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FiG. l. CESI-mediated activation of oscitamivir phosphate.

substrate of CES1 (Shi et al., 2006), makmg it an excellent candldate,
" compound -to assess the effect(s) of the identified CESI mutations on

prodrug activation. In addition, wcumulaung evidence has indicated that
the biotransformation of oseltamivir phosphate to the primary active form
oseltamivir carboxylate is niot only related to its antiviral efficacy but also
associated. with potential toxicity, (http.f!www fda.govlcdedfo:lnda!?.OOOI

'21-246_Tamiflu_Pharmr.pdf).

In the present study, we investigated the mfluence of the two ncwly
identified CES1 variants on the metabolism (i.e., activation) of ‘the
prodrug oseltamivir phosphate. The results suggested that genetic
vadiarits of CES| that result in dysfunctional enzyme activity could
likewise play an important role in both therapeutic efficacy as well as-

tolerability or toxicity durmg osel rammr therapy.

Malenals and Methods

Materials, Oseliamwlr phosphate, and its active metabolite. oscIr.amwn'
carboxylate were obtained from Toronto Research Chemicals’ Inc. (North

- York, ON. Canada). p-mtrophenyl acetate (PNPA) and p-nitrophenrol (PNP)

were purchased from Si gma-Aldrich (St. Louis, MO)."All other chemicals and .

‘reagents were of the highestanalytical grade and were commercially available.

Enzymat:c Study. The establishment of Flp-In-293 cells (Inv:lrogen Carls-

. bad, CA) stably expressing WT and p. GIyI43_GIu and p.Asp260fs. CES1 has
- been described previously (Zhu et-al.,

2008). The iransfected cells were.
ciiltured in Bnlbecco s madified Bagle’s medivm comammg 10% fetal bovine,

- serurh and 100 p.yrnl hygromycin B. After reaching appro)umately 95%
- confluence, cells were then washed and harvested in reaction buffer (phos-
“phate-buffered safine containing 10 mM HEPES, pH 7.4). Afterward, cells
‘were sonicated and then centrifuged at 9000g for 30 min at 4°C. The super-
natant (S9 fraction) was collected and stored at —70°C until use. The liver

lissyes' were obtained from a healthy liver donor and determined to express

- -neither p.Gly143Glu nor the p.Asp260fs mutation and served as.a nativé CES1
control. The liver samples (~300 mg) were homogenized, and the' §9. fraction *

was obtained after centrifugation at ‘9000z for 30 min at 4°C. The protein
concentrations were determined using a P:cme BCA assay kit (Pierce, Rock-.
ford, IL).

volume of 100 pl. Before incubations, oseltamivir phosphate solutions were
freshly prepared in 50 pd of reaction buffer. The reaction was initiated by
mixing oseltamivir phosphate with 50 ul of 89 fractions. The final oseliamivir

- phosphate concenirations ranged from 10 10 5000 uM. Our preliminary study

indicated-that the formation of oseltamivir carboxylate was lincar with a Series
of 89 protein concentrations (0.05-0.5 mg/ml) and incubation times (5-15

" min) that we tested. . In the present stody, the epzymatic reactions were-
o performed with the final $9 protein concentration standardized at 0.1 mg/ml

and an incubation period of 10 min at 37°C. After incubation; the-reaction was
temindted by adding S00 #21 of methanol containing 40 peM sitalinic acid as the
intemal’ standard. The mixture was centrifuged at 16,000 for 5 min to
‘precipitate proigin, and the supematanis wese then analyzed vsing an estab-
lished high- performance tiquid chromatography (HPLC) assay. Enzyme ki-

. netic data of oseltamivir hydrolysis were fit to the Michaelis-Menten equation,

‘and ldnetic parameters &, -and V,,,,, were calculated using nonlinear regression

" analysis with GraphPad Prism software (GraphPad Sofiware Inc., San Diego,

CA). In addition, PNPA, 2 widely used esterase substrate (including CES1),

- is approximately 25% of that of 'WT CES1. The K,

The oseltamivir hydrolysis study was carried out in 1.5-ml wbes at 2 total -
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was included in the study as a positive control usmg a method described
previously (Zhu et al., 2008).
HPLC Analysis. An HPLC method was used to measure oseltamivir

"carboxylate formation as a consequence of oseltamivir phosphate hydrolysis.
The HPLC, system consisted of an Agiledt 1100 HPLC system (Agilent .~

Technologies, Santa Clara, CA) equipped with a diode-array detector with the

. wavelength set at 220 nm, The mobiie phase was a mixture of methanol and

20 mM KHPO, (pH2.5). A gradient elution was applied for the separation
with the time program set as follows: from 0 to 4 min, methanol was 44%, and
increased to 50% from 4 to 14 min, then maintained at 50% until 16 min,
where methangl was feturned 1o the initial condition (44%). Ritaiinic acid,
oseltamivir carboxylate, and oseltamivir were eluted at 5.1, 6.0, and 15.7 min,

respectively, with the flow rate set at 1 mUmin. In Fig. 2, 2 typical chromato- .

