Ty EAR

3. AFFLREFDFNILEC BT 2 cyclosporine &
OWREAERCET BIEREHORR
BHEHEATHRENL TR L6ET NTOA S F > RE

FHOWALET, cyclosporine & DHEEEHICOWTO

EEEENR SN TWA, Table2 12H, HEFBE—EX

1BV B M EREDEN R CERFICE T 5 508D &

FHELCORLE. .

Atorvastatin & O simvastatin @ & & T,
cyclosporine & O EAEH OERE AR El 0 (CYP3AL %

AT E) REBMETHB LI TWEY, Zhi

CYP3ALA TR#AZZ T w2 ¥ F VRERICOVTH

CYP3A4 CTR#EZZ T A2AFF VREF EHEAMBE

cyclosporineff 12 & 5 AUC O L WENPSTD & iz

&, RULEBOT v MNFR7u v — Az Bwipizic

B\2"C cyclosporine 17 & ) lovastatin OUHHEI RO &

NP ool LEIFETAAETHSH. T 77,

cyclosporineﬁ-f—ﬁi kb ECoRENTEE (AUCKR L)
CHEDD AP TOREIT 22572, Fluvastatin

B U pravastatin QT XETiE, cyclosporine DFFFIC

XY ERUGRIRIEDS S bbb BENEH B, Floidd

LbRR T VEORBEOAT, FHEMEFCMPRE
(AUCZ &) ~OEEII£(EELTWER Y., Zhbid
BOR YTV REFMOGERAILFICOWTIE, Fiodkeg
ti%ﬁ&ﬁ@ﬁ®@$k£omtﬁﬁ#ﬁofﬁb,
FOBOIT L ERIHAANLS N TV WwWEEZ LR
B, FREH L, BIE (2003 ~200548) AR - B
A7z pitavastatin & U rosuvastatin O ¥y CEIC I AUC K
U%muwﬁm%®%ﬁ%ﬁﬁ&énfmé T,
EYEIRE O TS FE 2 BREG P b 5 HE TS
D,+ﬁ&kﬁ%@&%x%ﬂé.%%ﬁ%?%ﬁﬁ@

HIZBEE L Tig,

VI EBAY FUREROE L I AFRESIVER & 7 ORER RN TEI S 2 ERORFT 39

AUC R U Cimax = & EYEIREFAIHEE
OELCET AERNBEELZLLNA I LD, o
A Y F v REHOREMNLEITH W T D pitavastatin
rosuvastatin & FAEIC 25 OBERISFEDICERMLE S LS
CENEIFNE. —F, HEEBOBFEICIOWTIE,
pitavastatin ?¥ ﬁj’( CHEE IR TW o b o
@, rosuvastatin DA XZEIZIZ OATP-C2 A-L72ELY
ABRAE IR L oA OGS & KB L /- iR
57z, Rosuvastatin & UF cerivastatin BLF D 2 #.5- > %
EHWLOWTHREEN TR I ZVE 00,
cyclosporine iZ X % OATP-C % 4 L7z I EL h AL FH
Ei, PR EVEAETTRHEHESN XY F U REH
CHEBEL{EATH 2 HMRERREINE. €o T,
W CEICB VTS, cyclosporine 12 & % FF~DHLY 1A
AEEIRRENL BIEHRETHZEPET LWV EE
ZbhB, ' -
12, cyclosporine i3, BAEMEBOA TIER L &
BREEZEUCECRERBCIFER IR IS ko
TETVBDT, AFF v REH & OWELERICIE+4
CEEYPHINETHHLEEILNS. BEBELEUH
CRERESFICMHEHA SN D REIH A T,
cyclosporine D12 tacrolimus 25@ % . ‘Tacrolimius & A -
§ TV RER OEREY B RF RO IR LMOV"C e
DO|MEND ), BHEBHEERCS V\“Csnnvastatm )
IﬂlEP(}EFFk/\ CEEFRDL N H 572 bW '-*i 7,

cerivastatin @ AUC 4535 %iéﬁﬂ Lizz b2 75§1_‘ é T )

5. $oT, tacrohmus DAFF /%%%ﬂ’\@w’i” it
cyclosporine & ¥ N N QT FHEENDLZEDD,
A& FREHEOREMERICE LTI, tacrolimusff

| H%O)jiﬁfcyclosporineﬁf—ﬁ H%':-JZ N bHEFS R EE

Table2 BADA Y F v REMOTFHLE EH%/?UXTU/&@@EW%LET%ﬁﬁ&ﬁ

E A 4 HEAEA—EE Jah‘énait
mt??;j%)f{@z{t B .
T RRRFF s L] v aRKY VN E HEMG-CoAlE
Co TUBESRPHEAIOMRE, AP
ST BHERECESISHEER
PIRREN TV 3.
VUNRAZF (Resiz L] ’ CYP3A4ZEMREL, SHAICE Y &A
: DREVPIHENBRENES 5.
TINKEF (ses7z L] (s L]
SRR T [tz L) [ L]
EEANAZF Y yaARY K Y ERONFEREEN (e U]

. F(Cmax 6.67%, AUC4.6f%y7 3.
AR VERE SN TN B LRSES

TANZREF

o ARY A LD AR~

FRHRLEEE, Y uARY VoM FRE OWRYAHBBERESNLLDLE
TEBI TN, FHOAUCD-240EE X bhB.
HANCERTRERE L b S 10 TH76

ERELEEOBERSHS.
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Withdrawal of Cerivastatin Revealed a Flaw of .
Post-marketing Surveillance System in the United States

Mitsuo Saito”, Mutsuko I—IirataTKoizumi,
Shinji Miyake, Ryuichi Hasegawa

Cerivastatin, a lipid-lowering agent, was voluntarily withdrawn from the market because of high risk of
rhabdomyolysis when used as monotherapy and as comedication with fibrates, especially gemfibrozil.
Thereafter, investigators found a five-fold increase in the area under the curve (AUC) when cerivastatin was
uged as comedication with gemfibrozil and theorized that the increase was associated with inhibition of the
hepatic uptake and metabolism. By contrast, a number of pharmacoepidemiological investigations —one of
which involved evaluation of the Food and Drug Administration (FDA) database for suspected adverse drug
reactions and 11 cohort studies of statin and fibrate users in Urnited States~showed the risk of rthabdomyolysis
to be greater in cenvastann than in other statins used in e1ther monotherapy or in comedication with fibrates,

especially gemflbrozﬂ . .

" This incident regarding risk of rhabdomyolysis in cerivastatin monotherapy was taken to co

States and unpublished company (manufacturer of cerivastatin) documents were opened The incident was then ;

analyzed and discussed in the Journal of American Medical Association (JAMA) as’a concemn Of thé’ cirrent

US post-marketing surveillance system. The company’s action and tlmmg were Judged and ‘found to.be |

. inappropriate (although companies of this sort generally have msurmountable conflicts of mterest), and the
work of the US regulatory system and funding for post—marketmg ;afety management were found o be

insufficient. On the basis of the current situation, the authors and editors recommend further unprovernent of-

_post-marketing Iegulatxons mcludmg the estabhshment of an mdependent drug safety board to oversee post—
marketing surveillance. :

-Among the opened unpubhshed data, was the ﬁndmg that cenvastat].n obV1ously induced rnyopathy in a
dose-dependent manner when administrated as monotherapy As for other statins, only limited data was
available for the relatlonshlp between the dosage and. the rafe of myopathy For the safety use of statins, thlS
should be clanfled by proper surveillance system.

Key Words cerivastatin, gemfibrozil, rhabdomyolysm w1thdrawa1 post -marketing saféty management-
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FER LHIEER PO LIERER S FHT 5 720 DS
TH%. Statintd—RICIIEEMIE, FFKELD
BEREENTWED, FNICEIHRIREESFET
BZENHEE 2o TwA, —7, X% statin bk CYP3A4
WEoTRHEh, CYPIMBSERELETLEMED
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5 cerivastatin 2SR R E L7z,

ﬁﬁmlb,%h%@mmnomﬁﬁﬁﬁ%b<%mT
I EHb, BEMLCYPHEAMOBESZIFIC{ W
statin & L€, CYP3Ad & CYP2C8 DT FIC X hft# S
%R, cerivastatin o Ifi Hr
IEBEIE CYP3A4 01 %2 FRE# D itraconazole & §FF L
THRREHEMAED iy, LaL, kEKBVT,
cerivastatin O Bk 5 T FRIEN SR L, BN

H72135 0 2, gemfibrozil & DEER TE & ICEHEE T
AERAHENFFE SN, £LOTEI R0, HEM

WCHASBRE U7z Y. $7-, HATIE, gemfibrozil idBi5E
ShTwizvnd D0, cenvastathE?x’—?T—k By Ry
BT, cerivastatin B O
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gemfibrozil & OEEM T & BEM S RIEE DFEFBE DR gemfibrozil 17 & Y EEEEIC %I{]ﬁ'%lj ENB A, cerivastatin D
B, SEYyEhEeA AR FIEE ORFFE, 7z, cerivastatin % FvsorgiaftabEEcIfcns IRl
EFVACREIC B BB E AN E ORI AT & 728, 2D X, gemfibrozil i cerivastatin O{UH £ X
%Ui@“( FETCHFNGEHRAWIIE LD S, DERCHIEIT B LG, T LS cerivastatin O I i

CEOHIEISREIL, BfEARBEEECEMORERO

1. Cerivastatin DEEREENRELS —DOTh5 EHEEI NI
Cerivastatin 12 CYP3A4 & CYP2C8 DTIRESE T & o T4% —75, Shitara & RJFICBT 5 cerivastatin DL 1
RN EA L, BEOCYPIAAREER E OB TR CYP2C8DAHNEETH Y, MEMRAOEFLLT,
cerivastatin DAHIHIZ L A LTHES WV EFEZHN gemfibrozil R N2 DY (Zv 7 0 v EBEEE)

