 V.
Optimal CE and CXP were found at 16 V and 10
V, respectively. From these experiments, the
resulting most selective ion-pair transitions for
the quantitative experiment (SRM) are
544.3>397.2 for doxorubicin and 548.3>401.2
for *°C,- doxorubicin. We have chosen one addi-
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tional transition as qualifier: 544.3>379.2 for
doxorubicin and 548.3>383.2 for **C,- doxo-
rubicin.

Quantitative analysis was undertaken using an
HPLC Series 1100 Agilent Technologies
(Waldbronn, Germany). Liquid chromatography
was performed using a Phenomenex Synergi 4
pum Polar-RP 80A 4 um, 2 x 150 mm HPLC col-
umn (Phenomenex, Anzola Emilia, Italy) inject-
ing 5 pL of the extracted sample. Column flow
was 0.2 mL/min using an isocratic aqueous
solution of 80% methanol containing 0.1% for-
mic acid. The eluent from the column was
directed to the TurbolonSpray probe without
split ratio.

LDH activity and tissue lipid peroxidation

Lactate dehydrogenase (LDH) activity was mea-
sured in rat plasma using the Cytotoxicity
Detection Kit (Roche Diagnostics GmbH,
Mannheim, Germany) and absorbance read at
490 nm.

Tissue lipid peroxidation in terms of malondial-
dehyde (MDA) production (thiobarbituric acid-
reactive species) was determined as previously
described [10].

Statistical analysis

Statistical significance was evaluated using
one-way analysis of variance (ANOVA) followed
by Dunnett’s Multiple Comparison Test as a
post-hoc analysis or by Student’'s t-test, as
appropriate. A P value of 0.05 or less was taken
as the criterion for statistically significant
difference.

Results

In control samples from the brain of naive,
untreated rats no ion-pair transition from 544.4
to 397.2, co-eluting with doxorubicin was
observed indicating that in brain tissues no
endogenous compound which may interfere
with the quantitative analysis of doxorubicin
was present. Indeed, quantitative analysis of
doxorubicin in control brain samples gave the
amount of 0.001+0.001 ng/mg fresh tissue
(n=3). The estimated limit of detection of doxo-
rubicin (signal to noise ratio>3) in the brain was
0.1 ng/g fresh tissue, and the limit of quantita-
tion (signal to noise ratio >5) was 0.2 ng/g
fresh tissue.
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Figure 1. Time-course of the effect of pretreatment with dexamethasone (2 mg/kg, i.p., three times in 24 h) on
doxorubicin penetration into the brain of the rat, administering doxorubicin 1 or 2 h after the last injection of
dexamethasone. Levels of doxorubicin in brainstem, cerebral hemispheres, and cerebellum of the rat were quanti-
fied collecting brain structures 1 h after a single administration of doxorubicin (12 mg/kg, i.p.). Doxorubicin was
administered to different groups of rats either alone (white bars, n=5) or at different times after pretreatment with
3 doses of dexamethasone (10 mg/kg each, three times in 24 h). Doxorubicin was administered either 1 h (Dexa 1
h) or 2 h (Dexa 2 h) after the last administration of dexamethasone. Tissue levels of doxorubicin are expressed as
ng/mg fresh tissue (mean+SEM). Statistical analysis was performed separately within each brain area investigated.
Significance: *P<0.05 versus doxorubicin alone (one-way ANOVA and Dunnett’s Multiple Comparison Test).

