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- ABSTRACT
Oseltamivir (Tam:ﬂu

Roche Laboratories, Inc.) is a neuraminidase inhibitor that can cause jump-

down behaviors in children. There is a mouse sl:p-down model, in which the dopamine D2 recep-
tor activity is increased by serum slaloglycollpxds and the mouse Jump-down behavior appears in-
_ - response to the dopamine D2 receptor agomst "PPHT. The present study -examined- the ‘effect of -
-+ oseltamivir on, jump-down behavior in mice. Oseltamivir sialylates a serum glycolipid and this
modified glycolipid induces jump-down behavior via the. stimulation of dopamme D2 receptors.
" “This mechamsm may bc involved 1 in the abnormai behavmr of chlldren takmg oseltamivir,

". Oseltamivir (Tamiflu®, Roche Laboratories, Inc.) is
an antiviral drag used to treat influenza. It can re-
. duce the duration and 'severity of the illness if ad-

- muinistered within 48 hours after the onset of
" -symptoms’(4, 13, 19). Recently, fatal accidents due

- . to abnormal behaviors such as jumping fromn high

places after taking oseltamivir have been reported in
juvenile patiénts in-Japan (7, 18, 20}, These abnor-
mal behaviots usually occur a&er the initial admin-
istration of oseltamivir (8). In' March 2007, the
Japanese Ministry of ‘Health; Labour and. Welfare
_announced a ban on the-use of oseltamivir in pa-
_ tients from 10-19 years of age (12). However, little
is known about either the contribution of this drug
to these behavtqrs or the mechanism involved. .
Sialic acids exist mostly in the terminal positions’
of biomolecules (such as glycoproteins, glycolipids
and gangliosides) and cell membranes and are in-
volved .in a wide variety of physiological processes,
-including immune functions (24, 26). Neuraminidas-
" es are called sialidases because they hydrolyze the
terminal. sialic acid linkage in these biomolecules
.and variations in human sxahdase actw:ty have been
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implicated in serious diseases and symptoms includ-

_mg neuropsychlamc problems. (1, 2, 25). Oseltami-

vir is a representatlve neuraminidase inhibitor.
Shp-down behavior in mice-is induced by a com-

paratively Iow-dose of the dopamine D2 ‘receptor

agomst PPHT (17), and that the representative -do-
pamine D2 receptor .agonists morphme and quin- . .
pirole induce jump-down behavior in’ mice (6, 10).

In addition, we noticed that mouse jump-down be-
havior appeared by increased deses of PPHT during
previous expenmcnt An increase in dopamme D2
receptor . activity is closely associated with si-
alylation: of a:serum glycolipid (15): Oseltamivir

-.might influence’ the dopamine. D2 receptor activity
through sialoglycolipids and oseltamivir might be .

connected to the manifestation of the jump-down
behavior: An animal model is useful for understand-

_ing these behavioral phenomena. Therefore, the

jump-down behavior in mice .could be a model for
the jump-down behavmr in human children takmg
oseltamivir. -

. The present study mvesngated the effect of osel-

" tamivir on jump-down behavior in mice, a serum

glycolipid associated with this -behavior and changes
in glycosylation of .this glycollpld in.response to os-
eltamivir.
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' MATERIALS AND METHODS

Animals. Eight-week-old male ddY mice that-
weighed 25-30.g were purchased from Japan SLC
(Shizu_oka, Japan). A group of 5 mice were housed
in a plastic cage (338 x 140.x 225 mm) with free ac-
cess to food (ED-7; Clea Japan, Tokyo, Japan) and
water. The animal room was kept at 21-25°C with

50-60% humidity and was _illuminated from 7:00 -

to 19 : 00. All experiments were carried out accord-
ing to the guidelines of the Ethics Committee for
- Animal Experiments of the Aklta Un1vers1ty School
of Medlcme

Dosage of 'PPHT 'mducmg mouse jump-down
. ‘behavior. The dopamine. D2 receptor agonist 2-
) (N-phenylethyl-N»propyl) amino- 5-hydroxytetralm
-hydrochlonde (PPHT; Funakoshi, Tokyo, Japan) was
dissolved in water. The observation of mouse jump-
down behavior is the-same as procedure of obser-
vation of mouse slip-down behavior which we -
_ previously reported (17). This method was estab-
lished for the detection of neuronal D2 dopamine
receptor actlv:ty In brief, a ra:sed platform measur-
'ing 10'em in diameter and 20 cm hlgh was prepared.
-. One group of five mice in a cage was intraperitone-
ally injected with: 200, 150, 100, or 50 pg/kg of
PPHT, or 100 ul. of p_hysiolo_gi‘cal saline (PS) as a
conirol. Twenty minutes after the injection, the mice
. ‘were placed individually on the platform for 5 min
“and thereafter- both slip-down.behavior and _]ump-
"down behavior were mvestigated

‘Effect of oselramzvrr on jump-down behavior. From’

" . results of the above experiment, 50 pg/kg of PPHT

was determined to be a snboptlmal dose of mouse
Jump-down behavior. Other naive mice groups were
prepared. Two trials separated by a 20-min interval

" weré observed to confirm “that all .of thie mice re-

" . mained on the platform for 'S min without jumping-
down and slipping-down before the administration
. of drugs. Then the mice were injécted intraperitone-
ally with ‘oseltamivir solution or with PS as a con--
“trol (5 mice each). Oscltamivir was dissolved in
water and 25 mg/kg, 50 mg/kg, or 100 mg/kg was .
" injected intraperitoneally in mice (5 mice each).
Two hours after injection with oseltamivir solution
or-with PS, each mouse was placed individnally on
the platform and jump-down behavior was. examined
- for 5.min. These mice were also injecied mtrapento-
neally with PPHT at the suboptimal dose of 50 pg/
'kg. Twenty minutes after injection with PPHT of -
"50 pg/kg, jump-down behavior was again examined

M. Suzuki et al

" for S min,

Isolation. of the glycolipid fraction from sera. The
effect of oseltamivir was thought to be related to se- -
rum glycolipid. Oseltamivir solution (100 mg/kg)
was injected intraperitoneally. in-5 groups of mice

and PS (100 pL) was injected into another 5 groups.. ~

Sera were collected 2 h after this treatment. Glyco- *
lipids were separated from the sera by the methanol--

* chloroform method, as reported previously .(16). ‘In -

brief, } mL of sera was added to 2.5 mL methanol
and 1.25 mL chioroform. The fluid was agitated for
2 min and left at room temperature (RT) for 10 min.
Then another 1.25.mL chloroform was added and

. the mixture was agitated for 30 5. After addition of - .

1.25 mL water and- agitation for another 30's, the -
mixture was: centnfuged at 150 x g for 5 min at RT,
thus resulting in arn uppér methanol-watsr layer con- .

_'taining proteins and a lower chloroform layer con-.
taning lipids and. glycolipids. The lowex- layer was.

collected and evapo,rated and the hpxds and glyco- -

lipids were redissolved in-2 mL water.. The solution
was applied to an jon-exchange DE-52 colymn -
(Whatman International, Maidstone, UK} saturated
with 10 mM NaHCO,, pH 8.3 and eluted with' 50;
100, 150, 200, 250 and 300 mM NaCt in _stag‘gs.
The eluted fractions were refined to less than 3kDa -
with the use of an ‘ultrafiliration. membrane (Centri-

con; Amicon, Tokyo, Japan). Two hundred microli-

ters of each fraction was injected, intraperitoneally . -
into the naive group of 5 mice and then the mice - .

were additionally injected with 50 pg/kg PPHT

20 min after the fraction injection. The effect'on '~

neural D2 receptor -activity was mvestlgated by the
_}ump-down method.

De;ection ‘of the sugar chain structures of effective - - '

glycolipids. To detect the sugar chain. structures of
the glycolipids, a 50% ethanol lectin-enzyme-linked
immunosorbent assay (lectin-ELISA) was performed,
as reported previously (16). In bref, 50 pL of the
lipid fraction eluted with 250.mM NaCl in the se- -
rum' of 5 mice treated with 100.mg/ke oseltamivir -
or 5 mice treated with PS-was mixed with 50 pl.
cthanol and poured into one well of a 96-well plate -
(Sumitomo -Bakelite, Tokyo, Japan). After 2 h, the
well was washed three times with a washlng
solution (PS containing 0.005% Tween 20; Sei- .
kagakn Co., Tokyo, Japan). After a 30-min block -

" with 5% bovine sefum’ albumin (Sigma-Aldrich,

$t. Loms, MO), the well was washed again three -_
times with the same washing solution. Five different”
biotinylated lectins that recognize specific sugar
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chain structures (ABA Galf,_,GalNAc; DBA,
- ‘GalNAca, ;GalNAc; SSA, Siala, ,Gal; AAL,
Fuca, ,Gal; MAM, Siali, ;Gal) were prepared at
2 pg/mL in PS and 100 pL of the mixture was add-
ed'to the well. After 1 h incubation at RT, the well
“was washed three times with the washing solution.
One hundred microliters of peroxxdase—con_;ugated

avidin (Seikagaku Co.) prepared at 0.1 pg/mL in PS -

- ‘was then added to the well. After 15-min incubation
at RT, the well was washed four times with PS. De-
velopment of the color reaction was performed with
a developing kit (Sumitomo Bakelite) and absor-
bance was measured at 455 nm and 650 nm. .

