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ABSTRACT

This study quantitatively assessed transport mechanisms that
limit the brain distribution of sunitinib and investigated adjuvant
strategies to improve its brain delivery for the treatment of glio-
blastoma multiforme (GBM). Sunitinib has not shown significant
activity in GBM clinical trials, despite positive results seen in pre-
clinical xenograft studies. We performed in vivo studies in trans-
genic Friend leukemia virus strain B mice: wild-type, Mdr1a/b(—/-),
Bcerp1(—/—), and Mdria/b(—/—)Bcrp1(—/—) genotypes were
examined. The brain-to-plasma area under the curve ratio after
an oral dose (20 mg/kg) was similar to the steady-state tissue
distribution coefficient, indicating linear distribution kinetics
in mice over this concentration range. Furthermore, the distri-
bution of sunitinib to the brain increased after administration
of selective P-glycoprotein (P-gp) or breast cancer resistance

protein (Bcrp) pharmacological inhibitors and a dual inhibitor,
elacridar, comparable to that of the corresponding transgenic
genotype. The brain-to-plasma ratio after coadministration of
elacridar in wild-type mice was ~12 compared with ~17.3 in
Mdria/b(—/—)Bcrp1(—/—) mice. Overall, these findings in-
dicate that there is a cooperation at the blood-brain barrier
(BBB) in restricting the brain penetration of sunitinib, and brain
delivery can be enhanced by administration of a dual inhibitor.
These data indicate that the presence of cooperative efflux
transporters, P-gp and Bcrp, in an intact BBB can protect inva-
sive glioma cells from chemotherapy. Thus, one may consider
the use of transporter inhibition as a powerful adjuvant in the
design of future clinical trials for the targeted delivery of sunitinib
in GBM.

Introduction

Glioblastoma multiforme (GBM) is an aggressive tumor with
a median survival of 12.6 months with treatment (Louis et al.,
2007). Progression of glioma is dependent on a rich blood supply
accomplished by angiogenesis (Brem et al., 1992; Tuettenberg
et al., 2006), a process mediated by vascular endothelial growth
factor receptor (VEGFR), platelet-derived growth factor receptor
(PDGFR), basic fibroblast growth factor, and epidermal-derived
growth factor receptor (Tuettenberg et al., 2006; Wong et al.,
2009). Antiangiogenic therapy is an important treatment option
for GBM, in addition to cytotoxic therapy with temozolomide.
Bevacizumab (Avastin), an anti-VEGF monoclonal antibody, was
approved in May 2009 for GBM (Cohen et al., 2009). Since
then, several targeted agents, such as tyrosine-kinase inhib-
itors (TKIs), have been tested in clinical trials, alone and in
combination with other anticancer therapies. None of these
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treatment regimens has shown significant efficacy in GBM
patients (di Tomaso et al., 2011; Wick et al., 2011), leaving sev-
eral unresolved questions such as whether the drugs them-
selves are ineffective or if the delivery of a possibly effective
drug is inadequate or both.

Effective delivery of drugs for the treatment of brain dis-
orders has always been a challenging task due to the presence
of the blood-brain barrier (BBB). The BBB comprises endo-
thelial cells annealed by tight junctions, which is further
complicated by the presence of active efflux transporters. The
ATP-binding cassette (ABC) family of transporters include
P-glycoprotein (P-gp; ABCB1) and breast cancer resistance
protein (BCRP; ABCG2), two major efflux transporters pres-
ent in the luminal side of the BBB. These transporters work in
tandem to restrict delivery of several therapeutics into the
brain (Agarwal et al., 2011a; Agarwal and Elmquist, 2012).

The microvasculature within a brain tumor is heteroge-
neous. The tumor core has some degree of necrosis and is
highly permeable (Horowitz et al., 1983), whereas the brain
adjacent to the core may have a slightly higher permeability
than normal brain (Levin et al., 1975). The core, visualized
by magnetic resonance imaging, is often removed during

ABBREVIATIONS: ABC, ATP-binding cassette; AUC, area under the curve; BBB, blood-brain barrier; Bcrp, breast cancer resistance protein; DTI, drug-
targeting index; FVB, Friend leukemia virus strain B; GBM, glioblastoma multiforme; GF120918, elacridar, N-(4-[2-(6,7-dimethoxy-3,4-dihydro-1H-
isoquinolin-2-yl)ethyl]-5-methoxy-9-oxo-10H-acridine-4-carboxamide; Ko143, (3S,6S,12aS)-1,2,3,4,6,7,12,12a-octahydro-9-methoxy-6-(2-methylpropyl)-
1,4-dioxopyrazino(1’,2":1,6) pyrido(3,4-b)indole-3-propanoic acid 1,1-dimethylethyl ester; K, tissue partition coefficient; LY335979, (zosuquidar), (R)-4-
((1aR,6R,10bS)-1,2-difluoro-1,1a,6,10b-tetrahydrodibenzo-(a,e)cyclopropalc)cycloheptan-6-yl)-a-((5-quinoloyloxy) methyl)-1-piperazine ethanol, trihydro-
chloride; MDR1, gene encoding the human P-glycoprotein (multidrug resistance protein 1); PDGFR, platelet-derived growth factor receptor; P-gp, P-
glycoprotein; SU112468, sunitinib, N-(2-diethylaminoethyl)-5-[(2)-(5-fluoro-2-oxo-1H-indol-3-ylidene)methyl]-2,4-dimethyl-1H-pyrrole-3-carboxamide; TKI,
tyrosine-kinase inhibitor; T, time to reach C,.x; VEGFR, vascular endothelial growth factor receptor.
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resection; however, the tumor cells adjacent to the core are
found in regions with a relatively intact BBB, and are capable
of causing tumor recurrence. Furthermore, some tumor cells
infiltrate into distant sites of the brain to form a sanctuary of
tumor cells, thus making GBM, in essence, a “whole brain”
disease (Agarwal et al., 2011b). The tumor and BBB charac-
teristics work in tandem to present a real challenge in
achieving adequate drug delivery throughout the brain, which
would yield a treatment that will be most likely to result in
a longer progression-free survival in GBM (Agarwal et al.,
2011b).

