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Abstract

The importance of multidrug resistance-associated protein 4 (Mrp4/Abcc4) in limiting the
penetration of Mrp4 substrate compounds into the central nervous system across the blood—brain
barrier (BBB) was investigated using Mrp4”~ mice. Significant ATP-dependent uptake by MRP4
was observed for ochratoxin A, pitavastatin, raltitrexed (K, 43.7 uM), pravastatin, cGMP, 2,4-
dichlorophenoxyacetate, and urate. The defect in the Mrp4 gene did not affect the brain-to-plasma
ratio (Kp prain) Of quinidine and dantrolene. Following intravenous infusion in wild-type and
Mrp4™- mice, the plasma concentrations of the tested compounds (cefazolin, cefmetazole,
ciprofloxacin, cyclophosphamide, furosemide, hydrochlorothiazide, methotrexate, pitavastatin,
pravastatin, and raltitrexed) were identical; however, Mrp4”~ mice showed a significantly higher
(1.9-2.5-fold) K} prain than wild-type mice for methotrexate, raltitrexed, and cyclophosphamide.
GF120918, a dual inhibitor of P-gp and Bcrp, significantly decreased the K cortex and Kp cerebellum
only in Mrp4”- mice. Methotrexate and raltitrexed are also substrates of multispecific organic
anion transporters such as Oatpla4 and Oat3. GF120918 showed an inhibition potency against
Oatpla4, but not against Oat3. These results suggest that Mrp4 limits the penetration of
methotrexate and raltitrexed into the brain across the BBB, which is likely to be facilitated by
some uptake transporters.

Corresponding author: Hiroyuki Kusuhara (Telephone: +81-3-5841-4770; Fax: +81-3-5841-4767), kusuhara@mol.f.u-tokyo.ac.jp,
Full postal address: Laboratory of Molecular Pharmacokinetics, Graduate School of Pharmaceutical Sciences, the University of Tokyo,
7-3-1 Hongo, Bunkyo-ku, Tokyo, 113-0033, Japan.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kanamitsu et al. Page 2

Keywords
Blood-brain barrier; MRP; P-glycoprotein; cerebrospinal fluid; ABC transporters

Introduction

The delivery of drugs to the central nervous system (CNS) is critical to exert their effect on
the CNS. It is well known that the blood-brain barrier (BBB) limits the penetration of drugs
into the CNS from the blood circulation system, thereby lowering their pharmacological
effect. Because of the highly developed tight junctions between the adjacent cells, the brain
capillary endothelial cells act as a diffusive barrier.1:2 In addition, adenosine triphosphate
(ATP)-binding cassette (ABC) transporters, such as P-glycoprotein (P-gp/MDR1/ABCBI)
and breast cancer resistance protein (BCRP/ABCG2) act as active barrier in the endothelial
cells by mediating the active efflux across the luminal membrane into the blood circulation.
234 Animal studies using the inhibitors or genetic modification have demonstrated that a
lack of P-gp greatly enhanced the brain-to-plasma concentration ratios (Kp prain) Of various
drugs, supporting the key role of P-gp in the BBB.2 In addition, a defect of BCRP resulted in
a significant increase in the K} prain Of neutral and weak acids, such as dantrolene and
phytoestrogens, whereas those of some substrates were only marginally changed.>® Because
of an overlapping substrate specificity between P-gp and BCRP, the double knockout of P-
gp and Bcrp showed higher Kj prain than the knockout of either P-go or Berp, indicating that
some common substrate drugs undergo active efflux by both P-gp and Berp.’

MRP4 is also an ABC transporter expressed in many tissues involving the kidney and brain.?
In the brain, MRP4 is mainly expressed in the blood-facing membrane of the brain capillary
and choroid plexus.* Its membrane localization indicates that MRP4 mediates the luminal
efflux of its substrate drugs. In fact, Mrp4 limits the penetration of topotecan and adefovir®
into the brain at the BBB, although we could not observe a significant change for adefovir,
cidofovir, and tenofovir.19 We demonstrated that the elimination of Ro 64-0802, the active
form of oseltamivir, from the brain after injection into the cerebral cortex, was significantly
delayed in Mrp4- mice.1! Furthermore, after subcutaneous administration of Ro 64-0802
using an osmotic pump, the K prain Was significantly higher in Mrp4™~ mice than in wild-
type (WT) mice. On other hand, organic anion transporter 3 (Oat3)”~ mice showed a delayed
elimination of Ro 64-0802 from the brain due to reduced uptake across the abluminal
membrane. Nevertheless, the K prain Was unchanged in Oat3”~ mice following intravenous
injection.1! Thus, we speculated that Mrp4 can facilitate the elimination of its substrates
from the CNS, and can also limit the entry from the blood circulation at the BBB. Many
anionic drugs have been found to be MRP4 substrates i vitro,12:13.14.15.16,17.18 and jn vivo
studies using Mrp4”- micel® have revealed that Mrp4 mediates the urinary excretion of some
compounds. Generally, the distribution volume of organic anions in the brain is quite low
because of their poor lipid membrane permeability. A multispecific organic anion transporter
organic anion-transporting polypeptide 1a4 (Oatpla4) is expressed in the abluminal
membrane to mediate the uptake of organic anions; however, the K} prain Values of
pitavastatin and taurocholate were unchanged between WT and Oatpla4™~ mice, the
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absolute values of which were close to the capillary volume.2? Thus, we speculated that such
a limited distribution of organic anions is explained by the active efflux by Mrp4 at the BBB.