 Confirmation of the- glycolipid effect. The glycolipid
fraction eluted with 250 mM NaCl from the sera of

mice treated. with PS or the sera of mice treated
with- 100 'mg/kg oseltamivir was. applied to a Macck-
ia amurensis agglutinin (MAM) affinity column
{Seikagaku €o.). MAM is the. specufic lectin for

i Siala,.;Gal and this aﬁ'imty column was used to re- -

_ fine the glycolipid that has Slalu,,‘:,Gal in the sugar

" : chain termijnal. Fractions chited with 6 M urea were

‘desalted over a CD-50 desalting column (Pharmacia,

Uppsala, Sweden) and freeze-dried. Glycolipids’

were redissolved in water to a concentration of
. .10pug/mL. A concentration of 25, 50, or 100 uglke

“of glycohpld solution was mjected mtrapentoneally
. into mice (5 each) and the effect on jump-down be-

- havior was investigated after treatment with the sub~

i optimal dose of PPHT.

v Statistical analysis. The Kruskal-Wallis rank test
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was used to determine significant differences among
groups. The Mann-Whitney U test was used for fur-
ther analysis. P <0.01 was consuiered to be stafisti-
cally significant.

RESULTS

Suboptimal dose of the dopamine D2 receptor ago-
nist PPHT ) ) ‘

A concentration of 100 pg/kg of PPHT nduced slip-
down behavior, -but 50 pg/kg did not. On the other
hand, concentrations of 200 and 150 ug/kg induced
jump-down behaviof, but 100-and 50 pg/kg did not

-(Table 1).

Effect of oseltamivir on jump-down behavior

To- determine whether oseltamivir induces jump-
down behavior in mice, the behavior of the mice 2h
were examined after the injection of various concen-
trations of oseltamivir-or PS and then at 20 min af- -
ter the injection' of 50 pg/kg PPHT. Mice treated
with oseltamivir or PS showéd na jump-down

.behavior, but after being treated with ‘D2 receptor'

agonist, the mice treated with 50.or 100 mg/kg osel-"
tamivir ‘showed jump-down behavior (Table 2), The
number of micé exhibiting Jump-down behavxor in-
creased dose-dependently : '

Effects of serum glycolipid fractrons on jump-down

behavior :
To determine whether g[ycollpld fractlons from
100 mg/kg oseltamivii-treated mice induce jump-
down behavior, the mice were injected intraperitone-

“ Table 1 Juipp—down or slip-down behavior induced by the‘daparhine D2 receptor agonist PPHT

- " Dose.of PPHT {pg/kg) = P3
: ) 200 150 100 50 (control)

Jumnp-down behavior - 5 5 . To0. 0 0
Slip-down behavior L 0 5 : 0 07

Values in this tablc indicate the number of mice that showed _]I.lmp-dOWn or shp-dovm behavior among the 5 trealed .
. mice. PPHT: 2{N-phenylethyl: N—pmpyl) a.mmo—S-hydroxytetralm hydrochlonde PS: physmlog:c saline, -

Table2 Number of mice exhibiting jump-down behavior

Dose of oseltamivir solution (mg/kg) PS

100 - 50 25 (control)
2 h after oseltamivir injection 0 0 0 : 0
.20 min after further D2 receptor agonist injection 5% 2* 0 0

Values in this table indicate the number of mice that showed jump-down behavior among the 5 treated mice. The
D2 receptor agonist was used at 50 ug/kg. In the lower data, a statistically significant difference was found (k=3,

n=0=ny=
test). PS: phys:ologlc saline.

5, n=15, H=12.5, P <0009, Kruskai-Waiiis rank test). “P <0.01 vs. control (Mann-Whitney U
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- ally .with serum glycolipid fractions. eluted with
various concentrations of NaCl and evaluated their
behavior. The glycolipid -fraction from. 100 mg/kg
oseltamivir-treated mice eluted with 250 mM NaCl

- induced jump-down behavior (Table 3). None of the

_other fractions from 100 mg/kg oseltamivir- or PS-
h‘eated mice induced this behavior.

.Sugar chain reactivities of glycalrprd eluted with

250 M NaCl

To identify the sugar chain structures of the
.effective glycolipid eluted with 250 mM NaCl, the
- .reactivity .of five kinds of sugar chain structures

were investigated using by the 50% ethanol

lectin-ELISA method. The sugar chain structures

Galp,_;GalNAc, GalNAca, ;GalNAc, Siala, (Gal and.

Sialo, ;Gal were found in the glycolipid fractions of
‘mice. treated with 100 mg/kg oseltamivir or PS (Ta-

M. Suzuki ef al.

¢

Conﬁrmanan of the g!ycohprd effect
To confir the glycolipid effect, three concentra-
tions of the glycolipid fraction or PS ‘were each in-

- jected intraperitoneally into' 5 mice and the effects -
_on jump-down behavior were investigated. After re-

finement with a. MAM column, the glycolipid from
mice. treated with oseltamivir dose-dependently in-

-duced jump-down behavior after treatment with’

50 pg/kg PPHT. The glycolipid from mice treated.
with PS did, ‘not induce this behavior, even at the

dose of 100 ug/kg and’afier treatment with 50 pg/kg o
_PPHT (Table 5). -

‘ D'ISCUSSION '

ble 4). No Fuca, ;Gal reactivity was found. The .-
Galp;_,GalNAc; GalI*TAcal,3GalNAc and Siala, (Gal

reactivity was similar in both- groups, but the
Sialoy, ;(Gal reactivity was greater in the mice treated

- :with 100 mg/ke oseltamwlr than .in the mice treated .
T “with PS.

Oseltamivir is.a sialic acid analogue that inhibits _in-.
fluenza type A and- type B neuraminidase, the viral

‘enzyme that allows the release of virus from infect-
‘ed cells. In addmon oseltamivir is an ester prodrug

activated by hepatic carboxylesterases. It is thought

"that the sudden onset of reactions such' as abnormal -
" behaviors and’ sudden death during sleep are caused
by the prodrug of oseltamivir, oseltamivir phos-

phate. On the other hand, adverse reactions. such as
Table 3 Jump-q'own behavior-lin'miée treate& with. ga/oolipiﬁs isolated fro}n sera
‘ : Serum glycolipids from -
Injec:téd fraction mice treated with PS- - mico troated with 100 mglkg N b.
? - oscltamivir
Eiuted W|th 50 mM NaCl ° Q
100 0 '0 1
150 0 0
. 200 0- ‘o
250 B .5,
300 , .0 - , 0
Values in this tablé indicate the number of mice that showcd jump-down behav:or among thé 5
injected mice. All mice were also treated with 50 pg’kg dopamine D2 receptor agomst PPHT
20 mir after the fraction injection. PS phys:ologlo sallnc
Table 4 3ugar chain reactuwnes of the serum g{ycohpfds eluted wrth 250 mM NacCr
) Serum ghycolipid from
mice tréated with PS " mice treated with 100 mglkg PS (negative control) .
. ’ : oseltmmvxr ) :
Galf,_,GalNAc 0.126 0,127 0.036
- GalNAca, ;GalNAc - '_0.116 0118 - 0.050
Siala, (Gal 0.091 0.088 0.045
Siala, ,Gal 0.086° -0.153 0.043
- Fuca, ,Gal . 0.037 0.035 0036 .

.Values indicate absorbauce at dual wavelengths of 455 nm and 650 nm. ’
-Serus glycolipid was obtairied from the 5 mice treated w:lh PS or the 5 mice treated with 100 mglkg oseltanivir.

Ps: physmlog:c szline.
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Table5 Mice jumping-down after treatment with refined glycolipid

Glycolipid dose (pg/kg)

Gilycolipid from
mice treated with 100 mg/ke

, mice treated with PS oscltamivis
100 - 0. 5*
50 - 1] 3
25 0 0
PS (control) 1]

Values in this table indicate thé number of mice that showed jump-down behavior among 5
treated mice. All mice were treated with 50 pg/kg D2 receptor agonist. In the rght column data,
- statistical differences were analyzed by the Kruskal-Wallis rank test (k=3, == =S,

n=15, H=125, P <0.009).

*P < 0.01 vs. control (Mann-Whitney U test), PS: physiologic saline. -

pneurnonia, sepsis, hyperglycémia and gastrointesti-
nal bleéding are thought to be delayed reactions in-
".duced by oseltamivir and - the activé metabolite of
. oseltamivir, oseltainivir carboxylate (OC), is thought
" to be. the cause of delayed reactions. (9). Recently,.
. OC has been described to have an inhibitory action
on human' cytosolic sialidase.- It was hypothesized
that this effect might be a mechanism by which os--
eltamivir induces -adverse neuropsychiatric reactions
{14). Since OC inhibits the human cytosclic siali-
dase and it ¢an also damage the cell funcétions in

. various human.tissues, this may explain the delayed .

reactions induced by oseltamivir. However, abnor-
mal behaviors occur aftei the initial administration

©  of oseltamivir (8), therefore, it is- -supposed that the .

.mechanism of such abnormal behavior might be dlf-
ferent from the hypothesis (9). .
~ There were two.novel findings in the’ prcsent
study: 1) oseltamivir induced jump-down behavior
in niice in association with stimulated neuronal D2:.
receptor activity and 2) this effect of oseltamivir

was associated with the Siala,_;Gal form of si- -

- dlylation .of serum . glycolipid. Neither oscltamivir
" mor its carboxylic acid metabolite, GS4071, influ-

ence the re-uptake/reledse of three moncamines (do-

pamine, serotonin and norepinephrine) or GTP
‘binding in postsynapses (23). However, another in-
vestigation using rats. indicates the possibility that
-oseltamivir has effects on the central nervous sys-

tém, especially when combined with other agents

(11). Serum glycolipid would be expected to be si-
- alylated following oseltamivir treatment; however,
the mechantsm of sialylation with the Sialo,_,Gal
form is not clear. Lipids can pass through the blood-

brain barrier and dopaminergic neurons possess gly-

coside receptors (21). Serum glycohpld regulates the
" dopaminergic neuron activity, while stalylation en-
" hances thg effect of increased D2 receptor activity

. by agonists. A previous siudy repbrted ‘that oseltami-

vir enhances the effect of ganglioside on opioid re-
ceptors (3).