Sunitinib  (V-(2-diethylaminoethyl)-5-[(Z)-(5-fluoro-2-oxo-1H-
indol-3-ylidene)methyl]-2,4-dimethyl-1H-pyrrole-3-carboxamide;
SU112468; Sutent; molecular mass 532.6 g/mol; molecular
formula, C26H33FN407) is an orally active TKI with activity
against VEGFR1-3 and PDGFR-a/B receptors, which are over-
expressed in gliomas (Faivre et al., 2007). Preclinical studies
have shown significant antitumor and antiangiogenic activity
of sunitinib (Zhou et al., 2008; Zhou and Gallo, 2009). How-
ever, recent clinical trials have been disappointing (Neyns et al.,
2011; Pan et al., 2012). One possibility for these conflicting
results could be attributed to the lack of adequate drug de-
livery, mediated by the efflux transporters at the BBB. Sunitinib
is known to interact with P-gp and Berp at the BBB (Dai et al.,
2009; Hu et al., 2009; Shukla et al., 2009).

Recently, Tang et al. (2012) reported that sunitinib is trans-
ported in vitro by human ABCB1 (MDR1, multidrug resistance
protein 1, P-gp) and ABCG2 (BCRP) and murine ABCG2 (Berp),
but not by human ABCC2 (multidrug resistance associated pro-
tein 2, MRP2). They showed that single knockout of efflux trans-
porters, P-gp or Berp, did not result in a profound increase in
the brain accumulation of sunitinib when given as a single oral
dose of 10 mg/kg; however, absence of both transport systems
(Abcbla/1b/Abcg2™'~) resulted in a 23-fold increase in brain
penetration. Furthermore, administration of a high dose of an
inhibitor of both P-gp and Berp, elacridar, resulted in a 12-fold
increase in brain accumulation of sunitinib, comparable to the
levels observed in Abcbla/1b/Abcg2 '~ mice when exam-
ined at a single time point (Tang et al., 2012).

Therefore, the primary aim of this investigation was to
study the interaction of sunitinib with P-gp and Berp at the
BBB and quantitatively assess, using basic pharmacokinetic
principles, the brain partitioning. We further proposed strat-
egies to improve the brain distribution of sunitinib. We deter-
mined how assessment of brain partitioning at any single
time point can lead to misinterpretation of the influence of
efflux mechanisms; however, this assessment can be achieved
at transient steady state. A novel aspect of this study is the
inhibition of remaining P-gp and Berp in Berp knockout and
P-gp knockout mice, respectively. This is important, espe-
cially for a tumor such as glioma, which is highly invasive in
nature and has a greater tendency to infiltrate into the nor-
mal regions of the brain. Thus, subtherapeutic concentrations
in the regions where the BBB has intact tight junctions, in
conjunction with efflux transporters, can lead to decreased
delivery, and hence efficacy of the targeted therapeutic agent.

Materials and Methods

Chemicals and Reagents. Sunitinib malate and dasatinib free base
were purchased from LC Laboratories (Woburn, MA). Elacridar

[GF120918; N-(4-[2-(6,7-dimethoxy-3,4-dihydro-1H-isoquinolin-2-yl)ethyl]-
5-methoxy-9-oxo-10H-acridine-4-carboxamide and Kol43 [(3S,6S,12aS)-
1,2,3,4,6,7,12,12a-octahydro-9-methoxy-6-(2-methylpropyl)-1,4-dioxo-
pyrazino(1’,2":1,6) pyrido(3,4-b)indole-3-propanoic acid 1,1-dimethyl-
ethyl ester] were purchased from Toronto Research Chemicals, Inc.
(North York, ON, Canada). Zosuquidar [1.Y335979; (zosuquidar), (R)-4-
((1eR,6R,10bS)-1,2-difluoro-1,1a,6,10btetrahydrodibenzo-(a,e)cyclopro-
pa(c)cycloheptan-6-y)-a(5-quinoloyloxy) methyl)-1-piperazine ethanol, tri-
hydrochloride;] was a gift from Eli Lilly & Co. (Indianapolis, IN). All other
reagents and chemicals were of high-performance liquid chromatogra-
phy grade and were purchased from Sigma-Aldrich (St. Louis, MO).

Animals. In vivo studies were performed in the Friend leukemia
virus strain B (FVB) mouse strain of either sex and included the
following types of mice: wild-type and transgenic mice in which the
gene for P-gp [Mdrla/b(—/—) knockout mice], Berp [BerpI(—/-)
knockout mice], and both P-gp and Berp [Mdria/b(—/—) Berpl(—/-)
or “triple knockout” mice] was knocked out, obtained from Taconic
Farms (Germantown, NY). All mice were 8-10 weeks old and were
maintained under temperature-controlled conditions with a 12-hour
dark/12-hour light cycle. Mice were handled according to the guide-
lines set by the National Institutes of Health, and all experiments
were conducted in accordance with the Institutional Animal Care and
Use Committee of the University of Minnesota.

Plasma and Brain Pharmacokinetics after Oral Adminis-
tration. The sunitinib dosing solutions for all in vivo studies were
prepared as a stable suspension in 1% carboxymethylcellulose on the
day of the experiment. All mice were administered 20 mg/kg by oral
gavage and were euthanized using a carbon dioxide chamber at the
desired time point. Since sunitinib exhibits light-sensitive diastereo-
isomerism (de Bruijn et al., 2010), all experiments and sample ana-
lyses were performed under light-protected conditions.

In the oral dosing study, wild-type, Mdrla/b(—/—), Berpl(—/-),
and Mdrla/b(—/—)Bcrpl(—/—) mice were administered a 20 mg/kg
sunitinib suspension via oral gavage. Blood and brain samples were
harvested at predetermined time points, i.e., 0.5, 1, 2, 4, 6, 11, 16, and
22 hours postdose (n = 3—4 at each time point). Following euthanasia,
blood was collected via cardiac puncture and immediately transferred
to tubes containing 20 ul of 100 U/ml heparinized saline. Plasma was
obtained by centrifugation at 4°C at 3500 rpm for 15 minutes. Whole
brains were rapidly removed, rinsed with ice-cold buffer, and blotted
with tissue paper to remove superficial blood vessels, followed by flash
freezing in liquid nitrogen. Brains were transferred to preweighed
tubes and plasma, and brain samples were stored at —80°C until
analysis.

On the day of the analysis, brain samples were thawed at room
temperature, and brain weights were determined. Brains were homo-
genized using 3 volumes of ice-cold 5% bovine serum albumin prepared
in phosphate-buffered saline (pH 7.4) using a tissue homogenizer (Power-
Gen 125; Thermo Fisher Scientific, Pittsburgh, PA).

