EYMESKELEYOREERE LTUTORERNNHS.
- PASODFEBR L ANITEEZRIFTT Z EITL HPAA0REORBZBEHT 561 : [FNa-2bGEDY A
NA VK, BAGPIFFREDEELALZETSEEHREUEOETEIEREII I LEITLY, HHK
PASOSR FREOEEEOMHAREZEME 5.
A b HA e LIPSO FREDEREEETIEROIGIC & HP4505EME NEEE] OFl: Vo<
FREBIZHTD VAT TREICE DD UNRREF UDOANCETHREITF 5N 5%,
- PASOR I bS5 U RR—F —DFAFUND A B ZXLITEDCH - A b bLFH— FOREIFIERIC
&5, HFRAXE CAEAZERE) I LTHASASIREDOBDIESIVIVTSOADETHETFLAD

59, 60)

(14) FSIURR—F—FNLEEYMBEEROFECRET 2EESE
@DOATP =5t BIEEICH T 45T EH

0ATP T, BEEEFEMNLGHEENIENSGEELAHY, COLSIHIBETHE, HOEALDH S URKR—4
—%#HETHME (RBER - £ MFERGE) LEFTEL F—ERME preincubation ZICFHEREERZR
B3 b &lzkY, BNTDK EA, preincubation L TOBEDHEEEEISKOON-K ELY
P ELRBLONBZIELRHZ 7D, ZOERMIOKEDAE, &Y invivo COEPHRERRDEE
ERBT ZBEANHAIELICEBENDETHS. £=, REBICKYBEZEZEDOK ENELDZy—RX LS
SNTUNS O, HEERRORIC, EERLELTE, BRESTOHANEEINWIEZEDEZRA-E
WHAERATHD. 612, EAKATOEYICLIEELERE LGV LHATRENSRBATERLV—X
FRESNTHEY, EEEEHEVERELSD-EEVBREICE DV EERADLEICR D581 H S .

QS RAR—E—2NM LEREEMEDEE)

S RR—2—I121F, BABOHF&#® EIZEF 59 5 Sodium-taurocholate cotransporting
polypeptide (NTCP)%5>BSEP, EUIEVHWLIZZFD T IILY O VEESAOITEEICF 59 % 0ATP 58
¥ MRP2, ¥ L7 F =245 N-methylnicotinamide OFHMICEEH AW —HEFET S MIEELED L
SICHEMNEOHEREICEHLS S UAR—F—0HD & Thd bFSURR—42—0OBEFIZELY,
ARMEYEONTEREE LR CHEBREENZEDOONIEZENHD. REAMYEORKREBICETNR
LON=IEEICE FEMERUBEELGTHL, FSUYRAR—42—0OBEELZORRAICHYBIZEN
HHEICBETIVLENHD. —FT, sEDFHETIL, BSEP OEFREIRVVEERICET,
KTOHFEERBEDO U RINBIMERLA#H#O5NDETE2ELDELHY, FENMDETHS ®.

(15) HEPHEBREIMIVITDEEN]

CYP3A DREFEXETH A ERFFZCYP20 L EDFEETELH S FFENIRREND LS 1T, KEHE
FOBEFETHYZEETIHH5E, AT HIRAICK Y EROBEFRISRL LTHEENH D © 0.
COESBHEILE, RABRORFENSFLLCEBREBLELDI-OO+7EREHFEERITH LI,
BEICELT, #RELHARORESA I VI ERLSELBEREDHEFRRRZREL, TOF
BEEEBICERIHENHEESILS.

£, UI72 EDUIE, CYPIA ZIFLHE LE-EYRBBROBVOFEERL LTHNONA TS,
FEFIC OATPIBl 4 ED RSV AR—2 —DEEETLHS . Lfzh>T, YI7rED VLS b
S UAR—F—HEERERHAT BN THARESRZT 5SS, FHEEREL L TOHBREDER
EREDOOY LTI T3Y 77 VEL VU OBERERESERICITIOARETHD. —4, BIER
FEELLTOUYIFUVEDVICEREEEHREICLTHOFZEENEREHET S LNBNTH
215E, U772 EL O O0ATPIBI BEERAICK YBRFEEANSBNMNIHESILEAH DD, Y
77 vEV URREBSOEBICEREDY VT VI ETSONRETHS.

(16) REBROEEEDER

BWRFELHFAINIEYODIC, ABRHEOBWEBENEENIIGEEICEBIEESLETHD. A
BOMRNEEEE, PSEEREEDHAIZEL - TC,,LCACHHLTMNEMT 51514 T, EELRSHD
BENELIBETNAHIEYTHD. ABREOBRVEGTEQHEFGELTIE, TILI77YY GREMN
EFEMLULLGT, ERBOEZSIERITEZINNHS), torsade de pointesZEF|ZFEITHETN
NHHPEY, FEAEQHBEEHRESE, RUT7TI/JYad FRREMELENZETLONDS. &
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NOBRBEOHEVWEEELOHANMEESNLSEEIZE, REMOBRRAITIL > CHREREVMEEERRER
DREE, BVIEEEOBREECRESHMZERFA T OIRETHD.