Hyperthermia excites. the hypothalamus, which
decreases the plasma sialic-acid level (3). Decreased

 sialylation of serum glycolipids regulates dopami-
" nergic neuron activity relating to hyperthermia. With
“regard to the jump-down -behavior of children taking’

oseltamivir, oseltamivir may block: glycolipid "desi- -

alylation and neuronal D2 ‘Teceptor activity in. chil-

dren infected with influenza may be increased.

.Slip-down behavior in mice is caused by dopami-

nergic hyperactivity to escape from an uneasy situa-

tion. (15). Jump-down behavior in mice “is.also - -

caused by dopaminergic hyperactivity and could
also indicate behavior to escape from-a_ui~uneasy sit-l '
uation. This is a basic adaptative behavior in ani-
mals and experietice refines the behavior. Some

«children may not be able to handle this type of hy- '

peractive D2 activity.
The results of the present study shed hght on the
mechanism underlying abnormal ‘behaviors of . some-

- children in response to oseltamivir, It would be use- _
ful to examine the oscltamivir-induced jump-down

behavior in influenza-infected mice. Human studies
such as a sugar-chain analysis of blood phospholip-
ids of patients who take oseltamivir are also needed.
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ABSTRACT: -

Oseltamivir phosphate is an ethyl ester prodrug widely used in the
treatment and prevention of both Influenzavirus A aid B infections,
The conversion of oseltamivir to its aclive metabolite oseitamivir
carboxylate is dependent on ester hydrolysis mediated by carboxy-
lesterase 1 {CES1). We recently identified two finctional CES1
-variants p.Gly143Glu and p.Asp260fs in a research subject who

. displayed significant impairment in his ability to metabolize the

selective ‘CES1 substrate, methylpheridate. §n vitro functional
stadies demonstrated .that the presénce of either of the two nu-
tations can result in severe reductions inthe catalytic efficiency of
CES1 toward methylphenidate, which is required for hydrolysis and
pharmacologncal deactivation. The aim of the p‘resent study was to
investigate the function of these mutation$ on activating (hydro-

expressing wild type (WT) and each mutant CES1. In vitro incuba-
tion studies demonstrated that the 59 fractions prepared from the
cells transfected with WT CES1.and human liver tissues rapidiy
convert oseltamivir to oseltamivir carboxylate. However, the cata-
lytic activity of the mutant hydrolases was dramatically hindered.
The V., value of p.Gly143Glu was approximately 25% of that of
wWT enzyme, whereas the catalytic activity of p.Asp260fs was neg-

Ilglble. These restults suggest that the ther'apeutic efﬁcacy of os- "

eltarmwr could he comprom:sed in treated patients expresslng

' eithér functional CES1 mutation. Furthermore, the potenhal for _

mcmased adverse effects or ‘toxicity as a result of exposure to
high conoentratuons -of the nonhydrolyzed prodrug should be

* considered. . . . S
Iyzmg) oseltamivir to OSeItamlwr carboxylate using the cell lines . ’

4

. .Oseltamivir phosphate (Tamiflu; Roche, Nutley, NJ)is widely used
in the treatment and prophylaxis of both Influenzavirus A and B

infections. In addition, oseltamivir may be effective in preventing or .

treating avian influenza or so-called “bird flu.” Oseltamivir is an ester
prodrug and, in general, it is readily converted to its active form

oseltamivir -carboxylate Tﬁcdiated. by hepatic carboxylesterase 1 °
{CES1) (Fig. 1) (Shi ct al., 2006). The active metabolite exeris its

antiviral effects, via @h'c selective inhibition of neuraminidase.
Carboxylesterases are members-of the af hydrolase -fold family

and expressed in many tissues, especially in the liver, small intestine,

and lung (Satoh and -Hosokawa, 2006; Ross and Crow, 2007). The

_-imajor human caiboxylesterases include CES1 (UniProtKB/Swiss-Prot

P23141) and carboxylesterase 2 (CES2) (UniProtKB/Swiss-Prot

.000748). CES1 and CES2 are largely distinguished from one another

by their substrate specificity and tissue distribution (Imai et al., 2006;

- Satoh and Hosokawa, 2006). CES1 more readily catalyzes substrates

with a relatively large acyl group and small aleohol group such as
methylphenidate, temocapril, and oseltamivir (Sun et al., 2004; Imai
et al., 2005; Shi et al., 2006). In contrast, CES2 preferentially hydro-
lyzes compounds bearing.a small acyl moiety and bulky alcohol
group, -which includes agents such as cocaine and irinotecan. CESI1
predominates in the buman liver, whereas CES2 is the major carboxy-
lesterase expressed in the intestine (Irmai et al., 2006). Hepatic CES1

- is- the major esterase goveming the metabolism of numerous and

Article, publlca‘aon date, and citation information can be found at
http/dmd.aspetjounals.org.
d01101124ldmd108024943

structurally diverse therapeutic agents formulated as carboxylic acid
esters, carbamates, thioesters, and-amide compounds including those

prodrugs. formulated as estars, Ini addmon a number of endogenous .

substrates are recognized.

I a recent study, we identified two CES1 mutations, p. Glyl43Glu .

and . Asp260fs (Zhu et al., 2008), in a sulg]ect who displayed pro-
found alteration of the phannacokinetiés of racemic (df)-methylpheni-

. ‘date (Ritalin; Novartis Pharmaceuticals, Summit, NJ), a selective .

CES1 su_bstraté, during a single-dose pharmacpkinéﬁc studly (Patrick
et al., 2007), The minor allele frequency of p.Gly143Glu was esti-
mated to be 3.7, 4.3, 2.0, and 0% in white, black, H:spamc, and Asian

- . populations, respectively, by a genotyping study that contains a total -

of 925 subjects with varied racial and ‘ethnic backgrounds It was
concluded that the p.Asp260fs variant was extremely rare because
none -of the 925 screened subjects carried this mutation. The func-
tional consequences of both mutations were investigated using cetl
lines stably expressing eachiindividual mutant. The in vitro iricubat_ion

study demonstrated that the catalytic function of both p.Gly143Glu
‘and p.Asp260fs is impaired to such a significant degree that CESI-

mediated methylphenidate hydrolysis was essentially nil using these

two CES1 mutants, whereas wild-type (WT) CES1 readlly cleaved the .

ester (Zhu et al., 2008).

Even though the two newly discovered CESI mutations were deter-

mined to be dysfunctional enzymes in terms of hydrolyzing methylpheni-
date fo its inactive metabolite ritalinic acid, the influence of these CESI
variants on prodmg activation has not been examined to date. Oseltamivir

(adrug in wide therapeutic use) bas recently been shown to be a selective

ABBREVIATIONS: CES1, carboxylesterase 1; CES2, carboxylesterase 2; WT, wild type; PNPA, p-nitropheny! acetate; PNP, p-nitrophenol; HPLC,

high-performance liquid chromatography.
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OSELTAMIVIR ACTIVATION AND CARBOXYLESTERASE 1 VARIANTS

Oseltamivir Carboxylate

Oseltaimivir Phosphate = -

- F
E
&
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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).

._.8_
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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 .

“Oseltamivir
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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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Oseltamivir catboxylate

" assay buffers were used (Williams et al.,
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OSELTAMIVI'R ACTIVATION AND CARBOXYLESTERASE 1 VARI'ANTS
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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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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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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

=/~ Mice after Microinjection. The, efflux of the test compounds *
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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-
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© Fi. 1. Efflux of intracellularly formed Ro 64-0802 from mock-transfected and MRP4- -

‘expressing MDCKH cells, A and B, Westemn bloting. A, cell lysates were prepared from
mock-transfected (GFP/CES1AL-MDCKIT) and MRF4-expressing MDCKI cells

(MRP4/CES] AL-MDCKII) and subjected to SDS-polyacrylamide gel e!edrophormn i

(75%). B, Ninked carbohydrate groups were cleavéd from the MRP4 protein in the
céll kysates using N-glycosidase F (PNGase F). MRPS s deteciedl by the monoclonal
ani-MRP4 M4L-10 antibody, C and D, efflux transpost Study: MRPA/CESIA1-MDCKI
(®, A) and GFPICESTAI-MDCKII cells (O, &) were incubated with 10 M oseltamivirin
" the presende (A, AY or absence (@, Q) of indomethacin (50 uM) at 37°C. Each point
represents the mean * SE. (n= 6). Smnmisnpxﬁmwaswdaﬂaiedbyone—way
ANOVAfoUowdb}'Tuh:ysmuiﬂplcoompmsmm* P < 0.05; #=¢, P < 0.00; ++,
P < 0001; sgnificandy different between MRPA/CESIAL-MDCKI md GH’:CESIA]-

C?lspetp LRKUG IMLE LADVUILADIVIAMY A JID I OL L INJIN

MDCKH cells, ##, P <<-001; ##4, P < 0001; significantly different in GFPACESIAL- -
MDCKI cells with and “withont indomethacin. ++, P < 001; +++, P < 000I;

significantly diffesent in MRPAXCESTA1-MDCKII cells with and without indomethacin,

-

mice exhibited delayed elimination of Ro 64-0802 From lhe braim. _:.- :

compared with that in wild-type mice.

Efflux of Ro 64-0802 from the Cerebral Cortex of Wild-Type.
and Mrp4~'~ Mice after Microinjection. Real-time PCR was used
to check the adaptive regulation of efflux transporters at the BBB of
Mrpd™ mice. No significant differences ‘were observed in the
mRNA expression levels of Mdrla, Berp, Oat3, Qatplad, or Oatplcl
in the cercbral cortex, quantified by real-time PCR between w:ld-type
and Mrp4~"" mice (data not shown).

