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capsule was suspended in. saliné. Five hundreds m:Ih..rams
* -of oselamivir phosphate are dissolved in 1-mi of water.” and.
" the-maximal concentration of OP used for oral administra-
tion (1000mgkg) was 100mg/ml. Thus, insoluble sub-
stances were considered to be additives, and not.OP, and the

suspension Was injected after shaking. A Relenza bligter (5 -
mg) contains zanamivir kydrate and lactose. and thesé were -

coinpletely dissolved in saling. A Plavix tablet, which con-
tains 75mg of clopidogrel and additives, was made into an
emulsion by grinding in 2 mortar and péstle containing
-saline. Diclofenac sodium was disSolved i saline, Doses of
drugs were éXpressed as a free base and administered in-

trapentonealiy (i.p.), subcutaneous;y (s.c:) or ordlly (p, o.} at

- 0.1 ml volume/10 g body weight. .
Statistical Analysis - Mean core body temperature before

drug administration was 38.2£0.03°C (S. E.M., n=146), thé
Tange was 37--39.3 °C, and drug effects were eapressed as
_the dectease in body,temp_cmmre (A°C ). All data were ex-
, tion). Non-corrected- Studerit’s f-test showed the same de-

pressed as mean®S;E.M. (=6 or 8): Multiple f-test with

Bonferrom coirection following ANOVA was used for mulii- -

ple comparison between control and: treated groups.'” Stu~

. dent’s ftest or Welch’s procedure was also applied 'to the
same group because multiple comparison can overslip side

effects_ (adverse reaction) {known casual ‘relationship) of
druws " pifferences at p<0.05 (two-tailed) were considered
10 be significant.’

RESULTS

~ Effects of OP on Core Body Temperature OP (30,
100, 300mg/kg, ip.) dose-dependently lowered the body
temperature (Fig. 1). The peak eftects were observed 10, 20
and 3040 niin - afier administration of 30,
mg/kg of OF. respectively. Variations in the effects of 'in_-
traperitoneal OP were smaller than those of oral OP (Fig,
and there were many s:ﬁmﬁcant time points “between lhe

- saline and OP groups { muiuple rtest with Bonferroni correc-

tion) (Fig. 1). AUCS;_gomin ©F hypothermia {ﬁ"CXmm} val-

ues were: —3.2+3.6 (#=6) (saline), —~20. 746.4 (30 rn_jku),_ o
~T79.3%5.7 (]OOm;,r’LE) and —~164. I+l’5 9 [300 maikg) .
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Swmﬁcant differences .in eﬂ‘eccs were observed between
lme and the 100mg (p<0.05} and 300 me'kg (p<0 01)
groups (multiple 7-test with Bonferroni correction).

Oral adniinistration of OP (100, 300, 1000ma/ks) also . - -

lowered the core body temperature in a dose-dependent man--
ner (Fig. 2), Saline lowéred the body temperature, but signifi=:
cant hypothermia was observed at deses of 300 and 1000
mg/kg, p.o. (Fig. 2, multiple r-test with Bonferioni correc-
tionn). When non-corrected Student’s r-test was employed, the.
effect of 100 mafkg OP was ‘statistically significant at some .
time points (Fig. 2). The peak effects were observed at 30—

<60min after administration,. and reco»erv was not evident

at 2h afer admtmstrahon AUCsu_mm of hypothermia. .
TA°CXmin)- values were: —93.9%2109 (#=8)- (saline)."
~149.5£27.9 (100 mg/kg). —219.2%51.3. (300mgrks) and
~300.6X39.0 (1000 mg/kg). Significant. effects ‘were ob--
served between saline and'the-300 (p<<0.05) and 1000 mg/kg -
{p=<0.01)_groups (multiple stest with. Bonferroni correc-

grees of significance as those from the multiple. f-test. When © -

compared by peak effects, approximately mple doses of oral . -

oseltamivir were needed to produce the same. peak cffects as
ntrupentcneal ose[mmmr : .
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- Effects of Zanamivic on Core Body Temperature
Zanammr (100, 300 mg/ke, i.p.) slightly Iowered the core
body temperature (Fig. 3). No statistical significance was ob-
served (multiple i-test with Bonfe:rom correcuon) and Stu- .
dent’s r-test).

Effects of Clop;dogrel on vaothermw Efiects of OP ~

Iiypotﬁehnla (A

s “ - T T -
-0 . 0 £l . s T g0
Time (min) -

‘Fig, 4. Effscts of Clapidogrel {100, 300 makE. sc.) an vaothmma tn-
“dueed by Oschiamivie (100meke. i.p.)