BREREVHEERARICER SN AEERONCOME, 2BELU EDOPISORE S v RAKR—2—0
EBETHIBEELNHD1-0, BIRMEBETEHLGWIEITEETS. HlE LT, 7475 J—ILIECYP2C19
DODEBETHHH, CYPAITK>TELRBEISNS. CYP2C19RRE (BFE) 2FHET H5=DICAA TS I—L
EEEELTEATIEEE, RECKEKIZKEY CYPA19ZNTHE FOFSFATSV—ILE
UCYPAZEN T BA A TS V—IWRIKRY) ZREST D EMHEINDY. &, LIATUZFRE
CYP2CBDIEZEZEL LTRHLON DA, OATPIBIDEETHH 578, BFS U RAKR—42—%2BETHE
MéEDHEEEARBROBROBRICITEIENAVETHS.

(17) REEBERE S VAR —OEALELSEMHEEERADOEH

BROER/ b5 o AR—2—Z2BEEXIFET H5E50H & LTIE, CYPSA RU P-gp ZHICHAET
A bZAFV—LPRIZEBTDHII7ESUASHDH. OB CYPSARU P-gp OMEIZH L TRHY
LA EEOHEETREOHEEREZRY LERLAL. L=A>T, CYPADEE, P-gp OEHE, XL CYP3A
& P-gp DEEBOEETHAWREL OEYHERHARD-OIZEFEZERT S, CYPA RV
P-gp IS HEEEADEVEERT S Y. 4&, UI7EDUIFEHRD PO RY F5 U RKR—4
—DFERETHHEMNAESNTHEY, MYRAH 5 RAR—42—0ATPIBl DBEEFETHLHH &I
BET S (BE=ZE (15 3.

-, BROEYEZERFRISET, REBRE S VRAR—2—0OEELSHEESN, LUEHE
BEENBENHIELTIE A +SaFV—IWRUVT LT 4 TOVILORBRSIZESLATYZFD
ACHRELSEILLIGHZENHD. Thlk, BER (CYP3A) (Ix9 54 FTaFV—ILOBEEER RU

bS5 URAR—%— (0ATPIB1) RUBEHR (CYP2C8) 12495, FLD4TODLEZOREYIZL S
EEROREHTEREEZ LGNS ™.

(18) WY TIEERARICK HTE

BE, B0 TILRRE—BMCEEREMEEERHARERRIC, /nvitroTRINTERAZEETS
E=HIZfThndh, BR (RUMSVRAR—4—) IIXNT52BEHLTRBEYOBE-ERUVFEREET
T2 EEBHELT, invitroRBODRDYIZT-TEH L

RBICBLWTHERAT2EEE, BEOEBERE (RUFSVAR—4—) ([IxT 5:BIRMEETEZR V-
EYMHEERRBRHIVEEEEEFMWRRLEICENT, FOREENIBAINTOIRENRHS.
Ao TILNEERRICHTA2ERAAENZEMIE, BEVHEERZRIZFSHVI EMNBRKICBLTE
SNTVBIEMNEFELLY, FHERNROER (RUFSVRR—4—) IIHT S K, ELBRLFD
Cooy CHILEICEITAHEREFLRLT, +HEVEETCHNIEEBEROBEEERANENESFLT
ENTES.

(19) BEFEEEFEE L-EYHEERADEE

CYP2C19 (XE & LT CYP20192 R CYP20193 BBICKYET DT ATEERBEOHEELNSC,
CYP2D6 (FEHT7 7 ATERREBEEIDLGEVD, FENKEBLIEGFLEETHD CYPCT0DEE
AEWD,. ZD-8, TP FEAVITZSVADIERRTHIAWEBREIZIOVLTIK, EFSTA
ERRELEZHBREETOTALUNERRE LEHROBREZEBEERT IGRICEGFEHICER
PLRETHD. 152, CYP2019 OEMRBEIZSVWCTEYHEEERORBRENAZ O E TR EIN, EKY
ICHBEE L ITREENHIBEICITERFEZEZEZE L-EYHEFRORI 2B E L-RKRHKE
EMTEHIENEFRATHS. EEFEREZEEL-BRAROERICEL T, FEREEOMTBE
EIEEELIZIENTHEIN, BREODREUICRAREET S. F-, EVHEEERICEEERIF
THREMEER, invitroBRBOREFICEDE, ETY LI EVIAL—avItkYRHTHAIELE
BATH5.

BEREFERZEETASEYHEEROAE LTUTLAHS.

CYP2C19 TEIzREENBARY) aF+J—JLid, CYP2C19 OFEMRIEETIE, REEETHS CYPIA D
HEZOGHATHEZCLSBEENEKRT S ™. CYP6 TEIZKRBENZ MLTFOTUIE, CYP2D6 DOE
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HREETIE, REERTHS COYPIADEEROHATELHBRENBEEICTHEKRTSH .

CYP3A5, UGT1A1, OATP1B1 (SLCOIBI), BCRP (ABCGD 73 EMHFiETH, BEEFZ2HICKYIUTS
DADNERTEIENMOENTINDZRT) . CYPIASTHENEWLVEGRFESEE LT, BRREDHELXE
1 1= 59 CYPUASINF N TS, CYP3ASIE, —fRICCYPIAMAE BB FEMEMNFELIL TS A, —HDMHE
EZE TIXCYPIMLCYPSASDIEERHMNEL D EMNBESA TS, LizA > T, CYPSMDIAEH <
CYPIASDBREABLMEE TIE, CYPUS3EET HBBREGCYPAREED I YT S UANKECETTS

CEICBETHIRENDS. Ff=, BERATIE, BRFUOEBTETRTUGTIAIG UGTIATZ8 RUEHIXE
WEEDIE T AR SN B SLCOIBT ¢.521T>C, ABCGZ ¢. 2100ADBEMN LM WV -OTIEEET 5.