In the present study, we compared the K} prain O drugs between WT and Mrp4- mice to
identify the Mrp4 substrates for which the K prajn is determined by Mrp4 at the BBB
following a long exposure using an osmotic pump implanted under the skin of mice.

Materials & Methods

Materials

Animals

[3H]Dehydroepiandrosterone sulfate ([3H]DHEAS, 60.0 Ci/mmol), [3H]taurocholate (5.0
Ci/mmol), and [3H]estrone sulfate (45 Ci/mmol) were purchased from PerkinElmer Life
Science, (Boston, MA). [3H]2,4-D (20.0 Ci/mmol) was purchased from American
Radiolabeled Chemicals (St. Louis, MO). [3H]Methotrexate (12.6 Ci/mmol),
[3H]OchratoxinA (21.3 Ci/mmol), [*4C]urate (53 mCi/mmol), and [3H]cyclic guanosine
monophosphate ([?H]cGMP, 2.4 Ci/mmol) were purchased from Moravek Biochemicals, Inc
(Brea, CA). [3H]pravastatin (45.5 Ci/mmol) and unlabeled pravastatin were kindly gifted by
Daiichi Sankyo. Co., Ltd (Tokyo, Japan). [Fluorobenzene- U-14C]pitavastatin (11.7 mCi/
mmol) was synthesized by Amersham Biosciences UK, Ltd. (Little Chalfont,
Buckinghamshire, UK). Raltitrexed was donated by Hospira UK Limited (Warwickshire,
UK). GF120918 (Elacridar) was donated from GlaxoSmithKline (Ware, UK). Methotrexate
was purchased from Wako Pure Chemicals (Osaka, Japan), and ATP, creatine phosphate,
creatine phosphokinase, cefazolin, cefmetazole, furosemide, and hydrochlorothiazide were
purchased from Sigma-Aldrich (St. Louis, MO). Dantrolene (Dantrium), ciprofloxacin, and
pitavastatin were purchased from LKT Laboratories Inc. (St. Paul, MN). Quinidine was
purchased from Tokyo Kasei (Tokyo, Japan). Cyclophosphamide was purchased from MP
biomedicals LLC (Solon, OH). All other chemicals were commercially available and of
reagent grade.

Mrp4- mice had been established previously.# Male C57BL/6J, and Mrp4~- mice were
maintained by CLEA Japan, Inc. (Tokyo, Japan). All mice (11-31 weeks old) were
maintained at a controlled temperature under a 12-h light/dark cycle. Food and water were
made available ad /ibitum. All experiments using animals in the present study were
performed according to the guidelines provided by the Institutional Animal Care Committee
(Graduate School of Pharmaceutical Sciences, University of Tokyo).