3. ZEEE, itraconazole, erythromycin, cimetidine & @
B ¥ 5 T cerivastatin @ AUC i BATh 0% RN
)j[{z““) T, atorvastatin, simvastatin, lovastatin® X 9 7
BEOBMICETELL BB —JF,
gemfibrozil & DL T, simvastatin® % UF lovastatin®
ADAUCHEEFRLFR2EUIFOoEMICXT LT,
cetivastatin” @ AUCIZ 55 &, 2{ERRER { BN
R &ﬁ?éﬂfmé#,@wﬁmnkﬂ?é%ﬁCﬁ
HEHOFEF—RICHEDETHEEE2EZ DL,

‘M?L%%%hUx&# VI ERRRT B DI TR
vy,

B g
=

2. MEEROERFCET W%
Cerivastatin {2 Z75 %0 E5 1< gemfibrozil & OFEFEH I
£5 L BRREORBENID b, 2EEBICIO

WEEEICXAVAZ 2 ERERE LCHSHEE L7,

B #En
e

Z D, gemfibrozil A% cerivastatin O EHEEEIT
B33 o LHFREENT, TOWEFICHT BHEATH
7. Prueksaritanont 51t FFI 7 0y — Ak AT
Z2E& T atorvastatin J OF simvastatin O B4t id gemfibrozil
WX ) BT HIE S B DS, cerivastatin © M1 R TNM2
REW~OBILITFEFECHFSRDZ L, —F,
atorvastatin & U simvastatin @ 7 v 7 1 v B 4101

CYP2C8 %G8 { FEET 5 & & 12, cerivastatin DFF~O
BLY RBICEISS 5 OATP-C D BRET 5 2 L 2R LAY,
CYP2C8Iic X Y f4 8 % 5 1) 72 \» pravastatin'® %
rosuvastatin®™ o AUC % gemfibrozil & DBEF T 24512
BNy A2 s, gemfibrozild BV iZENI Az Y

B S RIC & 5 OATP-CHENEEMI R E Nz L
FEZHND.
Ui@ﬁm,29®ﬁnfiﬁéﬁfﬁTéht#

A 7p & E b cerivastatin T D statin £ H bARBE T
gemfibrozil DEER ST H , FERE UTMAREN X
DEEFICHILzb0LEZ NS,

3. KEICH T B statin 12 & 2 B BIAIE DRIERT
- Statin & & % AR BUERIE O SSE BT R R 5L (AT
b, FHEDEEHMD cerivastatin o B IR THER
HRMEED ) A7 FHELMIE {, & 5 Zfibrate, i
gemfibrozil & OHFHTY A7 25 HICH#INT 5 2 LA
St zolz. DUFIZEOWL op 28T 5.
Thompson H1E, 19904E1 A4 5 200238 F T
W & B AERCER B AE O RE B ER5 3,339 0,
cerivastatin 12 £ % b DAH1,809%F (57 %) & 5D T3
T, i, Staffa b FRMOMEEREL T,
"4 statinfy 448 7 T 4B AT H cerivastatin D B5K

statin

' Table.l Reported Cases of Fatal Rhabdomyolysis by Statin, Numbers of Prescriptions, Reporting Rate per
Million Prescriptions, and Relative Reporting Rate for Cerivastatin vs Each of the Other Statins *

Fluvastatin

Atorvastatin . Pravastatm . . Subtotal of Cerivastatin
tat tatin
Calcium Sodium OV Voo SEVSRER i Geting: Sodium
Date approved 12/17/96 12/31/93 8/31/87 10/31/91 12/23/91 6/26/97
Prescriptions, No 140,360,000 37,392,000 99,197,000 81,364,000 116,145,000 474,458,000 9,815,000
No. of cases 6 0 19 3 14 4 31
R t 11+ . .
Pa ° per million 0.04 0: 0.19 0.04 0.12 0.09 3.16
Tescriptions .

RRR(95% CJ) 74(30-217) .(>30) 16(9-31) 86(27-438)  26(14-53) 36(22-58)

Abbreviations: CI, confidence interval; RRR, relative reporting rate for cerivastatin compared with each of the othér statins or all other statins
combined. Ellipses indicate that 0 events for fluvastatin means that I dividing by 0 results in an undefined number; thus, 30 represents the lower
5% CL
> Includes US cases reported to the Food and Drug Admjmsﬁahon before June 26, 2001. Data are from Staffa et al'?.
. Subtotal data do not include cerjvastatin,
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HEE R oYX F D

FriERE KB OTHEREEER T X7 o OFH 43

980 HFHE TN 20%TH A 2T LAY, fEoT,
relative reporting rate (RRR) &fB 0 statin.o 6545 & %
3. &bl Staffa b EENGRFEICL 2T RELH
M LZ#ER, cerivastatin 23O statin D 16-86 5%\
L %5R L7 (Tablel : Psaty ™ ¢ Table3 # 5{H).
7o, gemfibrozil D HEEZ*BVWAZEETY
cerivastatin TOFETTEHE 1T 10-5008 TH - 7.

& 54T, 1997484 b 20004F F 0 FDABWERES 7
— ¥ QAT TIE, statin O BIFRAIC X

o4

fibrate & OHEH D41 80.6 % PF cerivastatin & OHE R
Td o7 (Table2 : Psaty & ¥ ®Table.d %5 | H).

—77, KRETUOEES W ERFHIC & 5 19984
1A 1H25 2001456 F 30 H ¥ T0 I & — MFFEI4T b
N, FORITRESEE SNz (Table3 | Graham &
# TablelD—E%5|8). BEETHEREE 152,460 A
DHIL, UFDOANREET HERGBBEEISE L

‘ DERE e
FETRRE D ) B 35.7 % A cerivastatinic £ 5 d DT,

IHRETHCET 5 BER dstatin BER A ©22,727

A, cerivastatin & fibrates D TIX9.7-127 AL 72 5 .

4. REICH T B cerivastatin DTHIREREE
Cerivastatin W EEMOMETHRIIE - LFHE, &£
SEAFE SN WHERSAE SN, Sl R e
T&7-7-%, cerivastain ¥ EFNE LTHEEDREK S,
FAHTEEROTTRERE Tégkﬁ«{kﬁ@ﬁ#?ﬁ Sl A%
JAMA (Journal of American Medical Association) \ZIEE
BN, ELIEFNICHTHERCHEEEDER D HRC

BHENLOT, FRLOESART LD

Psaty & 1R ARERHIET T, HATOREIRR
LR, WONCHRILR OIS E RO X IS - &
il L7z ™. Cerivastatin i 199848 2  \Z i BE & N7z 2%,
DFEZEDEI00 B AICHERBRBRE S 237 L7 F
YR F-VYOEELENAE THEELTEY, €09
H D5 ¥t gemfibrozil L OHEH T, TORHT
cerivastatin & gemfibrozil & D E/EHE 5 ( Ebh T

10,000 A /44 7-) 0 Bk (atorvastatin,

pravastatin X UF simvastatin) © FHFEESRIL0.44, Wiz, £ 0% b gemfibrozil & OHFEIC & Z R B R
cerivastatin ¢ 5.34, fibrates T2.82 TH o7z, E7z, FEDHEIZHRE LTV, 19994E12 AI2E o CTHEA

atorvastatm pravastatm & U'simvastatin & fibrates & @ HERE2Y, BSELeEH (Doctor letter) % L 7.
BEHT5.9812, cerivastatin & fibrates & OBE T 1,035 12 LPL, TOREEEEREHTY HEF ol LD

BWIML7z, CORRPL, BRES)MRHREES T, gemfibrozil & O HEHEE, 199945 AP L8 A %
Table.2 Cases of Statin-Associated Rhabdomyolysis by Drug Reported to the Food and Drug Admlmstratlon o
Adverse Event Reporting System (October 1997 to December 2000) * R

No. (%) of_CascsT

- Atorvastatin " Pravastatin ! Cetivastatin

Calcium Flél;/glsé?nﬁn LovaitatinA - Sodium A"Simvastatin -Sodium - Pk ‘35'1}«'03@“

Fibrate ,coprescrip_tion » _ . : _ »
With L1362 - 208) . 208) 832 - - 2303)  20080:6)  248(100)
Without 73(13.9) 8(1.5) ‘30(5.7) - 62(11.8) - i64k31t3) . 187357) 524(100)
Total 86(11.1) 10(1.3) ";f32(4”1j4;~§ . 79(9.1) 187242)  387(50.1) 772(100)

* : Data are from Fisher et al'®. ' L R . -
T : Percentages may not sum to 100 due to rounding. ' N

Table.3 Description of Inceptlon Cohorts for Patients Usmg Staﬁm and F1brate Drug Therapy

Statins - -7 - 3¢ Fibrates
Atorvastatin - Cerivastatin  Fluvastatin Lovastatin - Pravastatin Simvastatin Gemfibrozil Fenofibrate
N=130,865 N=12,695 N=4,706 = N=1207 N=35713 N=46799 N=14,677 N=5,808
Person-years, No ‘ ‘ ’ o ’
‘Mornotherapy 129,367 7,486 3,292 L7715 33,149 40,940 8,102 - 2,529
Co-medication 2,664 89 25 . 10 543 552 2,512 905
Rhabdomyolysis cases, No : ) . : - -
Monotherapy 7 4 0 . 0 . 0 2 3 0
Co-medication 1* 6t 0 0 0 1t 41 1*

. One patient was included in both the atorvastatin and fenofibrate combination therapy inception cohorts.
C Three patients were included in Both the cerivastatin and gemfibrozil combination therapy inception cohorts.
: Oue patient was included in both the simvastatin and gemfibrozil combination therapy inception cohorts.
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O S B 32 G DBERPIAS 205 (63%) 12k
LT, 199949 F 7> 5 200042 A 4130 FE 45 914
(70%), 200Q$3.ﬂ o7 ADSSEFE3ILE (62%)