120



11.
D)

2)
3)
4)

5)

6)

D)

8)
9)

10)
11)

12)

13)

14)

15)

RE—E

BE : KXHAFS40TIR, —RIRBERTEIEMHDIWVE S VAR—F—CLVEESLD
Y.

PTEE  pABRENPE VLR, FEFHENABEESSVEITAUTOME (£ FTHO.25 L/kgkl
T) . AERENIRKENEEFE FTHO.8 L/kelEET 5.

HAE . BROENZEERT H5E, TAThELBEOHAREELTS. 08, REOEKRTHE, &

BEEICAVONTVASEYICEICEML TEASNAEYZHAE LTS

MEMERE  EYHRBRFMBEERICEVTE, fRATHIEICKY, hOENOHRNBREICEE
525 FIRIEHRHCELTIE KBBEBREESTILLDEFZREIDIIDNLRENHD.

BHREERE  EYSEZHEEERICEVTE, HAEYICEY, ZTOKRNBEBLIEZEERTS
EY. PIZERBCELTE KHBEESEESAZTOEYORKHEMET IS L0 LBRFRICK
YIRBATET DLDLELNHS.

WEREE : XA A K54 TR, HRAEICEYHEEERZEEA LD, XEHAENCEZEERZITIHH
[SOVWTORIBEMMNRE SN SERERH S VIIFHEPDEY.

BIEE  EYBBICEAS T HBR, FI VAR —XEBOREREICHT HFEMLNTNIEN

BHROBRABRTHRE SN TEY, EYBBOLHETTRIEELLLIEY. TENTARLGEYT,
BRRBRCTHEASNIEYDGSFIREMSBVCENDETHS.

BERBEBEREY  TELT—DOREBRICIYRBESNIEY. ARABBEBROTEEDICLS
EYHEEERZZT-BEICBRRBMO VTS UVRADEGBHNKREL, ZTOHEDY RIMNEL.
SRBBREY ERORBBRICLIYRKBISNLIEY. —RIC, EYHREERICKSRBEBERT
HEBEZZTRHERICBRRBOI VTS VRAOEFSDMEL, LY YRTHEL.

FSURR—E— EREZEDY, EYERBEORN~EZT HIEHE.

BRMBEEE, BRUBEEER: HORBBRNI S VAR—F—ITH L TOHA, HLEREVES
EREETHEY, XIILBBBRRMICKRBRITEEZZT 58,

HMEBEELE AREERE (R6-4, 6-5) : HHFSIVAKR—S—DREFICR<AVLNLA, EH
DOREBRRIG S VRAR—F—Z2BETHEENHY, AREBFIERORKBBRTIFS VR
R—S—DERELLDHZENH L=, T LHBRMETEXTBIRMEFRE L EGR 5L,
BRUOEER, PREEOHEETE BUOMEETE: THREFRZZTOTVEEER] OACE, SERLIC
5 CL/FAR/SKRBICHED) SEDEEAOGNDIEERLGEE NBAVEETE], 2MFLLEMERE
([T ES (CL/FAM/2KREI/SULICHED) SEHEFEAOGNIERRLGEZ THREEDRER), 1.25

EUE2ERBICER (CL/FA1/1.25KE1/2UEITED) SEDHELEAONDIEERLEEL THL
FEZRE &35 (1.CEDEHESER) .

ROGER PEEOFEE BUFEE: MEFRZZTPIVEEER] OAICET/SLUTIZHE
D CLFAOSELYRECLER) SEDHEEAONIERRZLEE FRVFEEEL 1/2LTF1/5&Y
RELSHD CL/FHVMELULSBERFEICER) SEDEZAONSIERRLGEL HEEDFERE],
1/1. 25 F1/2& Y K& R (CL/FAN. 5B LA E2ERGICER) SEEHEEBAONDIERRLGE
Z BOFEBE] £75 (1. THROEHESH) .

HEERZZITOTVEER, HEFAOZTOISIATEEOREER . IBUOEEEXR] OFRIC
& YAUCASEELL EIZ EF (CL/FOM/SRIEICED) THEEEE TEERZZTOTVEER],
MERUVVEEZE ] & DHAICE YAUCH2E LA LOERFEICER (CL/FANT/SLLET/2REICRD) 5
BEEEE MAEFAORTOY SATBEORER) ¢4 (1.8EDMTHEZSR).
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Chapter 6 }
Prediction of Hepatic Transporter-Mediated
Drug-Drug Interaction from In Vitro Data

Kazuya Maeda and Yuichi Sugiyama

Abstract The importance of transporter-mediated drug—drug interaction (TP-DDI)
has been rapidly recognized by the recent publication of its clinical evidences and
subsequent updated regulatory gnidance (guideline). The methods of TP-DDI predic-
tion are roughly divided into two approaches; static model and dynamic model. Static
model with theoretically maximum unbound concentration is useful to sensitively
catch the signal of DDIs, but predicted DDI risk should always be overestimated.
Dynamic model fully considers the time courses of the plasma and tissue concentra-
tions of both substrate and inhibitor drugs by the physiologically based pharmacoki-
netic (PBPK) model, thus accurate estimation of DDI risk can be achieved. However,
the universal methods to set up model parameters based on the in vitro results with
scaling factors remain to be discussed. This chapter is mainly focused on the basic
theory and recent progress of the methods for TP-DDI predictions.
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DDI Drug—drug interaction