Mean plasma levels of doxorubicin in rats thus predicting increased toxicity in these two
receiving doxorubicin alone (13.26+2.12 target organs. Pretreatment with morphine did
pmol/L plasma, n=5) did not differ from those not increase the levels of doxorubicin in either
found in animals pretreated with morphine tissue at 1 h after administration (P>0.05,
(12.89+40.71 pymol/L plasma, n=5), with ondan- Student’s t test).
setron (9.34+0.88 ymol/L plasma, n=7) or with
dexamethasone (12.66+1.78 umol/L plasma, We addressed the issue of cardiac and renal
n=8) (n.s., one-way ANOVA followed by Newman- toxicity by analysis of plasma LDH activity and
Keuls). MDA levels. Doxorubicin induced a non-signifi-
cant 60% increase of plasma LDH activity 1 h
The concentration of doxorubicin was signifi- after treatment in treated versus control rats
cantly higher in the cerebral cortex (+220%, (P>0.05, Student’s t test ). No difference in LDH
P<0.0001, Student’s t test), in the brainstem activity was found between rats treated with
(+156%, P<0.0001, Student’s t test) or in the doxorubicin alone and those receiving morph-
cerebellum (+208%, P<0.0001, Student’s t ine plus doxorubicin (P>0.05, Student’s t test).
test) of rats pre-treated with morphine (10 mg/
kg, i.p., than in matched control brain areas of We performed a time-course of the effect of
rats treated with doxorubicin alone at the same pretreatment with dexamethasone (2 mg/kg,
dose. i.p., three times in 24 h) on doxorubicin pene-
tration into the brain of the rat, administering
Cardiac and renal toxicity after treatment with doxorubicin 1 or 2 h after the last injection of
an anthracycline is a matter of great concern. dexamethasone. The results are presented in
We therefore investigated whether pretreat- Figure 1. Doxorubicin concentration was higher
ment with morphine might increase the doxoru- in all the different brain areas of animals pre-
bicin concentrations in the heart and kidney, treated with dexamethasone both at 1 and 2 h.
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Figure 2. Time-course of the effect of pretreatment with ondansetron (2 mg/kg, i.p., three times in 24 h) on doxoru-
bicin penetration into the brain of the rat, administering doxorubicin 1 or 2 h after the last injection of ondansetron.
Levels of doxorubicin in brainstem, cerebral hemispheres, and cerebellum of the rat were quantified collecting
brain structures 1 h after a single administration of doxorubicin (12 mg/kg, i.p.). Doxorubicin was administered to
different groups of rats either alone (white bars, n=5) or at different times after pretreatment with 3 doses of on-
dansetron (10 mg/kg each, three times in 24 h). Doxorubicin was administered either 1 h (Desa 1 h) or 2 h (Desa
2 h) after the last administration of ondansetron. Tissue levels of doxorubicin are expressed as ng/mg fresh tis-
sue (mean=SEM). Statistical analysis was performed separately within each brain area investigated. Significance:
*P<0.05 and **P<0.01 versus doxorubicin alone (one-way ANOVA and Dunnett’s Multiple Comparison Test).

The mean concentration of doxorubicin in the
brainstem of rats treated with doxorubicin
alone was 0.16+0.04 ng/mg fresh tissue (n=7),
versus 0.25+0.11 ng/mg fresh tissue in those
treated with doxorubicin plus dexamethasone
at 1 h (+56%, n=3), and 0.32+0.05 ng/mg
fresh tissue in those treated with doxorubicin
plus dexamethasone at 2 h (+100%, n=6). This
latter effect was statistically significant (one-
way ANOVA F[2Y13]=4.364, P<0.05; *P<0.05 vs
doxorubicin alone, Dunnett’s Multiple Compa-
rison Test).

The mean concentration of doxorubicin in the
cerebral hemispheres of rats treated with doxo-
rubicin alone was 0.14+0.03 ng/mg fresh tis-
sue (n=10), versus 0.30£0.11 ng/mg fresh tis-
sue in those treated with doxorubicin plus dexa-
methasone at 1 h (+114%, n=3),and 0.30+0.03
ng/mg fresh tissue in those treated with doxo-
rubicin plus dexamethasone at 2 h (+114%,
n=7). This latter effect was statistically signifi-
cant (one-way ANOVA F,  =5.157, P<0.05;
*P<0.05 vs doxorubicin alone, Dunnett’s Multi-
ple Comparison Test).
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The mean concentration of doxorubicin in the
cerebellum of rats treated with doxorubicin
alone was 0.26+0.09 ng/mg fresh tissue (n=4),
versus 0.50+0.18 ng/mg fresh tissue in those
treated with doxorubicin plus dexamethasone
at 1 h (+92%, n=3), and 0.40+0.14 ng/mg
fresh tissue in those treated with doxorubicin
plus dexamethasone at 2 h (+54%, n=6).
Neither effect was statistically significant (one-
way ANOVA F_ . _=0.635, P>0.05).

[2,10]

We performed a time-course of the effect of
pretreatment with ondansetron (2 mg/kg, i.p.,
three times in 24 h) on doxorubicin penetration
into the brain of the rat, administering doxorubi-
cin 1 or 2 h after the last injection of ondanse-
tron. The results are presented in Figure 2.
Doxorubicin concentration was higher in all the
different brain areas of animals pretreated with
ondansetron (Figure 3).