YRR L o7e. 7z, cerivastatin BRI T
BEHRRE ORISR 0. RRIE NS OFH

B UH AR ER OAZL TR ERT 55 0%
Lrekliz. —A, ﬁ%ﬂ"é’a%@'ﬁﬁm&ﬁz'ﬁ&iﬂﬂi%ﬂ%
ELTOEEI ESTB LT, FEES A4 Tk
TnBEiFvihn, £EFIAZ  RAT 1Y M_
EOW-EZeifEr»#E LA LT, BERLEDLHAED
W AH Y, DEZTTOBL I EEL V. S5,
WL L-fREBES 2R ), BRACEOYET» ST HH
EFCTOTRBREANEROEERELTRETHD L
LTW5,
ZhizL,

2 L UIEARESEOHESTEY L

o NFTLTCEY, FDABRE LB EUICFF

ML CEZERGEDTH -2, 28, HEOERCHE
MRERDAFICHS 22 T, FDARERAHRED 5 THE
W EWERSRBRENRDONZWI L, F &) X2
CDECELRET A0, FHRETAEREHNTEL
EHEINT: Z%Utbﬁi%ﬁ%ﬁ%ﬁbtwfﬁaﬁ%&? Z&i

Hisk vk LTwa. Lt#o'( SEOWCIEEED
GAV LR E L, BEAEoL, BYT—ELLD
DTH ol BFEx B~

7B, JAMACTOBRERTREEEMOLEHERE
B IRREEMET B 72010, cerivastatin & F 7V ICE

BENLIOTHY, JAMADHFEREZIEML T, BF
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ABSTRACT

The renal drug-drug interaction between famotidine (an H,
receptor antagonist) and probenecid has not been reproduced
in rats. We have proposed that this is caused by a species
difference in the transport activity by human/rat organic anion
transporter (OAT) 3 and the expression of organic cation trans-
porter (OCT) 1 in the rodent kidney. Since monkey OATs
{mkOATs) exhibit similar transport activities to human or-
thologs, it is hypothesized that in vivo studies in monkeys will
allow a more precise prediction of renal drug-drug interactions
in humans. Famotidine and cimetidine were efficiently taken up
by mkOAT3-expressing human embryonic kidney cells (K.,
154 and 71 uM, respectively), and their uptake was strongly
inhibited by probenecid (K, 3.0-5.7 pM). Quantification of
mkOCT1 and mkOCT2 mRNAs in the monkey kidney using
real-time reverse transcription-polymerase chain reaction re-

vealed their predominant expression in the liver and kidney,
respectively. Crossover studies were conducted in cynomolgus
monkeys. Famotidine was given by i.v. administration, with or
without probenecid. Probenecid treatment caused a 65% re-
duction in the renal clearance (0.426 + 0.079 versus 0.165 =
0.027 I/h/kg) and a 90% reduction in the tubular secretion
clearance (0.275 # 0.075 versus 0.0230 *+ 0.0217 /h/kg),
whereas it had no effect on the renal clearance of cimetidine. In
contrast to the species-dependent effect of probenecid, allo-
metric scaling using animal data (rat, dog, and monkey) suc-
cessfully predicted the renal and tubular secretion clearance of
famotidine in humans. These results suggest that monkeys are
more appropriate animal species for predicting the renal drug-
drug interactions in humans. :

The kidney plays an important role in the detoxification of
xenobiotics and endogenous waste as well as maintaining the
balance of ions and nutrients in the body. Urinary excretion
is the major detoxification mechanism of the kidney, and this
is governed by glomerular filtration, tubular secretion across
the proximal tubules, and reahsorption. Transporters play
important roles in the tubular secretion of drugs. Many stud-
ies have described the role of multispecific organic anion and
cation transporters [organic anion transporter (OAT)/SLC22
and organic cation transporter (OCT)YSLC22] in the renal
uptake of drugs (Lee and Kim, 2004; Wright and Dantzler,
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2004; Shitara et al., 2005). Both Octl (Slc22al) and Oct2
(81c22a2) are involved in the renal uptake of organic cations
on the basolateral membrane of the proximal tubules in
rodents, whereas OCT2 plays a predominant role in human
kidney (L.ee and Kim, 2004; Wright and Dantzler, 2004). As
renal organic anion transporters, two isoforms (Oat1/Slc22a6
and Oat3/Slc22a8) in rodents and three isoforms (OATI,
OAT2/SL.C22A7 and OAT3) in humans, have been identified
on the basolateral membrane of the proximal tubules (Lee
and Kim, 2004; Miyazaki et al., 2004; Wright and Dantzler,
2004).

Probenecid, an antipodagric drug, is a well known inhib-
itor of organic anion transporters. Drug interactions with
probenecid have been reported involving renal excretion in
humans resulting in a prolongation of the plasma elimina-
tion half-life (Cunningham et al., 1981). For famotidine, an
H, receptor antagonist, its effect has been reported to be

ABBREVIATIONS: OAT, organic anion transporter; OCT, organic cation transporter; h/mk/rOAT, human/monkey/rat OAT; h/mk/rOCT, human/
monkey/rat OCT; HEK, human embryonic kidney; LC, liquid chromatography; MS, mass spectrometry; CMD, cimetidine; FMD, famotidine.
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species-dependent. The renal secretion clearance of famo-
tidine in humans was significantly reduced by oral coad-
ministration of probenecid (Inotsume et al., 1990), whereas
this interaction has not been reproduced in rats, although
the plasma concentration of probenecid achieved a similar
level to that in clinical studies (Lin et al., 1988). In con-
trast to famotidine, the renal secretion clearance of cime-
tidine, another H, receptor antagonist, in both humans
and rats was only slightly (ca. 20%) reduced by coadmin-
istration with probenecid (Lin et al., 1988; Gisclon et al.,
1989). These results suggest that the contribution of trans-
porters involved in the tubular secretion of famotidine is
different between rodents and humans, and the organic
anion transporter plays a more important role in humans.
We found that the transport activity of famotidine by
hOATS3 is greater than that by rOat3 and that the unbound
plasma concentration of probenecid is sufficiently higher
than its K, values for rat and human OAT3 (Tahara et al.,
2005a). Therefore, we hypothesized that this increases
contribution of OAT3, a probenecid-inhibiting fraction, to
the renal uptake of famotidine in humans together with
the fact that hOCT1 is not present in the kidney.

To predict the possibility of drug-drug interactions in hu-
mans, such species differences have to be overcome. The
monkey has been used in pharmacological, toxicological, and
pharmacokinetic studies by many pharmaceutical compa-
nies, and it is recognized as a suitable animal model for the
validation of in vitro scaling methods since it is the second
nearest species to humans in the evolutionary tree. Ward and
Smith (2004a,b) have reported that the monkey provides the
most qualitatively and quantitatively accurate predictions of
human pharmacokinetics by retrospectively analyzing the
pharmacokinetic parameters of 103 nonpeptide xenobiotics
in monkeys and humans. In addition, we have demonstrated
that there is a good correlation of the transport activities
with respect to that of reference compounds between mk- and
hOATS, whereas the correlation was poor between rat and
human OAT3 (Tahara et al., 2005b). According to our mRNA
quantification, mkOCT1 and mkOCT2 are predominantly
expressed in the liver and kidney, respectively. Therefore, we
consider that monkeys will be a better animal model for
predicting drug-drug interactions involving multiple trans-
porters.

In the present study, we examined the effect of probenecid
on the pharmacokinetics of famotidine and. cimetidine in
cynomolgus monkeys to investigate whether the drug-drug
interaction between probenecid and famotidine can be repro-
duced in monkeys. In addition, the uptake of H, receptor
antagonists (cimetidine, famotidine, and ranitidine) by
HEK293 cells expressing mkOAT1 and mkOATS3 and the
inhibitory effect of probenecid on the uptake of the H, recep-
tor antagonists were also examined.

Materials and Methods

Materials. Famotidine and probenecid were purchased from Na-
calai Tesque (Kyoto, Japan), and cimetidine and ranitidine were
purchased from Sigma-Aldrich (St. Louis, MO). All other chemicals
were of analytical grade and commercially available.

Cells and Reagents for in Vitro Studies. In vitro experiments
were carried out using HEK293 cells stably transfected to express
functional mkOAT1 or mkOATS3 and corresponding control cells
transfected with the pcDINAS3.2 expression vector. Generation of both

cell lines and their characterization are described elsewhere (Tahara
et al., 2005b). The cells were maintained in Dulbecco’s modified
Eagle’s medium (Invitrogen, Carlsbad, CA) supplemented with 10%
fetal bovine serum, 100 U/ml penicillin, 100 pg/ml streptomycin, and
400 pg/ml G418 (Invitrogen) at 37°C with 5% CO4 and 95% humidity
on the bottom of a dish. mkOAT1- and mkOAT3-expressing cells
were seeded in polylysine-coated 12-well plates (Becton Dickinson,
Franklin Lakes, NJ) at a density of 1.2 X 107 cells/well. Cell culture
medium was replaced with culture medium supplemented with 5
mM sodium-butyrate 24 h before transport studies to induce the
expression of those proteins.

Transport Assay. Transport studies were carried out as de-
scribed previously (Tahara et al., 2005a). Uptake was initiated by
adding medinm containing 10 uM of compounds, in the presence or
absence of inhibitor, after cells had been washed twice and preincu-
bated with Krebs-Henseleit buffer at 37°C for 15 min. The Krebs-
Henseleit buffer consists of 118 mM NaCl, 23.8 mM NaHCOj,, 4.83
mM KCl, 0.96 mM KH,PO,, 1.20 mM MgSO,, 12.5 mM HEPES, 5
mM glucose, and 1.53 mM CaCl, adjusted to pH 7.4. The uptake was
terminated at designed times by adding ice-cold Krebs-Henseleit
buffer after removal of the incubation buffer. Then, cells were
washed twice with 1 ml of ice-cold Krebs-Henseleit buffer. For the
determination of the uptake of cimetidine, ranitidine, and famoti-
dine, cells were dissolved in 300 pl of 0.2 N NaOH and kept over-
night. Aliquots (150 pl) were transferred to vials after adding 30 pl
of 1 N HCL. Aliquots (100 pl) were used for LC-MS quantification as
described below. The remaining 10 pl of the aliquots of cell lysate
was used to determine the protein concentration by the method of
Lowry with bovine serum albumin as a standard. Ligand uptake was
given as the cell/medium concentration ratic determined as the
amount of ligand associated with cells divided by the medium con-
centration.

