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Abstract

Sandwich-cultured hepatocytes (SCHSs) are unique in vitro system because of retaining in vivo-
like properties including domestic enzyme activities and the entire array of transporter proteins;
therefore, we investigated the utility of human SCHs in a mathematical modeling approach to
evaluate the disposition of drugs that undergo hepatic metabolism. In vivo metabolite profile of
paroxetine, in which multiple drug-metabolizing enzymes are involved, was predicated by use of
rat and human SCHs. When mycophenolic acid (MPA) was incubated with human SCHs, formed
phenyl-glucuronide (MPAG) was effluxed into the buffer (basolateral side) via MRP3 and MRP4
as well as into the bile canalicular lumen via MRP2. A mathematical modeling of hepatic
disposition of MPA and MPAG in human SCHs showed that basolateral efflux is a rate-limiting
process of formed MPAG and that cyclosprin A (CsA) inhibits both basolateral uptake and biliary
excretion of MPAG at clinically relevant concentrations, resulting in the changes in systemic
exposure of MPA and MPAG in humans. Finally, based on a quantitative modeling established
from experimental analyses in human SCHs, a novel metabolic pathway of bosentan was
discovered by determining an unreported metabolite (M4). Besides, a ratio of first-order rate
constant of basolateral efflux to bile canalicular efflux transport (Keiux/Koiie) is shown to be a
marker for systemic exposure of formed metabolites of drugs in the liver from the results of
MPAG and bosentan’s metabolites. These studies demonstrated a usefulness of SCHs as a tool to
understand and predict hepatic disposition of drugs, including metabolism and transport.
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AR, KE K OB O LY J& 72 6 FEF R THAT S A7 RGBT ISR 2 Ry

EVER O AR BERREICBT 2 A Z o AT A RT4 028 - T, REtmarse

LV EENRTRNLEE SND X HITRoTz. ZD7h, MO EERR Th DT
& H COEYBRED E BN TR TIENRD DNDICE-TND. HEYORFEIEZ FFMHJ
% invitro MERROH T, 1 FA v FEENMIL (SCHs) XM 2 #EFr L T
W5 E LBz, MfaELo tight-junction |2 X > CTEMAREFEZ AL L, canalicular network
system ZHEELTE 5. Z D7, SCHs (X5 (MM, FHAE, I ONZEBHIIREIED
DO 33— kA H T O AEHROM L 2 AT T = 5 FHEAY72 in vitro ITE)EE nﬂﬂﬁ%’:{ii
Thb. T, ITHETHEHERKSBIRICEH model-based drug development (MBDD) o B H:7)3
iRAAL, systems biology <° systems pharmacology &\ > 72 ERICESICET U v /& V2
2 b—v a3y (M&S) OFIFANER(E L TWD. & ZC, AU TR KB &
BWREFMICAER L, SCHs TOR#MZ EZTHEY OFBELZ MR L, SO REEI
BT IS W TRT T2 2 & T, RO invivo BIEE T ~D IS APEZ /RE L7z,
7 v b b FoMICHEE & HOFEAEDF/ET S paroxetine ZE7 LY & LT, SCHs T
@ 3H-paroxetine OREIWIRERL % 514 L 7. #E DB (CYP, COMT, UGT KU SULT)
23592 paroxetine @ in vitro fXEH#FHAIT, SCHs & ilEfFMifui T 2172 <, B2 in



vivo Z XL L7= b DO Th 7= (Fig.1). HiZ, paroxetine O EHY M1-G (M1 D7 v7 1
VERGIR) 13e b, Ty M EBITEEMIE LD R T AR — % —MRP2/Mrp2 DREE TH
HZEEHLMNIL, Ty hEE MIBT D ML-G OEH FHEOFEZEIT, MRP2/Mrp2 @
FAENBEBR LTS EE X L. —J7, SCHs Z HW IR rh PRt R 2 B 5 2 BEAE D FT
filifiE (GEFEE, BEIGHM) Tix, RN SERIGER AT 2 2 143 54l 31X 71
Hisk 7o 7=,