 Each point represents the ‘mean=S5EM, af 6 mise. Ordinate: decroase’in body 1em-
. pemtued from the bascline fmwan of =30 ~0minl. Abscissa: time in minires after ad-

Trinistration of the o framivir: Clapidogrel was administered at the point shown by the
upward-arzow'1 = 15 ming. No signiticont differencas were sten by multiple 2 hst or Sw-
d;m S-1L O o-clla.mnlr Clo. cloptdoznsl, .

A
—
o
e
=z
s
E
o
5
o
2
.
-2 ¥ T ) T
-3 0 . 80 £0 50
Timea {min)
B '
— —Sahna + 0P wom—/kg
—a—TDjc 30 + OP 100
— +—D:-:ao+op 100mp‘k;
o
a-
= 1
E
-
=
£
a
=8
D=y
I
e — . .

=30 o £ I
Time (min}

Fig. 5. Effects of Dtciof'cnac on Core Bady Temperature and the Interac-,
- fion with Oschamivir

Dictofense {1—30mg kg, i.p.) docs no alter core body temperture in mice (A). Di-
Cofenac 130, 60 mgz kg, s.. I dues ot afivet the Bypathermic effeqs of oscltamivic (1050
meke. Tp.} (Bh Each point represents the mean=S.EM, of 6 mice. Ordinates: de-
crexse’ b body tomperature from the baseline fmean of —30—Catln {A) and —0-
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. wos administered a1 the point shown by 1he upward arrow: { ~ [Fminl, *p<0,03 {nnn-
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Since the hydrolysis of OP is strongly inhibited by clopido-
grel,” clopidogrel-was used to inhibit the hydrolysis of OP.
Clopidogrel (300 mg/kg, s.c.), which alone slightly lowered
body temperature, only tended to reduce the hypothermic ef-
- fects of OP (Fig. 4).

Effects of Dicloferac on Core Body Temperature and
!ts Interaction with OP Diclofenac failed to produce hy-

pothermia at doses of 1-—30mg/kg. ip. (Fig. 5A). Since
non-stemldal anii-inflammatory drugs (NSAIDs) are some-

.Hmes prescribed with OP for influenza infection in Japan, the

drug interaction between OP .and the strong NSAID di-
clofenac was studied. Dicloferiac (30, 60 mg/ke. s.c.) admin-
istered 15 min before OP did not affect the latters hypother-
mie effects (106 mg/kg, i.p.) (Fig. 5B).

'DISCUSSION

_ Tamiflu inferview form and New Drig Application {NDA)
data summary descibe that OP at 7.6, 76 I and 761 mg/ke.

- p.o. does not affect body temperature in adult rats!
.whereas.at 533 mglkg. p.o. it lowered the body temperature
of rats aged 7 or 14 d.'" A recent study by lzumi er al."™ has

provlded supplementary data indicating that OP at 50 mgtkg.

.i.p. significantly augmented the hypothermic effects of
.ethanol in 30-d-old rats. Here. we have demonsirated that- OP

atone generates poient hypolhenmc effects in mice, consis- -

tent with our prel:mmary study obtained using adult rats

(data not shown).

Brain/plasma C_, ridtios for OP and- OC i m hice admtms-
tered OP at 10 malkg. po. were 042 and 0.22, respectively.s”
Thus, it is considered that both OP and OC penetrated the
‘blotd-brain barrier in the present study using a high dose of
OF. Bady temperature is usually regulated by opposing con-
trols of heat production and heat loss. The preoptic anterior

‘hypothalamus (POAH) is a thermoregulation center.'™ The

organum vasculosum kaminae termin_alis (OVLT), part of the
circumventricular organs (CVO), is located. near the POAH -
and Is the target site of endogenous pyrogens.™ In addition,
the CVO lacks the blood—brain barrier™™= These circum-

-stances suggest that OP or OC can affect body ternperature’
.rcaardless of whether or not the target site of either drug-is

located within the blood-brain barrier.

OF *(30—300mg/ke, ip.-and 106—I000meks. p.o)

_ - dose-dependently- [owered the normal core bcdy temperature
“in mice (Figs. 1, 2). The Tamiflu NDA data summary’ de-

scribes very rapid hydrolysis of OP in mice™ and. the pres-
ent study indicated that the hypothermic effects of OP were.
relatively sustained (Figs. 1, 2). Therefore. it is suggested -
that the active compound that lowered body temperature was .