E;178G  Estradiol~17f-p-glucuronide

EMA European Medicines Agency

FDA Food and Drug Administration

MRP Multidrug resistance-associated protein
NTCP Sodium taurocholate cotransporting polypeptide
OATP Organic anion transporting polypeptide
PBPK Physiologically based pharmacokinetic
PET Positron emission tomography

P-gp P-glycoprotein

TP-DDI  Transporter-mediated drug—drug interaction

6.1 Introduction

The number of clinical drug-drug interaction (DDI) studies involving drug transporters

has increased rapidly in recent years, and the ability to predict transporter-mediated DDIs -

(TP-DDIs) is needed in the process of drug development. The liver is one of the most
important organs for the detoxification of drugs. The liver expresses many kinds of meta-
bolic enzymes and uptake/efflux transporters, and DDIs with hepatic enzymes or trans-
porters often lead to a change in the plasma concentration and subsequently the
pharmacological and toxicological effects of drugs. The US Food and Drug Administration
(FDA) DDI draft gnidance and European Medicines Agency (EMA) DDI guideline note
that organic anion transporting polypeptide (OATP) 1B1 and OATP1BS3 in the liver are
important transporters for the hepatic uptake of various organic anions and that pharma-
ceutical companies must investigate whether new chemical entities are substrates or
inhibitors of OATP1B 1 and OATP1B3. In previous clinical reports, the plasma concen-
trations of several OATP substrates were increased significantly by coadministration of
OATP-inhibitor drugs such as cyclosporine A and rifampicin (Fig. 6.1). By contrast, sev-
eral biliary efflux transporters such as P-glycoprotein (P-gp), multidrug resistance-asso-
ciated protein 2 (MRP2), and breast cancer resistance protein (BCRP) can recognize a
broad range of compounds as substrates. The inhibition of these efflux transporters may
lead to an increase in the hepatic concentration of substrate drugs, but not their plasma
concentration, suggesting that such DDIs may be difficult to be detected.

This chapter briefly reviews the theoretical background and experimental methods
for DDI prediction and recent progress in DDI prediction strategies.

6.2 Basic Theory of the Quantitative Prediction
of Transporter-Mediated DDIs N

When the kinetic property of transporter function follows traditional Michaelis—
Menten kinetics, the intrinsic transport clearance of substrates via target transporters
(CLi,)) can be described as follows:

v
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Fig. 6.1 Effects of coadministration of cyclosporine A, rifampicin,.and gemfibrozil on the plasma
AUCs of OATP substrate drugs (statins, sartans, and antidiabetic drugs) (cited from Yoshida et al,
2013). Y-axis indicates the ratio of plasma AUC of substrates in the presence of inhibitors to that
in their absence

Vaa Ky and C, represent the maximum transport velocity, Michaelis—Menten
constant, and concentration of protein-unbound compounds, respectively, which are
thought to be recognized by transporters as substrates. If the unbound concentration
of a substrate is far below the K, value, (6.1) can be converted into (6.2).

V.
CL = —max .
= (62)

m

Assuming that an inhibitor drug inhibits the transporter in a competitive or non-
competitive manner, the intrinsic transport clearance of a substrate in the presence
of an inhibitor drug can be described by the following equation:

L,,, (+inhibitor) = _V““‘" (6.3)
K. (1 + i"—]
K,

L (+1nh1b1tor) 1
L, (—inhibitor) 1,

(6.4)



Thus, according to (6.4), the decrease in the transport function of a target
transporter can be estimated quantitatively by two parameters, J, and K;, which are
defined as the protein-unbound concentration of an inhibitor at the vicinity of the
target transporter and the inhibition constant, respectively. Because the 1+1/K;
value is key to predicting the change in intrinsic clearance, we sometimes call it the
“R value.”

To consider the impact of decreased function of a single target transporter by
DDIs on the in vivo pharmacokinetics of substrate drugs, one must consider the fol-
lowing points based on the pharmacokinetic theory.

6.2.1 Relative Contribution of a Target Transporter
to the Overall Membrane Transport

Several transporters are expressed on the same side (basal or apical) of the plasma
membrane of polarized cells, and their substrate specificities often overlap each
other (e.g., OATP1B] and OATPIB3 in the liver). Thus, multiple transporters can
often mediate the membrane transport of a single compound in the same direction
(uptake or efflux). If a compound is lipophilic enough to pass partially through the
plasma membrane by passive diffusion, intrinsic membrane transport clearance
{(PSuunspor) is defined as the sum of the intrinsic clearance of passive permeation
through the plasma membrane (CLjui) and active transport mediated by trans-
porter { (CLyp;) as follows:

PS CL oo +CLpy+CLyp, 4+ i+ CLug, "6.5)

transport = passive

If the function of transporter 1 is inhibited only by inhibitor drugs, the fold-
change in the PS,oq0: depends largely on the fraction of intrinsic transport clear-
ance mediated by transporter 1 in the PSyansport (fin,1)-

CL

T4+ (Clapgs +CLipy 47+ CLy) |
PS,ppon (Finhibitor) s A _Fw g
PS,ppon (—inhibitor)  CLop +(CLy . +Clap, ++-+CLy ) 1, Ty m!
Ki
(6.6)