To examine the involvement of Mrp4 in the efflux transport of Ro . - '

64-0802 across the BBB, Ro 64-0802 was direcily injected into the
mouse cerebral cortex, and the amount of Ro 64-0802 remaining in
the brain was deteimined. at 60 and 120 min after injection. The
amount of Ro 64-0802 remaining in the braiti was compared between
wild-type and Mrp4~/~ mice (Fig. 4). As shown in Fig. 4, Mrp4™'~
mice exhibited delayed elimination of Ro 64—0802 from the brain
compamd with that in wild-type mice.

Brain/Plasma Concentratnon Ratio of Ro 64-0802 at’ter Subcu-

" taneous Infusion of Oseltamivir or Ro 64-0802 in Wild-Type, " '

Oa3~'~, and Mrp4~'~ Mice. To clasify the importance of the Oat3-
and Mrp4-mediated efflux .of Ro 64-0802 at the BBB, Ro 64-0802

.~ was given to mice by subcutaneous infusion for 24-b,.and the K, yraint’
* of Ro 64-0802 was determined. The concentrations of Ro 64-0802 in -
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.FiG. 2. Integration plots of the efflux transpoit of Ro 640802 from MRP4/ -
" CESIAI-MDCKII and GFF/CESTAI-MDCKE cells. A, integration plot: the

amount of Ro 64-0802 in bulfer-[A,q. ()] was plotted against AUC,,, ©-) in

MRNICF_SIAI—MDCKII (®, &) and GFP/CESIAI-MDCKI cells (O; A)in the .
presence (A, A) or absence (@, O,) of indomethacin (50 M), The data used forthe -

calcaladon are cited in Fig, 1, C and D. The slope of the plot represents the efflwc
clearance. Each point represents a mean * S.E. (1 =.6). B, efflux clearance of Ro
64-0802: The effiux clearance of Ro 64-0802 was. calculated from the slope of the
integration plot (A), Statistical significance was calculated by onc-way ANOVA
fallowed by Tukey's multiple compasison test. *++*, P < 0.001; significattly
different between MRP4/CES1A 1-MDCKI! and GFPACES1AI-MDCKH cells. 111,
P < 0.001; significantly different effiux clearance in the presence and absence of

indomethacin. Data represent means * oompuler-calcu!ated SD. (nucrohters per -

mityte per milligram of protein).
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FiG. 3. Comparison of the amounts of Ro 64-0802 in the ipsilateral cercbrum after
intracercbral mlcmmjecum of Ro 64-0802 in wild-type (WT) and Oat3™'™ mice.
Ro §4-0802 (1 mMj in 05 pl of ECF bnﬂ'er was ijected Into the Par2 region (4.5
mm lateral to the bregma and 2.5 mm in depth). The amount of Ro 64-0802 in the
- ipsiltateral cerebrum was determined at 60°and 120 min after treatment. (J; data for
wild-type mice; W, data for Qat3™" mice, Each bar represents the mean + S.E.
Gt = 3-4). Statistically significant differences between wild-type and 09.3"“
mice: % P < 0,05; *&*, P < 0001. .

hé plésma were 4.5 * 0.6 and 4.5 * 1.3 uM in wild-type and
. Oat3™" mice, respectively. Thie K, yean of Ro 64-0802 in Qar3 ™~
mice was not significantly dlfferent from that in wild-type mice aid
remained- close -to the capillary volume in the brain (Fig. 5). After
subcutaneous infusions of oseltamivir in wild-type or Mrp4 ™~ mice,

the plasma concentrations of Ra 64-0802 werg 6.9 + 23 and 12 *'5-

- M, respectively. The K, o, of Ro 64-0802 was 3.8-fold higher i in
Mrp4™'~ mice than that in wildstype mice (Fig. 6). Even after sub-
cutaneous infusions of Ro 64-0802, the K, yuin Of Ro 64-0802 was
6.4-fold greater in Mrp4 ™/~ mice than lhat in.wild-type mice (Fig. 6).
The plasma concentrations of Ro 64-0802 were 5.7 £ 0.8 and 3.8 =
1.7 M in wild-type and Mrpd"’“ mice treated with Ro 64-0802,
respecuvcly

_ Discussion
Abnormal behavior is a suspected adverse effect of oseltamivir on
the central nervous system. To understand the phannacological action
of oseltamivir in_ the brain; its uptake and efflux transport across the
BBB were mvesugated as factors that determine its exposure to the

central nervous system, In this study, we focused on Qa3 and Mrp4
as’ transporters of Ro 64-0802, a phammacologically active form of

.oseltamivir, across. the BBB. .
* First, we ¢xamined the involvement of Oat3 in the chmmatmn of .
Ro 64-0802 from the cerebral cortex after microinjection because an -
in vitro transport study using OAT3-expressing HEK cells identified
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intracercbral microinjection of Ro 64-0802 in wild-type (WT) and Mrp4™" mice.
Ro 64-0802 {1 mM) in 0.5 pl of ECF buffer was injected inta the Par2 region (4.5
mm lateral to the bregma and 2.5 mm in depth). The amount of Ro 64-0802 in the
ipsilateral cercbrum was determined at 60 and 120 min after treatment. [, data for
wild-type mice; B, data for Mmp4 '~ mice. Each bar represents the mean * S, F.
mice: =, P <00%; i P <000]

- significant differences between wild-type and Mpd™~
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Fig. 5. Comparison of the brain/plasma concentration rato (K, o beain) Of RO 64-0802
after subcutaneous infusion of Ra 64-0802 in wild-type and ‘Oat3 - mice. Mice
received a-continuous subcutancous infusion of Ro 64-0802 at a dosc of 80

nmol/imouse for 24 h, with an osmaotic pump. The plasma and brain concentrations -

of Ro 64-0802 were: determined at 24 b after treatment. [, data for wild-type mice;
W, data for Qar3™'~ mice. Each bar represents the mean * S.E. (n = 3-4).

Ro 64-0802 as a substrate of OAT3, The elimination of Ro 64-0802

from the brain after its microinjection into the cercbral cortex was '

markedly delayed in Qa3 mice compared with wild-type inice
(Fig. 3). This suggests tha¢-Oa plays a significant role in the efflux

of Ro 64-0802 from the brain by facilitating its uptake from the brain' -

interstitial space to endothelial cells. For the directional efflux of Ro
64-0802 from the brain to the blood across the BBB, a transporter(s)
is also required to Facilitate its luminal effiux, considering the hydro-
philic nature of Ro 64-0802. In a previous study, we demonstrated that
the brain concentrations of Ro 64-0802 in Mdrla/Ib™" and

" Abcg2™'™ mice are similat to that in w1ld-type mice (Ose et al., 2008),
cxaludmg the possibility that P-gp and Berp are iivolved in the -

luminal efflux of Ro 64-0802. Therefore we focused on ‘Mipd,

.another ATP-binding cassette transporter 4t the BBB, as a candidate," -

transporter because it has been reported to mediate the active efflux of
topotecan and adefovir across the BBB (Leggas et al., 2004; Belinsky
et al:, 2007). To show that Ro.64-0802 is a substrate of MEP4, we
constructed double transfectant cells expressing both CES1Al; an
enzyme producing Ro 64-0802 from oseltamivir, and MRP4 (MRP4/
CES1A1-MDCKII). The doub]e transfectant exhibited enhanced ef-
flux of Ro 64-0802 (which was inhibited by -an MPR4 inhibitor,
indomethacin} compared with GFP/CES1A1-MDCKI (Fig. 2B). It
should be noted that the hiost celis also. exhibited indomethacin-

sensitive efflux of Ro 64-0802. This is presumably attributable to’

endogenous canine MRP4 because its mRNA expression was detected
by reverse transcription-PCR in MDCKIT cells {data not shown). The
involvement of Mrp4 in the efflux of Ro 64-0802 across the BBB was
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© FIG. 6. Compansou of the brain/plasma concentration ratio (K,,.w,) of Ro 640802
FG. 4, ‘Comparison of the amounts of Ro 64-0802 in the ipsilateral cerebrum after .

after subcutaneous infusion of either oseltamivir or Ro 64-0802 in wild-type (WT)
and Mrp4~'~. mice.. Mice received a continuoug subcutancous infusion of either
oseltamivir or Ro 64-0802 at a dose of 400 or 80 amoli/mouse, respecave]y,

24 h with an osmotic pump: The piasma and brain concentmations of Ro §40302
were determined at 24 h after reatment. [J, data for wild-type mice; W, data for
Mrp4~'~ mice. Each bar represents the mean % S.E (n = - 4-6). _Statistically
mice: =, P < 0.0]; #+,
P <0001,
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‘then examined using Mrp4 ™/~ mice by microinjectiod into the cere-

bral cortex. Mrp4™'~ mice exhibited delayed elimination of Ro 64-

‘0802 from the cerebral cortex after its microinjection compared with

that in wild-type mice (Fig. 4). Therefore, Mrp4 plays an important
role in the luminal efflux of Ro 64-0802 afterlts cellufar uptake by

- Oat3 from the brain side.
To show. the importance of the active efﬂux of Ro 64-0802 at the -

BBB mediated by Cat3 and Mrp4, the K, ., of Ro 64-0802 was
determined in Cat3™~ or Mrp4™'~ mice given Ro 64-0802 by
subcutaneous infusion for 24 h. Qur approach was based on the
pharmacokinetic concept that reduced efflux across the BBB may lead
to an increase in the K, y..1, Consistent with a previous report (Ose
K, prain Of RO 64-0802 was close. to the capillary

volume in wild-type mice. The K, ., of Ro 64-0802 obseived

" in Qa3 ™'~ mice was also close to the capillary volume (Fig. 5). In

contrast, the K, pegin Of Ro 64-0802-was 4- to_6-fold greater_in
Mrp4" mice than that in wild-type mice recemng either oseltamivir
or Ro 64-0802 (Fig. 6). These in vivo results using. Mrp4™'~ mice
thus indicate that Ro 64-0802 crosses the BBB from the blood side to
the brain, but Mrp4. limits its penetrat:on into the brain by extruding
it into the blood. The latter finding is consistent with the results of our
microinjection cxpenment. However, the lack of effectof knockout of

second explanation is that, conisidering the mediation of bidirectional
trangport by Qa3 (Balchlya ctal., 2003), it is possible that Oat3.on the

in its uptake from the brain to the endothelial cells (Fig. 7). The third
explanation is that, considering the - hydrophilic character of Ro 64-
0802, with an ariignic charge, its luminal uptake probably involves
trangporters. Kikuchi et al. (2003) suggested that Oat3 is expressed on

Brain Side

.'Ro 64-0802 DA oseltamivir

/' Brain Capillary. -
Endothe[ial.Cel!