gram is-represented of 100 uM of aseltamivir hydrolyzed by WT CES! 59

fractions after incubation. The intraday and interday selativé standard devia-

tions were determined to be less than 10%. The. lower limit of quanuf‘ cation
of oseltamivir-carboxylate was 025 oM. -

Results

PNPA is a scnsitive and estabhshed model substrate of CES| as
well as other.human esterases. The PNPA hydrolysis assay demon-
strated that WT CESI1 prepared from the cells transfected with WT
CESI gene rapidly hydrolyzed PNPA to PNP with a catalytic effi-
ciency comparable With that of normal human liver tissues (Fig. 3).

Conisistent with our previous observations, the enzymatic activity of .

both p.Gly143Glu and p.Asp260fs toward PNFA was dramatically

. reduced refative to WT enzyme (Zhu et al., 2008).

‘The oseltamivir phosphate. incubation study deonstrated that the
59 preparations of both WT CES}-transfected cells and human liver
tissués efficiently convert oséltamivir to its active antiviral compo-
nent, oseltamivir carboxylatc suggesting that 6seltamivir serves as an
excellent substrate of CES1 (Fig. 3). The V,,.. and K, values were

determined-to be 145 = 5 nmol/min/ing protein and 1.38 * G.13 mM,

respectively, under our expérimental conditions (Fig. 4). The-CES1
variants p.Gly143Glu and p.Asp260fs displayed poor catalytic activ-
ity toward oseltamivir hydrolysis (Figs. 3 and 4), The V,__ value of
p.Glyl43Glue was found to be 37 £ 1 nmol/min/mg protein, which
value of

p-Glyl43Glu was estimated to be 2.15 % 0.13 mM. In addition,

1 am Rincainrninahadan s man LA AADROILMOM -

p.Asp260fs failed to produce any detectable hydrolysis of oseltamivir, - '

‘as measured by the formation of oseltamivir carboxylate (Fig. 3). The
‘human liver 89 fractions prepared from a healthy donor speciinen
produced similar catalylic activity toward both PNPA and oseltamivir

phosphate, which was.in excellent agreemcnt ‘with”that of our "W

) CES l-transfected cells (Fig. 3).

Discussion .

CES1 is the predominant hydrolase in the liver and plays an

important role in the biotransformation of. dﬁ.l'gs and prodrugs that

contains ester bonds. CES1 genetic variants and-their potential for
having therapeutic implications have been increasingly reported re-

“cently. Our previous study identified two nonsynonymous coding

region vardants, p.Glyl43Glu and p.Asp260fs. In vitro functional

studies have shown that the catalytic function mediating the typically .

efficient and rapid hydrolysis of methylphenidate was-clearly dis-
rupted in botl the p.Gly143Glu variant and the p.Asp260fs mutation.

The potential for clinically significant outcomes in the presence of-

these two mutations was investigated in the original subject found to
carry both CES1 variants. That subject displayed an exiremely abnor-

mal pharmacoluncnc profile after the administration of methylpheni--

date, displaying: vastly higher overall blood concentrations of meth-
ylphenidate and an unprecedented distortion in the disposition of the
respective isomers of the drug (Patrick et al., 2007; Zhu et al., 2008).
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‘In addmon, the subject expeticnced ﬁgmﬁcantly higher cardiovascu-

lar vital signs relative to other 19 study subjects serving as 4 phar-
macodynamic correlate to the phannacokmeuc obscrvauons {Zhu et

. al.,-2008).

Because the acuvauon of many ester prodmgs dcpcnds to 2 great

and lead to the alteration of therapeutic effects and accurnulation of
the parent prfodrug with continued dosing. Such an outcome could lead

‘to therapeutic failure and, depending on the compound administered, -

unanticipated adverse effects or toxicitiés. As a prodrug, oscltamivir
does not exhibit acuv:ty toward the influenza virus unless it is con-
verted to its active metabolite oseltamivir au‘boxylate by CES1 (Fig.
1). In the present study, the catalytic activity of p.Gly143Glu and
p-Asp260fs toward oseltamivir hydrolysis G.c., activation) was inves-

degree upon functional CESL enzyme to preduce the therapeutic
moiety, dysfunctional CES1 variants could hinder prodrug activation .
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Fig. 3. Hydsolysis of PNPA and oseltamivir by. human liver microsomial, WT CES1, and its mutants-p.Glyl 143Glv and p.Aspzﬁofs The hydrolyuc products of PNPA and
oselta;mvu' were delcmuned after incubating the substrates with the enzymcs at 37°C for 10 min. Dala were expmed asthemean = SD.(n = 4)