Kinetic Analyses of the Transport Study. Kinetic parameters
were obtained using the Michaelis-Menten equation:

v = Vo X SHK,, + 8S) (1)

where v is the uptake rate of the substrate (picomoles per minute per
milligram of protein), S is the substrate concentration in the medium
(micromolar), K,, is the Michaelis-Menten constant (micromolar),
and V.. is the maximum uptake rate (picomoles per minute per
milligram of protein). To obtain the kinetic parameters, the equation
was fitted to the uptake velocity using a MULTI program (Yamaocka
et al., 1981). The input data were weighted as the reciprocals of the
observed values, and the Damping Gauss Newton Method algorithm
was used for fitting. Inhibition constants (X)) of several compounds
were calculated assuming competitive inhibition using the following
equation since the substrate concentration was sufficiently low com-
pared with the K, values.

Cligyn = CL/(A + I/K) (2)

where CL represents the uptake clearance, and the subscript (+inh)
represents the value in the presence of inhibitor. I represents the
concentration of inhibitor (micromolar). Fitting was performed by an
iterative nonlinear least-square method using a MULTI program,
and the Damping Gauss Newton Method algorithm was used for
fitting (Yamaoka et al., 1981).

Real-Time RT-PCR Analysis. Male cynomolgus monkey liver
and kidney was purchased from BOZO Research (Shizuocka, Japan).
Total RNA was extracted using the extraction solution of ISOGEN
(NIPPON GENE, Tokyo, Japan) according to the manufacturer’s
protocol. The total RNA was reverse-transcribed using SuperScript
First-Strand Synthesis System for RT-PCR kit (Invitrogen) with an
oligo(dT),4_;5 as primer. Fifty nanograms of the RT reaction mixture
was taken for a real-time PCR (SYBR, Green I chemistry) (94°C for
5 min, 94°C for 30 s, 65°C for 30 s, 72°C for 30 s, for 45 cycles; Applied
Biosystems ABI PRISM 7700 Sequence Detector system; Applied
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Biosystems, Foster City, CA) using Ex Tag polymerase (Takara Bio,
Kyoto, Japan) with specific primers based on human OCTs (hOCT1
sense primer, 5'-TAAAGATAATGGACCACATCGC-3’; antisense
primer, 5 -TATGATGTTTAACCAGTGCAGG-3’, accession no.
NM_003057-809; hOCT2 sense primer, 5'-AGTTGCCTATACAGTT-
GGGCTC-3'; antizsense primer, 5-CAGGGCAGAGTAGAAGAAA-
TCC-3', accession no. NM_003058-77; hOCT3 sense primer, 5'-GAC-
CAAGGATTTGAGAAAGTTG-3'; antisense primer, 5'-AGGGAAT-
CTGTGGCTCTAGG-3', accession no. NM_021977-172). All values
are expressed as relative luminescence units per 50 ng of total RNA
normalized with that of B-actin.

In Vivo Study in Monkeys. Four male cynomolgus monkeys
were obtained from Siconbrec Inc. (Manila, Philippines). The mean
" body weight of the monkeys was 5.7 kg, ranging from 4.7 to 6.5 kg.
The four cynomolgus monkeys received a single i.v. dose of famoti-
dine and cimetidine, at a dose of 0.3 and 4 mg/kg, after an oral dose
of 10 ml of vehicle as a control phase. Thereafter, a study with a
randomized crossover design was conducted at intervals of 1 month,
The monkeys received the same amount of famotidine, cimetidine,
and 22.5 mg/kg probenecid, that is, 15 mg/kg probenecid 2 h before
and 7.5 mg/kg simultaneously with an i.v. dose of famotidine and
cimetidine. The study protocol for the animal experiment was ap-
proved by Animal Care Committee of Kyowa Hakko Kogyo Co., Ltd
(Shizuoka, Japan).

Sample Collection. Blood samples (0.5 ml each) for the determi-
nation of famotidine and cimetidine were taken with heparinized
syringe at 5, 10, and 15 min and 0.5, 1, 2, 4, and 8 h after the
administration of famotidine and cimetidine. Urine samples were
collected from 0 to 4, 4 to 8, and 8 to 24 h after dosing. Plasma was
separated immediately and kept at —40°C until analysis. A part of
the urine sample was stored at —40°C until analysis. The remaining
urine samples were discarded after the urine volume had been re-
corded.

Determination of Protein Binding in Plasma. Plasma (150
ul) obtained at 30 min during the i.v. administration was directly
applied to an MPS micropartition device (Millipore Corporation,
Bedford, MA). The micropartition device was then centrifuged at
1500g for 15 min, and the unbound cimetidine, famotidine, and
probenecid concentration in the filtrate was determined by LC-MS.
The free fraction in plasma (f)) was determined as the ratio of the
unbound concentration in the filtrate to the total concentration.

Determination of Plasma and Cell Lysate Concentrations.
The quantification of cimetidine, famotidine, ranitidine, and probe-
necid was performed by high-performance liquid chromatography
(Alliance 2690; Waters, Milford, MA) connected to a mass spectrom-
eter (ZQ; Micromass, Manchester, UK) (Nagata et al., 2004). Ali-
quots (100 pl) of plasma and urine containing famotidine, cimetidine,
and probenecid were precipitated with 200 pl of methanol containing
an internal standard (ranitidine), mixed, then centrifuged, and 25 ul
of the supernatants was injected into the L.C-MS. High-performance
liquid chromatography analysis was performed on a Capeell Pak C g
MG column (3 pm, 4.6 mm i.d., 75 mm; Shiseido, Tokyo, Japan) at
room temperature. Elution was performed with a 0 to 90% linear
gradient of 10 mM ammonium acetate-acetonitrile over 4 min at 0.8
ml/min. A portion of eluent (split ratio, 1:3) was introduced to the MS
via an electrospray interface. Detection was performed by selected
ionization monitoring in positive ion mode (m/z, 253; m/z, 315; m/z,
338; and m/z, 286 for cimetidine, ranitidine, famotidine, and probe-
necid).

The lower limit of quantitation for famotidine and cimetidine was
5 ng/ml in plasma and 10 ng/ml in urine, respectively. The standard
concentration of both drugs ranged from 5 to 1000 ng/m! in plasma
and 10 to 1000 ng/ml in urine, respectively. The within-day coeffi-
cient of variation of both drugs for plasma and urine determinations
was less than 10%. Creatinine concentrations in plasma and urine
were determined by an enzymatic method (creatinase/sarcosine ox-
idase/peroxidase) using an AutoAnalyzer 7070 (Hitachi Instruments
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Service, Tokyo, Japan). Probenecid and H, receptor antagonists did
not interfere with the quantification of creatinine.

Pharmacokinetic Analysis. Plasma concentration time data
(Cp) of famotidine and cimetidine were fitted to a two-compartment
model using a MULTI program (Yamaocka et al., 1981).

Cp=AXe™+BXxe™ (a>p8) (3)

The following parameters were calculated whenever appropriate:
t1/9, (the distribution half-life, caleulated as 0.693/), t,/55 (the elim-
ination half-life, calculated as 0.693/8); AUC,... (the total area under
the plasma concentration time curve extrapolated to infinity, calcu-
lated as A/a + B/B); CL, (the plasma clearance, calculated as dose/
AUC,..); MRT [the mean residence time, calculated as (A/a® + B/B?)/
AUC,.); Vg (the steady-state distribution volume, calculated as
MRT x CL,); V, [the distribution volume of the central compart-
ment, calculated as dose/(A + B)]; and Cl.g;, (the distribution clear-
ance, calculated as Ky, X V). The renal clearance (CL,,,,,) of famo-
tidine and cimetidine was calculated as CL,,,; = Ae/AUC, .. where
Ae is the amount, of famotidine and cimetidine excreted in the urine
within 24 h. The tubular secretion clearance (CLg,.) was calculated
as CLg,, = CL,eum — f» X GFR, where fp is the unbound fraction of -
famotidine and cimetidine in plasma, and GFR is the glomerular
filtration rate. The percentage of drug excreted in the urine (fe) was
calculated as fe = Ae/dose. The creatinine clearance values were
used for the values of GFR in this study. The creatinine clearances in
cynomolgus monkeys treated with or without probenecid were deter-
mined as 0.241 = 0.021 (0.217-0.252) and 0.189 = 0.025 (0.169-
0.217) Vh/kg, respectively (mean = S.D., not significant, p > 0.05).
The two-tailed paired Student’s ¢ test was used for a statistical
analysis, and value of p < 0.05 was considered significant.

Resulis

Uptake of H, Receptor Antagonists by mkQAT1 and
OATS3. Figure 1 shows the time profiles and concentration
dependence of the uptake of the H, receptor antagonists by
mkOAT1-, mkQOAT-3, and vector-HEK, respectively. As re-
ported previously in hOAT1-HEXK (Tahara et al., 2005a), the
uptake of cimetidine by mkOAT1-HEK was slightly greater
than that by mock cells (7.27 = 0.20 versus 3.48 + 0.04 pl/mg
protein at 5 min). A slight increase was also observed in the
uptake of ranitidine by mkOAT1-HEK (18.8 = 2.27 versus
11.4 = 1.11 pl/mg protein at 5 min), but no specific uptake
was observed for famotidine. The uptake of cimetidine, famo-
tidine, and ranitidine by mkOAT3-HEK was significantly
greater than in vector-HEK (Fig. 1). Since the uptake of
cimetidine, ranitidine, and famotidine by mkOAT3-HEK in-
creased linearly up to 3 and 5 min of incubation, the uptake
of cimetidine, famotidine, and ranitidine by mkOAT3 at 3
min was used for further characterization.