Previously, we have determined that the brain vascular space in
FVB mice is 1.4% of the whole brain volume (Dai et al., 2003); there-
fore, we used this value to correct all brain concentrations for the
residual drug in the brain vasculature.

Steady-State Brain Distribution of Sunitinib. The steady-
state brain-to-plasma ratio or the “tissue partition coefficient” (K;,) was
determined for sunitinib by measuring the plasma and brain concen-
trations in wild-type, Mdr1(—/—), Berp1(—/—), and Mdrla/b(—/—)Bcrp1-
(=/—) mice using Alzet osmotic minipumps (Durect Corporation,
Cupertino, CA), as described previously for sunitinib (Dudek
et al., 2013). In brief, 30 mg of sunitinib was dissolved in 1 ml of
dimethylsulfoxide, and osmotic minipumps (model 1003D) were
loaded with 100 ul. The pumps were equilibrated by immersing them
overnight in saline at 37°C under light-protected conditions. On the
day of the experiment, mice were anesthetized with isoflurane
(Boynton Health Service Pharmacy, University of Minnesota, Min-
neapolis, MN), and the primed pumps were surgically implanted in
the peritoneal cavity of the mice, after which the mice were allowed to
recover on a heated pad. Each minipump is designed to operate at



a flow rate of 1 ul/h, which in this case yields a constant intraperitoneal
infusion rate of 30 ug/h. After 48 hours (approximately 24 half-lives),
animals were euthanized, and brain and blood samples were harvested
as described earlier. A 48-hour infusion was sufficient to achieve steady
state as both the plasma and brain half-lives were approximately 2
hours. Plasma and brain samples were stored at —80°C until the day of
analysis. On the day of the analysis, brains were prepared for analysis
as described earlier.

Inhibition of P-gp and/or Berpl. The influence of selective or
dual pharmacological inhibition of P-gp and Berp on the brain
distribution of sunitinib was examined by pretreating FVB wild-
type mice with selective inhibitors of P-gp (zosuquidar, LY335979)
(Shepard et al., 2003), Berp (Ko143) (Allen et al., 2002), and a dual
inhibitor of P-gp/Berp (elacridar, GF120918) (Maliepaard et al., 2001;
Hubensack et al., 2008). Zosuquidar was administered at a dose of
25 mg/kg, and both Ko143 and elacridar were administered at doses of
10 mg/kg (vehicle: 40% dimethylsulfoxide, 40% propylene glycol, 20%
saline). All inhibitors were administered via intravenous route, 30
minutes prior to sunitinib dosing (20 mg/kg) via oral gavage. Mice
were sacrificed 1 hour after sunitinib dosing, and blood and brain
specimens were collected and prepared for analysis as described
earlier. To further delineate the role of P-gp and Berp in regulating
the brain distribution of sunitinib at the mouse BBB, we studied the
effect of selective pharmacological inhibitors in transgenic mice;
therefore, P-gp knockout mice [Mdria/b(—/—)] were administered
a Berp-selective inhibitor, Ko143 (10 mg/kg); Berp knockout mice
[Berp1(—/—)] were administered a P-gp—selective inhibitor, zosuqui-
dar (25 mg/kg); and FVB wild-type mice were administered both
zosuquidar and Ko143 intravenously 30 minutes prior to the sunitinib
oral dose (20 mg/kg). Mice were sacrificed 1 hour after sunitinib
dosing, and blood and brain specimens were collected and stored at
—80°C until analysis.

Furthermore, we compared the brain concentrations and brain-to-
plasma concentration ratios at the 1-hour time point following
pharmacological inhibition with those obtained at the 1-hour time
point in genetically altered mice, i.e., the Mdria/b(—/—), Berp1(—/—),
and Mdrla/b(—/—)Berp1(—/—) mice after oral administration. More-
over, given that these brain distribution data are often reported in the
literature at a single time point postdose, these experiments allow us to
compare single time point brain distribution (brain-to-plasma concen-
tration ratios at a single time point) with the steady-state concentration
ratios and the area under the curve (AUC) ratios from time zero to
infinity.

Data Analysis. Estimation of pharmacokinetic parameters and
metrics was accomplished using Phoenix WinNonlin version 6.3 using
noncompartmental estimation methods (Pharsight, Mountain View,
CA). Cpax and T, were direct measurements obtained as the max-
imum observed concentration and the time to reach C.,., respec-
tively. The area under the concentration-time profile (AUC) was
calculated up to the last measured concentration using log-linear
trapezoidal approximation (AUC.q4¢t), With an area extrapolation to
time infinity in the terminal phase by adding Cy.4/A,, where A, is the
terminal rate constant of the drug from plasma or brain, which was
calculated from the last three to five data points of the respective
concentration-time profiles. An extension of the method by Nedelman
and Jia (1998) was used to analyze data using a sparse sampling
method, and to estimate variance in area under the concentration-
time profile from time O to the last measurable time point. The
percentage of extrapolated AUC was less than 2% for all four groups
for both plasma and brain. In addition, we assessed the transient
steady-state kinetics of sunitinib. A transient steady state in the brain
concentration of sunitinib occurs when the brain concentration is at
maximum (Cpax brain). At that time, the rate of change of drug
concentration in the brain is zero. That is, a transient steady state is
determined by the ratio of maximum observed brain concentration
(Cpax) to the corresponding plasma concentration at that time point.
The AUC brain-to-plasma ratio and the “transient” steady-state ratio
were compared with the steady-state brain-to-plasma ratio obtained
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after a continuous intraperitoneal infusion lasting 48 hours. We also
determined brain-to-plasma concentration ratios at all measured
time points in all genotypes. Furthermore, a drug-targeting index
(DTI) of sunitinib was determined for both efflux transporters as AUC
brain-to-plasma ratios of the “treatment” groups (P-gp knockout, Berp
knockout, or triple knockout) divided by the AUC brain-to-plasma
ratios of the control group, in this case the AUC brain-to-plasma ratio
in FVB wild-type mice, written as