‘ metabolized OC, and not the parent coripound. OP. However,
" a further.study using OC poewder will be required before a-
" final conclusion can be reached. Tamifiu capsule contains in-
. soluble additives. In our preliminary study, a filtrate of Tami-

flu suspension lowered the body temperature (data not
shown). As the soluble additive povidone is 2 very high-poly-
mer compound {molecutar weight several tens of thousands)

_and its molar dose included in a Tamiflu capsule is very fow,

it seems uniikely that additives other-than OP or OC lowered
the body temperature. Oral saline (10 ml/kg) administration-
unexpectedly produced hypothermia (Fig. 2). In the prelimi-
nary study (#=6 or 7), oral water administration to fasted
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- . duced mild hypothermia (0.5 °C). Although pyrogenic mes-
sages via peripheral (largely vagal) afferent nerves activated ig/kg. i.p.) did not decrease the body temperature (Fig. 5A) -
"aind at 30 and 60.mg/ke, s.c: it did not interact with the hy-

'Apriwoos I _ : _ L T ,.'-,_64,1_

‘mice and oral sahne admmistmuon to nonfnstcd mice iow- Togens: lhc EDg is 0 I3m9fkg, .0, In rats.’"' \foltaren pm:k— .
age insert and intérview form give 2 warning of severe hy- -

ered the body temperature by about 1 °C. In addition. inser-"
tion alone of an oral probe to the stomach via esophagus pro- potherrma if used in chxldren and the eldetfy with high

by the cytbkines induces hyperthermic response by direct af-
ferent trapsmission to the POAH,* evidences of reflex hy- pothcnmc effects of OP (100 mg/ke. i.p.) (Fig. 5B). Thus, no
pothemma by mechanical vagal ‘afferent stitnuli could not be " drug interaction between diclofenac and 'OP was evident, &

- found in literatures. Nevertlieless, these findings suggest that

mechanical messages from esophagus and stomach via vagal

. afferents reflexly lower body temperature, T
Zanan_‘uv:r as well as OC inhibit the influenza virus-spe-

" cific neuraminidase and also the release of virus from host -
cells.*! As the hydrolyzed compound zanamivir cannot be
- absorbed by the gastrointestinal tract, a fine powder of

zanamivir is inbaled (10mg, twice a day) when used for -
treatnaent of humans. After inhalation of zanamivir powder,
. distribution of the drpg is restricted to an ‘upper respiratory
tract, a larget site of influenza viros. In order to elevate its
plasma concentration, the same doses of zanamivir ( 100, 300
mg/kg) as OP were intraperitoneally administered. Zanammr
(100, 300 mg/kg, i.p.) did not produce liypothermia (Fig. 3)

" From these results, it is considered that hypothermia after OP

administration is not due to neuraminidase inhibition at a
thermoregulation center or a péripheral organ that is invalved
in thermoregulation,

" CESs are chssnﬁcd into 5 subfam:hcs (CESI—CESS).
and- CES) is subclassified "into CESIA—CESIH.* The

" €CESs that hydrolyze OP are suggested to be the CESIA and

CESIB isozymes in buman liver'and mouse plasma, vespec- -

" tively 2 Clopidogrel, a substrate of CESI, inhibits the hy--
_drolysis of OP-to OC in Yitro: hydrolyms of QP (50 unij is in--
hibited by 5 and SO;N clopidogrel 10 50% and‘10%. respec- .

" tively; in buman CES [-expressing cells.” /it vivo, a large pro-
portion of clopidogrel is rapidly metabolized by CES +to-the
 non-active metabolite SR26334 in humans. ™" and T°°_ of

the hydmlﬂed metabolite SR26334 after oral admmlstgflon
of clopidogrel (75.mg) is 1.9 h it humans**™ T,

mias
*. ministered -orally at a dase of 75mg is Lh, and 7,

mas OF its

" metabolite OC is 4 > suggesting that clopidogrel compet- |

itively inhibits.the hydrolys:s of OP to OC in humabs. Clopi-
_dogre}-300mgikg, s.c., ‘which alone s]nzhtly lowered body
" temperature-and did not afféct behavior of mice, tended 10 in-
hibit the hypothermic effects of OP, althouﬂh not to a.signifi<
--cant degree (Fig. 4)..Conversion of QP 0Cis very rap1d in-
mouse plasma ‘the ‘concentration of OC after oral OP adrnin-
istration’ in mice attains a near C_, value within 15 min after
admtmstralton"' and high amounts’ of CES- are present ‘in
mouse plasta.’ 7 These: ﬁndmgs support the negative nos-
significant mleracnon of clop\docrel with OP in the present
in vive mouse “study, 'I‘he tendency for ciop:docrel to exert
“irihibitory effects on OP-induced hypotherrnia (Fig. 4) and

the prolonged efféct of OP on temperature (Figs. 1, 2j sug- -

gest that hypotliermia is induced by OC. but hypothermic ef- -
fects induced by or a\so cannot be rited out. In fact, it has
” been demonstrated that both OP dnd OC facilitate neuronal
firing in hippocampal slices, OC being 30 times more potent ’
_ than OP in this fespect.” *