The concentration dependence of the uptake of the H,
receptor antagonists by mkOAT3-HEK was examined (Fig.
2). Their specific uptake by mkOAT3 consisted of one satu-
rable component. The kinetic parameters are summarized in
Table 1. The K, values of the H, receptor antagonists for
mkOAT3 were almost identical; however, the intrinsic trans-
port activity (V. ./K.,) of cimetidine was greater than that of
famotidine and ranitidine.

Effeet of Probenecid on mkOAT8-Mediated Trans-
port of Famotidine and Cimetidine. The inhibitory effect
of probenecid on the mkOAT3-mediated transport of cimeti-
dine and famotidine was examined (Fig. 8). Probenecid
strongly inhibited the mkOAT3-mediated transport of cime-
tidine and famotidine in a concentration-dependent manner.
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Fig. 1. Time profile of the uptake of
H2-receptor antagonists by mkOAT1-
and mkQAT3-HEK. The time-depen-
dent uptake of cimetidine (CMD),
famotidine (FMD), and ranitidine
(RND) (10 pM) by mkOAT1- and
mkOAT3-HEK was examined at
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HEK were compared with wvector-
HEK by a two-tailed unpaired Stu-
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Fig. 2. Concentration dependence of the uptake of H2-receptor antago-
nists by mkOAT3-HEK, The concentration dependence of mkOAT3-me-

0 50 100

diated CMD, FMD, and ranitidine (RND) uptake is shown as Eadie-
Hofstee plots. The mkOAT3-mediated uptake of cimetidine, famotidine,

and ranitidine for 3 min was determined at different concentrations -

(3~1000 uM, range of concentration used). The mkOAT3-mediated trans-
port was obtained by subtracting the transport velocity in vector-HEK
from that in mkOAT3-HEK. The rigid line represents the fitted line
obtained by nonlinear regression analysis as described under Materials
and Methods. Each point represents the mean + S.E. (n = 3).

The K; values of probenecid for cimetidine and famotidine
uptake by mkOAT3-HEK were determined to be 5.68 = 0.78
and 2.97 = 1.53 uM. '

]
)

2 3 4
Time {min}
Semiquantitative Real-Time RT-PCR Analysis of Or-
ganic Cation Transporters. A method for the detection of
monkey OCTs that combines reverse transcription with real-
time RT-PCR was developed using specific primers designed
from a nucleotide sequence of hOCT1, hOCTZ2, and hOCTS3.
The mRNA expression levels of putative mkOCT1, mkOCT2,
and mkOCT3 in the liver were 121, 0.0640, and 0.0846, and
those in the kidney were 0.0110, 1400, and 0.0879 (relative
luminescence units per 50 ng of total RNA). The relative
expression level of putative mkOCT1 was more than 10,000~
fold higher in the liver than in the kidney, whereas that of
putative mkOCT2 was more than 20,000-fold higher in the
kidney than in the liver. In contrast, the expression level of
putative mkOCT3 mRNA was comparable in the liver and
kidney. Using these primer sets, electrophoretic analysis
showed a single band of OCT1 [404 base pairs (bp)], OCT2
(430 bp), and OCT3 (419 bp) in monkey liver and kidney as
well ag human mixed cDNA (data not shown).

Effect of Probenecid on Pharmacokinetics of Famo-
tidine in the Monkeys. The mean plasma concentration
time profile of famotidine in cynomolgus monkeys is shown in
Fig. 4A. The mean plasma pharmacockinetic parameters are
summarized in Table 2. The urinary recovery over the 0- to
24-h collection period and the renal and tubular secretion
clearances are included in Table 2. There was a significant
difference between the probenecid-treated and untreated
groups with regard to the pharmacokinetic parameters of
famotidine, such as AUCy .., Vo Cly, Cliopna, and Cli,,,
but no significant difference in the #,4,, #1404 b, and fe
compared with the controls. The fp and fe in cynomolgus
monkeys with or without probenecid treatment were deter-
mined as 74.4 = 9.7 versus 70.3 * 6.0% and 49.3 = 134
versus 38.5 * 10.9%. The plasma and renal clearances of
famotidine was reduced to 50 and 65% of the control values,
and the steady-state distribution volume was also reduced by
probenecid. Probenecid completely blocked the renal tubular
secretion of famotidine reducing it from 0.275 = 0.075 to
0.0230 = 0.0217 /h/kg and concomitantly increased the total
exposure (AUC) of famotidine by approximately 2-fold. The

638



TABLE 1

11981

Drug-Drug Interactions in Monkeys

Kinetic parameters of the uptake of Hy-receptor antagonists by organic anion transporter 3

K, and V,,,, were determined by nonlinear regression analysis as described under Materials and Methods. Data are taken from Fig. 2. Each value represents the mean =
computer-caleulated S.D. The value in parentheses represents the relalive transport activity with regard to cimetidine transport.

Cimetidine Famotidine Ranitidine
Isoform
K, Vinax Vinaxl Ko K, Vinax Voad K K, Vinax Vina/ K
udd pmol/min/mg ulimin/mg wM pmol/min/mg wlimin/mg uM pmol/min/mg wl/minimg
protein protein protein protein protein protein
mkOAT3 70.9 = 4.1 274+ 9 3.86 (1) 154 = 14 190 + 11 1.23 (0.32) 125 = 14 154 = 12 1.27(0.33)
hOAT3" 149 + 35 1470 + 230 9.86 (1) 124 + 4 448 + 10 3.61(0.37) 234 = 49 551 *= 49 2.35 (0.24)
rOat3® 90.7 = 4.8 512 = 17 5.64 (1) 345 = 22 252 %12 0.73 (0.13) 156 =9 1660 = 83 10.7 (1.90)
“Tahata et al., 2005a.
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Fig. 3. Inhibitory effect of probenecid on the uptake of cimetidine and
famotidine by mkOAT3-HEK. The uptake of CMD and FMD (10 uM) by & 10000
mkOATS for 3 min was determined in the absence or presence of probe- .g
necid at the designated concentrations. The values were expressed as a ©
percentage of citmetidine or famotidine transport by mkOAT3-HEK in the <) .J"EC‘OO
presence of probenecid versus that in the absence of probenecid. The rigid g &
line represents the fitted line obtained by nonlinear regression analysis g B
as described under Materials and Methods. Each point represents the @ & 400
mean = SE. (n = 3). g
Tt
=
nonrenal clearance of famotidine was reduced from 0.445 = L 10 6 ) 1; é TF é !
0.168 to 0.244 = 0.029 Vh/kg, although this was not statisti- C ) .
cally significant (p > 0.05). / p;f&benemd
Effect of Probenecid on the Pharmacokinetics of Ci- £
metidine in the Monkeys. The mean plasma concentration “*éf
time profiles of cimetidine in the cynomolgus monkey are = =
shown in Fig. 4B. The mean plasma pharmacokinetic param- § =
eters are summarized in Table 3. The urinary recovery over oy
the 0- to 24-h collection period and the renal and tubular g"‘
secretion clearances are included in Table 3. As observed in ]
Fig. 4B and Table 3, probenecid had very little effect on the o 10 7 T T g Tt
pharmacokinetics of cimetidine in the ecynomolgus monkeys. 0 2 4 8
Probenecid treatment produced no significant difference in Time (b}

any of the pharmacokinetic parameters of cimetidine. The fp
and fe in cynomolgus monkeys with or without probenecid
treatment were determined as 79.1 * 4.8 versus 81.7 * 2.0%
and 37.0 * 3.9 versus 36.3 = 3.9%.

Plasma Concentration of Probenecid in the Monkey.
The mean plasma concentration time profiles of probenecid
in cynomolgus monkeys are shown in Fig. 4C. The maximum
(at 1 h) and minimum (at 8 h) plasma concentrations of
probenecid were 76.8 = 10.1 pg/ml (269 pM) and 23.3 += 2.9
pg/ml (81.8 uM), respectively. Taking the unbound fraction
in the plasma (13.1 = 0.3%) into consideration, the maximum
unbound concentration of probenecid (35 pM) in the monkey
study was comparable with that observed in the human
study (ca. 46 uM) (Inotsume et al., 1990). .

Prediction of Renal Clearance of Famotidine by Al-
lometrie Scaling. The renal clearance and renal tubular
secretion clearance of famotidine in rats (Lin et al., 1987),

Fig. 4. Plasma concentrations of famotidine, cimetidine, and probenecid
in the cynomolgus monkeys. Plasma concentrations of famotidine (A),
cimetidine (B), and probenecid (C) in the cynomolgus monkeys after i.v.
administration of famotidine and cimetidine at a dose of 0.3 and 4 mg/kg,
respectively, following pretreatment with 22.5 mg/kg probenecid (open
circles) or control (closed circles). Each data point was connected with the
rigid line and represents the mean * S.E. (n = 4).

dogs (Boom et al., 1997), and monkeys were analyzed as a
function of species body weight (W) using the simple allomet-
ric equation for interspecies scaling and used to predict these’
parameters in humans. The corresponding allometric equa-
tions based on three species data were CL,,,, = 0.857 X
W79 and CL,.. = 0.609 x W°57° respectively. The pre-
dicted values of CL,,,,, and CL,. based on a 70-kg body
weight in humans were 19.5 and 10.9 V/h, respectively, which
were very similar to the observed values (13.3-18.2 and
8.31-13.2 Vh) (Inotsume et al., 1990; Gladziwa and Klotz,
1993).
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Discussion

In the present study, we examined whether the drug-drug
interaction between famotidine and probenecid could be re-
produced in monkeys. The transport activities of the H,
receptor antagonists by mkOAT3S were compared with those
by hOAT3, and the mRNA expression of the hOCT isoforms
in the monkey kidney was quantified. To draw a definite
conclusion, the effect of probenecid on the renal clearance of
famotidine and cimetidine was examined in cynomolgus
monkeys.