DTI= [AUCbrain/AUCplasma} 7knockout/ [AUCbrain/AUCplasma] swild-type

Liquid Chromatography-Tandem Mass Spectrometry Anal-
ysis. Quantitative determination of sunitinib concentrations in mouse
plasma and brain tissue homogenate was performed using high-
performance liquid chromatography-tandem mass spectrometry ac-
cording to the method previously described (Oberoi et al., 2013). In
brief, on the day of the analysis, samples were thawed at room tem-
perature, protected from light. Brain samples were homogenized with
3 volumes of 5% ice-cold bovine serum albumin in phosphate-buffered
saline (pH 7.4). One hundred microliters of plasma and 200 ul of brain
homogenate were transferred to microcentrifuge tubes containing
100 ul of internal standard, dasatinib (2000 ng/ml). Samples were ex-
tracted by adding 1 ml of ice-cold ethyl acetate and vigorously shaken
for 5 minutes, followed by centrifugation at 4°C at 7500 rpm for 10
minutes. Seven hundred fifty microliters of the supernatant was
transferred to microcentrifuge tubes and dried under a gentle stream
of nitrogen. Dried samples were reconstituted in 100 ul of mobile
phase (70:30:0.1, v/v %, 20 mM ammonium formate, pH 3.5: ace-
tonitrile: formic acid) and transferred to amber-colored glass vials.
Five microliters of the sample was injected into liquid chromatography—
tandem mass spectrometry. The chromatographic system consisted of
an Agilent Technologies model 1200 separation system (Agilent Tech-
nologies, Santa Clara, CA). Separation of the analyte was achieved on
a ZORBAX XDB Eclipse C;g column (4.6 x 50 mm, 1.8 um; Agilent
Technologies). The liquid chromatography-system was interfaced
with a TSQ Quantum triple quadrupole mass spectrometer (Thermo
Finnigan, San Jose, CA) equipped with selected reaction monitoring
mode by an electrospray ionization source operated in positive ion
mode at a spray voltage of 4000 V. The mobile phase flow rate was
0.25 ml/min and the total run time was 13 minutes. Data acquisition
and analysis was performed using the Xcalibur software, version
2.0.7. (Thermo Finnigan, San Jose, CA). The mass-to-charge tran-
sitions programmed in the spectrometer were (399—283) and
(488—401) for analyte sunitinib and internal standard, dasatinib,
respectively.

Statistical Analysis. Unpaired two-sample ¢ tests were used to
test for statistical significance between two groups. One-way analysis of
variance, followed by Bonferroni’s test, was used to test for significance
among multiple groups. Significance was declared at P < 0.05 for all
tests (GraphPad Prism 5.01; GraphPad Software, Inc., San Diego, CA).

Results

Sunitinib Pharmacokinetics in Plasma and Brain
after Oral Administration. Sunitinib plasma and brain
concentration-time profiles were determined in wild-type,
Mdrla/b(—/—), Berpl(—/—),and Mdrla/b(—/—)Bcrpl(—/—)
mice after a single oral dose of 20 mg/kg sunitinib. The plasma
and brain concentrations in the wild-type mice at the 22-hour
time point were below the limit of quantification (1.95 ng/ml) and
therefore were not considered in the pharmacokinetic analyses.

Plasma concentrations (and hence the AUCs in plasma)
were not statistically different among the four genotypes. This
suggests that absence of P-gp and/or Berp does not influence
the systemic pharmacokinetics (total body clearance or
volume of distribution overall) of sunitinib. The apparent oral
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clearances observed among the genotypes were similar. The ap-
parent oral clearances of sunitinib in wild-type, Mdrla/b(—/-),
Berpl(—/-),and Mdrla/b(—/—)Berpl(—/—) were 4.6,4.1,5.1,
and 6.5 ml/min, respectively. This is reflected in similar areas
under the plasma concentration-time profiles among each group
(AUC plasma) (Fig. 1A; Table 1). However, the brain concen-
trations varied greatly among the genotype groups. In the wild-
type mice, the brain concentrations were lower than the plasma
concentrations at all measured time points, indicating limited
delivery of sunitinib into the brain. Brain concentration-time
profiles in Berp knockout mice and P-gp knockout mice closely
followed concentrations corresponding to the plasma. This
indicates that Berp and P-gp alone do not dramatically affect
the brain distribution of sunitinib. However, the brain concen-
trations in the triple knockout mice were significantly greater
than the plasma concentrations at all measured time points
(P < 0.05), indicating that, as with many other TKIs, sunitinib
brain distribution is influenced by both P-gp and Berp acting
in concert at the BBB (Fig. 1B) (Chen et al., 2009; Lagas et al.,
2009; Polli et al., 2009; Agarwal et al., 2011a; Poller et al.,
2011; Agarwal and Elmquist, 2012). Noncompartmental
analysis of all four concentration-time profiles indicated that
the terminal half-life in plasma was similar to the terminal half-
life in the brain within each group. The halflife in plasma
ranged from 1.8 to 3.0 hours, whereas the half-life in the brain
ranged from 2.0 to 3.2 hours (Table 1). Although the AUC in
plasma was not different between groups, significant differ-
ences were observed in the brain AUCs (AUCg.,s) in all
knockout mice compared with the wild-type mice. This in-
dicates that the efflux transporters influence sunitinib brain
distribution between groups; a slight difference was observed in
the P-gp and BCRP knockout animals, but with a much more
pronounced effect in the triple knockout animals. The maximum
observed concentration in the brain (Cpay prain) Was also sig-
nificantly different between all groups of mice. The Cpax brain
in the wild-type (0.13 = 0.04 ug/g) was lower than that observed
in Berpl(—/—) mice (0.20 * 0.02 ug/g), Mdrla/b(—/—) mice
(0.52 = 0.14 ug/g), and Mdrla/b(—/—)Berpl(—/—) mice (4.9 =
0.7 ug/g). The area under the brain concentration-time profile
(AUC .5, brain) Was 37.4-fold higher in Mdrla/b(—/—)Berpl(—/—)
mice compared with wild-type mice, whereas the AUC brain
was 4.75-fold higher in Mdrla/b(—/—) mice and 2.08-fold
higher in Berpl(—/—) mice compared with the wild-type mice
(Table 1).