Dicloferiac, a strong NSAID, is used for treating high
fever. Although diclofenac does not lower the norma! body

tempetamre in animals, it effectively reduces fever due to py-

of QP ad- -

fever. ™" In this study, very high doses of diclofenac (1—30 - - -

!enst in terms of normal body terperature. However, as di- -

clofenac can be used in patients with high fever, further stud-

ies using pyrexia mice are needed to investigate drug mterac- )

tion between diclofenac and OP

in the present study, intraperitoneal and cral administra-* .
tion of OP induced dose—dependent hypothermic effects in .

normal mice. However, since recent clinical studies have. .-

shown that the antipyretic effect of OP on type A influenza is.

stronger than that on type B influenza B34 the antipyretic &f--

feet of OP is considered to be due to not only direct pharma-
cologtcal effects on thermoregilation, bitt.also. anl‘l-mﬂuenza
viruds activi Iy,

Severe hypothermia as an adverse event has been reported -

to the MHLW- from manufacturer of OP and also from med-
ical institutions.™ The proportion of hypothermia cases i,

Japanese patients below 10 years old relative to all reported |~ -

_cases s 40.1% ¢18/44 cases), and this ratio .is highet than..-
those for othef adverse reactions-(ie. 16.7% for anaphylaxis = S
. (636 cases)), based on initial data méde available to the pub- +

Jic by the MHLW.” Since the body weight of children below-
10 years old is low, it is considered that more severe hy-

pothermia may occur in comparison with that in the eldecly :

when heat product:on decreases or heat loss increases aficr
OP ingestion. Thus, it is possible that the hypothermic effects

observed in mice are related to the severe hiypothennia in hu-=

‘mans after OF ingestion. Further studies are needed to eluci- =

-date the mechanisms of hypotherria-in mice and their rela-
tionship to the ddverse events reported in-h umans.
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ABSTRAGT

Oseltamivir (Tamiflu, Hoche, Nutiey, NJ), an ester—lype prodrug of
the anti-influenza drug Re 64-0802 {oseltamivir carhoxylate), has
‘been reported to be assaciated with neuropsychiatric side effects,
’ which are tikely to'beé caused by distribution of oseltamivir andfor
|ts metabolite into- the central nervous system. Enhanced- tmuclty
. and brain’ distribution of oseltamivir [n uhweaned rats. led us to
hypothesize that the low level of distributisn of oseltamivir and/or
Ro 64-0802 in adult brain was caused by the presehce of a specific

'efflux transporter at’ the blood-brain barrier. We examined the .

pqssnble role of P-glyeoprotein (P-gp) as the determinant of brain
distribution of oseltamivir and' Ro 64-0802 both in vitro using LLG-
GAS5-COL150 cells, which overexpress human multidiug resistance
‘protein 1 P-gp on the apical mermbrane, and in vivo using mdr1 alth

knockout.mice. The permeability of oselfamivir in the basal-to-
- apical direction was significantly greater than that in the opposite
cm'ectron The directional .transport: disappeared on addition of
cyclosporln A.a P—gp inhibitor. The brain distribution of oseltamivir
was increased in mdriafik knockout mice compared with wild- -

" type Mmice. In contrast, negiigible transport of Ro 64-0802 by P-gp

was. observed in both in vitro and-in vivo studies. These resilts

_ show that oseltamivir, but not Ro 64-0802, is.a substrate of P-gp.

Aceordingly, low-levels of P-gp activity or drug-drug Interactions at’
‘P-gp may lead to-enhanced braih accumulation of oseltamlvir, and
this may In turn account for the Gentral nérvous system effects of
" oseltamivir observed in some patients.