Ro 64-0802 +—-C—Es-1-i1—— oséeltamivir
4 4

Ablunyiral
Meatbrage

Lum}nal . i

oseltamivir

Ro.64-0802

‘-;———i
GCES1A1{Liver)

Blood Side

BG. 7. Schematie reprecar

distribation of oseltamivir and Ro 64-0802 in humans, Oscltammrcmssms the BBB,
and Ro 64-0802, is prodiced by CESIA] during the penetration of oscltamivir

- across-the BEB, Both oseltamivir and Ro 64-0802 are subjected to active efflux by
P-gp and MRP4, respectively. The functional ‘importance of OAT3 at the human .
BEB has not yet been estabhshed. so the hypomencal pathway is shown with a_ -

broken line. .

4

Oar3 on the K, 11, of Ro 64-0802 seems to contradict the results of

the mlcrom_]ecuon experiment. There are three. ¢xplanations for this "
discrepancy, The first explanation is that -luminal Mip4 is more
importait in preventing brain penetration .than abluminal Oat3. The

abluminal membrane of biain endothelial cells may actin the efflux of
"Reo 64-0802 from inside the endothelial cells into the brain, as well as

ntafion of the proposed mechanism undcrlvmz the brain .
. CiL, Kusuhara H, Adachi M, Schuerz ID, Takeuchi K, and Sugiyaing Y (2%‘7) Twolvesatof

OSE ET AL.

both the luminal and abluminal membranes of rat brain capillaries;

however, this localization is controversial (Mori et al., 2003; Roberts .

et al., 2008). Oat3 may serve as an uptake system for Ro 64-0802 on
the luminat membrane from the circulating blood into the brain (Fig.
7). Further studies using Mrp4 and -Gat3 double knockout mice can
answer these questions and perhaps confirm these speculations.
Figure 7 summarizes the proposed mechanisms determining the
brain distribution of oseltamivir and Ro 64-0802 in humans. P-gp,

MRP4, and CES1Al are factors that determine the brain distribution -

of oseltamivir and Ro 64-0802 in.humans. CES 1A is predominantly
expressed in the brain capillaries in buman brain (Yamada et al,,

1994), although whether CES1A1 is the only enzyme responsible for -

the conversion of oseltamivir remains to be examined. MRP4 s also

expressed on the luminal membranes of human brain capillaries (Nies

et al., 2004; Bronger et al., 2005). Because oselthmivir'_ crosses the
BBB, Ro 64-0802 can be produced during the penctratien of oselta-
mivir across the BBB and then be subjected to active efflux by MRP4.
Although Northem blotting did detect OAT3 mRNA expression in the
human brain (Cha et-al., 2001), its distribution and membrane local-
ization remain to be-determined. Therefore, whether Ro 64-0802 can

penetrate into the brain and is climinated from the brain by OAT3 in '

humans, as well as in mice, also remains in ‘question. Fluctuations in

their activities will cause interindividual variations in their exposure -
to the central nervous system. For instance,'genetic variations have

becn réported for P-gp and MRP4, which -may alter their transport
activities and expression. The silent mutation 3435C>T is associated
with reduced P-gp expression (Hoffmeycr et al., 2000) and. “affects
protein folding; resulting in a substrate-dependent functional change
(Kimchi-Sarfaty et al,, 2007). In MRP4; the nonsynonymous muta-

tions 559G>T, 1460G>A, and 2269G>A are associated with altered ™

“transport activity and expression (Abla et al., 2008; Krishnamurthy et
" oal, 2008). It i$ possible that these polymorphisms are associated with

“the adverse effects of Ro 64-0802 on the central nervous system.

In conclusion, Mrp4 and Oat3 are responsible for the eliminatios of

_ Ro 64-0802 from the brain across the BBB although, at stcady-state

Oat3 may not affect its brain distribution, probably because of its

" possible contribution also to the brain uptake of Ro.64-0802. This is

the first (}emonsuhtion of the cooperation of uptake and effiux trans-
porters in the directional (brain-to-blood) transport of anionic drugs

across the BBB.
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Carboxylesterases hydrolyze chem:cals containing such functional groups as a carboxyhc .
. -acid ester, amide and thioester. The liver contains-the highest carboxylesterase activity and
‘expresses two major carboxylesterasgs HGE1 and HCE2. In this study, we analyzed 104

individual liver-samples for the expression' pattemns of both carboxylesterases. These -

samples were divided into three age groups: adults (> 18 years of age), chlldren {0 days—
10 years)-and fetuses (82-224 gestation days). In general, the adult group expressed sig-

nificantly higher HCE1 and HCE2 than the child group, which expressed significantly higher

than the fet'al_ group. The age-related expression was confirmed by RT-qPCR and Western
immunoblotting. To determine whether the expression patterns reflected the hydrolytic

expression patterns, adult microsomes were ~4 times as active as child microsomes and
10 times as active as fetal microsomes'in hydrolymng these chemicals. Within the same age

detected in mRNA’ (420-fold), protein (100- fold) and hydrolytic activity (127-fold). Carbox-
ylesterases are recognized to play critical roles in drug metabolism and insecticide detox-
ication. The findings on the Iarge variability among different agé groups ot even within the
same age group have important pharmacological and toxicological implications, particu-
larlyin refation to pharmacokinetic alterations of ester dmgs in children and vulnerablhty of
fetuses and Chlldren to pyrethroid insecticides.
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.  activity, liver microsomes were pooled from each gioup and tested for the hydrolysis of .
drugs such as oseltamivir and insecticides. such as deltamethrin. Consistent with the -

" " group, parhcularly in the fetal and child. groups, a large inter-individual variability was )
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1. . Introduction

Carboxylesterages constitute a class of enzymes that hydro-
lyze chemicals containing such functional groups as a
carboxylic acid ester, amide and thicester [1]. These enzymes
are known to play important roles in drug metabolism and
insecticide detoxication. Two major human carboxylesterases
(HCE1 and HCE2) are abundantly expressed in the lver,
whereas HCE? is predominately expressed in the gastro-
intestinal tract [1,2]. In addition to the difference in tissue
distribution, these two enzymes differ markedly in the
hydrolysis of certain drugs., For example, HCE1, but not
HCE2, rapidly hydrolyzes the anti-influenza viral agent
oseltamivir [3.4]. In contrast, HCE2,- but not HCEL, rapidly
hydrolyzes the anticancer agent irinotecan [5}. In addition to
‘hydrolyzing numerous compounds, carboxylesterases cata-
" lyze transesterification. In the presence of ethyl alcohol, HCE1
- effectively converts the anti-platelet agent clopldogrel (a
" methyl ester) into ethyl clopidogrel {4].
" The expression of carboxylesterase is altered by xenob1o-
tics and pathological conditions. In human primary- hepato-
cytes, therapeutic agents such as dexamethasone and
‘phenobarbital cause a slight or moderate induction of HCEL
. and HCE2 [6]. Dexamethasone and phenobarbital also alter the
" expression of rat carboxylesterases [7]. However, the pattern
of the alteration is different Phenobarbital moderately
" induces rat carboxylesterases (hydrolase A and hydrolase B),
whereas dexamethasone profoundly suppresses the expres-
sion of these enzymes {7]. Suppression also occurs in human

"~ primary hepatocytes treated with the pro-inflammatory
cytokine interleukin-6 {IL-6), and.the suppression is achieved -

by transcriptional repression [8]. Mare importantly, the iL-6
mediated suppression strongly alters cellular responsiveness
to therapeutic agents such as clopidogrel, irinotecan, and
oseltarnivir [8]. Hydrolysis of clopidogrel represents inactiva-
tion. In contrast, hydrolysis of irinotecan and oseltamivirleads
to the formation of therapeutically active metabohtes thus
_represents activation {5,9}.
The expression of carboxylesterases is regulated in a
. developmental manner, and it seems likely that these enzymes
are developmentally regulated in humans as well. One to two
week old rats express no hydrolase A or B based on
immunoblotting analysis {7]. Consistent with the low level
expression of carboxylesterases, the intrinsic clearance of the

. pyrethroid deltamethrin through hydrolysis in 10-day-old rats .

is only ~3% of adult rats [10). Even in 4-week-old rats, the
- intrinsic-clearance is less than half of that of adult rats [10]. In
addition, young animals are génerally much more sensitive to
pesticides such as organophosphates and pyrethroids [11-13].
- Carboxylesterases are known to protect against these chemi-

cals by hydralysis in the case of pyrethroids or scavenging -

‘mechanism in the case of organophoaphates. The develop-
mental regulation of human carboxylesterages remains to be
established. A previous report by Pope et. al. [14] cbserved that
. infants differ from -adults in the expréssion and hydrolytic
. uctivity of carboxylesterases, but the difference wasstatistically
insignificant [14]. The Pope's study, however, used a small
number of samples and had only five samples for each group.
" In the current study, we analyzed a total of 104 individual
liver samples for the expression patterns of HCE1 and HCE2

These samples were grouped according to age: adults {>18
years old), children (0-10} and fetuses. Multiple experimental
approaches were used including RT-qPCR, Western analysis
and enzymatic assays. The fetuses expressed lower carbox-
ylesterases than the children, and the children expressed
ltower carboxylesterases than the adults, Overall, the expres-
sion of both HCE1 and HCE2 showed a large inter-individual
variability with the largest variability in the fetal group.