The resulting AUC brain-to-plasma ratio, also known as tissue
K, (brain-to-plasma partition coefficient), was 0.42 in the wild-
type mice, suggesting that sunitinib has, compared with many
other TKIs (Agarwal et al., 2011c; Minocha et al., 2012b,a;
Agarwal et al., 2013), a greater partitioning in the
brain. However, in the absence of both P-gp and Berp
[Mdrla/b(—/—)Bcrpl(—/—) mice], the AUC brain-to-
plasma ratio is 20.5, whereas in Mdrla/b(—/—) and Berpl-
(—/—) mice, the AUC brain-to-plasma ratio was 1.61 and
0.88, respectively. These results indicate that both P-gp and
Berp work in cooperation to efflux sunitinib out of the brain.
This could impact the drug levels in the brain for treatment of
brain tumors, both primary and metastatic. The DTI of
sunitinib was calculated as the ratio of AUC brain-to-plasma
ratios in the transgenic mice divided by the same ratio in the
control group, which in this case comprised the wild-type
mice. Based on the mean AUC,.. values, the observed DTI
values were 3.9 for Mdrla/b(—/—), 2.1 for Berpl(—/—), and

48.9 for Mdrla/b(—/—)Bcrpl(—/—). This indicates a great
influence of the efflux transporters in limiting the brain
targeting of sunitinib (Table 1). These results closely follow
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Fig. 1. (A) Plasma concentration-time profiles of sunitinib after a single
oral dose (20 mg/kg) in FVB wild-type, Mdria/b(—/—), Berpl(—/—), and
Mdrla/b(—/—)Bcrpl(—/—) mice. (B) Corresponding brain concentration-
time profiles of sunitinib after a single oral dose (20 mg/kg) in FVB wild-
type, Mdrla/b(—/—), Berpl(—/—), and Mdrla/b(—/—)Berpl(—/—) mice. (C)
Brain-to-plasma ratios with time in wild-type, Mdrla/b(—/—), Berpl(—/-),
and Mdrla/b(—/—)Bcrpl(—/—) mice.



TABLE 1

PK Assessment of Sunitinib Brain Distribution

Plasma and brain pharmacokinetic parameters determined by noncompartmental analysis after the
administration of a single oral dose of sunitinib (20 mg/kg) in wild-type, Mdria/b(—/-), Berpl(—/—), and
Mdrla/b(—/—)Berp1(—/—) mice

Results are expressed as the mean + S.D. (n = 3-4).

Parameter FVB Wild Type  Mdrla/b(—/-) Berpl(—/-) Mdrla/b(—/—)Berpl(—/—)

Plasma

Chax (ug/ml) 0.32 = 0.08 042 = 0.13 0.225 = 0.09 0.38 = 0.04

Half-life (h)* 1.8 2.1 3.0 2.8

Tmax (h) 1 0.5 2 2

CL/F (ml/min) 4.6 4.1 5.1 6.5

AUC.qast (h-ug/ml) 1.85 = 0.36 2.26 = 0.26 1.81 = 0.20 1.39 = 0.12

AUCy... (h-pg/ml) 1.85 2.27 1.83 1.40
Brain

Crax (ug/ml) 0.13 = 0.04 0.52 = 0.14 0.20 = 0.02 492 = 0.74

Half-life (h)* 2.0 2.5 3.2 3.0

Tinax (h) 4 4 6 2

AUC ¢.41ast) (h-ug/ml) 0.76 = 0.11 3.63 = 0.15 1.58 + 0.15 28.43 = 3.10

AUC (0-) (h-pg/ml) 0.77 3.65 1.61 28.8
Brain/plasma ratio

AUCgBin/AUCplasma 0.42 1.61 0.88 20.53

DTI 3.9 2.1 48.9
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CL/F, apparent clearance.
“Time taken to reach one-half of its steady-state value.

the pattern previously observed for several TKIs, where
a greater than additive effect of P-gp and Berp is observed
(Lagas et al., 2009; Polli et al., 2009). Our results indicate that
the efflux activity with Mdrla/b(—/—) mice and Berpl(—/-)
mice is a combined effect since we determined that P-gp efflux
activity [DTI for Mdria/b(—/—) mice] was 3.8-fold and Berp
efflux activity [DTI for Berpl(—/—) mice] was 2.4-fold.
Therefore, it is hard to conclusively say whether P-gp or Berp
makes a greater contribution to the in vivo efflux clearance of
sunitinib from the brain. Nevertheless, it is clear that both
transporters work in tandem at the BBB to efflux sunitinib
from the brain, and the action of both transporters must be
inhibited to significantly improve the distribution of sunitinib
to the brain.

The brain-to-plasma concentration ratios versus time for all
genotypes are shown in Fig. 1C. In all mouse genotypes, these
ratios showed an increase before reaching a plateau, when
a pseudodistributional equilibrium had been attained.

Steady-State Plasma and Brain Distribution of
Sunitinib. An intraperitoneal infusion was used in the
various genotypes to clearly elucidate the influence of active
efflux by P-glycoprotein and Berp on the BBB penetration of
sunitinib at steady state. In a system that exhibits linear
distribution characteristics, the steady-state tissue-to-plasma
concentration ratio should be equivalent to the tissue-to-
plasma AUC ratio. The infusion was administered at a con-
stant rate of 30 ug/h, and the plasma and brain concentrations
were determined 48 hours (15-20 half-lives) after the start
of infusion in wild-type, Mdrla/b(—/—), Berpl(—/—), and
Mdrla/b(—/—)Bcrpl(—/—) mice. The steady-state plasma
concentrations were not significantly different from each
other in the four genotypes, and ranged from 0.195 (+ 0.186)
to 0.264 (= 0.086) ug/ml, another indication that P-gp and
Berp do not influence the apparent clearance of sunitinib from
plasma (Fig. 2A). This is in agreement with the single oral
dose study in which the apparent clearance of sunitinib is also
not altered by active efflux. However, the steady-state brain
concentration in the wild-type mice was significantly lower
(0.09 = 0.07 pgl/g) than that observed in the triple knockout