tgated usmg transfected cell lines stably expressing WT and individ-
ual mutant CES1 enzyme. The data indicated that the enzymaﬁc
activity of p.Glyl43Glu is substantially decreased with a V,_, value

approximately one fourth that of WT CESi, wheseas pAspZGOfs '

failed to show any measurable hydrolytic activity toward oseltamivir,
Acknowledging the limitations of in vitro methodologies, this funda-~
mental alteration in-the catalytic activity of CES} strongly suggests
that the activation of oseltamivir would be compromised in padents
who express such CES! variants. In addiion to.these-two mutations,
several other natural nonconservative CESI variants were recently
determined to also have fanctional SIgmﬁcancc (Shi et al,, 2006; Tang
ct al,, 2006}. Furthermore, beyond_tie_coding arca mutations, a
number of functional variants have been reported in the U'anscnptlonal
regulation region of CES/ gene (Geshi et al., 2005; Hosokawa et al.,

2008; Yoshimura et al., 2008). Among those, a single nug::leoude
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" assay buffers were used (Williams et al.,
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Fig. 4. Enzymatu: kinetics study of oseltamivir hydrolysis catalyzed by wT CES]

and its variant p.Gly143Glu, The hydrolysis of oseltarnivir (10-5000 pM) was .

deismiined after incubation with the cell $9 fractions at 37°C for 10 min. The Vo
and K, values were caloulated using nonlinear regression analysis with Graphl’ad
Prism software. Data present means *+ $.D. for four independent experiments. *

.

. polymorphism, —816A/C of the CESIAZ gene was -found to be
associated with an improved therapeutic response. to an angiotensin- -
converting enzyme inhibitor imidapril, which is a prodrg and selec--
tively activated by CES1 (Geshi et al., 2005). ) :

It was noted that the observed ¥,,,,, value of WT CES1 is consistent
with that reported by Shi et al. (2006) whereas the X, value is seven

times higher. We suspect this difference is more Likely than fiot the -

result of different experimental conditions used in thése two indepen-
dent studies. For example, the reaction buffer used in the' present study
was phosphate-buffercd saline containing 10- mM HEPES (pH 7.4),
whercas a Tris buffer was used in the study by Shi et al. -(2006).
Indeed, a tecent in vitro study addiessing this very issue indicates that
different enzymatic activity of CES could be observed when different
2008). Fmally, the 89
fractions used in the present study were prepared from a stable CESL
cell line rathér than a transient expression assay. -
Functional CES1 is not only critical for the conversion of osc{tamwu'
to-its active metabolite to- achxeve a favorable therapeuuc response, but it
is also related to the toxicity during oseliamwxr therapy. Convergmg
evidence suggests that CES1 function i in juvenile animals refriain at a
significantly fower level than that of adult aniimals (Kadoer et al., 1992;

Mortgan et al., 1994; Moser et aii, 1998; Karanth and Pope, 2000; Padilla -

et al., 2004; Anand et al, 2006).- Animal stedies demonstrated that
juvenile rats did not hydrolyze oseltamivir cliiciently, and they are more

* susceptible than. adults to oseltamivir toxicity, (hittp:/fwww.fda.govicder/ -

foi/nda/2000/21-246_Tamiflu. Pharmr.pdf). The present study suggests

- that, in addition to age, genetic variation is potentially an important factor

influéncing the enzymatic function'of CEST and could play a-role in the
therapeutic ouicome and toxicity of phanmacotherapy with oseltamivir as’
‘well as other kngwn CES|1 substrates. Our previously published data with

- the psychostimulant methylphenidate indicate that the effects of CES/
variants on drug- dlsposmon are already advanced beyond the realm of.

speculation.

In summary, two newly identificd CESI mutations p. Glyl43Glu-

and p.Asp260fs were determined to be’ dysfunctional enzymes with,

" respect to the activation of the prodrug oseltamivir. Impaired enzy-
* matic function could have significant implications with regard to both

the thecapeutic efficacy and tolerability -of oseltamivir. It shouid be
noted that the extremely- low prevalénce of p.Asp260fs mutation

selegates its clinical significance 1o being very minor even-though it
results in 4 nonfunctional enzyme. However, p. Giy143Glu is a com-
mon variant in all populations assessed thiug far, wuh the excepﬂon of

- Asians. A clinical study, particularly one assessmg patients who have.

been genotyped and found to be hctcrozygously expressing
pGly143Gly, is wamanied to elucidate the influence of the
p.Gly143Glu mutation on the pharmiacological disposition and potcn—
tial toxicities of oseltamivir.
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(1-ethylpropoxy)-1-cyclohexene-1-carboxylate Phosphate
(Ro 64-0802), a Pharmacologically Active Form of Oseltamivir, by .
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ABSTRACT:

[3R,4R,5S)-4-Acetamido-5-amino-3-{1-ethyipropoxy)-1-cyclohex-

ene-1-carboxylate phosphate (Ro 64-0802) is a pharmacologically

. active form of the anti;inﬂuen_za' virus drug oseltamivir. Abnormat

behaviar is a suspected adverse effect of oseltamivir on the central

of Ro 64-0802 across the blood-brain barrier (BBB}. Ro: 64-0802

ABCC4). - Human. embryomc kidney 293" cells expressing OAT3 ex-
hibited a greater intraceliular accumuiation of Ro 64-0802 than
mock-transfected cells. {15 versus 1.2 nllmg protein/10 min, re-
‘spectively). The efflux of Ro 64-0802 was 3-fold greater when
MRP4 was expressed in MDCKH cells and was significantly inhib-
ited by indomethacin. After its microinjection into the cerebrum,

nervous system. This study focused on the transport mechanisms

was found to be a substrate of organic.anion transporter 3 (OAT3/
S5LC22A8) and multidrug resistance-associated protein 4 (MRP4/"

tive amount of Ro 64-0802 in brain was significantly greaterin both
Oata" ~ mice and Mrp4~'~ mice  compared with the corresponding
w:ld-type mice (0.36 versus 0. 080 and 0.32 versus 0060 nmol at 120,
min after injection, respectiveiy): The bramlplasma concentrahon
ratio [K . brain) Of Ro 64-0802, determined in wild-type mice aﬂer
subcutaneous continuous infusion for 24 h, was close fo the cap-

illary volume (approximately 10 ui/g brain). Although the- l_(,,_ bratn _

Ro 64-0802 was unchanged in Qat3™/" mice, it was significantly
greater in Mr, =/~ mice {41 pdfg of brain]. These results suggest

that Ro 64-0802 can cross the BBB from the biood, but its brain -
distribution is limited by its active efflux by rp4’ and Qat3

across the BBB. The transporter: responslble for the brain up-

take of Ro 64-0802 remains unknown, but Qats isa candidate:

transporter. . -

Oseltamivir-is an ester-type prodnig of Ro 64-0802, a potent and
selective inhibitor of viral neuraminidase, a key enzyme involved in

_the release of influenza virus from fiost cells. Oseltamivir.is used for
. the treatment and prophylaxis of infectious discases caused by both
“Influenzavirus A'and Influenzavirus B (Bardsley:Elliot and Noble,
-1999). In recent studies, abnormal behavior, such as jumping and

falling from balconies, has been reported in. teenagers or younger

This work supported in part by a grant-in-ald for Scientific Research (A) [Grant
20243008] and Scientific Résearch (B) [Grant 203900461 from the Ministry of
Education, Cultufe, Sporis, Science and Technolagy.

Article, pubfication date, .and citation information can be {ound at
hitp//dmd.aspetjournals.org.

doii10.1124/dmd.108.024018,

people who are taking. ose]tamlwr (hitp:/rwrww fda.govicder/drug/ -

infopage/tamiflu/QA200511.17.htm; Fuyuno,.2007). In tesponse to
these reports, the Ministry of Health, Labor and Welfare has issued 2
warmning regarding the use of oseltamivir as a medication for teenagers
or younger people and has prohibited the prescnbmg of osclmmmr
for them.in Japan,

The pharmacological actions of oseltamivir on the ceritral nervous
systemn have been reported in several animal studies (lzami et-al.,
2007; Satoh et al., 2007; Usami et al., 2008; Yoshino et al., 2008),
althoigh the association between such phammacological actions and
abnotmal béhavior remains an open question. The systemic adminis-
tration of oseltamivir increases. dopamine levels in the rat medial
prefrontal cortex (Yoshino et al., 2008), and oseltamivir and Ro

ABBREVIATIONS: Ro 64-0802, [3A.4R.55]-4-acetamido-5-amino-3-{1-ethylpropoxy}-1-cyclohexene-1-carboxylate phosphate; BBB, blood-
brain barrier; CES1A1, carboxylesterase 1A1; P-gp, P-giycoprotein; Oat/OAT, orgaiiic aiifon transporter; Mm/MRP, multidrug resistance- *
associated protein; HEK, humanembiyonic kidney; MDCK, Madin-Darby canine kidney; LC; liquid chramatography; MS, mass spectrometry; GFP,
-green fluorescent protein; ANOVA, analysis of variance; PCR, polymerase cham reaction; Mdr, multldrug resistance; Berp, breast cancer
- resistance proteln, Gatp, -organic anion transporter peptide. ’ .
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. 2004), Oat3~/~ mice were obtained from Deltagen, Inc. (San Carlos, CA). -
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64-0802 enhance spiké synchifonization’ between hippocampal CA3
pyramidal cells and evoked synchronized population bursts, which
recruit virtually all of the neurons in the network (Usami et al., 2008).
It has also been demonstrated that oseltamivir and Ro 64-0802 affect

neuronal excitability,in rat hippocampal sfices and that Ro 64-0802is °

. 30 times more potent than oseltamivir (Izumi et al., 2007).