In vitro Transport Studies with Membrane Vesicles

Membrane vesicles were prepared from HEK293 cells infected with recombinant adenovirus
harboring hMRP4 and green fluorescent protein gene as described previously.10.19 The
transport studies were performed using a rapid filtration technique. In brief, 15 pL of
transport medium (10 mM Tris-HCI, 250 mM sucrose, and 10 mM MgCl, at pH 7.4)
containing substrates was preincubated at 37°C for 3 min and then rapidly and gently mixed
with 5 UL of membrane vesicle suspension (5-10 ug of protein). The reaction mixture
contained 5 mM ATP or adenosine monophosphate (AMP) along with the ATP-regenerating
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system (10 mM creatine phosphate and 100 pg/uL creatine phosphokinase). After incubation
at 37°C for 5-min, the transport reaction was terminated by adding of 1-mL of ice-cold
buffer containing 10 mM Tris-HCI, 250 mM sucrose, and 0.1 M NaCl at pH 7.4. The halted
reaction mixture was passed through a 0.45 um HA filter (Millipore Corp., Bedford, MA),
and then washed twice with 5 mL of stop solution. The radioactivity retained on the filter
was measured in a liquid scintillation counter (LS 6000SE, Beckman Instruments, Fullerton,
CA) after the addition of scintillation cocktail (Clear-sol I, Nacalai Tesque, Tokyo, Japan).
For non-radiolabeled compounds, a 0.45-um MF™-membrane filter (HAWP; Millipore
Corp.) was used for filtration. After twice wash, substrates retained on the filter were
recovered in 1 mL methanol containing an internal standard by sonication for 15 min. After
centrifugation, the supernatants were evaporated using a centrifugal concentrator (CC-105;
TOMY, Tokyo, Japan) and dissolved in 50 pL 0.025% HCOOH/50% Methanol.
Subsequently, 20-ul aliquots were used for liquid chromatography tandem mass
spectrometry (LC-MS/MS) analysis quantification as described below. To determine
concentration dependency, the initial uptake rates of raltitrexed by membrane vesicles at
37°C for 5 min was measured at different concentrations (3-1000 uM). ATP-dependent
uptake was obtained by subtracting transport velocity in the presence of AMP from that in
the presence of ATP. Ky, and Vs« Values were calculated using the Eadie—Hofstee plots.

Tissue-to-Plasma Concentration Ratio after Intravenous Infusion of Compounds in WT and

Mrp47/-Mice

Male C57BL/6J and Mrp4~- mice (13-31 weeks old), weighing approximately 24-38 g,
were used for these experiments. Under pentobarbital anesthesia (50 mg/kg), the jugular
vein was cannulated with a polyethylene-10 catheter for the injection of test compounds.

Infusion study of quinidine and dantrolene—The infusion rates of quinidine and
dantrolene (dissolved in a 2:3 mixture of propylene glycol/saline) were 8 and 2 pmol/h/kg
after priming doses of 6 and 4 umol/kg, respectively. Blood samples were collected from the
jugular vein at 60, 90, and 120 min. The mice were sacrificed after 120 min and the
cerebrospinal fluid (CSF) and brain were excised immediately.

Infusion study of methotrexate and raltitrexed—The infusion rates of methotrexate
and raltitrexed were 8 and 12 pmol/h/kg, respectively, after priming doses of 2 umol/kg for
both. GF120918 [17 umol (10 mg) / 3.3 mL/kg, dissolved in a 3:2 mixture of polyethylene
glycol:water]2! was intravenously injected into mice 15 min before the intravenous infusion
of methotrexate and raltitrexed (cassette dosing). Blood samples were collected from the
jugular vein at 60, 75, and 90 min. The mice were sacrificed after 90 min, and the cortex,
cerebellum, and kidney were excised immediately.

Plasma was obtained by centrifugation of the blood samples (at 4 °C, 15,000 x g, for 10
min). The plasma, CSF, and tissue concentrations of compounds were determined by LC-
MS/MS analysis. Tissue-to-plasma concentration ratios (Gissue/ Cplasmas Kptissue) Were
obtained by dividing the compound concentrations in the tissue by the plasma concentrations
measured at the last sampling point.
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Brain-to-Plasma and CSF-to-Plasma Concentration Ratio after Subcutaneous Infusion of
Compounds in WT and Mrp4”" Mice

Male or female C57BL/6J and Mrp4~ mice (11-22 weeks old) weighing approximately 20—
35 g were used for these experiments. An osmotic pump (8 pL/h; Alzet, Cupertino, CA) was
implanted under the skin in the backs of the mice under pentobarbital anesthesia (50 mg/kg).
The mice received a continuous subcutaneous infusion of compounds at doses ranging from
32 to 400 pg/h/head. Blood samples were collected from the postcaval vein at 18-24 h after
treatment under pentobarbital anesthesia, and the brain and CSF were excised immediately.
Plasma was obtained by centrifugation of the blood samples (at 4 °C, 15,000 x g, for 10
min). The plasma, brain, and CSF concentrations of compounds were determined by LC-
MS /MS analysis.