Famotidine was transported only by mkOAT3, whereas
cimetidine and ranitidine are substrates of mkOAT1 and
mkOATS (Fig. 1). The K, values for mkOATS-mediated up-
take were similar to those for hOAT3 (Table 1). Previously, it
had been shown that the uptake of cimetidine relative to the
uptake of benzylpenicillin was similar for mk- and hOAT3
(Tahara et al., 2005b). This also holds true for famotidine
uptake. In addition, the relative activity of famotidine exhib-
ited by mkOAT3 was greater than that by rOat3, consistent
with previous results in humans (Tahara et al.,, 2005a).
These results support the hypothesis that the transport of
the H, receptor antagonists by mkOATS is similar to that by
hOATS, rather than the rodent isoforms (Table 1).

OCT1 is the liver-specific isoform in humans, whereas it is
expressed both in rodent liver and kidney (Motohashi et al.,
2002; Slitt et al., 2002). This makes the contribution of or-
ganic cation transporters to renal uptake greater in rodents
than in humans. Quantification of mRNA expression re-
vealed that mkOCT1 and mkQOCT2 are predominantly ex-
pressed in the liver and kidney, respectively, whereas
mkOCT3 is expressed at considerably lower levels in these
tissues. This expression patterns are similar to those in hu-
mans (Motohashi et al., 2002). Consequently, like human
kidney, putative mkOCT2 plays a predominant role in the
monkey kidney.

These results suggest that, as far as basolateral transport-
ers are concerned, the monkey OATs and OCTs have similar
characteristics to the human orthologs, and this prompted us
to perform an in vivo study to obtain conclusive evidence. In
monkeys, both famotidine and cimetidine are predominantly
-, excreted into the urine, and the tubular secretion and glo-
merular filtrate rates that account for their renal clearance,
are almost identical (Tables 2 and 3). When probenecid was
given orally, the renal and renal tubular secretion clearance
were reduced by 65 and 90%, respectively, resulting in a
2.0-fold increase in the AUC (Fig. 4A; Table 2). In addition,
the steady-state distribution volume was reduced by 23% by
probenecid. This is consistent with the previous findings in
humans (Inotsume et al., 1990). It seems that the inhibition
of the uptake by tissues, including the kidney, accounts for
this effect. On the other hand, the plasma concentration and
renal clearance or distribution clearance of cimetidine were
not affected by probenecid (Fig. 4B; Table 3). Probenecid
achieves a clinically relevant unbound concentration in mon-
key plagsma (11-35 pM), which is sufficient to markedly in-
hibit mkOATS, suggesting that the interaction could involve
mkOAT3-mediated uptake, at least in part. Taking into
account the degree of inhibition of tubular secretion clear-
ance by probenecid, the probenecid-gensitive transporter,
mkOAT3, plays a major role in the renal tubular secretion of
famotidine, but not cimetidine, in monkeys. These results are
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consistent with the clinical studies (Gisclon et al., 1989; In-
otsume et al., 1990). Consequently, monkeys, rather than
rodents, can be used to predict drug-drug interactions involv-
ing tubular secretion, particularly when multiple transport-
ers are involved.

The nonrenal clearance of famotidine was smaller in
monkeys treated with probenecid than in the control group
(Table 2). Although the difference was not statistically
gignificant, it is likely that increasing the number of ani-
mals will make this difference statically significant. The
presence of the oxidized metabolite of famotidine in human
urine suggests that famotidine undergoes hepatic metab-
olism (Kroemer and Klotz, 1987). Because probenecid had
no effect on OCT1, a candidate transporter responsible for
the hepatic uptake of famotidine (Tahara eta al., 2005a),
the reduction in the nonrenal clearance of famotidine by
probenecid may be caused by inhibition of this metabolism.
Currently, there is no report showing that probenecid has
an inhibitory effect on metabolism, and this should be
examined in future studies.

Interspecies scaling has been successfully used to predict
human pharmacokinetic parameters from animals based on
the concept of allometry (Lin, 1995; Reigner et al., 1997). It
has been shown that simple allometric scaling of the renal
clearance is a good predictor for drugs, such as methotrexate
and several B-lactam antibiotics (Dedrick et al., 1970; Mat-
sushita et al., 1990), although this is not the case for bet-
amipron and enprofylline (Mahmood, 1998). The renal and
renal tubular secretion clearances of famotidine in humans
were estimated by simple allometric scaling using data from
rats, dogs, and monkeys. A good predictability of the absolute
values of the renal and renal tubular clearances from animal
experiments (rat, dog and monkey) was observed, although
the contribution of the renal transporters differs depending
on the species. Therefore, good predictability by the allomet-
ric scaling cannot exclude the possibility of a species-depen-
dent contribution by basolateral transporters. In particular,
for the quantitative prediction of drug-drug interactions in
humans, the contribution of transporters should be esti-
mated using human materials. Alternatively, the relative
activity factor method can be applied to predict the in vivo
contribution of basolateral organic anion transporters using
¢DNA transfected cells (Hasegawa et al., 2003). In vivo stud-
ies in monkeys will further support the prediction of the
occurrence of drug-drug interactions in humans. Nagata et
al. (2004) found a drug-drug interaction involving rOat3 in
the central nervous system (Nagata et al., 2004). Probenecid
given as an i.v. constant infusion increased the concentra-
tions of H, receptor antagonists (also given as an i.v. constant
infusion) in the cerebrospinal fluid by inhibiting OAT3-me-
diated efflux at the choroid plexus. The possibility of drug-
drug interactions with probenecid involving efflux transport
across the barriers of the central nervous system can be also
examined in monkeys in future studies.

In conclusion, the drug-drug interactions between the H,
receptor antagonists (famotidine and cimetidine) and probe-
necid can be reproduced in monkeys. Hence, a combination of
in vitro and in vivo studies could be a useful screening system
for evaluating drug-drug interactions involving renal tubular
transport in humans.
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ABSTRACT:

Fexofenadine, a nonsedating antihistamine drug, is effective for
the treatment of seasonal allergic rhinitis and chronic urticaria.
Simultaneous administration of probenecid increases the plasma
concentration of fexofenadine due to an inhibition of its renal
elimination in healthy volunteers (Clin Pharmacol Ther 77:17-23,
2005). The purpose of the present study is to investigate the pos-
sibility that the drug-drug interaction between fexofenadine and
probenecid involves the renal basolateral uptake proces The
uptake of fexofenadine was determined in HEK293 cells 53
ing human organic anion transporter 1 (OAT1/SLC22A6) OAT2
(SLC2247), OAT3 (SLC22A8), and organic cation transporter 2
{OCT2/SLC22A2). Only hOAT3-HEK showed a significantly greater
accumulation of fexofenadine than that in vector-HEK, which was
saturable with K, and V. values of 70.2 pM and 120 pmol/

The kidney plays important roles in the detoxificatio
otics and endogenous wastes as well as maintaining sta
electrolytes and nutrients in the body. Urinary excretio
glomerular filtration in the glomeruli, tubular secretion a

proximal tubules, and reabsorption. Many studies have shown rhe;‘

importance of transporters in the tubular secretion of a large number
of organic compounds, and a number of studies have described the
role of multispecific organic anion and cation transporters (OAT/
OCT2
(SLC22A2) plays a predominant role in the renal uptake of organic
cations in the human kidney, whereas OCT1 plays-a ‘red‘drm it role
in the hepatic uptake of organic cations in the hu

2004; Lee and Kim, 2004; Wright and Da.ntzler 2004) Three iso-
forms of the organic anion transporter family (OATI1/SLC22A6,
OAT2/SLC22A7, and OAT3/SLC22A8) have been identified on the
basolateral membrane of the human proximal tubules (I.ee and Kim,
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min/mg protein, respectively. Inhibition potency of probenecid for
the uptake of fexofenadine was cdmpared between hOAT3 and
organic anion-transporting peptide 1B3 (hOATP1B3), a transporter
responsible for the hepatic uptake of fexofenadine (Drug Metab
Dispos 33:1477-1481, 2005). The K; values were determined to be
1.86 and 282 pM for hOAT3 and hOATP1B3, respectively, with Hill
coefficients of 0.76 and 0.64, respectively. The K; value of probe-
necid _for_ hOAT3, but not for hOATP1B3, was significantly lower
aximum unbound plasma concentration of probenecid
at chmca osages. These results suggest that the renal drug-drug
interaction between fexofenadine and probenecid is probably ex-
plained by an inhibition of the renal uptake of fexofenadine via
hOATS3, at least in part. '

Tahara et al., 2005a). The mRNA of hOAT?2 in the kidney is
markedly lower than that of hOAT1 and hOAT3 (Motohashi et al.,
2002), and its role in drug transport in the kidney remains unknown.
Identification of the basolateral transporters provides a clue to under-
standing the molecular mechanisms of drug-drug interactions involv-
| Takeda et al. (2002) and Nozaki et al. (2004)

FEOA3/MOAT3-mediated renal uptake can be a poten-
tml drug drug interaction site with some nonsteroidal anti-inflamma-
tory drugs at clinical dosages by comparing their X, values for
vOat3/mOAT3 with the unbound plasma concentration at their clinical
dosages. In addition, we have reported that OAT3 could be the site of
an interaction between famotidine and probenecid in humans (Tahara
et al., 2005a).