" Whether oseltamivir and Ro 64-0802 cross the blood-brain barrier -
(BBB) is an important issue, considering their pharmacological ac-

tions on the central nervous system. In clinical. studies, both oselta-

 mivir and Ro 64-0802 were detected in the plasma afier oral admin-
istration of oseltamivir. Oseltamivir is converted to Ro 64-0802 by

carboxylesterase 1Al (CESIAL) in the liver (Shi et al., 2005). Most
of the administered dose is recovered in the urine as Ro 64-0802 by

_ glomerular filtration and tubular secretion by organic anion transport-

ers in the kidney (He et al., 1999). The penetration of drugs to the-
brain from the circulating blood is limited by the BBB, which is
formed by endothélial cells'connected tightly to adjacent cells. It has’
been shown that oseltamivir can cross the BBB, but P-glycoprotein

(P-gp) limits its brain penctration at the BBB (Morimoto et al., 2008;
"Ose et al., 2008). In contrast, Ro 64-0802 exhibits only a limited

distribution in the brain because it is close to the brain capillary.

volume. Therefore, the permeability of Ro 64-0802 across the BBB .
.has been considered to be quite low because of its hydrophilic nature

and anioni¢’ charge at neutral pH.
. In this study, we hypothesized that the low distribution of Ro

" 64-0802 in the brain is attributable to active efflux at the BBB. We

focused on'two otganic ariion transportérs—organic anion transporter .
3 (OAT3/SLC22A8) and multidrug resistance-associated protein 4
(MRP4/ABCC4}—as the candidate transpom:rs involved. Oat3 is ex-

_ pressed on the abluminal membrane of the brain capillary endothelial”
" cells in rodents (Kikuchi et al:, 2003; Mo et al., 2003; Roberts et al.,

2008). Cumulative in vivo studies suggest that Oat3 plays a significant

role in the uptake of hydrophilic organic anions into the endothelial .
cells, the first step in its'overall elimination from the brain to the blood
- "(Chtsuki et al., 2002; Kikuchi et al., 2003, 2004; Mori et al., 2003,
/2004). Ro 64-0802 has been identified as a substrate of OAT1/
- SLC2246 (Hill et al,, 2002). Considering the overlapping substrate -

specificities of OAT! and OATS3, it is possible that OAT3 accepts Ro
64-0802 as substrate. MRP4 is-an ATP-binding cassette transporter.

" localized in, the luminal membrane of the brain capillary endothelial

cells (Leggas et al., 2004). MRP4 accepts anionic drugs as substrates

"(Ci et al.,, 2007; Hasegawa et al,, 2007; Imaoka et -al., 2007) and

mediates their unidirectional efflux into the circulating blood (Ceggas-

etal,, 2004). It has been demonstrated that the elimination of topote-

. can from the brzin was delayed and that the concentration of topote-
_ can in the cerebrospinal fluid was greatly enhanced in Mrp4 ™~ mice
compared with the corresponding wild-type mice (Leggas et al.,’

iOOd)l It has also been demonstrated that the brain/plasma concentra-
tion ratio of 9'-(2'-phosphonylmethoxyethyl)-adenine 3 h ‘after intra-
—’-—
mice (Belinsky et al., 2007).

- In this study, in vivo experiments were undertaken using wild-type,
COar3™~, and Mrp4~/~ mice to examine the involvement of Oat3 and
Mrp4 in the uptake and efflux of Ro 64-0802 across the BBB.

Materials and Methods -

" Beagents Ogeltamivir phosphate and its active metabolite, Ro 64-0802
(purity >95%), were syiithesized acconding to a previous report (Yamatsugt et
al., 2007). All other chemicals used in the experiments \aiére'_of analytical

grade.

Animals. Mrp4~" mice had been established previously (Leggas et al.,
y (Legg

mice than.in wild-type )

OSE ET AL.

Male CSTBLI63, Mrpd™ ", and Oat3~'" mice were maintained by CLEA .
Japan, Inc, (Tokyo, Japan). All mice (10-18 weeks old) were maintained under
standard conditions with a reverse dark-light cycle, Food and water were
available ad libitum. All experiments using animals in this study were per-
formed according to the guidelines provided by the Institutional Animal Care
Committee (Graduate School of Phamaceutical Sciences, “University of
'I‘okyo)

Uptake of Ro 64-0802 by Humar 0A'13~Expmmg HEK293 Cells. An

“in vitro transport experiment was performed as described prcwously {Deguchi

et al,, 2004). After the cells had been washed twice and preincubated wnh

Kiebs-Henseleit buffer at 37°C for 15 min, drug upiake was initiated by the
addition of Krebs-Henseleit buffer containing Ro 64-0802 (10 pM). The

