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Abstract

Purpose 1t has been reported that the combination
therapy of imatinib mesylate, a tyrosine kinase inhibi-
tor, plus hydroxyurea, a ribonucleotide reductase
inhibitor, is associated with remarkable antitumor
activity in patients with recurrent glioblastoma multi-
forme. However, the mechanism of the added activity
of hydroxyurea to imatinib is not known. The purpose
of this study was to investigate in vitro, whether
hydroxyurea could enhance the central nervous system
penetration of imatinib, by inhibition of the ATP-
dependent transporter proteins P-glycoprotein (ABCB1,;
MDRI1; Pgp) and Breast Cancer Resistance Protein
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(ABCG2; BCRP), or by inhibition of cytochrome P450
3A (CYP3A) metabolism of imatinib.

Methods The effect of hydroxyurea on the Pgp and
BCRP mediated transport of imatinib was investigated
by the sulforhodamine-B (SRB) drug cytotoxicity
assay and transepithelial transport assay. In vitro bio-
transformation studies with supersomes expressing
human CYP3A4 were performed to investigate
whether hydroxyurea inhibited CYP3A4.

Results In both in vitro cytotoxicity and transport
assays, hydroxyurea did not affect Pgp and BCRP med-
iated transport of imatinib. In a biotransformation
assay, hydroxyurea had no influence on the metabolic
degradation of imatinib either.

Conclusion The results indicate that hydroxyurea
does not interact with imatinib by inhibition of Pgp and
BCRP mediated transport or by CYP3A4 mediated
metabolism of imatinib.

Keywords Imatinib mesylate - Hydroxyurea - BCRP -
P-glycoprotein - CYP3A4

Introduction

Imatinib mesylate (STI-571, Gleevec®, imatinib), a
potent and selective receptor tyrosine kinase inhibitor
was shown to be clinically effective and well tolerated in
Bcr/Abl-expressing chronic myeloid leukemia [6] and c-
Kit-expressing gastro-intestinal stromal tumors (GIST)
[4]. In addition, imatinib effectively inhibits platelet-
derived growth factor (PDGF)-induced glioblastoma
cell growth preclinically [11]. However, trials with
imatinib in patients with recurrent glioblastoma multi-
forme showed limited penetration of imatinib into the
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central nervous system and modest antitumor activity
[19, 24]. A plausible explanation for this low efficacy of
imatinib is the efficient protection of the brain against
drugs by the blood-brain barrier, containing various
efflux transporters, including P-glycoprotein (ABCB1;
MDRI1; Pgp) and Breast Cancer Resistance Protein
(ABCG2; BCRP). Pgp and BCRP are located in apical
membranes of epithelia and vascular endothelial cells,
which can actively extrude a variety of structurally
diverse drugs and drug metabolites from the central
nervous system and from tumor cells into the blood cir-
culation [7, 22]. In vitro and in vivo studies have shown
that Pgp and BCRP play an important role in the trans-
port of imatinib and limit the distribution of imatinib to
the brain [1, 3]. Furthermore, effective Pgp and/or
BCRP inhibitors, such as elacridar (GF120918), zos-
uquidar (LY335979) and pantoprazole, significantly
improved the brain accumulation of imatinib [1, 3]. This
concept raises the possibility that co-administration of a
transport inhibitor improves therapy with imatinib.

Two recent reports suggested that the combination
of imatinib plus hydroxyurea, a ribonucleoside reduc-
tase inhibitor, is a safe and effective therapy for a sub-
population of glioblastoma multiforme patients who
have experienced disease progression after prior radio-
therapy and at least temozolomide-based chemother-
apy [5, 20]. This is the first report that a signal
transduction inhibitor combined with a chemothera-
peutic agent has activity in glioblastoma multiforme.
However, the mechanism of action underlying the
activity of this regimen is unknown. Based on the pre-
clinical results of Dai et al. [3] and Breedveld et al. [1],
we hypothesized that hydroxyurea interferes with the
penetration of imatinib through the blood-brain bar-
rier by inhibition of the efflux transporters Pgp and/or
BCRP or by inhibition of cytochrome P450 3A
(CYP3A) metabolism of imatinib.

Materials and methods
Chemicals

Imatinib, [**CJimatinib (both as the mesylate salt) and
its main metabolite N-desmethyl-STI (CGP74588)
were kindly provided by Novartis Pharma AG (Basel,
Switzerland).  Pantoprazole  (Pantozol®, Altana
Pharma, Hoofddorp, The Netherlands) was obtained
from the pharmacy of the Netherlands Cancer Insti-
tute. Zosuquidar trihydrochloride (LY335979) was
kindly provided by Eli Lilly (IN, USA). Ritonavir was
provided by Abbott (Chicago, IL, USA). Hydroxyurea
was purchased from Sigma (St Louis, MO, USA).
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Cell lines and culture conditions

The Madin-Darby Canine Kidney II (MDCKII) epi-
thelial cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10%
fetal calf serum (FCS) and 100 units penicillin/strepto-
mycin per ml [13]. Cells were grown at 37°C with 5%
CO, under humidifying conditions. Polarized MDCKII
cells stably expressing human MDR1 (ABCB1) or
murine Berpl (ABCG2) cDNA have been described
previously [8, 10].