The mean concentration of doxorubicin in the
brainstem of rats treated with doxorubicin
alone was 0.16+0.04 ng/mg fresh tissue (n=7),
versus 0.30+0.10 ng/mg fresh tissue in those

Am J Cancer Res 2013;3(4):424-432
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treated with doxorubicin plus ondansetron at 1
h (+87%, n=4), and 0.31+0.04 ng/mg fresh tis-
sue in those treated with doxorubicin plus
ondansetron at 2 h (+94%, n=9). This latter
effect was statistically significant (one-way
ANOVA F, |, =3.140, P<0.05; *P<0.05 vs doxo-
rubicin alone, Dunnett's Multiple Comparison
Test).

The mean concentration of doxorubicin in the
cerebral hemispheres of rats treated with doxo-
rubicin alone was 0.14+0.03 ng/mg fresh tis-
sue (n=10), versus 0.21+0.06 ng/mg fresh tis-
sue in those treated with doxorubicin plus
ondansetronat 1 h (+50%, n=7),and 0.39+0.06
ng/mg fresh tissue in those treated with doxo-
rubicin plus ondansetron at 2 h (+179%, n=12).
This latter effect was statistically significant
(one-way ANOVA F[2,26]=5'930’ P<0.01; **P<
0.01 vs doxorubicin alone, Dunnett’s Multiple
Comparison Test).

The mean concentration of doxorubicin in the
cerebellum of rats treated with doxorubicin
alone was 0.26+0.08 ng/mg fresh tissue (n=4),
versus 0.33+0.09 ng/mg fresh tissue in those
treated with doxorubicin plus ondansetron at 1
h (+27%, n=4), and 0.61+0.07 ng/mg fresh tis-
sue in those treated with doxorubicin plus
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Figure 3. Extracted ion chromatograms of doxorubicin
after pretreatment with ondansetron in rat brain (blu
signal: quantifier ion; red signal, qualifier ion) and la-
beled internal standard (IS) (green signal: quantifier
ion; gray signal, qualifier ion) in cerebral hemisphere
(A), cerebellum (B) and brainstem (C). Doxorubicin sig-
nal is undetectable in all control samples.

ondansetron at 2 h (+135%, n=10). This latter
effect was statistically significant (one-way
ANOVA F, ., =5.426, P<0.02; *P<0.05 vs doxo-
rubicin alone, Dunnett's Multiple Comparison

Test).
Discussion

The core result of our study is that pretreat-
ment with therapeutic dose of morphine, dexa-
methasone or ondansetron allows delivery of
doxorubicin within the brain tissue, which is
otherwise disallowed by the BBB. Our previous
study had already demonstrated that doxorubi-
cin penetration into the brain of rat is signifi-
cantly enhanced when it is administered in the
presence of therapeutic plasma levels of mor-
phine [5].

Doxorubicin, an anthracycline antibiotic which
works by intercalating DNA and inhibiting topoi-
somerase Il, is commonly used in the treatment
of a wide range of tumors, including hemato-
logical malignancies, many types of carcinoma
and soft tissue sarcomas [11]. The anthracy-
clines have got a very limited efficacy in the
treatment of brain tumors because of their
poor penetration through BBB mediated by
MDR efflux transporters [12].

Am J Cancer Res 2013;3(4):424-432
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Interestingly, in vitro and in vivo data on models
of malignant glioma suggest that doxorubicin is
an effective anti-tumor agent [13-15]. Moreover,
Eramo et al. have demonstrated that doxoru-
bicin displays high antitumor activity in glioblas-
toma stem cells [16].

Therefore, several approaches have been test-
ed for improving anthracyclines delivery to CNS
through circumvention of the BBB. Recently,
intracerebral drug delivery of doxorubicin via a
polymer matrix in brain tumors of rat has been
successfully performed [3]. A clinical study has
shown promising results with intralesional dox-
orubicin infusion via an Ommaya reservoir with-
out significant systemic side effects for therapy
of malignant gliomas [17].

In vitro studies have recognized MDR efflux
pumps such as P-gp, BCRP and other MDR-
associated proteins in primary cultures of cere-
bral endothelial cells. These molecules are
located at both the luminal and apical surfaces
of the BBB to protect the CNS against xenobi-
otic agents [18-21] and they are therefore
capable of transporting a wide assortment of
chemotherapeutic agents such as doxorubicin,
methotrexate, etoposide, paclitaxel and vincris-
tine [7, 9].

Morphine, dexamethasone and ondansetron,
are reported in literature as a substrate of the
P-gp [7, 22]. Thus, it is conceivable that these
chemical agents inhibiting MDR molecules
localized on BBB could increase the access of
doxorubicin to the brain competing with the
same efflux transporters as P-gp and BCRP,
that very efficiently removes these drugs from
the CNS [7].