Krebs-Henseleit buffer consisted of 118 mM NaCl, 23.8 mM NaHCO;, 48
mM KCi, 1.0 mM KH,PO,, 1.2 mM MzSO,, 12.5 mM HEPBS 5.0 mM
glucose, and 1.5 mM CaCly, adjusted to pH 7.4. Uptake was terminated at the
designated times by the additicn of ice-cold Krebs-Henseleit buffer after the
removal of the incubation buoffer. The cells were then washed twice with 1 mi
of ice-cold Krebs-Henseleit buffer, solubilized in 500 ! of 1 mM Tris-HCI
buffer (pH 7.4), and stored ovemight at 4°C. After sonication, aliquots (250 pt)
were subjected to fiquid chromatography (LC)-mass spectrometry (MS) anal-

ysis. The remalning 20 pl of cell lysate was used to detenmine the protein
" concentration by the method of D:)wry et al, ((1951), with bovine serum -
* albumin as the standard.

Construction of Human MRP4/CES1AL-Expressing MDCKII Cells.
CES1A! cDNA was subcloned into the pTARGET vector (Promega, Madison,
WI) (Mori et al., 1999) and transfected into MDCKIE cells with Lipofectamine,
2000 reagent (Invitrogen, Carlsbad CA), according to the manufacturer’s
protocol. The transfectants were selected by culturing them in the presence of

neornycin . {1600 "pg/mt) (Invitrogen) and were maintaiced in Dulbecco’™s. -/

modified Eagle’s medium (Invitrogen) supplernented with 10% fetal bovine
serum, 1% antibiotic-antimycotic (Invitrogen), and rieomycin (400 pug/ml) at

"37°C with % CO, and 95% humidity, MDCKIT cells with safficient CES1A1

activity (CES1A1-MDCKII) were cloned and used as the hosts for infection

* with recombinant adenovirus carrying the human MRP4 gene, which had been -

established previously (Ci et al., 2007; Hasegawa et al., 2007; Imaoka et al.,
2007). CES]AI-MDCKII cells were infected with recombinant zdenovirus

containing human MRP4 transporter cDNA at a multiplicity of infection of 10 .

for 48 h 10 overexpress. human MRP4 (MRP4/CES1A1-MDCKID. Green
fluorescent protein (GFP) was used as the negative control (GFP/CES1AL-
MDCKII).

The expression of MRP4 protein wis confirmed by Western blotting. The

“cell lysates were loaded onto a SDS-polyacrylamide gel (7.5%) with a 3.75%

stacking gel. N- Linked carbohydrate groups were cleaved from the MRP4
protein in the cell lysates with N-glycosidase F (PNGase F; New England
Biolabs, Ipswich, MA). Dlgesuon was performed according to the manufac—
trer’s instructions, except that the samples were imcubated for 30 min at 3‘1"C
in denaturing buffer rather than for the recommended 10° min at 100°C. 7

minimize protein-depradation, protease inhibitors were included in all I,ht:
steps. After incubation at 37°C for 30 min, the samplm were separated by

-SDS-polyacrylarmde gel elecrophorésis (7:3%). The proteins were electro-
blotted on to a ‘polyvinylidene diflucride membrane (Pall Corporation, East.

Hills, NY). The membrane was blocked with blocking buffer [Tris-buffered

" saline containing 0.05% Tween 20 (TTBS) and 3% skimmed milk} for 1 h at
room temperature. After it had been washed with TTBS, the membrane was

incubated overnight at 4°C with monoclonal anti-MRP4 M41-10 antibody
{1:1000 in blocking buffer; Abcam Inc., Cambridge,"MA). The protein-was

détected by binding horseradish peroxidase-labeled antirat IgG antibody

(1:5000 in blocking buffer; GE Healthcare, Little Chalfont, Buckinghamshire,

UK). Immunoreactivity was detected with an ECL Plus Westemn Blottmg .

Detecton Kit (GE Healthcare).

Efflux of Ro 64-0802 Formed Intmoe!lularly Iromt Oseltamivir in’

MRP4/CESIAL-MDCKII and GFP/CESIAI-MDCKII Cells. After the

cells had been washed twice and preiticubated with Krebs-Henseleit buffer at -

37°C for 15 min, oseltamivir (10 wM) was added to the incubation bulferin the

presence or absence of indomiethacin (50 pM). At the designated times, the -

incubatdon buffer was collected. Tcecold Krebs-Henseleit buffer was then

added, and the ceils were washed four imes. After the cells had been collected, -

they were frozen in liquid nitrogen and stored at —80°C. until use. The efflux

-12-
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ACTIVE EFFLUX OF Ro 64-0802 BY Mrpd4 AND Oat3 AT BEB

clearance of Ro 64-0802 from the transfectants was determmed using the

integration plot method. The amonint of Ro® 64-0802 effluxed to the-buffer at- -

time ¢ [Xqurer (£). nanomoles per miltigram of protein] can be descnbed by the
following equation:

X purier (Mdt = Clognus X Con (1)

where CL .. (Microliters per minute per milligram of protein) represents the
efflux clearance of Ro 64-0802 from the cells, and C_ (1) {micromolar
conhcentration) is the cellular concentration of Re 64-0802, Celiujar volume
was assumed 1o be 4 plfing protein. The integration of this equation from time

. 0 to dme ¢ yields the following equation:

Xbuﬂ':r (‘) = CLcﬂ'hu. x AUC:I (G“IJ

where AUCR,, {0—£) (micromolar concentration X min) represents the area

under die cellular concentration-time curve for Ro 64-0802 from time 0to time

£. Because the amount of Ro 64-0802 in buffer TApusrer (t) nanomoles per
milligram of protein] is given by the sum of X, 4, (¢} and the amount of Ro

64-0802 existing in the buffer at Hme 0 (Xo) Agpymer (0 is described by the

following equation:

Asutter (1) = CLcmnx XAUC (0-) + Xy

Thus, the CLgm,, value can be obtained by fiting A;,..m-;' () versus AUC, .y
(0—) using a Icast.—squares regression program (MULTI) (Yamaoka et al -

© 1981).

Efflux of Ro 64-0802 from (he Cerebral Cortex of Wlld-'I‘ype, QOat3~=,
and M)
from the brain after their microinjection into the cerebral cortex was investi-

- gated gsing the brain efflux index method, as.described previously (Kakee.et

al., 1995). Ro 64-0802 (1 mM) in 0.5 gl of ECF buffer (122 mM NaCl, 25 mM

" NaHCO,, 10 mM d-glucose, 3 mM KC, 1.4 mM CaCl,,' 1.2 mM MgSO,, 0.4
mM KHPO,, and 10 mM HEPES, pH 7.4) was injected into the cerebral *
..cortex (4.5 mm lateral to. the bregma and 2.5 mm in depth). After the-

.intracerebral microinjection, the mice were decapitated, and the amount of Ro
64-0802 that remained in the ipsilateral cerebrum was determined with LC-MS
analysis. .

Brain/Plasma Concentratmn Ratio of Ro 64-0302 after Subcu(aneous
Infusion of Oseltamivir or Ro 64-0802 in Wild-Type, Cat3~'", 'and
Mrp4~'" Mice. Male CSTBL/6), Mrp4~'~, and Oat3 ™'~ mice (10-18 weeks

old), weighing approximately 25 to 30 g, were used for these experiments.. An )

osmotic purap (8 plfh; Alzet, Cupenino, CA) was implanted under the skin i in’
the backs of the mice under pentobarbital anesthesia (30 mgfkg). The mice’
received a continuous subcutaneous infusion of oscltamiviror Ro 64-0802 at
doses of 400 or 80 nmol/h/mouse, respectively, Blood samples were collected
from the postcaval vein at 24 h afier treatment under pentcbarbital anésthesia,
-and the brain was excised immediately. Plasma was obtained by centrifugation

of the blood samples'(10,000g). The esterase inhibitor; dichlorvos (200 pg/mt), -
*was used to prevent ex vivo hydrolysis of the oscltamivir to Ro 64-0802 in the

blood arfd plasma (Wiltshire et al., 2000; Lindegardh et al., 2006). The plasmi
and brzin conccmrauons of Ro 64-0802 were determined with LC-MS
analysis.

Quantification of ‘Ro €4-0802 in Plasma and Brain Specimens, The brain
was homogenized with a 4-fold volume of phosphate-buffered saline to obtain

" a20% brain homogenate. Plasmia specimens (10 pl) were mixed with 40 gl of .
-ethanol, and the brain homogenates (100 wl) were mixed with 400 il of

ethanol. All of these mixed solutions were centrifuged at 15,000 for 10 min.
The supemnatants of the plasma specimens were mixed with ad equal volume
of water and subjected (o LC-MS analysis. The supematants of the brain
specimens (350 pl) were evaporated, and the pellets were reconstituted with 50
#d of 20% ethanol. The reconstituted specitnens were centrifuged at 150002

~ for 10 min, and an aliquot of the supematant was subjected to LC-MS analysis.

An LCMS2010EV equipped with a Prominence LC system (Shimadzu,
Kyoto, Japan) was used for the analysis, Samplcs were separated on a CAP-
CELL PAK Ci3 MG COlumu 3 pan, 2 mm- X 5O oun; Shised ido, TJ‘.'.}’Q,
Japan) in binary gradient thode at a flow rate of 1 mlmir. Formic acid (0.05%)
and acetonitiile were used for the mobile phase. The acctonitrile concentration
was initially 10% and then increased linearly to 40% over 2 min. Finally, the
column was reequilibrated at an acetonitrile concentration of 10% for 3 min.