" -Oseltamivir phosphate (oséltamivir) (Eig. 1), manufactured under the
trade name Tamiflu (Roche, Nutley, NJ) as an ester-type prodrug of the

_ . neuraminidase inhibitor Ro'64—0802 (oseltamivir carboxylate) (Fig. 1),
" has been developed for the treatment of A and B strains of the influenza

virus, whereas the typical antt-mﬂuenza drug amantadine is used only for
- the A steain. However, the drug exhibits several adverse effects, nat ooly
in the digestive systern (abdominalgia, diarthéa, and nausea) but also in

" the central nervous systermn- (CNS) the latter include headache, vertiga,

somnolence, insomnia, numbness,. and behavioral excitement (basic
" product information of Tamiflu from Roche). Recently, there has been.

concem ‘that the drug may be associated with suicidal -or abpormal

behavior especially in younger patients (http:ffwww.fda.gov/eder/drug/

infopage/tamifl/QA20051117.htm and hupyiwww.mhiw.go jplenglish/

index.html). At present, the U.S. label of the drug specifies that the drug

- is not to be administrated to patients less than 1 year of age, whereas the -

label in Japan -ooly mentions that the safety it the patients is not con-
firmed and includes the caution that-adfministration to patiepis older than
10 years of age is possibly at risk to develop neurological side effect.’
in general, CNS effects are caused by distribution of a drug andfor
its metabolite(s) into,the CNS through the blood-brain barrier (BBB).
When oseltamivir was administered to rats at the high dose of 1000

mgfkg in safely examinations, the brain concentrations of the un- .

changed drug in 7-, 14-, and 24- -day-old rats were 1540, 650, and 2
times greater than that in 43-day-old ones, whereas the braly concen-
. tration of the active metabolite Ro 640802 was lower than the

Aricle, publication date, and citation information can be lound at
* httpfdmd.aspefjounals.org. .
goi:'lﬂj124ldmd.107.017699.

plasma concentranon in all the groups. In addmon brain ufichanged
drug concentration-dependent toxicity was observed (basic product
information- of Tamiflu from Roche), Those reports suggested that
oseltamivir causes CN§ side effects-in younger animals in which the,
BBB is immature {Johanson, 1980), although it is not clear which
compound is responsible to cause the CNS side effect. Drug conceri-
tration in the brain may be determined not only by passive diffusion -
- but alsg by active transpost and/or specific accumulauon Accord-
ingly, BEB fugetion i is partially maintained by efflux u'ansporters such
as P-glycoprotein (P-gp). which is expressed at the luminal membrane
in brain capillasies. Sevcral P-gp substrates arc known to exh1b1t low
apparent permeability from the blood to the brain. Permeation of these
P-gp substrates .into.the brain is increased in ammals in which P-gp-
activity is reduced or.abrogated, €.g., a5 2 zesult of drug-drug mr.er-
action, mdrla/lb deficiency (mdrla/ 11 miice), or immature BBB
function (Tsuji, 1998; Demeule et al., 2002; Ebinger and Uhr, 2006).
In the present study, we examined whethér oseltamivir and its active
metabolite Ro 64-0802 are substrates of P-gp, using P-gp-overex-
pressing cells and mdrla/1b knockout mice, to clatify the possible
mvolvemcnt of P-gp in controlling their bruin distribution.

Iaterials and Methods

Chemicals and Animals. Oseltamivir phosphate was purchased from Se-
quofa Research Products (Pangbourne, UK). Ro 64-0802 was biologically
synithesized from oseltamivir using porcine liver esterase (Sigma, St. Louis,

"MO). All the other chemicals and solvents were commercisl products of
" analytical, high-performance liquid chromatography (HPLC), or liquid chro-
matography/mass spectrometry grade. The LLC-PK1 {wild-type) and P-gp-.
overexpressing: LLC-GAS5-COL150 cells were .obrained from Japan Heafth

ABBHREVIATIONS: CNS, central nervous system; BBB, blood—bram barrier; ng, P-glycoprotem, HPLC, hugh-performance liquid

chromatographiy. .
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Oselfamivir phosphate CzHs " HsPO ‘
"Ro 64-0802 - [P —

" Fie: 1., Chcm:m.l stmctures of oseltamwm phasphatc and it nctive metabolite Ro
64-'0802.