Fexofenadine, an active metabolite of terfenadine, is a nonsedating
histamine H; receptor antagonist that is prescribed for the oral treat-
ment of allergic rhinitis and chronic idiopathic urticaria. After oral
administration of [**Clfexofenadine to healthy volunteers, 92% of the

ABBREVIATIONS: OAT, human organic anion transporter; hOAT, human OAT; OCT, organic cation transporter; hOCT, human OCT; r, rat; hOATP,
human organic anion-transporting peptide; AUC, area under the plasma concentration-time curve; HEK, human embryonic kidney; LC-MS, liquid
chromatography-mass spectrometry.
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total dose was recovered, 12% in urine and 80% in feces, as the
unchanged form (Lippert et al., 1995). Since the average absolute oral
biocavailability of fexofenadine was reported to be 33% (Dresser et al.,
2005), about 36% of the bioavailable fexofenadine can be excreted
into the urine during a 24-h period, and renal elimination makes a
significant contribution to the total body clearance in addition to
biliary excretion. Interactions of fexofenadine with drugs and food
have been reported. The interactions with rifampicin (Hamman et al.,
2001), St John’s wort (Wang et al., 2002), and fruit juice (Dresser et
al., 2002) caused a reduction in the AUC of fexofenadine after oral
administration, and these are hypothesized to include modulation of
P-glycoprotein or inhibition of OATP2B1 in the small intestine (Cvet-
kovic et al., 1999; Nozawa et al., 2004). The interactions with vera-
pamil (Yasui-Furukori et al., 2005) and ketoconazole (Simpson and
Jarvis, 2000) increased the AUC of fexofenadine, probably because of
an increase in the oral absorption produced by inhibition of intestinal
P-glycoprotein. Probenecid treatment caused a significant reduction in
the unbound renal clearance of fexofenadine (Yasui-Furukori et al.,
2005). Because probenecid is a potent inhibitor of OATs (Tahara et
al., 2005a), it is possible that this interaction involves renal transport-
ers, such as OATI1, OAT2, and OAT3.

In the present study, to obtain an insight into the basolateral uptake
mechanism of fexofenadine, the uptake was determined in ¢cDNA-
transfected cells expressing hOATI, hOAT2, hOAT3, and hOCT2,
and the effect of probenecid on the uptake was determined (o examine
whether it is inhibited by a clinically relevant concentration ofs
bevecid.

Materials and Methods

Fexofenadine hydrochloride was purchased from Toronto Research Chem-
icals (North York, ON, Canada). Ranitidine was purchased from Sigma-
Aldrich (St. Louis, MO). [*H] p-aminchippurate (151 GBg/mmol) was pur-
chagsed from PerkinElmer Life Sciences (Boston, MA). [*H]Benzylpeniéiliin
(740 GBg/mmol) was purchased from GE Healthcare UK (Little Gﬁari—fmitr
Buckinghamshire, UK). All other chemicals and reagents were o ;
Kanto Kagaku (Tokyo, Japan) or Wako Pure Chemicals (Osak
were of the highest grade available.

The stable transtectants expressing hOAT1-, hOAT2-, hOAT!
20052), hOCT2- (Schiatter et al., 2002), and hOATPIB3-HEK (S
2005) were established as described previously. These cells were grown:in Dul:
becco’s modified Fagle’s medium (Invitrogen, Carlsbad, CA) supplemented witt
10% fetal bovine serum, penicillin (100 U/ml), streptomyein (100 pg/mib), and
G418 sulfate (400 pg/ml) at 37°C with 5% CO, and 95% humidity on the bottom
of a dish. hOAT1-, hOAT2-, hOAT3-, hOCT2-, and hOATPIB3-HEK were
seeded in polylysine-coated 12-well plates at a density of 1.2 X ~10° cells/well.
The transpott activity by each cell line was confimed by examining the uptake of
ranitidine by hOAT1, hOAT2, hOAT3, and hOCT2.

Transport Studies. Transport studies were carried out
ously (Tahara et al., 2005a). Uptake was initiated by addmg rhedium contain
ing a 10 uM concentration of the compounds after the cells had been washed
twice and preincubated with Krebs-Henseleit buffer at 37°C for 15 min. The
Krebs-Henseleit buffer consisted of 142 mM NacCl, 23.8 mM NaHCO;, 4.83
mM KCl, 0.96 mM KH,PQ, 1.20 mM MgSO,, 12.5 mM HEPES, 5 mM
glucose, and 1.53 mM CaCl, adjusted to pH 7.4. The uptake was terminated at
a designed time by adding ice-cold Krebs-Henseleit buffer after removal of the
incubation buffer. Then, cells were washed twice with 1 ml of ice-cold
Krebs-Henseleit buffer. For the determination of the uptake of fexofenadine,
cells were dissolved in 300 wul of 0.2 N NaOH and kept overnight. Aliquots
(150 wly were transferred to vials after adding 30 plof 1 N HCL Aliguots (100
wl) were used for LC-MS quantification as described below. The remaining 10
wl of the aliquots of cell lysate were used to determine the protein concentra-
tion by the method of Lowry et al. (1951) with bovine serum albumin as a
standard. Ligand uptake was given as the cell-to-medium concentration ratio
determined as the amount of ligand associated with cells divided by the
medium concentration.

Quantification of Fexofenadine by L.C-MS. A sensitive method was
developed to determine fexofenadine by high-performance liquid chromatog-
raphy-electrospray ionization-mass spectrometry with midazolam as the inter-
nal standard (Tahara et al., 2005b). The LC-MS consisted of an Alliance HT
2795 separation module with an awtosampler (Waters, Milford, MA) and a
Micromass ZQ mass spectrometer with an electro ion spray interface (Waters).
The optimum operating conditions used were as follows: electrospray probe
(capillary) voltage 2.7 kV, sample cone voltage 35 V, and source temperature
100°C. The spectrometer was operated at a drying desolvation gas flow rate of
300 I/h. The mass specirometer was operated in the selected ion monitoring
mode using the respective MH™ ions, m/z 502.3 for fexofenadine and m/z
326.3 for the internal standard. The mobile phase used for high-performance
liquid chromatography was: methanol {A) and 0.05% formic acid (B). Chro-
matographic scparation was achieved on a C 4 column (Capcell pak C 5, MG,
4.6 mm i.d. X 75 mm, particle size 3 pm; Shiseido, Tokyo, Japan), using a
linear gradient from 55% A to 70% A over 5 min and returning to 55% A
within 2 min. The guantification limit of this method was 5 oM in the cell
lysate. Instrament control and data analysis were performed using MassLynx
application software from Waters.

Kinetic Analyses. Kinetic parameters were obtained using the Michaelis-
Menten equation: v = V.. X S(K,, + §), where v is the uptake rate of the
substrate (pmol/min/mg protein), S is the substrate concentration in the me-
dium (uM), K, is the Michaelis-Menten constant {uM), and V,,,, is the
maximum tptake rate (pmol/min/mg protein). To obtain the kinetic parame-
ters, the equation was fitted to the uptake velocity using a MULTI program
(Yamacka et al., 1981). The input data were weighted as the reciprocals of the
squares of the observed values. Inhibition constants (K;) of several compounds
were calculated assuming competitive inhibition using the following equation:

b f;/(l + (FK)S), where CL is the uptake clearance, I is the
ncentAtipm:of inhibitor (uM), and § is the Hill coefficient. The subscript
(+inh) represents the value in the presence of inhibitor. The substrate concen-
tration was low compared with its K, value in the inhibition study. The
two-tailed unpaired 7 test was used for a statistical analysis and a value of p less
than 0.05 was considered significant.

Results

+Timé¢, Profile of the Uptake of Fexofenadine by hOATI-,
2-, hOAT3-, and hOCT2-HEK. Figure 1 shows the time pro-
ake of the typical substrates and fexofenadine by hOATI-,
\T'3-, hOCT2-, and vector-HEK cells. Consistent with our
ot ViOUS rcpor[ (Tahara et al., 2005a,c), the uptake of the typical sub-
ares by ‘the cDNA transfectants was significantly greater than that in
ector[TEK. The uptake of fexofenadine by hOAT3-HEK was signifi-
Cantly greater than that in vector-HEK at all time points, whereas the
uptake by hOAT1-, hOAT2-~, and hOCT2-HEK was very similar (o that
of vector-HEK (Fig. 1). Since the uptake of fexofenadine by hOAT3-
HEK increased linearly up to 5 min of incubation, the uptake of fexofe-
nadine for 5 min was used for further characterization.

tratlon’ Dépendence of the Uptake of Fexofenadine by
_HEK and the Effect of Probenecid. The concentration
dependence of the uptake of fexofenadine by hOAT3-HEK was
examined (Fig. 2). The uptake was saturable, and the X, and V.
values, determined by nonlinear regression analysis, were 70.2 & 2.7
pM and 120 * 3 pmol/min/mg protein, respectively. The inhibitory
effect of probenecid on hOAT3-mediated uptake of fexofenadine was
examined (Fig. 3). The K, value of probenecid for the uptake of
fexofenadine by hOAT3-HEK was determined to be 1.30 = 0.30 uM
with a Hill coefficient of 0.76.

Time Profile of the Uptake of Fexofenadine by hOATPIB3-
HEK, and the Effect of Probenecid. As reported previously by
Shimizu et al. (2005), the uptake of fexofenadine using the same
hOATPIB3-HEK was greater than that by mock cells (7.59 = 0.26
versus 3.97 £ 0.22 pl/mg protein at 5 min) (Fig. 4A). The K| value of
probenecid for the uptake of fexofenadine by hOATPI1B3-HEK was
determined to be 130 * 40 uM with a Hill coefficient of 0.64 (Fig.
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Fig. 1. Time profile of the uptake of typical substrates and fexofenadine by
hOATI1-, hOAT2-, hOAT3-, and hOCT2-HEK. The time-dependent uptake of the
typical substrates and fexofenadine (10 pM) by hOAT1-, hOAT2-, hOAT3-, and
hOCT2-HEK was examined at 37°C. Closed and open circles represent the uptake
by OATs/OCTs-HEK and vector-HEK, respectively. Statistical differences in the
uptake of OATs/OCTs-HEK were compared with vector-HEK by a two-tail
unpaired f test with p < 0.05 as [he limit of significance (¥, p << 0.05; #%, p
Each point represents the mean = S.E. (n = 3).