2. - Materials-and methods
21,  Chemicals and supplies

Acetaminophen, aspirin, naproxén, and salicylic acid were
purchased from Sigma (St Louis, MO). Clopidogrel and

clopidogrel carboxylate were from- ChemPacific (Baltimore, ’

MD). Oseltamivir and oseltamivir carboxylate were from

Toronto Research Chemicals (Canada). Deltamethrin and- _

permethrin were purchased from ChemService (WestChester,
PA). Deltamethrin had a purity of 99%, and pérmethrin was
from abatch that contained a mixture of cis- and trans-isomers
at a ratio of 46% angd 52%, respectively. TagMan probes were
from Applied Blosystems (Foster City, CA). The antibody
against glyceradehyde-3-phosphate dehydrogenase (GAPDH)
was frbm Abcam (Cambridge, MA): Unless otherwise specified,

all other reagents were purchased from Flsher Scientific

{pittsburgh, PA).

2.2.  Liver RNA and microsomal samples

A total of 104 RNA samples were used in this study andsomeof *
the RNA samples were matched with ‘microsormes. Pure RNA -

samples were purchased from (ADMET Technologies (Dur-
ham, NC). Liver tissues were acquired from the National

Disease Research Interchange (Philadelphia, PA), the Midwest :

Transplant Network (Westwood, KS), the University-of Mary-
land Brain and Tissue Bank for Developmental Disorders

. {Baltimore, MD), and the University of Washington Central -

v

Laboratory for Human Embryology {Seattle, WA). Isolation of .

total RNA from the liver nssues was described previously

-[15,1€], and the quality was determined on an Experion RNA

StdSens micro fluidic chip (Bio-Rad, Hercules, CA) or by
electrophoresis. Microsomes® of child and fetal livers were
prepared by differential centrifugation as described previausly
[17): Adult liver microsomes {individual samples) were from
CellzDirect (Pittsboro, NC) and. described previously {4]. The

demographics of the RNA samples in each group ate

sumimarized in Table 1. The use of the human samples was
approved by the Institutional Review Board.

'GI‘mIp i H

Fetus ~ 48 - 26722 19 17 . 1 [ 6
Child 34 15119 " - 21 8-. 3 2

Adult - 2 B . 19 2

Abbrewauons MJI—‘ malelfemale CA. Caumsmn-.ﬁmenan, AA:
Afncan Amencan. H: Hitpartic; UnI:': unknowh,

o ~19-
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2.3
redction (RT-qFCR)

Total RNA (0.1 ng) was subjected to the synthesis of the first
strand ¢DNA in a total volume of 25 . I with random primers
and M-MLV reverse transcriptase. The reactions were con-
ducted at 25°C for 10min, 42°C for S0min and 70°C for
10 min. The cDNAs were then diluted 6-fold and quantitative

. PCR was performed with TeqMan Géne Expression Assay

{Applied" Biosystems, Toster City, CA). The TagMan nssay
identification numbers were: HCE],

" (NM_001266); HCE2, Hs00187279_m1 (NM_198061); and poly-
-"merase {RNA} II, Hs03108291_m1 (NM_000937). It should be

noted that the HCE1 probe could detect both HGE1A1 and
HCE1A2 transcripts. The PCR amplification was conducted ina

" total volume of 20 pl containing universal PCR master mixture

" in a mini-gel apparatus and transferred electrophoretically to .

(10 1), gene-specific TeqMan assay mixture (1 il), and cDNA

template (3 x1). The cycling profile was 50 °C for 2 min, 95 °G for
10 min, followed by 40 cyeles of 15 s at 95 °C and 1 minat 60 °C,
.as recommmended by the ianufacturer. Amplification and

quantification were done with the-Applied Biosystemns 7900HT
Real-Time PCR System. All samples were dnalyzed in triplicate
and the signals-were normalized to polymerase (RNA) If [18]

-and- then expressed as relanve levels of mRNA among all

samples
24, Western analysis
‘Microsomal profeins (15 ng) were resolved by 7.5% SDS-PAGE

nitrocellulose membranes.. After non-specific binding sites

. were blocked with 5% non-fat milk, the blots were incubated

" with an antibody against HCE1, HCE2 and GAPDH, respec-
" tively. The preparation of the antibodies against HCEL and .

HCE2 was described elsewhere [6}. The primary antibodies
were subsequently localized with goat anti-rabbit IgG con-
jugated with horseradish peroxidase, arid horseradish perox-

: idase activity was detected with a chemiluminescent kit

" tions (e.g., protein concentrations) to maintain the metabo-

2.5,

" (SuperSignal West Pico). The chemiluminéscent signals were

captured by a KODAK. Image Station 2000- and the relative
intensities were quanuﬁed by the KODAK 1D Image Analysis

" Software.

Enzymatic assays .

.Allenzymatic assays were cartied out at 37 “Cin a total volume

of 100 pl. Pilot studies were performed to determine condi-’

. lism in the linear range. Generally, microsomes (20-80 ug

‘protein) were prepared in 50 pl incubation buffer (phosphate
buffer, 100 mM, pH 7.4; or Tris—HCI, 50 mM, pH 7.4)-and then '
. mixed with an equal volume of substrate solution (the same

buffer). Hydrolysis of aspirin was performed in phosphate
buffer; whereas hydrolysis of oseltamivir, déltamethrin and
permethrin was carried out in Tris-HCI buffer. Aspirin -was
assayed at 1 mM, oseltamivir at 200-pM, both deltamethrin
and permethrin at 100 pM: The incubations lasted for 10-

60 min depending on a substrate, and the reactions were .

terminated with 150 il of acetonitrile containing an internal
standard (IS): acetaminophen (750 ng/ml) for aspirin, clopido-

Reverse traﬁscﬁpﬁon-qi:&nﬁt'dtii;é' polymerase chain

Hs00275607_m1 .

grel carboxylate (50 ng/ml) for oseltammr. napronex (4 ;.u.g/ml) -_ o

for deltamethrin and clopidogrel (33 pg/ml) for permethrin.

The reaction mixtures were subjected to centrifugation for -

15 min at 4 °C (15,000 g). Bydrolysis of aspirin and oseltamivir

was previously reported [3,4]. It should be noted that varicus .

controls were performed such as Omin incubation and.
incubation without microsomes.

26, Monitoring of hydrolysis by HPLC or LC-MS/MS

The hydrolysis bf aspirin or pyrethiroids was separated by

high-performance liquid chromatography (HPLC} {Hitachi .
LaChrom Elite-300) with a Chromolith SpeedROD .column -
RP-18e (Merck, Germany). The supernatants (1020 1l) of the -

_ reaction mixtures were injected and separated by an isocratic

for aspirin or gradient mobile phase for deltamethrin and

permethrin, The isocratic mobile phase, consisted of 12% -
methanol and 0.25% acetate acid at pH 3.9 [4). The gradient -

mobile phase consisted of acetonitrile and 0.01% formie acid.
The gradient was run at 20-50% acetonitrile (v/v) for 6 min, 50-
80% for Imin followed by 80-20% for 6 min. Both mobile

phases were run at a flow rate of 2 mV/min. For aspirin, the
formation of hydrolytic metabolite was monitored, whereas

for deltamethrin and perméthrin the disappearance of parent
compounds was monitored by a diode array detector at

230 nm. All quantifications were performed using peak area

ratios and calibration curves generated from the internal
cantrol. The calibration curve ranged from 2 to 300 pg/mL with

~ good linearity for’ sahcylxc acid, 0.8-160 pg/mL for deltame-. )
thrin, and 0.6-120 pg/mL for permethrin,

- The hydrolysis of oseltamivir was monitored by LC—-MS/MS

system (APl 3200) as.described previously [3]. Briefly, .the .-
supernatants of the incubation mixtures were separated‘

isocratically using a mobile phase compasition of 70:30% (v/
v) acetonitrile: 0,05% (v/v) formic acid in deionized water

maintained at a flow rate of 0.25 ml/min with a total run time -

of 6.0 min. Detection of the analytes was petformedin positive
ion mode using the mass transitions of m/z; 313.3 — 166.1 for

oseltamivir, m/z: 285.2 — 138.0 for oseltamivir carboxylate and: :
Cmfz

308.2 - 1520 for IS. Flow. injection analysis wras
performed at a flow rate of 20 ul/min to obtain optimum

source parameters. The following compound parameters were”
- used for oseltamivir, oseltamivir carboxylate and IS, respec-

tively. Declustering potential: +5, +5 and +30V,. focusing

" potential: +360 V each, entrance potential: +8 V each, collision
cell entrance potential: +20 V each, collision energy: +25, +25 -
and +30V and collision cell exit potential: +7 V each, The”

optimum source parameters that gave the highest oseltamivir
intensity were Curtain gas: 10 psi, collision gas: 4 psi, fonspray

- voltage: +5500 V, temperature: 450 °C, ion source gasi: 25 psi

and fon source gas2: 85psi. Integration of the peaks was
petformed by manual baseline adjustment using the ANA-

LYST SP version 1.2 software (Applied Biosystems). All
_quantifications were performed using peak area ratios and
calibration curves consisted of cseltamivir or oseltemivir

carboxylate to clopidogrel carboxylic acid concentration ratios
plotted against the oséltamivir or oseltamivir carboxylate to
clopidogrel carboxylic acid peak area ratios. The calibration

curve ranged from 1 to 250 ng/mL with good linearity for

oseltarnivir and 4 to 1000 ng/mL for.oseltamivir carboxylate.