Science Rmch Resources Bank (Osaka, Japan) and Ktkr.n Gene Bank
{Tsukuba, Japan), rcspecuvcly (Tanigawara ct al, 1992; Ueda et al., 1992):
The animal study was perforted according fo the Gmdclmcs for the Care and
- Useof Laboratsty Ammals at the Takasakt Umvcrs:ty of Health and Wcll'arc
and approved by the Conmutwe of Bthics of Animal Expcnmcntatmn of the
. university, Male FVB wild-typc thice and mdrla/lb knockout mice weré
piirchased from Tﬂcomc ‘Farms (Gcmlantown NY) and used at § to.9 weeks
of age.
Cell Culture and 'I‘ransport "Experiments, LLC- PKI and LLC-GAS-
" COLL50 cells were cultured, passaged, and grown. as described prevlously
(lshlguro et al,, 2004) Cells were cultired at 37°C in a 5% CO;atmosphere.
* For transport studies, cells were seeded onto Transwell filter membrane inserts

*. (Costar, Bedford; MA) at a density of 2.5 X 10° cells/om® Medium. 199 .

supplemented with 10% fetal bovine serum, 14.3 mM NaHCO,, and 2 mM
L-g]utamme (addmoually. 150 ng/m) colchicine for L GAS—COLISO cells)
was used os cultire mediun The culture mcr.hum was. replaccd with fresh
mcdtum afier 2 'days, and tcll monolayc:s cultured for 5 days were used for
. trapsport studies. The cell monolayers were preincubated fn transport medium

(Hanks’ balanced.salt solution; 0.952 mM CaCly, 5.36 mM KCl, 0.441 mM.

KHPO,, 0,812 mM MgSO,, 1367 mM NaCl, 0.385 mM Na,HPO,, 25 mM
u-glucose; and. 10 mM HEPES, pH 7.4} for 10 min at 37°C.. After preincuba-

- tion, transport was intiated by adding the test drug to the donor side and”

transpott medium to the. receiver side. Drug trarsport was observed in two
directicns Inp.lca] (A) to basal (B) 20d B to A] over 150 min at-37°C. The
permeability- (P.pp. emis) of the compouivds Across ceﬂ monolayers was eval-
vated by dlv:chng the stope of Ihe time cotrse of ‘the-transport from A to B or
.from B to A by concentration at the :donor side as Popptany oF P,,MBA,.
respecuvely The permeabﬂuy ratlo was obtained’ by dividing Py by
P pxany Kinetic parametess, V,,,,, and’ apparent K, for P-gp-mediated drug
transpost were calcuiated by npnlmc'u- least-syuares analysis (MULTI pro-
gram) using the following equation, assuming that A to B flux (Vap) can be
exprcssed .as the difference between passive {Vpp) and P—Dp-mcdlated flux
(V,. g,) (Yamaoka et at, 1981 Shirasaka et ai., 2007).

Vim* G
. Vs = V."D"' V?-:r=Pwm'S"G‘"m o
where P, s is the membrune permeabmly by passive diffusion [P, u of

the .lest compounds in mono!ztyﬁrs can be evalualed by usmg potent P-gp
inhibitor, cyclosporin A (10 pM)I. and C, is-the drug concentration in the
apical solution. K, value represenls the upJCDl concentration of the drug at

which the decrensed -permeabilily by P-gp-medlalgd efflux became half of its

maximal value, -
Brain Distribution of Oselmmmr. Ostltamivir was chssolved ivwater and
" “administered to FVB mice and mdrla/lbknockout mice at-single oral doses of
30, 100, and 300 mg/10 mlkg (each n = 3). At 1 h after dosing. (comspbndmg
10 Fioes) (Li €t al., 1998), blood wats withdrawn Irorm the heart with heparinized
" syringes. Subsequeutly, residual systemic blood was washed out by 3 ml of
- -saline that was injected from the heart and discharged bg; caiting abdominal
vein, and then the brain was removed. Blood was centrifuged (1700g) for 15

" min at 4°C to obtain plasnfa. Quantitation of oseltamivir and Ro.64—0302 in

" plasra and brain Gssuss was performed using teported methods (Wiltshire et -
al., 2000) with some modifications. Bricfly, gzliquots of brain Hssues (100 mg) -

were homogcmzr;d with 1 ml of 5 mM ammonium acetate buffer, followed by

: ccn!nfugauon at 17002, and 0.9 mi of thé supematant was subjected to. -

solid-phase exteaction (Empore Mixed Phase Cation, 7 rani/3 ml, 3M Bioana-

Iytical Technologies, St. Paul, MN). The methods wsed for the extraction of

plasma and brain homogenate were identical.