[1o]

(=]

vis
(pLiminimg proteln)

- »

o

o

i 50 75 100
v (pmolfmin/mg protein}

601

V (pmol/min/mg protein)

0 : . :
0 25 50 75

S concentration (UM)

Tie. 2. Concentration dependence of the uptake of fexofenadine by hOAT3-HEK. The
time-dependent uptake of fexofenadine (10 uM) by hBOAT3-HEK was examined at
37°C. The concentration dependence of hROAT3-mediated fexofenadine uptake is shown
as Eadie-Hofstee plots. The hOAT3-mediated upiake of fexofenadine for 5 min was
determined at various concentrations (5100 pM, range of concentrations used). The
hOAT3-mediated transport was obtained by subtracting the transport velocity in vector-
HEX from that in rOat3-HEK. Each point represents the mean £ SE. (n = 3). Where
bars are not shown, the S.E. is contained within the limits of the symbol.

4B). Probenecid is a 100-fold more potent inhibitor of hOAT3 than
hOATP1B3.
Discussion

Fexofenadine is an orally active nonsedative histamine H1 receptor
antagonist, Only a small amount of the orally administered [*“Clfexo-

time-dependent uptake of fexofenadine (10 pM) by hOATPIB3-HEK was exam-
ined at 37°C. Closed and open circles represent the uptake by hOATO1B3-HEK and
vector-HEK, respectively (A). The uptake of fexofenadine (10 uM) by hOATPIB3-
HEK for 5 min was determined in the absence or presence of probenecid at the
designated concentrations (B). The values are expressed as a percentage of fexote-
padine transport by hOATPIB3-HEK in the presence of inhibitors versus that in the
bsence of inhibitors. The Hill coefficient value was 0.642 = 0.079. Statistical
in the uptake of hOATP1B3-HEK were compared with that by vector-
two-tailed unpaired 7 test with p < 0.05 as the limit of significance (¥,
p < ().01). Each point represents the mean = S.E. (n = 3).

a5 recovered in the urine of healthy volunteers (12%), and
ary xcretion has been considered to be a minor elimination
owever, the fact that the absolute oral bioavailability of
>nadine is, on average, 33% means that a considerable amount of
cofenadine is excreted into the urine over a 24-h period (36% of the
amount absorbed into the circulating blood) and suggests that renal
elimination makes a significant contribution to the total clearance. The
renal clearance of fexofenadine is greater than the glomerular filtra-
Uon rate, indicating that tubular secretion accounts for the major part
F € ¢ (Table 1). Simultaneously administered probe-

. pproximately 50% increase in the AUC of fexofe-
nadine in hewlthy subjects, and this is largely explained by a 73%
inhibition of the renal clearance of fexofenadine (Table 1) (Yasui-
Furukori et al.,, 2005). In the present study, we examined the possible
role of renal organic anion and cation transporters in the drug-drug
interaction between fexofenadine and probenecid.

In cDNA-transfected cells, fexofenadine is efficiently transported
only by hOAT3, whereas specific uptake by hOAT!, hOAT?2, and
hOCT?2 was below the limit of detection, suggesting that hOATS3 plays
a major role in the renal uptake of fexofenadine (Fig. 1). The transport
activity of fexofenadine by hOAT3 was much lower than that of
benzylpenicillin (1.71 versus 10.7 pl/min/mg protein). This was in
good agreement with clinical data showing that the renal tubular
secretion clearance of benzylpenicillin in healthy volunteers was 983
ml/min (Bins and Maitie, 1988), at least 9-fold higher than that of
fexofenadine (113 ml/min, Table 1). Probenecid is a potent inhibitor
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TABLE 1 mediated by Oatplal in rats. Oatplal is localized on the brush-border
Effects of cimetidine and probenecid ireannents on pharmacokineric parameters ~ membrane of the kidney (Bergwerk et al., 1996), whereas its human
of fexofenadine homolog, OATP1A2, exhibits brain-specific distribution (Abe et al.,
Parameter Conteol Cimetidine Probenecid 1999). Oatplal has been suggested to be involved in the reabsorption
AUCq., (ng - Wml)® 3637 + 1199 4124 = 2019 6150 + 3972 of organic anions (Gotoh et al 2002). Since .fe)fofe:.nadlne is 'a
Ratio to control 1 1.08 1.53 substrate of Oatplal (Cvetkovic et al, 1999), it is likely that it
Cliung, u (Ml/min)* 230 = 78 152 270 74 £ 52 undergoes reabsorption from the lumen by Oatplal in the kidney.
rc{ino (trgir‘;‘i‘;r)ﬂ] Ilﬁ 52'810 0 (21'37‘?8{) Qatplal expression exhibits gender difference, leading to the gender
o (Ml/min) 33 K 4 . . . R . .
Ratio to control 1 0.414 0 (almost) difference in the renal clearance of amphipathic organic anions
L, mas” 5.20 24.0 (Gotoh et al., 2002). Female rats may be a better animal model to
K, (K,,) for hOAT3 (113) 1.30 investigate the pharmacokinetics in humans.
R 0.956 0.0514

? CLyppa, o tibound renal clearance (Yasui-Fesukor et al., 2003).
4 CL,,, wbular secretion clearance (CL, — CLparinine)- Creatinine clearance value was

enal, 0
used tor th, valoe ol glomerular filteation raic (97 ml/min; van Croglen ct al., 1985).

“ Iy o maximum unbound plasma concentration of inhibitor (Selen et al,, 1982; van
Cmchn ct al,, 1983).
R valuc was calculated according to the following cquation: R = 1/(1 + I .., /K}).

of hOAT3, and the unbound plasma concentration of probenecid at
clinical doses (0.5-2.0 g), ranging from 12 to 52 uM (Selen et al.,
1982), is greater than its K, value for hOAT3 (Table I; Fig. 3).
Therefore, probenecid will produce almost complete inhibition of
hOAT3 in clinical situations, consistent with clinical reports, 73%
inhibition of the renal clearance of fexofenadine by probenecid
(Yasui-Furukori et al., 2005). Therefore, inhibition of basolateral
uptake can be one of the sites of interaction between fexofenadine and
probenecid. Cimetidine inhibits the renal clearance of fexofenadine:b
39% on average in healthy subjects (Table 1). Since ;ﬂ ¢clin
plasma concentration of unbound cimetidine at a dose of 400 mc' was
reported to be 5.2 uM (van Crugten et al., 1986), far below its K, and
ICs, values for ROAT3 [113 uM (Tahara et al., 2005c) and 92.4 M
(Khamdang et al., 2004), re-spectiizely], it is unlikely that the interac-
tion involves hOAT3. Cimetidine may inhibit efflux process acrg
the brush-border membrane of the proximal tubules. Although f&
fenadine has been shown to be a substrate of P-glycoprotein’
kovic et al., 1999; Tahara et al., 2005b), the steady-st
concentration was unchanged in Mdrla/lb knockonut migt
al., 2005b), suggesting its limited role in the urinary
excretion, and the transporter responsible for the lumihralﬂr
mains unknown. Further studies are necessary to investigate:
the transporter responsible for the luminal efflux is anothe
drug-drug interaction with probenecid and cimetidine.

The nonrenal clearance of fexofenadine is explained by biliary
excretion. It was found that fexofenadine is a substrate of hOATP1B3,
whereas the specific uptake of fexofenadine by OATPIB! and
OATP2B1 is very low (Shimizu et al., 2005). Based on quantitative
prediction using the concept of a relative activity faciog ‘"’EO‘ATPTB3
has been suggested to play a major role in

fexofenadine (Shimizu et al., 2005). Our inhibition study revealed that

probenecid is a weak inhibitor of hOATP1B3, with a K] value greater
than the unbound concentration achieved by a clinical dose (1 g) of
probenecid (24 uM; Selen et al., 1982). Therefore, probenecid prob-
ably exhibits only a2 minimal inhibitory effect on the hepatic uptake of
fexofenadine via hOATP1B3. This is consistent with the kinetic
consideration that the drug-drug interaction is largely explained by a
73% inhibition of the renal clearance of fexofenadine.

The effect of probenecid on the total body clearance will be less
potent since the contribution of the renal clearance of fexofenadine to
the total clearance was smaller in rats (15-20%) (Kamath et al., 2005).
There are two possibilities to account for this. One is the species
difference in OAT3-mediated transport, i.e., basolateral uptake pro-
cess since QOAT3-mediated transport shows poor correlation hetween
rat and human (Tahara at al., 2005c¢). The other is reabsorption

The present study highlights the underlying mechanism of the
drug-drug interaction with probenecid focusing on OAT3. Probenecid
is also a potent inhibitor of OAT1, and its K value is smaller than the
clinical unbound plasma concentration of probenecid. Therefore, both
OAT1 and OAT3 can be a site of drug-drug interaction with probe-
necid. This is why probenecid causes a drug-drug interaction with a
number of drugs in terms of renal elimination (Cunningbam et al.,
1981). Adefovir and cidofovir have been suggested to be taken up by
the kidney via human OAT1(Ho et al., 2000; Mulato et al., 2000).
They are nucleoside phosphonate analogs, a class of novel antivirals
structurally related to natural nucleotides, and nephrotoxicity is their
main dose-limiting toxic effect. Ho et al. (2000) and Mulato et al.
(2000) have demonstrated that hOATI is directly involved in the
induction of nephrotoxicity since the expression of hOAT]1 sensitized

y..cell line to adefovir and cidofovir, and probenccid re-
ytotoxicity (Ho et al., 2000; Mulato et al., 2000). In such
circumstances, combination with probenecid will have a beneficial
effect in suppressing the nephrotoxicity as well as prolonging their
plasma retention time, leading to an increase in the concentration in
the liver, the target organ for the treatment of hepatitis B.

In conclusion, hOAT3 shows specific uptake of fexofenadine
among, basolateral transporters and accounts for its renal uptake.
°id is a potent inhibitor of hOAT3, and inhibition of hOAT3
echanism to account for the increase in the AUC of
ine:caused by probenecid treatment in healthy subjects.
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