When a target transporter is inhibited completely by an inhibitor drug, PSmnsport
decreases to (1—f,,() at a maximum, and thus estimation of the relative contribution
of each transporter to the overall membrane transport of a substrate drug in the nor-
mal condition requires knowing the lower limit of the decreased intrinsic clearance in
the presence of potent inhibitors of the target transporter. Moreover, inhibitor drugs

sometimes simultaneously inhibit multiple transporters with different inhibition
potencies. In this case,(6.6) is modified as follows:

PS nspor (Finhibitor) & £ £
= - +{1- 6.7
(—inhibitor) 4. 1, Z(fm,,, (6.7)

PS nspon

Thus, knowing the f,, and K; values of inhibitor drugs for each target transporter
is needed for the precise prediction of the change in PS,,uq0n-

6.2.2 Rate-Limiting Step of the Overall Intrinsic
Organ Clearance

In the “traditional” assumption, if a drug is metabolized extensively, its intrinsic
organ clearance is thought to be determined by metabolic clearance. Several reports
have indicated that the hepatic intrinsic clearance of a drug can be predicted by a
simple scale-up of in vitro intrinsic metabolic clearance with human liver micro-
somes. However, there are several new drugs that are substrates of both metabolic
enzymes and transporters. For example, atorvastatin is eliminated in the liver by
extensive metabolism by cytochrome P450 (CYP) 3A4, whereas fluvastatin, torse-
mide, glibenclamide, and nateglinide are metabolized mainly by CYP2C9. On the
other hand, these drugs are also substrates of hepatic uptake transporters, the
OATPs. In this case, the detoxification efficacy of these drugs in the liver is deter-
mined by the functions of the uptake and efffux transporters as well as the meta-
bolic enzymes, and the traditional assumption can no longer be applied for the
prediction of the intrinsic clearance of transporter substrates (Shitara et al. 2006;
2013; Yoshida et al. 2013). In the “extended” pharmacokinetic theory, hepatic
intrinsic clearance of transporter substrates (CLi.q) should be determined by the
metabolic intrinsic clearance (CL,), intrinsic clearance of hepatic uptake (PSi,),
sinusoidal efflux (PS.y), and biliary excretion in an unchanged form (PS.,), as in the
following equation (Fig. 6.2):

PS,, +CL .,

CL,,,, =P§, oo T im
el TR pS, . +PS, +CL,

(6.8)

According to (6.8), if the PS¢ is much smaller than the sum of PS,, and CL,,
CLiyax can approximate the PS¢ value,

CLipan ~PSys (6.9)

int,all

On the other hand, if the PS. is much larger than the sum of PS,, and CL,,,
CLixan can be described by (6.10).
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Fig. 6.2 The intrinsic processes making up overall hepatic intrinsic clearance (CLiwa). PSiy
intrinsic clearance for hepatic influx transport, PS,; intrinsic clearance for sinusoidal efflux trans-
port, PS,, intrinsic clearance for biliary efflux transport in an unchanged form, CL,,,, intrinsic clear-
ance for metabolism

PS_ +CL
CLina ’”PSinf'“‘—cxPS—m‘ (6.10)
eff

If a drug can pass rapidly through the plasma membrane mainly by passive dif-
fusion and PS,, is negligible, PS.g is very large compared with PS,, and CL,,, and is
equal to PS;,;, and (6.6) can be converted as follows:

CLint,zd] ~CL e (6.11)

Thus, under such conditions, the aforementioned “traditional” assumption, in
which metabolic intrinsic clearance solely dominates the overall intrinsic hepatic
clearance, can be applied for the prediction of intrinsic clearance of drugs from
in vitro metabolism assay using liver microsome.

Watanabe et al. showed that the in vivo intrinsic hepatic clearance of four kinds
of statins (pravastatin, pitavastatin, atorvastatin, and fluvastatin), two of which are
eliminated from the body by extensive CYP-mediated metabolism, is similar to the
uptake intrinsic clearance estimated using the multiple-indicator dilution method
in rats and an in vitro uptake assay using cryopreserved human hepatocytes
(Watanabe et al. 2010). By contrast, the metabolic intrinsic clearance obtained
from an in vitro metabolism assay using rat or human liver microsomes consider-
ably underestimated the in vivo intrinsic hepatic clearance. A clinical microdosing
study also indicated that the rate-limiting step of the hepatic clearance of atorvas-
tatin is the hepatic uptake process mediated by OATP transporters in vivo in
humans (Maeda et al. 2011). This was based on the observations that the plasma
area under the concentration-time curve (AUC) of atorvastatin was increased
markedly by orally administered rifampicin, a typical OATP-selective inhibitor,
but not by intravenously administered itraconazole, a typical CYP3A4-selective
inhibitor, although the AUC of the major hydroxy metabolites of atorvastatin
decreased significantly.

We sometimes define “f# value” as an indicator representing whether the
rate-limiting step of hepatic intrinsic clearance is likely to be an uptake process
according to the following equations:

_ PS,, +CL . N
p= PS, +PS, +CL__ ©.12)
CL, i =PSB (6.13)

If the f value is close to 1, CL;,q can approximate PS;,y as in (6.9), whereas if
the f value is far less than 1, CL, . can be described as in (6.10),

Let us consider the impact of a DDI at each transport process on the overall intrinsic
hepatic clearance based on the “extended” pharmacokinetic concept. If uptake trans-
porters are inhibited by a coadministered drug, the reduction in the uptake intrinsic
clearance (PSi,) always directly affects the decrease in the overall intrinsic hepatic
clearance (CLyyqy) regardless of the f value. On the other hand, if biliary excretion
transporters or metabolic enzymes and uptake transporters are inhibited simultane-
ously by coadministered drugs, when the § value is close to 1, even in the presence
of an inhibitor drug, CL;,.y should not be changed according to (6.14).