Transport Study with Mock- and mOatpla4-Expressing HEK293 Cells and Mock- and
mOat3-Expressing Flp-in293 Cells

mOatplad-expressing HEK293 cells 20 and mOat3-expressing Flp-in293 cells were
constructed as reported previously.22 Mock- and mOatpla4-expressing HEK293 cells were
grown in Dulbecco’s modified Eagle’s medium low glucose (Gibco, Thermo Fisher
Scientific Inc., Waltham, MA) supplemented with 10% fetal bovine serum (American Type
Culture Collection, Manassas, VA) and Mock- and mQat3-expressing Flp-in293 cells were
grown in Dulbecco’s modified Eagle’s medium high glucose supplemented with 10% fetal
bovine serum at 37°C with 5% CO, and 95% humidity. Cells were then seeded in 12-well
plates coated with poly-L-lysine/poly-L-ornithine at a density of 1.5-2.0 x 10° cells per
well. After 2 d, the cell culture medium was replaced with culture medium supplemented
with 5 mM sodium butyrate 24 h before the transport assay to induce the expression of
exogenous transporters. Uptake was initiated by the addition of a Krebs-Henseleit buffer
containing radiolabeled and/or unlabeled compounds after cells had been washed twice and
preincubated with Krebs-Henseleit buffer in the presence or absence of inhibitor (for
mOatpla4d; 0.01 to 1 uM GF120918, for mOat3; 100 uM probenecid and 0.1 to 1 uM
GF120918) at 37°C for 15 min. The Krebs-Henseleit buffer consisted of 118 mM NacCl, 23.8
mM NaHCOs, 4.8 mM KCI, 1 mM KH,POy, 1.2 mM MgSQy, 12.5 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 5 mM glucose, and 1.5 mM CaCl,
adjusted to pH 7.4. After 2- (mOatpla4d) or 5-min (mQOat3) incubation, the uptake was
terminated by addition of ice-cold Krebs-Henseleit buffer, and cells were washed three
times. For radiolabeled compounds, cells were then dissolved in 300 uL 1 N NaOH,
neutralized with 300 uL 1 N HCI, and aliquots (400 uL) were transferred to scintillation
vials. The radioactivity associated with the cells and incubation buffer was measured in a
liquid scintillation counter (LSC-6101, Hitachi Aloka Medical, Ltd, Tokyo, Japan) after
adding 5 mL of liquid scintillation cocktail (Insta-Gel Plus, PerkinElmer) to the scintillation
vials. For unlabeled compounds, cells were homogenized in 300 uL 0.1 M phosphate-
buffered saline with an ultrasonic probe. Subsequently, 100-uL aliquots were used for LC-
MS/MS analysis quantification as described below. Aliquots of cell lysate and homogenate
were used to determine the protein concentration by Bradford ULTRA (Expedeon, Inc, San
Diego, CA) with bovine serum albumin as a standard. Compound uptake was calculated by
the amount of compound associated with the cell specimens divided by the medium
concentration.
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Quantification using LC-MS/MS

Tissue was homogenized with a four-fold volume of phosphate-buffered saline to obtain a
20% tissue homogenate. Plasma, CSF, and 20% tissue homogenate (for cyclophosphamide
analysis, after 2-h incubation with 0.2 M semicarbazide) were precipitated with two volumes
of acetonitrile that contained an internal standard and centrifuged at 4°C and 15,000 x g for
10 min. The supernatants were diluted with water or evaporated if necessary, reconstituted in
the mobile phase, and subjected to LC-MS/MS analysis. AP15500 Qtrap or AP14000
instrument (Applied Biosystems, Foster City, CA) equipped with a Shimadzu prominence
series LC system (Shimadzu, Kyoto, Japan) (curtain gas; 30, collision gas; 7, ion spray
voltage; 5,500, temperature; 500°C, ion source gas 1; 70 and ion source gas 2; 80) and a
Micromass Quattromicro instrument equipped with an Alliance 2695 system (Waters)
(capillary voltage; 4.5 kV, cone voltage; 22 V, source temperature; 120°C, and desolution
temperature; 350°C) were used. All compounds were analyzed in the multireaction
monitoring mode under electron spray ionization conditions. The analytical columns used
were Xbridge C18 (2.5 um, 2.1 mmID x 50 mm; Waters, Milford, MA), Ascentis Express
C18 (2.7 pm, 2.1 mm ID x 50 mm; Supelco, St. Louis, MO), or CAPCELL PAK C18 MGl
(3 um, 2 mm x 50 mm; Shiseido, Tokyo, Japan). The column temperature was 40°C.
Detailed LC conditions and mass-to-charge ratios are shown in Supplementary Table 1.

Statistical Analysis

Results

Data are presented as means + standard error (S.E.) of three to four animals, unless
otherwise specified. A Student’s two-tailed unpaired #test was used to identify significant
differences between groups when appropriate. Statistical significance was set at < 0.05.