The ability of morphine, dexamethasone and
ondansetron to modulate physiological MDR
efflux pumps is of clinical interest. Indeed,
these drugs are usually included in chemother-
apy regimens for the treatment of pain, edema
and nausea associated to chemotherapy.

Morphine is the most used narcotic analgesic.
In a recent report Sharma and coworkers using
a rodent model documented that morphine
induced a transient alteration of BBB permea-
bility to large molecules [23].

Dexamethasone is routinely used in the man-
agement of patients with intracranial tumors to
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reduce brain edema [24]. This agent is known
to differentially alter the expression of efflux
proteins depending on the type of tissue or ori-
gin of the cells. Interestingly, Narang et al.
showed that corticosteroids such as dexameth-
asone may diminish the effectiveness of drugs
that are required to penetrate the BBB increas-
ing the expression of MDR transporters in a rat
model [25].

Ondansetron is a selective 5-hydroxytrypta-
mine(3) (5-HT(3)) receptor antagonist, mainly
used in clinical practice as an antiemetic for
prophylaxis and treatment of nausea and vom-
iting related to chemotherapy and anesthesia.
It affects both the peripheral and the central
nervous system. However, CSF concentrations
are less than 15% of plasma concentrations,
indicating that the rate of penetration of the
blood brain barrier by ondansetron is very low
[26].

In the previous experiments we demonstrated
the concentration of doxorubicin was signifi-
cantly higher in all brain areas of rats pretreat-
ed with morphine than in control tissues
(P<0.001). This was evident only at therapeutic
morphine dose (10 mg/kg, three times over 24
hours), while lower doses (2.5 and 5 mg/kg)
were not associated with doxorubicin accumu-
lation. Pretreatment with morphine did not
induce a raise of LDH activity or of lipid peroxi-
dation compared to controls.

In this study we confirmed the previous results
on morphine pre-treatment facilitates doxorubi-
cin delivery beyond the BBB to the brain in the
absence of signs of increased acute systemic
toxicity in a rat model. We confirmed a signifi-
cantly higher doxorubicin level in all brain areas
after pretreatment with morphine (P<0.001).
Dexamethasone pretreatment facilitates doxo-
rubicin penetration in brainstem and cerebral
hemispheres (P<0.05), whereas does not
determine change of doxorubicin level in cere-
bellum (>0.05). Lastly, we demonstrated a sig-
nificantly higher doxorubicin level in all brain
areas after pretreatment with ondansetron
(brainstem and cerebellum P<0.05; cerebral
hemispheres P<0.01).

The present study validated that the concentra-
tion of doxorubicin after morphine pretreat-
ment was significantly higher in cerebral hemi-
spheres than in cerebellum and brainstem

Am J Cancer Res 2013;3(4):424-432
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(P<0.05). This could depend on a different com-
position of MDR efflux transporters in these
brain areas, making the brainstem less acces-
sible to many molecules.

Anthracyclines may induce acute cardiotoxicity,
which is characterized by hypotension, tachy-
cardia, arrhythmia, and transient depression of
left ventricular function. In addition, high cumu-
lative doses are associated with late-onset car-
diomyopathy that is refractory to standard
treatment [27]. Free radical generation and
p53-dependent apoptosis by modulation of
mTOR activity are supposed to contribute to
doxorubicin-induced cardiotoxicity [28, 29].

To evaluate whether doxorubicin toxicity might
be enhanced by co-administration of morphine,
dexamethasone or ondansetron, thus leading
to acute cardiotoxicity and/or nephrotoxicity,
we quantified doxorubicin levels in heart and
kidney of pretreated rats. Co-administration of
morphine, dexamethasone or ondansetron did
not increase the levels of doxorubicin in either
tissue 1 hour (morphine) and 1-2 hours (dexa-
methasone, ondansetron) after administration.
We also evaluated plasma LDH activity and
MDA levels, as markers of acute cardiotoxicity,
and found no difference between rats treated
with doxorubicin alone and those also receiving
morphine, dexamethasone or ondansetron.

In conclusion our data suggest that blocking
the MDR efflux transporters by pretreatment
with morphine, dexamethasone or ondanse-
tron is able to enhance significantly doxorubicin
penetration into the brain of rat. This is not
associated with acute cardiac or renal toxicity.
These preliminary results on a rodent model
will enable us to novel therapeutic approaches
to refractory or recurrent brain tumours in
which molecules usually stopped by the BBB
may have a therapeutic impact.
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