._.20___
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The calibration curves were constructed with 1/x* weighting
and the regression coefficients were greater than 0.99.
2.7.  Other analyses
_Protein concentrations wete determined with BCA assay
" . (Pierce) based on bovine serum albumin standard. Data are

presented as mean + S.D. All enzymatic assays were repeated
three times with the same microsomal preparation. Statistical

tests were performed to'compare means (Student’s (-test) or -
correlations (Spearman). In all cases, significant differences

were assumed when p-values were less than 0.05.

3.

* Results
31 Ontogenic expression of human carboxylesterases

_HCE1 and HCE2 by RT-qPCR

_In this study, we ‘first evaluated the expression patterns of
human carboxylesterases HCEl and HCE2 in various age

groups. A total of 134 ENA samples were analyzed including 48 -
samples from fetuses {82-224 gestation days), 34 from children

" (0 days-10 years of age) and 22 from adults (>18). The levels of

HCE1 and HCE2 riRNA were determined with RT-qPCR, and,

the' results are summarized in Fig, 1 and Table 2. Qvergll, the
" adult group had the highest levels of HCE1 and HCE2 mRNA,
and the fetal group had the lowest levels for both enzymes.
Based on the values of the means, the adult group expressed

-HCE1 at levels 319-fold hlgher than the fetal group, and ~50% -
higher than the child group (Fig. 1 and Table 2). Likewise, the *

‘adult group expressed HCE2 at levels 55-fold highier than the
fetal group and ~40% higher than-the child group. Inall cases,

the differences among various age groups were statistically -
significant {Fig. 1). It should be noted that two different sets of -

. Y axial values were used in Fig. 1 to accommeodate the iarge
- difference in the mmRNA levels between the fetal and the other
‘two graups. ‘

-In -ad@itién to the large difference among various age

groups {inter-group), a large inter-individual variability was

detected within a-group. The fetal group, for example, showed )

ar431-fold difference (ratio between the maximum and the
- minimum) in HCE1 mRNA with-a coefficient of variation (CV)
of as high as 172% (Table 2). The child and adult groups, on the

_other hand, vatied less in HCEL mRNA with a 218- and 12-fold -

" difference, respectively {Table 2}, Slrmlarly, the levels of HCE2
mRNA varied in all age groups, however, the overall variability
~ was much Jess than HCE1 mRNA. The variation in HCE2 mRNA
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Fig. 1 - Levels of HCE1 and HCE 2 mRNA in the aduls, child
and fetal groups. Total RNAs were subjected to RT-gPCR

~ analysis for the level of HCE1 mRNA (A) and HCE2Z mRNA
(B) by Tagman probes as described in Section 2, The adult
group contained 22 samples, the child group contained 34
samples and the fetal group contained 48 samples. The

- signals from each target were normalized based on the
sigmal froin Polll and expressed as relative levels. among
all samples. The data -are presented as mean + S.D. ()
Statistical significance at p < 0.05, () statistical
significance at p <0.001,

was the same in the fetal and child groups and hlgher than '
that in the adult group (21~ versus 4-fold) (Table 2).

~ We next examined whether the expression of carboxyles-
terases is age-related within a group. The levels of mRNA were
plotted against agé or gestation days, and the correlation
coefficients were computed, The adult group showed no clear
correlation for either HCE1 or HCE2 (data not shown), In the
fetal samples, the level of HCE2 but not HCE1 mRNA was’
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~ the, sub-ch:ld group (O—l—year-old), (‘) smtmncal sxgmﬁcance (p< 0.05} '

h éigniﬁcanﬂy cotrelated with age (Fig. 2A and B)"..In contrast, the

child group showed bétter correlation with age-on HCE? than -

HCE2 mRNA, although neither correlation reached the level of

. statistical significance (Fig. 2C and D). To gain additional -
. information -on age-related expression, correlation analysis
. .wasperformed on the samples from donors under oneyear ¢ld

(01 year). in this sub-group, much improved correlation was

" ° observed on both HCE1 and HCE2 with a p-value of 0.00¢ and

0.111, respecuvely (Fig. 2E and F).

3.2. Inter—individual uariability in carboxylesterase
proteins and oseltamivir hydrolysis in the child group

We: next examined whether-the levels. of carboxylesterase
"mRNA reflected the levels of corresponding proteins. RNA-

mfc_-rosoine matched s'al‘tipies.from 11 available pediatric-aged
subjects were evaluated. Fetal matchéd ‘samples ‘were not

‘tested because of low mRNA expression and low activities
“towards marker substrates (described below}. No RNA-micro-
some matched samples were available for the adult group. The

raicrosomal samplés were first analyzed by Western imrmu-

" noblotting ‘with .antibedy against HCE1 or HCEZ, and the
] 1mmunosta.1mng intensities were quantified by the KODAK 1D
Image Analysis Software.’ As shown in Flg. 34, all samples

contained HCE1 and HCE? protema. uut the relative gbun-

" dance vaned markedly. In particular, one donor {lane )
showed extremely low levels of both carboxylesterases.

(Fig. 34}, Based on the immunostaining intensites, HCEL

. protein varied by ~100-fold, and HCE2 protein varied by ~20-

fold. The inter-individual variability, however, was decreased
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Fig. 3 - Individual variation of HCE1 and HCE2 proteins.and oseltamivir hydrc.nlys"ls in the child group. (A) Western analyses, .
Microsomes (1.5 p.g) were resolved by 7.5% SDS-PAGE and transferred electrophoretically to nitrocellulose menibranes. The
" - blots were incubated with an anubody against HCE1, HCE2 or GAPDH and chemiluminescent substrate. The signal was
captured by a KODAK Image Station 2000 and. the relative intensities were quantified by the KODAK 1D Image Analysis
Software. {B) Correlation analyses. The immunointensities of HCE1 and HCE2 were plotted against the levels of respective
mRNA. The con'e'lation coefficients and evaluations on statistical significance were performed with SPSS version 16..()
Statistical significant (p < 0.001). (C) Oseltamivir hydralysis by individual liver samples of the child group. Microsomes (20 ig)
-were incubated with oseltamivir (200 ;xM) at 37 °C for 10 min, and the formation of oseltamivir catboxylate was détected by ’
LC-MS/MS. Data were assembled from three independerit experiments with two injections of each experiment.

to ~8-fold for both carboxylesteraseé when the data-point

"{lane 6) was eliminated. For both HCE1 and HCE?, the mRNA.

levels were correlated significantly with the levels of respec-
‘ive protéins (p < 0.001) (Fig. 3B). The HCE1 matched samples
had a correlation coefficient of 0.9047, and the HCE2 matched
samples had a slightly lower correlation coefficient (0. 8471)
(Fig. 3B). :

~ Thelarge mdnndual vanablhty in carboxylesterase pro tein
pointed to the possibility of marked differences in the

" metabolism of therapeutic agents and other xenobiotics. To

- directly- test this -possibility,. the. .anti-zinfluenza viral agent

oseltamivir (an ester prodrug) was mcubated with 1nd1v1dual
donor sampies (Fig. 3A), and the hydrolySIs was monitored. As
shown in Fig. 3C, all samples hydrolyzed this anti-viral agent,
and the overall hydrolysis varied by 127-fold. Such a large

. inter-individual variability was in agreement with the varia-

tion in the abundance of HCE? (Fig. 3A), which has been shown

o catalyze the hydrolvsis of oseltamivir: {3).-As-expected, .. . .

Q=g L

sample 6 (lane 6) contained the lowest HCEL protein and

. showed the lowest hydrolytic activity toward oseltamivir.
Conversely, sample 7 {lane 7) contained-the highest level of ’
HCE? protein and was the most active toward this anti-viral
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groups..Microsomes. (1.5 pg) pooled from the adult, child and fetal group were analyzed by Westem blotting and the .
immunaostaining intensities were. guantified by the KODAK 1D Image Analysis Software. (8) Hydrolysis of oseltamivir by
- pooled microsomes. Microsomes: (20 ng) from various age groups were incubated with oseltamivir (200 p.M} at 37 °C for

10 min, and the formation of oseltamivir carboxylate was detected by LC-MS/MS. {C) Hydrolysis of aspirin by pooled
microsomes. Microsomes (80 jug) from. variouis age groups wére incubated with aspirin (1 mM) at 37.°C for 60 min, and the :
formation of salicylic acid was detected by HPI.C. (D and E) Hydrolysis of permethrin by pooled microsomes. Microsomes (50 rg)
from various.age groups were incubated ‘with permethrin (100 kM) at 37 °C for 60 min, and the disappearance of the parent: .
‘compounds was detected by HPLC. Permethrin contaihed a mixtute of cis- and trans-lsomers at a ratio of 46 and 52%,
respectively with the cis-form having a retention tinie.of 10.41-amd the trans-form of 10.18. (F) Hydrolysis o_f deltamethrin by
paoled microsomes, Microsomes {50 pg) from various age groups were incubated with deltamethrin (100 uM) at 37 °C for o
‘60 mih, and the, dlsappearance of the parent compound was detected by HPLC. Data were assembled from three - :
independent expenments with each expenment havmg twao’ mjecnons. )

agent (Fig. 3A and C). The hydrolys:s of oseltamivir among
these individual samples was highly correlated with the
. protein tevel of HCE1 with a correlation coefficent of 0.9373,

' aithough samples ‘8.and 10 exhibited relatively lower hydro-

qJ.