mice (4.46 = 1.66 ug/g; P < 0.05). When compared with wild-type
mice, the brain steady-state concentrations were not different
in the Berp1(—/—) mice (0.09 = 0.04 ug/g), but were 4.3-fold
higher in the Mdrla/b(—/—) mice (0.39 * 0.36 ug/g; P < 0.05)
(Fig. 2B; Table 2). The steady-state brain-to-plasma ratio
was 2.33 = 0.56 in Mdrla/b(—/—) mice and 0.73 = 0.44 in
Berpl(—/—) mice, whereas in the Mdria/b(—/—)Berpl(—/—)
mice it was 17.44 + 5.08, a 34-fold increase in sunitinib brain
distribution when both of the transporters are absent. These
steady-state data indicate that a single deletion of either P-gp
or Berp does not impact sunitinib brain distribution to a great
extent; however, deletion of both transporters results in a
significant increase in sunitinib brain distribution (Fig. 2C).
These results are in agreement with a previous report by Tang
et al. (2012). The authors reported sunitinib brain distribu-
tion across the same genotypes of mice at a single time point
(6 hours post oral dose). Since the efflux clearance from brain
depends on the relevant efflux transporter expression [i.e.,
present (wild type) versus absent (transgenic knockout mice)],
determination of the brain-to-plasma ratio at a single time
point across genotypes may lead to significant errors, depend-
ing on the time point and the distribution kinetics of the drug
(Wang, 2011). Furthermore, if the chosen time point does
not represent a steady state, the brain-to-plasma ratio will
change with time until pseudodistributional equilibrium is
achieved in the terminal phase (see Fig. 1C). However, it is
important to note that, after a single dose or intermittent
multiple dosing, the steady-state condition for brain distri-
bution can be approximated by a transient steady state in the
brain, which will occur at a specific time that corresponds to
the maximum concentration in the brain (peak brain concen-
tration) relative to the plasma concentration at that same
time (T.x of drug in brain). Tissue distribution at a single
time point can, however, be determined at transient steady
state, that is, when the drug concentration in the target tissue
is at maximum. At this point, the rate of change of drug con-
centration in the target tissue, which in this case is the brain,
is equal to zero, implying that the rate into the brain is at
pseudo-distributional equilibrium with the rate out of the brain.
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Fig. 2. (A) Steady-state plasma concentrations of sunitinib after a continuous intraperitoneal infusion at 30 ug/h for 48 hours in wild-type, Mdrla/b(—/-),
Berpl(—/-), and Mdrla/b(—/—)Berpl(—/—) mice. (B) Corresponding steady-state brain concentrations of sunitinib in wild-type, Mdrla/b(—/—),
Berpl(—/-), and Mdrla/b(—/—)Berp1(—/—) mice. (C) Steady-state brain-to-plasma ratios of sunitinib.

In our results, we observed that the steady-state brain-to-plasma
concentration ratio (Css, brain/Css, plasma) it all four genotypes
was similar to the corresponding brain-to-plasma partition
coefficient (K,,) observed after oral dose (AUCy,»in/AUC1asma)s
which in turn was comparable to that obtained at transient
steady state (Cprain, max/Cplasma) and at 1 hour post oral
dose (Cyrain, 1 hour PO/Cpasma, 1 hour PO) in all genotypes
(Table 3).

Inhibition of P-gp and Berp Influences the Brain
Distribution of Sunitinib. In the past, many research groups
have used two approaches to delineate the contribution of ef-
flux transporters in drug delivery to the central nervous sys-
tem: 1) a genetic approach using genetic knockout transgenic
mice, and 2) pharmacological inhibition of P-gp and Berp at
the blood-brain barrier (Wang et al., 2012).

In this study, we compared the previous approaches by
comparing the brain-to-plasma concentration ratio at 1 hour
(plasma T, in wild type; Table 1) after an oral dose of 20 mg/kg
sunitinib in knockout mice [Mdrla/b(—/—),Bcrpl(—/—),and
Mdrla/b(—/—)Berpl(—/-)] to the wild-type mice that were
administered pharmacological inhibitors of these two efflux
transporters. Genetic deletion of transporters resulted in

TABLE 2

a drug-targeting index at a single time point (1 hour) of 0.5-
fold in Berp knockout mice, 3.7-fold in P-gp knockout mice,
and 17.3-fold in triple knockout mice. Administration of phar-
macological inhibitors did not influence the plasma concen-
tration of sunitinib at this time point (Fig. 3A); however,
significant differences were observed in the brain concen-
trations (Fig. 3B). A specific Berp inhibitor (Ko143, 10 mg/kg)
and a specific P-gp inhibitor (zosuquidar, LY335979, 25 mg/kg)
resulted in brain targeting increase of 0.9-fold and 3.5-fold,
respectively. In addition, a 12-fold increase in brain targeting
of sunitinib was observed upon administration of the dual
P-gp/Berp inhibitor (elacridar, GF120918, 10 mg/kg). The brain
targeting of sunitinib using these pharmacological inhibitors
was comparable to that observed with the transgenic mice
(Fig. 3C).

Importantly, the current study examines the effect of the
specific P-gp inhibitor, zosuquidar, in BerpI(—/—) mice, and
the specific Berp inhibitor, Ko-143, in Mdria/b(—/—) mice on
sunitinib brain distribution. Further, simultaneous inhibition
of P-gp and BCRP was achieved by administration of both
zosuquidar and Ko143 to the FVB wild-type mice. The plasma
and brain concentrations from these mice were determined at

Steady-state plasma and brain concentrations of sunitinib in wild-type, Mdria/b(—/—), Berp1(—/—), and
Mdrla/b(—/—)BerpI(—/—) mice after a constant intraperitoneal infusion of sunitinib at a rate of 30 ug/h

for 48 hours (n = 4 each group)

Data presented as the mean = S.D.

Genotype Plasma Css Brain Css Brain-to-Plasma Ratio
pg/ml nglg
FVB wild type 0.19 = 0.16 0.09 = 0.06 0.51 = 0.26
Mdrlalb(—/-) 0.18 = 0.15 0.39 = 0.36 2.33 + 0.56%
Berpl(—/-) 0.19 = 0.19 0.09 = 0.04 0.73 = 0.44
Mdrlal/b(—/—)Berpl(—/—) 0.26 = 0.09 4.46 + 1.66% 17.44 + 5.08%

2P < 0.005 compared with wild type.
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Brain-to-plasma ratios of sunitinib in all genotypes after a single oral dose (20 mg/kg), steady-state
concentration ratios after a continuous intraperitoneal infusion (rate equal to 30 ug/h), at transient
steady state (calculated as the maximum brain concentration to the corresponding plasma concentration
in each genotype), and concentration ratios determined at 1 hour post oral dose (20 mg/kg) in each

genotype
Data are presented as the mean + S.D.
Genotype AUCy", PO Cg Steady State i.p.  Transient Steady State Ratioat 1 h
FVB wild type 0.42 0.51 = 0.26 0.66 = 0.17 0.42 = 0.09
Mdrlalb(—/-) 1.61 2.33 £ 0.56 242 142 1.76 = 0.65
Berpl(—/-) 0.88 0.73 = 0.44 1.09 = 0.38 0.24 = 0.20
Mdrla/b(—/—)Berpl(—/-) 20.53 17.44 = 5.08 12.83 = 1.26 8.14 = 3.47

PO, orally.