N ] A
CL,, . (+inhibitor) K, ..
CL,;,, .y (—inhibitor) PS. = _k__

inf inf

(6.14)

However, when the f value is much smaller than 1, the ratio of CLy,q in the pres-
ence of an inhibitor relative to that in its absence is described by (6.15) or (6.16) if
the compound is eliminated from the body by extensive metabolism or by biliary
excretion in an unchanged form, respectively.

CL,. /|1+ !y
Iu J Ki.mcl

e . P Sint‘ / 1+
CL,,, 4 (+inhibitor) Kot

PS4 1 1
— = (6.15)
CL,,, ., (—inhibitor) PS. CL,. Ry R,
inf l)smff
; PS, /[1-{- KI“ J
s pene PSinf / I+—* -
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Thus, the reduction in the overall intrinsic hepatic clearance is estimated by the
product of the decreased fraction of uptake clearance and that of metabolic clear-
ance or biliary excretion clearance.

6.2.3 Impact of the Change in the Intrinsic Clearance
on Organ Clearance and In Vivo Pharmacokinetics
of Substrate Drugs

Based on the pharmacokinetic theory, after oral administration of a drug, the blood
AUC (AUC3) is calculated by the following equation:

EF, .F -Dose

AUC, =22 (6.17)

tot

F,F,, F,, and CL,, represent the fraction of a drug reaching the portal vein from the
intestinal lJumen while avoiding intestinal metabolism for an orally administered
dose (intestinal availability), the fraction of a drug reaching the systemic circulation
while avoiding first-pass hepatic metabolism (hepatic availability), and total clear-
ance, respectively. Total clearance is described simply as the sum of organ clearance
(in the liver, kidney, etc.). Organ clearance, defined as the rate of elimination of a
drug divided by its blood concentration, is dominated by the tissue intrinsic clear-
ance, blood flow rate in tissues, and protein-unbound fraction of a drug in the blood.
Several models have been created to relate the intrinsic clearance to organ clear-
ance. Among them, the “well-stirred” model is used most frequently because of its
simple mathematical handling. In this model, rapid and complete mixing (hence its
name) of a drug coming from the blood circulation and blood in the tissue occurs,
and the blood concentration of a drug at the exit of tissue is assumed to be equal to
that in the tissue. Under such an assumption, hepatic clearance (CL;) can be
expressed as in (6.18).

* . CL.
CLh = Qh fB int,h (6.18)
Oy + foCliyy

On, f, and CL;,, represent the hepatic blood flow rate, protein-unbound fraction of
a drug in the blood, and the hepatic intrinsic clearance of a drug, respectively.

When @, is much smaller than f5CL;,, (6.18) is approximated by (6.19), and
hepatic clearance is determined solely by hepatic blood flow rate.

CL, ~ 0, (6.19)

In this case, when the intrinsic hepatic clearance is decreased by DDIs, hepatic
clearance is not changed if Qy, <<fgCLiy, i still maintained in the presence of inhibi-
tor drugs. On the other hand, when @ is much larger than fzCL;yy, (6.18) is

approximated by (6.20), and hepatic clearance is affected by the change in intrinsic
hepatic clearance

CL, ~ fy+CLyy, (6.20)

When a drug is administered orally and eliminated from the liver alone, the blood
AUC can be converted into (6.21) based on (6.17) and (6.18).

O

FF.—=% — _.Dose .
AUC. = EIF;’,'F;.'DOSC’ _ vE O, + 1y CL,.. F;F;‘Dose 6
8 CL,, 0, f4+CL,., f5+CLiw ©621)

Qh + f B* CLinl.h

Thus, regardless of the rate-limiting step of hepatic clearance (Q;, or fyCLiy), the
AUC ratio (+inhibitor/~inhibitor) is inversely proportional to the ratio of hepatic
intrinsic clearance (6.22).

AUC(+inhibitor) CL,
AUC, (—inhibitor) " CL.

(—inhibitor)
int 5 2
(+inhibitor) (6:22)

int

6.3 In Vitro Experimental Methods to Estimate the Kinetic
Parameters Used for the Prediction of Transporter-
Mediated DDIs

To predict precisely the extent of transporter-mediated DDIs, several key parame-
ters such as the K; value of an inhibitor for the target transporter and the relative
contribution of each transporter to the overall membrane permeation of a substrate
(fm value) should be estimated. A wide variety of in vitro experimental tools are now
available to estimate the kinetic parameters describing the transport properties of
drugs. This section briefly reviews the current in vitro experimental systems and
methods.