ATP-Dependent Uptake of Anionic Compounds in Human MRP4-Expressing Membrane

Vesicles

Consistent with a previous report,1° ATP markedly stimulated the uptake of DHEAS by
MRP4-expressing membrane vesicles; the uptake values of DHEAS for 5 min at 37°C in the
presence of AMP or ATP were 143 + 3 and 1,443 + 52 pL/mg protein, respectively (Table
1).

ATP-dependent uptake mediated by MRP4 was observed for other compounds; ochratoxin
A, pitavastatin, raltitrexed, pravastatin, cGMP, 2,4-D, and urate (Fig. 1). No or a low effect
was observed in the membrane vesicles prepared from the host HEK293 cells (Fig. 1). We
have previously reported the ATP-dependent uptake of methotrexate by MRP414. To confirm
this, we demonstrated the ATP-dependent uptake of methotrexate by MRP4; the values were
shown to be 30.2 (30.5 and 29.8) and 1.62 (1.85 and 1.39) puL/mg protein (duplicate
determination) after a 5-min incubation in the presence of ATP and AMP, respectively, in
MRP4-expressing membrane vesicles. These values were similar to the previously reported
values. The uptake of raltitrexed by MRP4 was saturable with K, and Vjax values of 43.7

+ 6.9 pM and 614 + 58 pmol/min/mg protein, respectively (Fig. 2).
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Brain-to-Plasma and CSF-to-Plasma Concentration Ratio of Quinidine and Dantrolene after
Intravenous Infusion of Quinidine and Dantrolene in WT and Mrp4”- Mice

To confirm that the activities of P-gp and Bcrp are unchanged in Mrp4™- mice, Kp,brain and
the CSF-to-plasma concentration ratio (K csF) of quinidine and dantrolene were determined
in WT and Mrp4-~ mice. The penetration of quinidine and dantrolene into the brain is
selectively limited by P-gp and Bcerp, respectively.” Quinidine or dantrolene were
administered to WT and Mrp4-- mice by intravenous infusion for 120 min, and the Kp brain
and Kp csr of quinidine and dantrolene was determined (Fig. 3). Neither K prain NOr Kp csk
of quinidine and dantrolene was changed between WT and Mrp4~- mice.

Brain-to-plasma Concentration Ratio of Drugs after Subcutaneous Infusion in WT and

Mrp47- Mice
To clarify the importance of the Mrp4-mediated efflux of methotrexate and raltitrexed at the
BBB, methotrexate or raltitrexed were administered to mice by subcutaneous infusion for 19
h, and their K prain and K csr Were determined. The concentrations of methotrexate in the
plasma were 1.5 + 0.1 and 1.5 + 0.1 ug/mL in WT and Mrp4~- mice, respectively. The
Kp,brain and K csr of methotrexate were 1.9-fold and 1.5-fold (without statistical
significance, p = 0.074) higher in Mrp4”- mice than that in WT mice, respectively. The
concentrations of raltitrexed in the plasma were 3.6 + 0.4 and 4.2 + 0.5 pg/mL in WT and
Mrp4-- mice, respectively. The Kp brain and Kp csr of raltitrexed were 2.5-fold and 1.8-fold
higher in Mrp4-- mice than that in WT mice, respectively (Fig. 4). Other drugs listed in
Table 2 were administered by subcutaneous infusion for 19 h, and plasma and brain
concentrations were determined in WT and Mrp4”~ mice. The plasma concentrations were
similar between WT and Mrp4~- mice. Among the tested drugs, the K, brain Of
cyclophosphamide was significantly higher in Mrp4-- mice.

Comparing the Brain-to-plasma Concentration Ratio of Mrp4 Substrate Drugs between WT

and Mrp4”- Mice
Methotrexate and raltitrexed were administered to WT and Mrp4~- mice by intravenous
infusion for 90 min following which their concentrations in the cerebrum, cerebellum, and
kidney concentrations were measured to determine the tissue-to-plasma concentration ratio.
There was no significant difference in the plasma concentrations of methotrexate and
raltitrexed between WT and Mrp4~- mice, whereas the cortex- or cerebellum-to-plasma ratio
of methotrexate and raltitrexed were significantly higher in Mrp4”- mice than in WT mice
(Fig. 5). There was no regional difference in the effect of defect in the Mrp4 gene between
the cortex and cerebellum. Pretreatment with GF120918 (17 umol/kg, intravenous
administration), a dual inhibitor for P-gp and Bcrp,23 blunted the effect of Mrp4 knockout.
The kidney-to-plasma concentration ratio (K kidney) Of methotrexate and raltitrexed were
similar between WT and Mrp4”~ mice, whereas administration of GF120918 significantly
increased the ratio (Fig. 5).