.3_.'3._ Hj;drolysis of dritgs and insectfddes'by liver
microsomes of fetuses, children anid adults

“We next extended the metabolism study to include the anti-

inflammatory agent aspirin, and insecticides permethrin (cis-

and trans-) and deltamethrin. In addition to-their pharmaco-
logical and toxicological implication, these chemicals were

lysis compared with their relauvely HCE1 contents (Fig. 3A and .

.chosen because they are hydrolyzed in an 1soform specnﬁc
manner, Oseltamivir and deltamethrin are predominately
hydrolyzed by HCE1 {3,19,20], whereas aspirin is predomi-
nately hydrolyzed by HCE2 [4]. The cis-form of permethrin is -
favorably ‘hydrolyzed by HCE2, whereas the trans-form 'is
- comparably hydrolyzed by both forms. The extended meta- .
. bolism study was performed with microsomes pooled from

various age groups, and the microsomes “Were 50 pooled by
_mixing equal amount from all individuals in an age group. The
pooled samples enabled companson tobe madeonthe omerall.

- hydrolysis of these chemicals among different : age groups. -
We first determined the levels of HCE1 and HCEZ in the'
peoled samples by Western unmunoblotnng. Based.on the

immunostaining intensities, the child group expressed ~25%
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of carboxylesterases {both HCE1 and HCE2) of the adult group
and the fetal group expi'essed less than 10% of the adult group
(Fig. 4A). Overall, the magnitude of hydrolysis of these
-chemicals was correlated well with the relative levels of
- carboxylesterases in these samples (Fig. 4B-F). The adult
pooled sample showed the highest activity toward all

chemicals and the fetal pooled samples showed the lowest

gctivity. Hydrolysis of aspirin and trans-permethiin (Per-1) by
the samples pooled from the fetuses and children was slightly

higher than. that predicted according to their relative -

abundance of carboxylesterases. For example, the fetal
sample contained less than 10% of carboxylesterases of the
adult sample but showed 25% of aspirin hydrolysis {Fig. 4A and

C). Conversely, the hydrolysis of oseltamivir, cis-permethrin

. and deltamethrin by the fetal group was less than 10% of the
adult group. The precise mechanism on these discrepancies

remains to be'determined. On the other hand, the higher-than

predicted hydrolysis, in the case of d@spirin, was likely due to
* hydrolysis by other enzymes (highly expressed in the fetal
liver) or due to polymorphic variants. In support of these
... possibilities, butyrylcholinesterase has been shown to hydro-
* ‘lyze aspirin [21}, and certain polymorphic variants of HCE2
were found to differ from the wild-type enzyme in hydrolyzing
this anti-platelet agent [4], In addition, the liver expresses a
third- carboxylesterase [22], but it remains to be determined

‘whether this carboxylesterase hydrolyzes these compounds

"(i.e., aspirin and trans-permethrin} and whether thé- expres-
. sion of this carboxylesterase is developmentally regulated. ’

. 4.  Discussion

Carboxylesterases constitute a class of hydrolytic enzymes

that play important roles in the metabolism of therapeutic.

-agents and detoxication of insecticides f1]. In this study, we
analyzed a large number of individual liver samples for the
" expression patterns of HCE1 and HCE2, two human carbox-
- ylesterases predominately expressed in the liver. Overall, the
" adult group expressed significantly higher HCE1 and HCE2
. than the child group or the fetal group. The age-related
expression was confirmed on the levels of both mRNA and
protein. Iri agreement with the expression pattems, the adult
microsomes were approximately 4 imes as active as the child
". microsomes and mmore than 10 times as active as the fetal
. microsomes in hydrolyzing a group of therapeutic agents and
insecticides. Everi within the same age group, a large inter-
" individual variability was detected in mRNA and protein levels
as well as hydrolytic activity. '

Although both HCE1 and HCEZ exhibited a similar expres- .

_ 'sion pattern among the various age groups, there were several
' major differences. First, HCE1 exhibited much greater inter-
group and inter-individual variability than HCE2. For example,
based on the values of the means, the adult group displayed a
319-fold higher level in HCE1 mRNA compared with the fetal
- group. in contrast, these two groups showed only a 55-fold
. difference in the level of HCE2 mRNA (Fig. 1 and Table 2).
Likewise, the adult group showed a 430-fold inter-individual

. vaﬁability'in HCE1l mRNA (ratic between maximuri over

" minimum), in contrast, only a 2i-fold difference in HCE2

mRNAWas detected in the same group (Table 2). Second, HCE1 ‘

. displayed better age-related expression than HCE2 in the child

group -with coirelation coefficients of 0.3138 and 0.1058,
respectively (Fig. 2C and D}. In contrast, HCEZ displayed better
correlation in the fetal group with correlation coefficients of
0.4362 and 0.1136, respectively (Fig. 2A and B).

The large inter-individual variability, particularly in the
fetal and children groups, was likely an cutcome coordinated
by multiple mechanisms, In this study, we have shown that
the adult group expressed the highest levels of HCE1 and HCE2
followed by the child group, and the fetal group expressedthe
lowest levels of both enzymes (Fig. 1 and Table 2).-Such age-
related expression patterns were confirmed by RT-qPCR and
Western analyses {Figs. 1, 3 and 4) and established that
developmental regulation is involved in the expression of
HCE1 and HCEZ. However, the correlation with age in many
cases was only moderate at the most and did not reach the

‘Tevels of statistical significance (Fig. 2C and F). Although the

precise mechanisms remain to be determined, the lack of
strong correlation with age in these groups was likely due to -
complicated factors such as the administration of therapeutic
agents and disease conditions. We have previously reported
that pathological condition and therapeutic agents markedly =
altered the expression-of HCE1 and HCE2 [6,8}. Interleukin-6, a
cytokine usually elevated during inflammation, profoundly

. suppressed the expression of both HCE! and HCE2 (8).
- Consistent with the suppression of carboxylesterases by

cytokines, patients with elevated cytokine conditions such

. asliver cirrhosis had much lower capacity of hydrolyzing ester
‘drugs such ds _perindqpril, a l}on-sulphydryl angiotensin

converting enzynie inhibitor {23,24].
The significantly. lower level of HCE1 in the child group,
compared with the adult group, provides a molecular
explanation to the latge pharmacckinetic difference - in

* oseltamivir between these two groups. In this study, the
sample pooled fromi the children was only ~15% as active as

the sample pooled from the adults in hydrolyzing oseltamivir
(Fig. 4C). Consistent with the in vitro metabolism, children-
under 12.years old reportedly produced only approximately '

- half of the hydrolytic metabolite produced by adults (25].

Apparently the low level praduétion of vseltamivircarboxylate. .
in children was likely due to ineffective hydrolysis of the
parent drug and higher clearance of the metabolite. Further-
more, we have shown that individual sariples in the child

.group varied by as many as 127-fold in oseltamivir hydrolysis

(Fig. 4A}). Pharmacokinetic studies in children, however, did
not detect such a large inter-individual variation in the
production of hydrolytic metabolite of oseltamivir [25,26].
One explanation is that the frequency with an extremely low
expression level of HCE1 is rare in the general population, and
the pharmacokinetic studies were performed in 24 or fewer
children [25,26}. Indeed, there was a reported rare case thatan

- adult patient with diabetes mellitus had only 1-2% capacity of

normal peaple in hydrolyzing clopidogrel based on the values -

" of the means and standard deviations [27). Like oseltamivir,

clopidogrel is a substrate of HGE1 [3]. Ineffective hydrolysis of
oseltamivir, on the other hand, likely leads to increased
concentration’ in the brain. Some patients taking oseltamivir
reportedly devéloped neurobehavioral changes [28}, although
a direct link remains to be established between the developed
neurotoxiciy and the use of oseltamivir, .
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In contrast to oseltamivir, py’rethfoids have lbrig been

recognized to exert neurotoxicity [29]. As a class of the most
used insecticides in the world, both the general population

and workers have a high risk to be exposed to these

" insecticides. Epiderniological studies have shown that the
exposure level, in some cases, can be high [30,31). Pyrethroid
insecticides are generally considered safe to. mammals,

because they are rapidly eliminated by carboxylesterases:

In this study, we have shown that the fetuses and children
hydrolyzed pyrethreids at a rate of only ~20% or lowerof the
adults (Fig. 4D-F), suggesting their vulnerability to pyre-
throids-induced toxicity. In support of this notion, neonatal

rats were reportedly 17 times as sensitive as adult rats to  ~

~cyperrnethrin [12]. Neurotoxicity induced by pyrethroids

- appears tb eause irreversible damage. Prenatal exposure'to
deltamethrin, for example, led to a deficit in locomotor
activity of offspring post-natally at 9 weeks [32]. In humans,
‘micromolar concentrations were réported in the meconium

. {33]. This is particularly of relevance as fetuges have only
. limited -capacity of hydrolytlc detoxication as descnbed in
this report. .

;.. In summary, our work’ pomts to several impertant
conclusmns First, the expressiori of both HCE1 and HCE.Z
increases with age, establishing that their " expression is
developmentally regulated .and that fétuses and children

" ‘generally have lower capacity of hydrolytic metabolism than ..
{14] ‘Pope CN, Karanth S, LiuJ, Yan B. Comparative

" adults. Second, there is a large inter-individual variability in
the expression of these enzymes, particularly in the fetal and
child groups. It is likely that the expression of HCE1 and HCE2
in these age-groups is subjected to non-developmental

. regulation with high sensitivity (e.g., , xencbiotic regulation}.
~Carboxylesterases are recognized to play important roles in
diugmetabolism and insecticide detoxication. The findingson

the large vardability among diffe;ent age groups or even within,
the. sgame age group have important pharmacological and’

" toxicological implications, particularly in relation to altered

phannacolﬂneﬂcs of ester drugs in children and vulnerabﬂlty ’

" of fetuses and chlldren to insecticides such as pyrethroids.
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