6.3.1 Determination of K; Values of Inhibitors for Uptake
and Efflux Transporters

As described above, the X; value is one of the most critical parameters to quantita-
tively estimate the alteration of intrinsic clearance by transporter-mediated DDIs. In
general, the K; value can be obtained by observing the uptake clearance of substrates
mediated by a single isoform of transporters in the presence of varions




concentrations of inhibitors and fitting the theoretical curve calculated from (6.4) to
the observed data. The ICs, value, which is defined as the inhibitor concentration
that decreases the function of a transporter by half, is sometimes used in the litera-
ture instead of the K; value. The relationship between the ICs, and X is expressed h}
(6.23), assuming competitive inhibition. ‘

P
! S
1+—

K

m

(6.23)

S and K, represent the substrate concentration used in the inhibition assay and the
Michaelis—-Menten constant of a substrate, respectively. Because the ICs, value
becomes higher as the substrate concentration increases, the risk of a clinical DDI
is possibly underestimated by the calculation of the R value using ICs, instead of K;
when the ICs, value is determined with a higher concentration of substrates com-
pared with the clinical unbound concentration of a substrate drug at the target site.
From (6.23), if the substrate concentration is much lower than the X,, value, the ICs,
value is regarded as equal to the X value.

Several experimental systems, such as immortalized cell lines that stably express
the transporter and transporter cRNA-injected Xenopus oocytes, can be used to
characterize an uptake transporter. Human cryopreserved hepatocytes can be pur-
chased from various commercial sources, and suspended hepatocytes are also used
in the characterization of hepatic uptake of compounds, but the apparent K; value
can be obtained only from an in vitro inhibition assay with hepatocytes because
inhibitor drugs sometimes inhibit multiple transporters that can also recognize typi-
cal substrates with different X; values. The function of efflux transporters is usually
evaluated by measuring the ATP-dependent uptake of compounds into inside-out
membrane vesicles that overexpress efflux transporters or canalicular membrane
vesicles (CMVs) obtained from liver samples, or the directional transcellular trans-
port of substrates in single- or double-transfected polarized cell lines, or in sandwich-
cultured hepatocytes. When using cell lines, the K; value for an efflux transporter
should be measured with regard to the intracellular unbound concentration of an
inhibitor. In practical applications, the apparent K; value is often estimated based on
the medium concentration in the compartment to which an inhibitor is added ini-
tially. However, if the intracellular protein-unbound concentration of an inhibitox: is
not the same as its (protein-unbound) medium concentration because of its active
transport, the apparent K; value with regard to the medium concentration is not iden-
tical to the real K; value for efflux transporters, and the ratio of these X; values
should correspond to the ratio of the unbound concentration of an inhibitor inside
and outside the cells (K}, value) (Shitara et al. 2013).

In the routine high-throughput assay in the process of drug development, the K;
values of inhibitors are sometimes estimated using the same typical substrate for the
target transporter, and the X; values are used to predict the risk of DDIs with other
substrate drugs. However, previous reports indicated that some transporters have

more than two substrate-binding sites, and thus inhibition potency of an inhibitor
sometimes largely depends on the substrates used. For example, Noe et al. demon-
strated that 200 pM gemfibrozil can potently inhibit the OATP1B 1-mediated uptake
of taurocholate and statins, but not that of estrone-3-sulfate and troglitazone sulfate
(Noe et al. 2007). Soars et al. compared the ICs, values of eight drugs for OATP1B1-
mediated uptake of three typical substrates, pitavastatin, estradiol-17B-glucuronide
(E217BG), and estrone-3-sulfate (Soars et al. 2012). The overall trend in the rank
order of ICsq values was E,17BG < pitavastatin < estrone-3-sulfate. Thus, it is recom-
mended to use the real combination of substrate and inhibitor to estimate the K;
value when predicting a specific case of DDI, although for the first high-throu ghput
screening, E,17pG might be useful as a sensitive substrate for OATP1B1 inhibition.
Moreover, some drugs have been reported to increase the transporter-mediated
transport, possibly because of their binding to the allosteric site of the transporters,
Several compounds have been shown to simulate the uptake into MRP2-expressing
Sf9 membrane vesicles and the transcellular transport of an MDCKII monolayer
expressing MRP2 (Zelcer et al. 2003). In particular, 1 mM sulfanitran increased the
MRP2-mediated transport of Ezl7ﬁf} almost 30 times. For OATP1B1 and OATP1B3,
several nonsteroidal anti-inflammatory drugs, such as diclofenac and ibuprofen, sig-
nificantly increased the uptake of pravastatin, but not that of bromosulfophthalein
(BSP) (Kindla et al. 2011). At present, the significance of these phenomena in in
vivo DDISs has not been characterized.

Interestingly, the time-dependent inhibition of OATP transporters has been
observed in in vitro experiments. Shitara et al. showed that in vivo hepatic uptake of
BSP determined by the liver uptake index method was significantly decreased
3 days after administration of cyclosporine A in rats and that the uptake of BSP in
rat hepatocytes was also decreased after preincubation with cyclosporine A, despite
its removal from the medium during the BSP uptake assay (Fig. 6.3a) (Shitara et al. -
2009). Amundsen et al. also confirmed this preincubation effect in OATP1B1-
expressing HEK293 cells and have shown that the apparent K; value of cyclosporine
A for the uptake of atorvastatin after a 1 h preincubation with cyclosporine A was
1/22 of that after its coincubation (Fig. 6.3b) (Amundsen et al. 2010). We note that
such a phenomenon can also be applied to all the OATP-inhibitor drugs because the
K; value obtained from a conventional inhibition assay may be overestimated, which
leads to the underestimation of the risk of DDIs.