1 hour post oral dose of 20 mg/kg sunitinib. The brain-to-
plasma ratio was 1.8 in Mdrla/b(—/—) mice that received
Ko143, whereas the brain-to-plasma ratio in BerpIl(—/—)
mice that received zosuquidar was 3.6. However, the cohort
of wild-type mice that received both zosuquidar and Kol43
had a brain-to-plasma ratio of 3.7, whereas the group that
received elacridar and Mdrla/b(—/—)Bcrpl(—/—) mice had
a brain-to-plasma ratio of 5.6 and 8.1, respectively (Fig. 3;
Table 4).

These results show the correlation between the use of se-
lective and dual pharmacological transport inhibitors and
specific genetic deletion of transporters in the brain distribu-
tion of sunitinib. This agreement between the two approaches
also indicates that, for sunitinib, it is likely that Ko143 and
LY335979 are truly selective for the inhibition of Berp and
P-gp, respectively. Moreover, in this regard, we have pre-
viously determined (Agarwal et al., 2012) via a quantitative
proteomics approach that genetic deletion of P-gp and Berp
does not influence the expression of several transport systems
at the BBB, and P-gp and Berp do not compensate for the loss
of one another by upregulation of the other’s expression in the
BBB.

Discussion

The objective of this study was to investigate and phar-
macokinetically assess mechanisms that limit brain distribu-
tion of sunitinib for the treatment of GBM. Gliomas are fatal
brain tumors characterized by a high degree of microvascular
proliferation with endothelial cell migration. A highly in-
vasive tumor, the cells have a strong tendency to migrate in
other parts of the brain and hide behind an intact BBB
(Agarwal et al., 2011b). It is therefore important to achieve
adequate drug concentrations across the BBB, in the brain
parenchyma, to target the tumor cells that reside in the
growing edge of the tumor as well as in the distant sites of the
brain. Previous preclinical investigations have suggested that
efflux transporters, P-gp and Becrp, limit the delivery of
several anticancer agents into the brain. In the current study,
we examined the influence of P-gp and Berp in restricting the
brain distribution of sunitinib in the FVB strain [wild-type,
Mdrla/b(—/-),Berpl(—/—),and Mdrla/b(—/—)Bcrpl(—/—)
mice] using novel pharmacokinetic tissue distribution assess-
ment methods, and proposed strategies to improve its delivery
across the BBB based on efflux transport inhibition.

Sunitinib is a multitargeted tyrosine kinase inhibitor
with activity against VEGFR1-3 and PDGFR-«/B, in addition
to other regulators of tumor growth and angiogenesis

(Christensen, 2007). As a pan-inhibitor of VEGFR, particu-
larly VEGFR2, sunitinib represents an attractive treatment
option as an antiangiogenic drug in the therapy of glioma. How-
ever, clinical trials using sunitinib (Neyns et al., 2011; Pan
et al.,, 2012) and several molecularly targeted agents (e.g.,
cediranib, pazopanib, vandetanib) have been unsuccessful in
GBM therapy (Batchelor et al., 2010; Iwamoto et al., 2010;
Kreisl et al., 2012). This may be due in part to the limited de-
livery of these agents across the BBB (Minocha et al., 2012a,b;
Wang et al., 2012).

To quantify the influence of efflux transporters, P-gp
and Berp, on the brain distribution of sunitinib, we per-
formed oral pharmacokinetic studies in FVB mice [wild-type,
Mdria/b(—/—), Berpl(—/—), and Mdrla/b(—/—)Bcrpl(—/-)].
Plasma and brain concentration-time profiles were determined
in all four groups. AUC.., plasma Values were not different among
all four genotypes; however, AUCq_., pyrain Was different among
all groups. Although sunitinib showed substantial partitioning
into the brain (K, = 0.42), deletion of both P-gp and Berp
resulted in an AUC brain-to-plasma ratio of 20.5. Single
deletion of P-gp or Berp had little influence on the brain
distribution of sunitinib; however, a notable difference was
observed in the absence of both transporters. This suggests
that both P-gp and Berp act in a concerted fashion to limit the
brain distribution of sunitinib (Fig. 1; Table 1). The DTI of
sunitinib for the brain was 3.9 in Mdrila/b(—/—) mice and 2.1
in Berpl(—/—) mice. The DTI in Mdrla/b(—/—)Berpl(—/-)
mice was 48.9, indicating a significant role of both P-gp and
Berp in sunitinib’s brain distribution.

Furthermore, to examine the penetration of sunitinib across
the BBB, we determined the steady-state brain-to-plasma
ratios (Css, brain/Css; plasma) in wild-type and transgenic
transporter-deficient mice using a continuous intraperitoneal
infusion lasting 48 hours. Although the plasma concentrations
at steady state were not different among all groups, suggesting
that the systemic distribution of sunitinib is not influenced by
active efflux via P-gp and Berp, the steady-state brain concen-
trations were significantly greater in the group that lacked
both P-gp and Berp (P < 0.05) (Fig. 2; Table 2). The steady-
state brain-to-plasma ratios in wild-type, Mdrla/b(—/—),
Berpl(—/-), and Mdrla/b(—/—)Bcrpl(—/—) mice were
0.51 *= 0.26, 2.33 = 0.56, 0.73 * 0.44, and 17.44 *= 5.08,
respectively. These ratios are comparable to the correspon-
ding AUC brain-to-plasma ratios determined after a single
oral dose (Table 3).