Cytotoxicity assay

MDCKII-parental, -MDR1 and -Berpl cells were cul-
tured as described above and used in a sulforhodamine
B (SRB) drug cytotoxicity assay for single and combi-
nation experiments as described by Ma etal. [15].
Briefly, 1,000 exponentially growing MDCKII cells/
200 pl/ well in 96-well plates were allowed to attach for
1 day followed by imatinib administration in the pres-
ence or absence of hydroxyurea for three more days.

Transport across MDCKII monolayers

MDCKII-parental, -MDR1 and -Berpl cells were
seeded on microporous polycarbonate membrane
filters at a density of 1 x 10°cells/well in complete
medium. Transepithelial transport assays were per-
formed as described previously [2]. To exclude any
contribution of Pgp in the MDCKII-Berpl and
MDCKII-parental cells, LY335979 was added. As the
expression of BCRP in the MDCKII-parental and -
MDRI cells is negligible, co-administration of a BCRP
inhibitor is redundant.

Biotransformation assay

The main metabolite of imatinib, CGP74588, was
formed in in vitro incubations with supersomes that
contained cDNA expressing human CYP3A4. Super-
somal incubations (final volume =50 pl) were per-
formed at 37°C according to the BD Gentest
procedure/catalogue (BD Bioscience, Erembodegem,
Belgium) and contained, per incubation: supersomes
CYP3A4 (10 pmol), NADPH regenerating solutions A
(2.5ul) and B (0.5 ul) from BD Gentest/Bioscience,
0.1 M phosphate buffer, water and imatinib 20 pM in
the presence or absence of hydroxyurea 300 pM or the
known CYP3A4 inhibitor ritonavir 100 uM. Superso-
mal incubations were started by the addition of imati-
nib in water. Control incubations were performed on
ice instead of 37°C. Incubations were performed for 1 h
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and stopped by the addition of 50 pul acetonitrile. Pro-
tein precipitations were obtained by the centrifugation
of the incubates (8,000 rpm for 10 min). Supernatants
were transferred and injected into the analytical col-
umn (method described below).

HPLC analysis of imatinib and CGP74588

Imatinib, CGP74588 and the internal standard 4-
hydroxybenzophenone were separated using a narrow
bore (2.1 x 150 mm) stainless steel packed column
packed with 3.5 um Symmetry C-18 material and
detection was accomplished with a UV detector set at
excitation and emission wavelengths of 265 nm and
460 nm, respectively. The mobile phase consisted of
28% (v/v) acetonitrile in 50 mM ammonium acetate
buffer pH 6.8 containing 0.005 M 1-octane sulfonic acid
and was delivered at 0.2 ml/min.

Statistical analysis

Statistical evaluation was performed using the two-
sided unpaired Student’s ¢ test to assess the statistical
significance of difference between two sets of data.
Differences were considered to be statistically signifi-
cant when P < 0.05.

Results

The effect of hydroxyurea on the cytotoxicity
of imatinib

In the first part of this study we investigated in vitro the
effect of hydroxyurea on the cytotoxicity of imatinib in
parental MDCKII and MDCKII cells stably trans-
fected with human Pgp or BCRP, for which we used
the mouse homolog Bcerpl (MDCKII-MDRI1 or
MDCKII-Berpl, respectively). Hydroxyurea and
imatinib alone were not less cytotoxic to the MDCKII-
MDR1 and MDCKII-Berpl1 cells compared to parental
MDCKII cells (P > 0.05; Table 1). Furthermore, the
cytotoxicity of imatinib was not significantly affected by
co-incubation with a non-toxic dose of 50 or 100 uM
hydroxyurea (P > 0.05; Table 1).

The effect of hydroyurea on the active transport
of imatinib by Pgp and Berpl

Secondly, we investigated in vitro, employing polarized
MDCKII-parental, -MDR1 and -Bcrpl monolayers,
whether hydroxyurea is capable of inhibiting the active
transport of imatinib by Pgp and Berpl. Imatinib alone

Table 1 Cytotoxicity of imatinib in MDCKII-parental, -Bcrpl
and -MDRUI cell lines in the absence or presence of hydroxyurea

MDCKII- MDCKII- MDCKII-
parental Berpl MDR1
ICSO (uM) ICSO (1M) ICSO (uM)
Hydroxyurea 740 £ 66 679 £ 69 698 £ 60
Imatinib 8.0+02 91+13 85+09
Imatinib + 84+0.6 93420 84+0.8
Hydroxyurea 50 uM
Imatinib + 82+04 92+17 89+1.6
Hydroxyurea 100 uM