Effect of GF120918 on the Transport Activities of Oatpla4 and Oat3

Beside the typical Oatpla4 substrate, [*H]taurocholate, uptake of methotrexate and
raltitrexed was significantly higher in Oatpla4-expressing cells, which was inhibited by
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GF120918. For comparison, the activities of Oat3 were also tested. Overexpression of Oat3
in HEK?293 cells also increased the cellular uptake of methotrexate and raltitrexed as well as
the prototypical substrate, [3H]estrone sulfate. The uptake was inhibited by probenecid, but
only weakly by GF120918.

Discussion

Understanding the drug transport systems in the BBB is a critical issue in drug development,
as this understanding is required to optimize the permeability of drugs for their CNS effect.
In the present study, we conducted an 77 vivo study using Mrp4”- mice to expand the role of
Mrp4 in the BBB.

In vitro transport studies identified some compounds as MRP4 substrates. The activities of
ochratoxin A and pitavastatin were highest, followed by raltitrexed, pravastatin, cGMP,
methotrexate, and to lesser degree, 2,4D and urate (Fig. 1). The K, value of raltitrexed was
similar to that of its analog, methotrexate, which we reported previously (103 uM).14

Previously, we reported similar messenger RNA (mMRNA) expression of multi-drug
resistance protein 1a (Mdrla) and Bcrp in the cerebral cortex between WT and Mrp4™~ mice.
11 Consistent with this result, the Kp,brain and Kp csr of quinidine and dantrolene, reference
compounds of the CNS, the penetration of which are selectively limited by P-gp and Bcrp,
respectively,” were similar between WT and Mrp4-- mice (Fig. 3), supporting the assertion
that an Mrp4 defect does not affect P-gp and Bcrp activities at the BBB.

We then examined the impact of Mrp4 knockout on the concentrations in the brain after a 19
h infusion using an osmotic pump implanted under the skin in the backs of mice. In addition
to the MRP4 substrates, the activities of which were confirmed using MRP4 membrane
vesicles (Fig. 1 and Table 1), we added cyclophosphamide and ciprofloxacin as test
substrates since MRP4-expressing HepG2 cells are resistant to cyclophosphamide,24 and
mRNA of MRP4 and MRP2 were induced in the ciprofloxacin-resistant J774 macrophages.
25 At the end of infusion, the plasma concentrations did not show a significant change
between WT and Mrp4”~ mice. The Kb brain Values of most of the test drugs in WT mice
were similar or somewhat greater than the vascular volume of WT mice (10 pL/g)26 in the
brain, whereas ciprofloxacin, hydrochlorothiazide, and cyclophosphamide showed a
relatively large distribution volume (Table 2). Among the test drugs, the K} prain Values of
ciprofloxacin, cyclophosphamide, methotrexate, and raltitrexed were higher in Mrp4- mice
than in WT mice, although the difference for ciprofloxacin was not statistically significant
(Table 2). For methotrexate and raltitrexed, we conducted CSF sampling at the end of
experiment and determined that CSF concentrations of both drugs were also higher in the
knockout mice (Table 2) because of higher K prain accompanied with an increase in the flux
from the CNS side to the CSF, and/or an increased permeability across the blood-CSF
barrier.

In terms of substrate specificity, methotrexate is also the substrate of BCRP; however, there
is little difference in the Aj prain Of methotrexate in Berp”~ mice.2” However, the urinary
clearance of methotrexate in Berp”- mice was reported to be decreased compared in WT
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mice.28 It was demonstrated that P-gp confers methotrexate resistance by carrier-mediated
methotrexate uptake.2% We considered that inhibition of P-gp and Bcrp in Mrp4”~ mice may
exhibit a marked increase in the brain concentration of methotrexate, greater than that
available in the defect of Mrp4, as observed for the common substrate of P-gp and Bcrp in
the P-gp/Bcerp double knockout mice.” To inhibit P-gp and BCRP, GF120918, a dual
inhibitor for P-gp and Bcrp,23 was administered. The K kidney Values of methotrexate and
raltitrexed were higher in GF120918-treated mice, consistent with the important role of Bcrp
in the kidney.28 Nevertheless, GF120918 was unexpectedly unable to elucidate the
contribution of the efflux transporters at the BBB (Fig. 5). It has been demonstrated that
Berp/Mrp4 double knockout mice had a significantly higher Aj prain value than WT mice
(2.1-fold).27 Future studies using triple knockout mice lacking P-gp, Berp, and Mrp4 should
uncover the impact of P-gp and Bcrp on the brain concentrations of anionic drugs.