S e, S e e e
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The total run ime was 5 min. Ro 64-0802 was eluted at 2.5 min, In the mass

analysis, Ro 64-0802 was detected at 3 mass-to-charge ratio of 285.15 under~ - -

-positive electron spray ionization conditions. The interface voltage was —3.5

" kV, and the acbulizer gas (N,) flow was 1.5 ¥min, The heat block and curved

desolvaton ine temperatures were 200 and 150°C, respectively.

Statistical Analysis. Data are presented as means &= S.E. of three to six
animals, unless otherwise specified. Student’s two-tailed unpaired r test and
one-way ANOVA followed by Tukey's multiple comparison test were used to
identify significant differences between groups when appropriate. Statistical
significance was set at P < 0.05.

Results
Uptake of Ro 64-0802 into Human OAT3-Expressing HEK293

Cells, To show that Ro 64-0802 is an OAT3 substrate, an in viro

transport experiment was performed. The intracellular accumulation
of Ro 64-0802 was significantly greater in HEK293 cells expressing
human OAT3 than in mock-tramsfected cells, (1.2 £ 0.2 and 15.1 %
0.2 pl/10 min/mg protein for vector-transfected and OAT3-expressing
HEK293 cells, fespectively). -

Construction of Human MRP4ICESIA1-Expressmg MDCEKO
Celis. A clone of the MDCKII cells exogenously expressing CES1A1
was selected by measuring the hydrolytic activity against p-nitrophe-
nyl acetate (data not shown). The subsequent study was performed

using this-clone as the host., After infection with the recombinant .

adenovirus,. the protein expression of MRP4 in the MRP4/CES1A1-

expressing MDCKII cells was confirmed by Westem blot analysis - -

(Fig. 1A). An anti-MRP4 monoclonal antibody recognized a 175-kDa
protein, which is larger than the molecular mass for MRP4 (149 kDa)
predicted from the sequence in the Swiss-Prot database. Deglycosy-
lation of the cell lysates with N-glycosidase F resulted in a reduction’

in the molecular mass; suggesting that the molecular mass of MRP4 -

in the MRP4/CES]1Al-expressing MIDCKII cells was increased by

. glycosylation (Fig. 1B).

Efflux of Ro 64-0802 Formed Intracellularly from Oseltammr

in Human GFP/CES1AY and MRP4ICESlAlvExpressmg MD- -
“CKIE Cells. An efflux transport experiment was conducted using

MRP4/CES1Al- and GFP/CESIAL-MDCKII cells. When MRP4/

CES1A1-and GFP/ICES1A1-MDCKII cells were incubated with-os- .

eltamivir, Ro 64-0802 was detected in both the buffer and the cells in
a time-dependent manner (Fig. 1, C and D). The concentration of Ro
64-0802 in the buffer ‘was higher for the MRP4/CES1A1-MDCKII
cells ‘than for tie GFP/CESIA-MDCKII cells, and cellular Ro 64-

-0802 was lower in the MRP4/CES 1-MDCKII celts (Fig. 1, C.and D).

Indomethacin, an inhibitor of MRP4 (Reid et al., 2003; Nozaki et al,;
2007), reversed the effects of exogenous MRP4 expression. Integra-

tion plots of the efflux transport of Ro 64-0802 are shown in Fig. 2A.°

The efflux clearance of Ro 64-0802 from MRP4/CES1A I-MDCKII
cells was 3.1-fold greater than that from GFP/CES 1A 1-MDCKII eelis
and was sigaificantly inhibited by indomethacin {Fig. 2B). .
Efflux of Ro 64-0802 from the Cerebral Cortex of Wiid-Type and
Oat3~'~ Mice after Microinjection. Real-time PCR was performed'to

check the adaptive mgulaﬂon of efflux transporters at the BBB of
. Qat3™'~
expression of Mdrla, Berp, Mip4, orgariic anion transporter peptide

mice. There were no significant differences in the mRNA

1a4 (Oatplad), or Oatplcl in the cerebral cortex, quantified by real-ime
PCR, between wild-type and Oge3™'~ mice (data not shown).

To examine the involvement of Oat3 in the efflux transport of Ro
64-0802 across the BBB, Ro 64-0802 was directly injected into the
mouse cerebral cortex, and the amount of Ro 64-0302 remaining in
the brain was determined at 60 and 120 min after injection. The
amount of Ro 64-0802 remaining in the brain was compared between

wild-type and Qa3 ™'~ mice (Fig. 3). As shown in Fig, 3, Oa3 ™/~

~13-

ANNZ 1.7 AIBNUER UO SOAS OJU] SHJIUBIDG Sy BULBYLPY] SUD0Y BT LUBLIYOH o J8 mois_peu;nohads'e'pwp oy papeojumoq -