Analylwel Methods. Aliquots 20 ) of oseltamivir and Ro 64-0802 .

samples were injested into an HPLC system (LC- 204 system, Shimadzn,
Kyoto, Japan) equipped with Jnensil CN-3:column (4.6 % 100 mm, 5 mm, GL
Sciences Inc., Tokyo, Japan) using isocral‘lc elution at 0.5 mi/min with 30 mM-
formic acid. Analytes were detected using a quadrupolc mass spectmmeler
(LCMS-2010BV, Shimadzu) fitted with an elegtrospray, fonization source,

Analytes were delected in the - positive mode, and prolonaled moiecular ions

monitored were mfz = 313 for oseltamivir and mfz = 285 for Ra 64— 0802,

' Some bseltamivir samples were nnalyzed with an HPLC §ystem (Alliance.
_ System, Walers, Milford, MA) consisting of the 2690 separation module with

" an snatytical column, 250 X 4.6-mm iLd thhtys:i RP-18 ‘Aqua column’.

(Kanto Chemical, “Tokyo, Japin), and mobile phases cons:shng of 2 mixture of

10 mM phosghate buffer, pH 6.0, and mcthano! in ratiosof 40 and 60%, ata .

flow rate of 1 ml/min and at 40°C. Detection was done at-the Wavc]ength of
230 am with & 2487 dual-wavelength absorption detector (Waters). Samples

_-for calibration wete.prepared in a similar manper to that desexibéd above for

* the preparation of analytical samples. Statistical analysis of kinetic parameters e

. was pcrfonned by means of Student’s £ test. A difference between means was
considered to.be s:gmf icant when the P value was less than 0.05.

- Resuits and. ]')iscu'ssion

I the present study, we examined the transport of oseltamivir and -

its active metabolite Ro 640802 via P-gp using P-gp-overexpregsing
cells-and mdrla/lb getie-knockout mice to evaluate the factors that
[affect the BBB distribution of these compounds. The permeability of

oseltamivir in the basal-to-apical direction in LLC-GAS5-COLI50

cells was significantly higher than that in the opposite direction,
whereas the permeability in wild-type cells was comparable in the two

-directions, with the.permeability ratios of approximately 7.8 and 1.2,

in LLC-GAS-COL150 and wild-type cells, respectively (Table ). In
the presence of.cyclosporin A, the-permeability ratio in LLC-GAS-

COL150 cells became approximately, unity. These in vitro results,

indicate that dseltamivir is a substrate of P-gp, arid its overall. perme-

ability is significantly affected by the efflux transporter. When osel- - '
tamivir was administered at various doses to mdrla/lb knockout mice, |
an increase in the accumulation of 6seltamivir in_the brain was - °
- observed compared with that in-wild-type mice {Table 2). Therefore, :

it is likely that brain distribution of oselianiivir is controlled by P-gp. . =

Basal-to-apical- transport of oseltamivir in P-gp-overexpressing cells
was saturable with the X, and V_,
. nmol/miinfem?, respectively. Becausc the X, value is much higher

than the free plasma concentration of oselta.mmr in the clinical

situation (about 50 nM; basic product information of Tamiflu from
Roche), it is reasonable to consider that P~gp is ndt saturated by vsual

- clinical doses of oseltammr, and the brain accurmulation of vseliami-,
vir should be affected by P-gp in humans. These results suggest that - -

" variation in P-gp activity in thie brain resulnru:r from’ genetic differ-

“ences or coudministered drugs may affect the brain distribution of i

oseliamivir, leading to CMS side effects,
Ag-shown in Table 2, a dose-dependent inciease in the K, ., “value

of oseltamivir was observe in both mdrl/1b knockout and wild- ype .

. mice, in the ringe from 30 mgﬁkg to"the highest dose of 300 mg/kg.

The K0 1atio (K., value in knockout mice/K app ValUE in wild-

type mice) of oseltamivir wus alsu increased in a dose-dependent
manper. The dose-dependent increase of K, .., value of oseltamivir in
wild-lype mice may be explained by the saturation of P-gp. However,