Previously, Tang et al. (2012) reported the influence of P-gp
and Berp on the brain distribution of sunitinib across the
transporter-deleted genotypes of mice at 6 hours post single
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Fig. 3. (A) Plasma concentrations of sunitinib at 1 hour post oral dose (20
mg/kg) in wild-type (WT) mice after administration of a selective P-gp
inhibitor [LY335979 (25 mg/kg)], selective Berp inhibitor [Kol43
(10 mg/kg)], both LY335979 and Ko143, and a dual P-gp/Berp inhibitor
[elacridar (10 mg/kg)], selective P-gp inhibitor in BerpI(—/—) and selective
Berp inhibitor in Mdrla/b(—/—) mice. The plasma concentrations with
pharmacological inhibition are compared at 1 hour in transgenic trans-
porter-deficient mice. (B) Corresponding brain concentrations in the

oral dose. Estimation of true drug partitioning into a tissue at
a single time point can misguide interpretation of the effect of
efflux transport on tissue distribution, depending on the
chosen time point and the differences in the distributional
kinetics of the drug under investigation. Characterization of
brain distribution at a transient steady state can be con-
sidered to be an estimate of the steady-state tissue partition-
ing since it is at that point in time when the rate of drug entry
into the brain is equal to the rate out of the brain (Table 3).
Estimation of the brain-to-plasma distribution using a single
time point before or after attainment of C a5 prain can lead to
an under- or overestimation of the true tissue (brain) partition
coefficient. Therefore, determining brain distribution at only
one time point may be misleading depending on when the
brain/plasma concentration ratio is determined, which is
dependent on when the brain is sampled. Riad et al. (1993)
have previously studied this “transient steady-state” approach
for carbamazepine metabolites in humans. In our study, we
found that the AUC brain-to-plasma ratio after a single oral
dose was similar to both the steady-state brain-to-plasma ratio
and the brain-to-plasma ratio at a transient steady state
(Table 3).

Besides using transporter knockout mice, we also studied
the effect of administering specific P-gp or Berp inhibitors and
a dual inhibitor of P-gp and Berp on the plasma and brain
concentration of sunitinib at 1 hour post oral dose of sunitinib.
Results from this study indicated that plasma concentrations
were not different at 1 hour in all treatment groups (Fig. 3A),
and brain concentrations were not different in the cohorts
that received specific P-gp inhibitor, zosuquidar, and specific
Berp inhibitor, Kol43. However, a ~12-fold increase in the
brain-to-plasma ratio was observed in the group of mice that
received a dual P-gp and Berp inhibitor, elacridar. These
findings were comparable to those observed with the knockout
mice (Fig. 3, B and C; Table 4).

The results from this study warranted further investigation
of the potential role of P-gp and Berp in mediating the active
efflux of sunitinib from brain. To examine this, we adminis-
tered a specific P-gp inhibitor to BerpI(—/—) mice and a
specific Berp inhibitor to Mdrla/b(—/—) mice. Additionally,
we also administered both zosuquidar and Ko143 to wild-type
mice and determined plasma and brain concentrations of
sunitinib at 1 hour To the best of our knowledge, this is the
first time that such an approach has been used to understand
the role of P-gp and Berp in the distribution of sunitinib. The
results from this study confirmed our results from the single
oral dose study and steady-state distributional kinetics,
i.e., that sunitinib is actively effluxed by both P-gp and Berp
at the BBB. It is important to note here that the brain-to-
plasma concentration ratio of sunitinib in the groups of mice
receiving pharmacological inhibitors for both P-gp and Berp
was not significantly different from the single knockout mice
receiving specific P-gp or Berp inhibitor and the correspond-
ing transgenic mice (Fig. 3C). The concordance between these
approaches (use of transgenic mice versus pharmacological
inhibitors) to determine the impact of efflux transport via
P-gp and Berp on the brain distribution of sunitinib suggests

treatment group. (C) Brain-to-plasma ratios in corresponding treatment
groups.
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Comparison of brain-to-plasma ratio of sunitinib in transgenic transporter deficient mice and in FVB
wild-type mice treated with specific P-gp and/or Berp inhibitors

Values are the mean *+ S.D.

Pharmacological Inhibition

Genetic Deletion

Wild type 0.47 = 0.18
Wild type + LY335979 1.64 = 0.57
Wild type + Kol43 0.42 + 0.24
Wild type + elacridar 5.63 = 2.33
Wild type + LY335979 + Ko143 3.71 = 2.37
Mdrla/b(—/-) + Kol43 1.81 £ 0.59
Berp1(—/-) + LY335979 3.56 + 2.08

Wild type 0.47 + 0.18
Mdrlal/b(—=/-) 1.76 = 0.65
Berpl(—=/-) 0.24 = 0.20
Mdrla/b(—/—)Berpl(—/-) 8.14 = 3.47
Mdrila/b(—/—)Berpl(—/—) 8.14 + 3.47
Mdrla/b(—/—)Berpl(—/-) 8.14 + 3.47
Mdrla/b(—/—)Berpl(—/-) 8.14 + 347

that pharmacological inhibition can be used as an effective
tool to improve the brain distribution of sunitinib for the
treatment of glioma. Recently, Kunimatsu et al. (2013) re-
ported a similar phenomenon on greater accumulation in the
brain on dual inhibition of efflux transport in rats. This is
important since tailored chemotherapy with sunitinib in an
anaplastic meningioma patient expressing PDGFR-g failed to
show desirable efficacy (Yoshikawa et al., 2012). Therefore, it
is important to understand that, in addition to the intended
molecular target, issues related to effective drug delivery are
pertinent in the treatment of brain tumor.

In conclusion, we have shown that sunitinib has limited pen-
etration into the brain due to the presence of efflux transport
mediated by both P-gp and Berp at the BBB. Single deletion of
P-gp or Berp does not play a significant role as compared with
dual P-gp and Bcerp deletion, indicating a simple functional
compensation between these two transporters at the BBB in
restricting the brain distribution of sunitinib (Enokizono
et al., 2008; Kodaira et al., 2010). We also showed here that
the tissue partition coefficient obtained after a single oral
dose, calculated by the AUC brain-to-plasma ratio, is similar
to the brain-to-plasma steady-state concentration ratios,
which would be expected for nonsaturable, linear distribu-
tional kinetics. Furthermore, determination of the extent of
brain distribution of sunitinib can be determined at a single
time point, provided that the chosen time point is the time in
which a transient steady state is attained between the plasma
and the brain. This will occur at a time when the brain
concentration reaches a maximum following a single dose.
Relying on a single time point not at this transient steady
state to determine the brain partition coefficient can lead to
significant errors, and complicate the comparison of several
studies. Moreover, administration of selective inhibitors of
active efflux as well as dual inhibitors of efflux transporters
resulted in enhanced brain penetration of sunitinib, in
concordance with that observed in transgenic mice. These
results can be of clinical significance to improve the brain
delivery of sunitinib to areas of tumor cells that lie hidden
behind an intact BBB that has active P-gp and Berp transport
systems.
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