GF120918 decreased the tissue-to-plasma ratio of both methotrexate and raltitrexed, both in
the cerebrum and cerebellum of Mrp4-- mice, whereas it did not affect the corresponding
value in the WT mice (Fig. 5). The effect of GF120918 can be interpreted as inhibition of
the influx transporter at the BBB that can compete with the enhanced BBB permeability in
Mrp4~- mice. The transporter for the uptake of these folate analogs at the BBB remains
unknown. One of the candidates is Oatpla4, which is localized on the luminal membrane of
the mouse (BBB).2! In fact, both methotrexate and raltitrexed were found to be Oatplad
substrates in complementary DNA (cDNA) transfected cells. Furthermore, the uptake was
decreased along with the increase in GF120918 concentrations (Fig. 6). However, such an
inhibitory effect was less for mOat3 than for mOatpla4. The inhibitory effect of GF120918
is not common for multispecific organic anion transporters.

The present study reported that Mrp4 limits the penetration of methotrexate and raltitrexed
into the cortex, cerebellum and CSF, and the penetration of cyclophosphamide into the brain
in mice. Based on the /n vivo data, we speculated that methotrexate and raltitrexed showed
enhanced BBB permeability in Mrp4”- mice because of the significant contribution of the
uptake transporter that can be inhibited by GF120918 (Fig. 5). In fact, MRP4 inhibitors can
target other ABC transporters.3 Moreover, vandetanib, a tyrosine kinase inhibitor, inhibited
not only P-gp and BCRP but also OATP1B1 and OATP1B3 by everolims.3! Vandetanib also
enhanced the plasma concentration of digoxin by the inhibition of P-gp and OATP1B3
transport.32 On the other hand, other MRP4 substrates, such as pitavastatin and pravastatin,
did not show enhanced Kp prain, despite their activities by MRP4 being similar or rather
greater than methotrexate and raltitrexed. Furthermore, we reported that Oatplad makes a
significant contribution of the uptake by 77 situ brain perfusion.2! The reason for this
discrepancy is unknown, although there are three possibilities. One is that the efflux
transporters differentially contribute to the net efflux of organic anions across the luminal
membrane. The second possibility is that the folate transport system facilitates the
penetration of methotrexate and raltitrexed into the CNS. In fact, methotrexate is also
recognized by folate transporters such as proton coupled folate transporter (PCFT/
SL.C46A1) and reduced folate carrier (RFC/SLC19A1), and raltitrexed inhibits these
transporters, suggesting interaction between them.33 According to the database,34:3% the
expression of PCFT in the mouse brain capillary endothelial cells is fairly low, whereas RFC
is expressed to some degree. The third possibility is that the efflux across the abluminal
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membrane might be limited for other anionic drugs. Further studies are required to
determinethe transport mechanisms of methotrexate and raltitrexed across the BBB.

The application of the present findings to humans remains debatable as the database search
suggests the possibility of a species difference in the expression of MRP4 in the BBB
between humans and mice; in the human brain, MRP4 is highly expressed in the microglia
but to a low level in the endothelial cells. Aided by some uptake transporters, methotrexate
and raltitrexed may penetrate and cross the BBB to reach primary tumors as well as
metastases in the CNS for treatment in humans.

In conclusion, the penetration of methotrexate, raltitrexed, and cyclophosphamide mediated
by some uptake transporters into the brain is limited by Mrp4 at the BBB in mice. However,
not all MRP4 substrates showed enhanced penetration.
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MRNA

MRP (Mrp in mice)
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OATP (Oatp in mice)
PCFT

P-gp

RFC

S.E

WT

messenger RNA

multidrug resistance-associated protein
organic anion transporter

Organic anion transporting polypeptide
proton coupled folate transporter
P-glycoprotein

reduced folate carrier

standard error

wild-type
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Fig. 1. The uptake of various compounds by multidrug resistance-associated protein 4 (MRP4)-
expressing membrane vesicles