30

. values of 1.3 mM and 0.203" -
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TABLE 1 R
Apparent permeablmy and penneabzlrt) ratio of o:e!ranuwr aid Ro 64——6802 in LLCPKI-GAS-COLIS0 and LLC-PKI cells fwdd’ rypej
Condition Cel] Linc ,,,.,mus (x107% Permesbility Ratio
Apical 1 Based Bosal to-Aplest
. : . meon. % S.E mean £S.E L,
Oseltamivic LLCPKI-GAS-COLI50 247 +247 192 %140 i
: Wild-type - 6,10 = 0.18 7.24 £0.40 £19
With 10 gM CysA LLCPKI-GAS-COL150 6.06 = 0.10 . 1062050 117
-Ro 64-0802 - LLCPK}-GAS-COL150 155014 L7204 . L1l
Witht 10 pM CysA LLCPKI-GAS-COL)50 1.73 £ 0.06 1.49 =007 0.85
Pecmesbllity 0 = (Pype B 10 APy, A5 B); Crh, exclospocn A. )
The iuitial conceitrations of (est ccmpounds were 100 M.
Damm:xpmssedasnmurmem*sg.ofmmc:xpcnmmts
: . . - TABLE 2
- Koo (pkuma—bmin concentratiort ratio} of oseltamivir and Ro 64—0802 betweeu mdrlallb knackaur and wild-type mice
Pose ' N " Oseltamivic Ro 64-0802
- o S © Mdnab KO ‘Witdype Ratio MdrlLiflb XO " Wild-type Rutin
gy reon * S.E meant t S.E KOpwitd mean £5.E - mear £ 5.E - KOAwild
30 . 3 0.647 = 0.059™ 0.137 £ 0.016 47 - 0,003 £ 0.005 © 0,005 2 0.005 05
. 100 3 0.847 £ 0.176" - 0.171 2= 0.056 49 0007 £0.001 . 0.016 £0.013 04 -
1300 3 6.505 3= 2.843 - 0589 + 0,250 9.6 0017 + 0,002 - 0022+ 0.003 . 05
KO, knockout '

Kp appbealn WETT mc‘.:surcd at I B (7,,,,) vfier poo. admindstrution 1o mdel/ [b KO snd wild-type mice, .

Exch value preseats the mean % S.E. of three animals.
* P < (.05; " P < 001, by Studont’s ¢ test.

K, pp Valug of oseltamivir in mdrla/tb knockout mice also increased
'dose-de:pendently Because this observation cannol be explained by
P-gp, other transporiers ‘may be involved in the transport of oseltani-
vir across the BBB (Hill et-al,, 2002). Angther possibility is that free

. fraction of oseltamivir, which would affect the brain penetration, was -

mcrcased because of the saturation of its plasma protein binding.
However because plasma protéin binding of oseltamivir admmlstered
'orally at 30 and 300 mg/kg (cosresponding to plasma concentration of
0.5 and- 5 mg/ml, respectively) was found to be 36.3 and 32.0%,
_respectively.{data niot shown), it is reasonable to consider that plasma
protein binding of oseltamivir is not saturated in this.dosing range. On
. the other hand, plasma soncentrations of oseltarivir were comparzble
in mdrla/1b knockout mice and wild-type mice after oral administra-
tion of Gseltamivir; those at a dose of 30, 100, and 300 mg/kg were
1.05 * 0.21, 3.80 = 1.89, and 2.82 2 0.67 ug/m} for wild-type mice
and 0.95 = 0.09, 4.02 % 047, and 2.27 = 0.61 pg/ml for mdrla/1b
knockout rhice, respectively: This may be because the ¢limination of
oseltamivir occurs mainly via hydrolysis by ‘esterase in blood and
liver, and intestinal P-gp may have relatively litle effect than BBB (Li
et al:, 1998; Ogihara et al,, 2006).
in the case of the active metabolite Ro 640802, the permeability
in LLC-GAS-COL150 cells was comparabie in both directions. The
: permeab:hr.y ratio of Ro 640802 vwas approx1m1tely unity in both the -
. presence and absence of cyclosporin A, suggcstma that the active
- metabolite is not a substrate of P-gp (Table 1). These resuls are.
consistent with the finding that brain accumulation of Reo'64~0802 in
mdrla/1b knogkout mice was very limited and comparable with that
in wild-type mice. These findings suggested that brain distribution of
this active metabolite is unlikely to be affected by P-gp in humans.
In conclusion, our in vivo and in vitro results ipdicate that oselta-
mivir, but not its active metabolite Ro 640802, is a substrate of P-gp
and that the brain distribution of oseltamivir is significanily affected
" by P-gp. Accordingly, interindividuzl variation of -P-gp activity may
be an important facior determining susceptibility to the CINS side
ctfects of this drug, in addition to' the genetic polymorphisms of

" Tokye University of Science,

. and Engineering,

carbokylesterase -1 (Shi et al., 2006) and sialidase (Li et al., 2007).

Various facters, such as genetic polymorphisms of P-gp, drug-drug

interactions at P-gp, and altered expression by inflammitory cyto-.
kiries, could influence apparent P-gp activity and therefore might play
4 role, in increasing the accumulation of -oseltamivir in the brain,

thereby contributing to the occurrence of CNS side effects of oselta-
mivir in humaris.
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