Fig.1  Metabolic pathway, metabolite profile, and excretion fate of paroxetine
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Mycophenolic acid (MPA) O ER#H TH D7 =/ — VAT V7 v Vgl s iR (MPAG)
TEB R ICHE S, F OIBATIEER 7Y MPA OILEN b T 7IBEOMFHICELS T 5L EZD
nTWa. —J, MPAG Ot hIHEH CTOREEIIREIEOR 4 FTHY, HIN
MPA @ 90% L I3 HALHIC MPAG & L TIRFUCHRIES LD, D F D, TN CTAER LT
MPAG [FAEEMIEE A/ L CREMHIcHRit S v d & & big, mEMIEZ > L TRIGERICH 2%
SBATTAREMMEEZBND. ZD7=®H, B b SCHs 1 THD MPA J ) MPAG D ATENEE %
et Lzt Z A, MPAG IZIHEMIIE LD ~ T 0 AR —2 —D BT T TH - 7228,
WTAR L7z MPAG IZILE IR Z I L TN AT 4 U A (Ny 77 —) FUIZHZ PR S
ATV, 22T, B N MRP ZFNIHHL S H 7R 7 L % VD CHVE RRRNE L OB R
XRT 4 7 ADOKESEIT-o T2, TOFEE, MPAG (Tt b MRP2, MRP3 & 1" MRP4 D JLE &
720 (Fig. 2), MBI A /L7 B Rt iE 212 MRP2 23, M BRI 2 4 L 7 AR TE B~
DOBATIZIEEIC MRP3 LT MRPA B L TWH B2 b,

Fig.2 Uptake of MPAG by membrane vesicles expressing human MRPs
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The uptake of 10 umol/L MPAG by membrane vesicles
(0.5mg/mL) was measured at 37°C for 5 min in the

presence of ATP (solid bar) or AMP (open bar). Data
represent the mean = S.D. of three or four independent
determinations.

*p <0.05, **p<0.01, *** p <0.001 for ATP versus AMP

(2-sample t test)
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FZ, Bk SCHs 1 T?D MPA KT MPAG DfifEiRe%x €7 Lk L, FFBEIEOEEZ T I = L
— g U LA, b MRS TAR L7 MPAG O TENEE DA E e i & HIE A2 7 L
7= basolateral efflux @2 T 5 &% 2 b7 (Fig. 3).



Fig.3 Simulations of inhibitory effects on formed MPAG disposition in human SCHs
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MPA (I /vy =2 —U VIHEREITR R DR EZAT 20EMHETH Y, K TIE
Ny =a— VEERE LIXULIEFHESNS. BiAERICILV Y =2 — ) VHEFEKRTH
% cyclosporin A (CsA) & MPA ZffH L7- & & oI MPA @ b7 71X, CsA FEPE
ML L THBIE T2 2 e@mE s Tnd. 2ok, B R SCHsIZBITS
MPA K " MPAG DATENREIZ K42 CsA DA a1 5 & & biZ, BEICHEE L7 MPA K&
" MPAG DITENEE 7 /L& IV T CsA 2N DRSOV TIRET L7z, £ ORER, CsA
I% MPA D ik J OHERE NREHEFRICREE L7220y > 7228, MPAG @ basolateral uptake,
basolateral efflux % TX biliary excretion D& f2 Z fHHE L7z, 55472 CsA DFHFE/NT X —
Z D, CsA DERIRKIRIREZZB LIZHES I ab—varafTo7ce 25, CA R
MPAG O IFEhEE D LR T & 5 basolateral efflux [XPHE+H9, basolateral uptake & O
biliary excretion i % fHEJ 5 Z & T MPAG OB ER 23 0] S 4, FFIRIL S 412 MPA
BEMNME T 9572012 MPA OIEd N7 7REMNME T 5 52 607 (Fig. 4).

Fig. 4  Drug-drug interaction between MPA and CsA at clinically relevant concentrations
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Bosentan [ @I ESEERFE L L TR STV D IREBIRM = R & U 2 BT
HThHY, TOMRHITIL CYP2CY LT CYP3A ABIE LT\ 5. HHERER AR Z 7=t b
D~ ANT o ARERTIE, HEFRIRN IR 5% O R T L OFEFITRE{LIR (bosentan) & LT
Prlt S 7o I3 B2 D 5% K0, R APRl S e R R bR B RO 5% RETH
Sfc. ZDOZ ELiE, bosentan IFAFRFINC Lo THIK L, BN THARR L7 REIWIETEERIC
HEVBITET, HitE S L TERA RS Z L AR LTS, £ZTC, B b SCHs &
FHWT bosentan & M ORI OIFENEDET Y o 7 &l A dc & 2 5, BEH @ bosentan &
RS CTIETRBRN OWEICE (HHifE+ Ro 64-1056) A KIZ THIT 2R 03561
72, 207,  MFI 7 v Y — & AW TR OMa 21T 72 & 25, Ro47-8634
? CYP %4 L 72 AR FEIC Ro 64-1056 LIS DR MFET 2 Z L 26T L, ¥
M7 Ehic L0 Y (M4) ofEEHET 21ICE -7 (Fig.5).