Inhibiting concentrations of 50% (ICs, in tM) of 3 day incuba-
tions are shown as mean + SD from >3 independent experiments

resulted in an increased transport by Pgp and Berpl
from the basolateral to the apical side (BA) compared
with the transport from the apical to the basolateral
side (AB), i.e., active transport (BA/AB is 10.3 and
20.4, respectively) (Fig. 1a, b). These results are compa-
rable to those shown previously by Dai et al. [3] and
Breedveld etal. [1]. Furthermore, the effect of
hydroxyurea and the Pgp and BCRP inhibitors,
LY335979 and pantoprazole as positive controls, on the
active transport of imatinib by Pgp and Bcrpl were
investigated. LY335979 and pantoprazole inhibited the
MDRI1 and Becerpl-mediated transport of imatinib,
respectively, as upon co-incubation the transport from
BA was approximately equal to the transport from AB,
i.e., no active transport. In contrast, hydroxyurea did
not affect Pgp and Berpl-mediated transport of imati-
nib (BA/AB is 12.0 and 18.5, respectively) (Fig. 1a, b).

Imatinib biotransformation by human CYP3A
supersomes in the absence and presence of hydroxyurea

We then tested whether hydroxyurea inhibited cyto-
chrome P450 3A (CYP3A). Although hydroxyurea is
not a known CYP substrate, recent studies of the 5-lip-
oxygenase inhibitor, zileuton, the structure of which
includes a hydroxyurea moiety, indicate that it inhibits
CYPs, including CYP3A, which isozyme is mainly
responsible for the biotransformation of imatinib [14,
16]. We performed in vitro biotransformation studies
with supersomes expressing human CYP3A4. The
CYP3A4 supersomes metabolized 12.3+12% of
imatinib to its main metabolite CGP74588 over 1h of
incubation. Subsequently, we incubated imatinib with
hydroxyurea or ritonavir; the latter is a known
CYP3A4 inhibitor. Ritonavir was able to inhibit imati-
nib biotransformation completely. In contrast,
hydroxyurea had no inhibitory effect on the biotrans-
formation of imatinib. The CYP3A4 supersomes
metabolized 11.8 £ 0.9% of imatinib to CGP74588 in
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Fig. 1 Transport of imatinib
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the presence of hydroxyurea, which is not significantly
different from the rate of biotransformation of imatinib
in the absence of hydroxyurea (P > 0.05).

Discussion

The combination therapy of imatinib plus hydroxyurea
is associated with remarkable antitumor activity in
patients with recurrent glioblastoma. Thus far the
mechanism of the added activity of hydroxyurea to
imatinib is unknown. We hypothesized that the effect
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Time (h) Time (h)

could be due to increased exposure of the tumor to
imatinib. As imatinib is a high affinity substrate drug
for Pgp and BCRP and is extensively metabolized by
CYP3A, we investigated the effect of hydroxyurea on
Pgp/BCRP mediated transport and CYP3A metabo-
lism of imatinib. This study shows for the first time that
hydroxyurea does not interact with imatinib by inhibi-
tion of Pgp and BCRP mediated transport or by
CYP3A mediated metabolism of imatinib.

There are several other possible mechanisms of
action that have to be investigated and could underlie
the positive activity of this regimen. First, preclinical
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studies support that imatinib may enhance hydroxy-
urea mediated cytotoxicity by improving its delivery to
the tumor microenvironment [9, 18]. Imatinib can
diminish the tumor interstitial pressure. This could
lead to increased capillary-to-interstitium transport
and enhanced chemotherapy delivery, e.g., of hydroxy-
urea [17]. A clinical trial of imatinib with temozolo-
mide, a cytotoxic agent with more established single-
agent activity against glioblastoma multiforme than
hydroxyurea, may be of interest in this respect.
Imatinib can also diminish tumor cell DNA repair
after radiotherapy or chemotherapy by reducing

Rad51 expression. Rad51 is an essential component of
the DNA double-strand break pathway and has been
implicated as a determinant of cellular radiosensitivity
[21]. Imatinib-related decreased DNA repair may
potentiate the cytotoxicity of hydroxyurea.

A final potential mechanism of action may be that
PDGFR inhibitors exhibit significant antiangiogenic
activity primarily by targeting perivascular cells, as
shown in preclinical models [12, 23]. Furthermore,
several chemotherapeutic agents suppress tumor
angiogenesis and enhance the antitumor activity of vas-
cular endothelial growth factor inhibitors. Therefore,
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PDGFR inhibition by imatinib combined with chemo-
therapy, e.g., hydroxyurea may provide complemen-
tary antiangiogenic activity, thereby limiting tumor
growth, e.g., in glioblastoma multiforme.

In conclusion, hydroxyurea and imatinib do not

interact at the level of Pgp, BCRP and CYP3A4 and
further research is needed to clarify the beneficial
activity against glioblastoma multiforme of the combi-
nation of hydroxyurea and imatinib.
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