The uptake of [3H]ochratoxin A (0.1 uM), [3H]pitavastatin (0.1 pM), raltitrexed (30 uM),
[3H]pravastatin (0.1 uM), [3H]cyclic guanosine monophosphate (cGMP, 0.1 uM), [3H]2,4D
(0.1 pM), and [*4C]urate (0.1 uM) by the membrane vesicles that were prepared from
HEK?293 cells expressing MRP4 and green fluorescent protein was determined at 37°C for 5
min in medium that contained 5 mM ATP (l) or AMP (O). Each bar with an error bar
represents the mean value and standard error (S.E.) (7= 3).
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Fig. 2. Transport properties of raltitrexed by multidrug resistance-associated protein 4 (MRP4)
Concentration dependance of raltitrexed uptake is shown as Eadie-Hofstee plots. The solid

line represents the fitted line obtained by nonlinear regression analysis. Each data point with
an error bar represents the mean value and S.E. (7= 3).
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Fig. 3. Comparison of the plasma concentrations, brain-to-plasma concentration ratio, and
cerebrospinal fluid (CSF)-to-plasma concentration ratio of quinidine (A) and dantrolene (B)
after intravenous infusion in wild-type (WT) and Mrp4 T mice

Muice received a continuous intravenous infusion for 120 min of either quinidine or
dantrolene at a dose of 8 or 2 pmol/h/kg after priming doses of 6 or 4 umol/kg, respectively.
The plasma, brain, and CSF concentrations of quinidine and dantrolene were determined at
the end of infusion. M, data for WT mice; O, data for Mrp4”~ mice. Each data point and bar
with an error bar represents the mean value and S.E. obtained from three to four mice.
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Fig. 4. Comparison of the plasma concentration, brain-to-plasma concentration ratio, and
cerebrospinal fluid (CSF)-to-plasma concentration ratio of methotrexate (A) and raltitrexed (B)
after subcutaneous infusion in wild-type (WT) and Mrp4"‘ mice

Mice received a continuous subcutaneous infusion of either methotrexate or raltitrexed at a
dose of 80 or 160 pg/h/mouse, respectively, for 19 h with an osmotic pump. The plasma,
brain and CSF concentrations of methotrexate and raltitrexed were determined at the end of
the infusion. O, data for WT mice; M, data for Mrp4~- mice. Each bar with an error bar
represents the mean value and S.E. obtained from four mice. Asterisks represent statistically
significant differences between WT and Mrp4™- mice: **, £< 0.01.
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Fig. 5. Effect of GF120918 on the cortex-, cerebellum-, and kidney-to-plasma ratios of
methotrexate (A) and raltitrexed (B) in wild-type (WT) and Mrp4'/' mice

At 15 min after the injection of GF120918 (17 pmol/kg, closed symbols) or solvent alone
(open symbols), the mice received a constant intravenous infusion of methotrexate and
raltitrexed at doses of 8 and 12 umol/h/kg. The plasma concentrations of methotrexate and
raltitrexed were determined at the designated times in WT (circles) and Mrp4-- mice
(squares). The tissue-to-plasma ratio was calculated at 90 min. Each data point and bar with
an error bar represent the mean value and standard error (S.E.) obtained from three to four
mice. Asterisks represent statistically significant differences between WT and Mrp4-- mice;
*, P<0.05; **, P<0.005. Daggers represent statistically significant differences between
control and GF120918-pretreated mice; T, £< 0.05; T, £< 0.005; 111, £ < 0.0005.
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Fig. 6. Uptake into (A) mOatplad-expressing and mock cells of [3H]taurocholate 1 puMm),
[3H]meth0trexate (50 nM), and raltitrexed (10 pM) and (B) mOat3-expressing and mock cells of
[3H]estrone sulfate (0.1 pM), [3H]methotrexate (50 nM), and raltitrexed (10 pM) was determined

after 2 min incubation in the presence or absence of probenecid or GF120918

M, data for mOatplad and mOat3-expressing cells; O, data for mock cells. Each bar with an
error bar represents the mean value and S.E. (n7= 3). Daggers represent statistically
significant differences between mock and Oatpla4 (or Oat3)-expressing cells in control
conditions; t, < 0.05; t1,F<0.005; tt1, £< 0.0005. Asterisks represent statistically
significant differences between in the absence and presence of inhibitors in transporter

expressing cells; *, P< 0.05; **, P< 0.005; ***, P< 0.0005.
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Transport properties by MRP4

Table 1

MRP4-expressing vesicle uptake Reference
MRP4-ATP  MRP4-AMP  ATP/AMP ratio
pL/5Smin/mg
cefazolin? 76.7 0.2 471 18)
cefmetazole? 103 3 31 18)
methotrexate 30.2 1.6 19
raltitrexed 61.0 3.4 18
[®H]pravastatin 18.4 1.7 11
[*HIDHEAS 1443 143 10
[3H]pitavastatin 162 43 38
furosemided 118 41 2.9 19)
hydrochlorothiazide? 2.87 153 19 19)

a S . . .
the transport activities were cited from the reference indicated for comparison.
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