Fig.5 MS/MS fragmentations by product ion scan
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(A) and (B) MS/MS fragmentation patterns of Ro 64-1056 and a novel metabolite (M4), respectively.

BT, FrBGHRE (Fig. 6) ZAHAIAATZIFENREE T /L ClX, & k SCHs 23517 % bosentan
JOMRE#Y (Ro48-5033, Ro047-8634 [ UF R0 64-1056) D &EMHERS 2 RAFZ THIT 5 Z &8
Hik7z.

Fig. 6  Proposed metabolic pathway of bosentan in humans
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12, MPA K TX bosentan D2 KA v FHE b MiFHIfaF Cofgees U v 7k
> TE BT O basolateral efflux & biliary excretion #5126 0 — Y 3HE FE E 2L (Ketriux/Kbite)
[ZOWTHRE L7z & 254, KEBRIZEAT LT VWM MPAG @ Kemmudkite 13, STEER ICH
1T LI W (R0 48-5033, R047-8634 J TF R064-1056) D Keftiux/Koite & ) HRE D o7

(Table1). L7273-> T, SCHsZ35\F Dk ke O 27 /Uit L, AR Ok — Yok
FETESEL KetudKnile ZF5HFEC T2 2 & T, REMOKIEER~DOBITAELZTE 5 2 L 0VRE
-

Table 1 Ratio of first-order rate constants for transport of formed metabolites (Kefriux/Kbile) in human

SCHs
Metabolite Keffiux/Kbile
MPAG 2.420
Ro 48-5033 0.755
Ro 47-8634 1.317
Ro 64-1056 0.785

LIk, AWFZETIX SCHs & M 7zik & R o FRFRHh oA Atz s+ 5 & & bi, &
LN RZBFRET VT2 2 & T, X0 EENRITFEIETHI~EEET S Z
ST LTz, E£Te, BT VIRITIC X o TR 722 REHEE S RIZ TE 5 2 & T, B
DIERA~DRE G AIETH D Z & 2md 2 LRIz, B, F#EET ) o 72k > T
5 R Dk — IR EEERIL Kemux/Koile 23, EBR~OBATZ TRIT 2RISR 015
5 LaRRTE . A%, BICEHBOEYEZMWTCHENI L > T, ZOZNENHEID S
noZ &, ROERLFEE~DISHNHFEND.



BEMERDOER

AMFFEIE, TN B LI NI R EGEE T HEIE MO ITE B2 T T 53BR LT, o in
vitro FHI R E AR TR IR ORI AR — 2 — DR BIBHER S COD Y U R Ay F R 3%
JHHERE (Sandwich-cultured hepatocyte:SCH) (235 H L, AREERR THELAVZIFENEZ T T (ki
FOERBNIEHT T HZLIZL-TCLin vivo BB TSR 22D fF AMEAFHIL 726D T
b5, HAKEIIZIL, paroxetine ) HE D FE 2, mycophenolic acid (MPA) & "2 D fa &9
(MPAG) O IF@ERE L cyclosporin A (CsA) EDFH A AER OFFAf, 3 ONZ bosentan K& OV D
DIFENREIRNT AT o7z, ZDFER . EE OISR (CYP, COMT, UGT KU SULT) 3B 5-7°%
paroxetine @ in vitro fUHMFLAL I in vivo 2 KBEL7=HDTHY, EREWTHDLI V7o i
BRD I P HEIEIZBI D MRP2 ik (R 3 S B BB R e 2D R K Ch D Z &4 R LT,
MPA D ATENEIZB 4% SCH & W E 7T /LAFATIC L > T, CsA 7% MPA BIREIC M E A AL/EH
IZ MPAG DIBITFIEERIZB ST DT AR —2 —[EMEENER 52 L2 BIBNIT LTz, SHIT,
bosentan DIFEYEEDE T VFEHTIZBEAF DG O TIE AR+ Th DT LITHFIRL THF gt 21k
DIAE R T UOWREHR B 725 ONZHTRAR B O R E ISR B T DI B o7, LLE fFEhiEn
METR RIS AT T L E LT DN B2 7~k 32812k > T, SCH #3323 o iFshie €
TV TR DB RE T RN A ChHZ L2 R LT, PL EO R RILEIR MBS BT 535
HRETHICHBR T 2D THLZENE L (RIFER )T 2L ESN T,