6.3.2 Determination of the Relative Contribution
of Each Transporter to the Overall Membrane
Permeation of a Substrate (f,, Value)

As mentioned above, the f;, value is important for determining the lower limit of the
decreased intrinsic clearance of membrane permeation when a target transporter is
potently inhibited by inhibitors. As for CYP-mediated metabolism, the methods to
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Fig, 6.3 Effect of preincubation of cyclosporine A on its K; value for the transport of OATP
substrates. (a) The inhibitory effect of cyclosporine A on the uptake of BSP in rat hepatocytes after
preincubation with cyclosporine A (cited from Shitara et al. 2009). Hepatocytes were exposed to
different concentrations of cyclosparine A for O (apen squares), 20 (closed triangles}, or 60 min
{closed squares), subsequently followed by inhibition studies with the same concentrations of
cyclosporine A. (b) Inhibition of OATP1B1-mediated uptake of atorvastatin acid (0.5 yM) into

OATP1B1-expressing HEK293 cells by preincubation (closed circles) or coincubation (closed .

squares) of cyclosporine A (cited from Amundsen et al. 2010)

determine the contribution of each CYP isoform to the overall hepatic metabolism
of substrates have been established by the use of isoform-specific metabolism of
substrates and a specific inhibitor for each CYP isoform used with human liver
microsomes or human hepatocytes. Similar methods can also be applied to
transporter-mediated membrane permeation. The first approach is to use the relative
activity factor (RAF) method, which was established originally in the field of meta-
bolic enzymes by Crespi and Penman (1997). In this method, the uptake clearances
of specific substrates for each transporter are measured in transporter expression
systems and hepatocytes, and their ratio (hepatocytes/expression systems) for trans-
porter i is defined as “R.,;.” Once the uptake clearance of a test compound in cells
expressing transporter i (CLiy,) is determined, the uptake clearance of a test com-
pound mediated by transporter i in hepatocytes can be estimated by the product of
the R,e; and CL,, values. Assuming that the hepatic uptake clearance of 2 test
compound (CLyepeest) can be explained by the functions of transporter 1— ¢, the fol-
lowing equation should be true:

CLhcp.tesx = 2 Ract,i x CLtm.i ! (6-24)

Kouzuki et al. originally proposed a method using reference compounds of rat
Oatplal (E,17pG) and sodium taurocholate cotransporting polypeptide (Ntcp) (tau-
rocholate) to determine their contributions to the hepatic uptake of bile acids and
organic anions in rats, although these compounds are no longer used for selective
substrates of these transporters because many other transporters have been identi-
fied since the original publication (Kouzuki et al. 1998; Kouzuki et al. 1999). Hirano
et al. applied this concept to human hepatocytes to estimate the relative contribution

of OATP1IB1 and OATP1B3 to the hepatic uptake of E,173G and pitavastatin in
cryopreserved human hepatocytes by the use of estrone-3-sulfate as an OATP1BI-
selective substrate and cholecystokinin octapeptide as an OATP1B3-selective sub-
strate (Hirano et al. 2004). They showed that the hepatic uptake of both compounds
is mediated mainly by OATP1B 1. Their observed uptake clearances in human hepa-'
tocytes were similar to the sum of their estimated clearances mediated by OATP1B1
and OATP1B3. They also confirmed their results using two different approaches.
One was the direct estimation of the ratio of the expression levels of OATP1B1,
1B3, and 2B1 in human hepatocytes to that in the expression systems by comparing
the band density in Western blot analysis and then estimating their contributions
using the ratio instead of the R,y; value (Hirano et al. 2006). The absolute protein
amounts of transporters in human liver samples can now be estimated directly by
the quantification of peptide fragments digested with trypsin. This method provides
amore accurate estimation of the relative expression levels compared with that from
the band density in Western blot analysis (Li et al. 2009; Ohtsuki et al. 2011).

The other approach is to estimate the inhibitable portion of the uptake of test
compounds in human hepatocytes in the presence of a specific inhibitor for each
transporter (Ishiguro et al. 2006). Estrone-3-sulfate can be used as an inhibitor of
OATPI1BI, but not OATP1B3. A previous report indicated that the uptake of pitavas-
tatin and E,17pG was potently inhibited by estrone-3-sulfate in human hepatocytes,
whereas the uptake of telmisartan was not inhibited, which suggests that telmisartan
is a selective substrate for OATP1B3 in human liver (Ishiguro et al. 2006). Some
specific inhibitors of the efflux transporters have also been proposed.
For example, Ko143 preferentially inhibits BCRP-medijated transport, whereas
PSC833 and LY335979 inhibit P-gp-mediated transport more potently than they
inhibit transport via other efflux transporters (Allen et al. 2002; Dantzig et al. 1996;
Kusunoki et al. 1998). However, when applied to cell systems, most of these selec-
tive inhibitors also inhibit the cellular uptake process, and the effiux clearance must
be investigated separately to evaluate the inhibitory effects of inhibitors on efflux
transporters accurately (Oostendorp et al. 2009).

Gene-silencing techniques such as antisense, ribozyme, and RNA interference
are also powerful tools to determine the transport activity of a specific protein.
Hagenbuch et al. investigated the effect of coinjection of transporter (Ntcp or
Oatplal)-specific antisense oligonucleotide on the uptake of BSP and taurocholate
in Xenopus oocytes injected with total rat liver mRNA (Hagenbuch et al. 1996). The
expression level of a target transporter was reduced specifically, and the authors
concluded that Na*-dependent and Na*-independent uptakes of taurocholate were
almost fully accounted for by Ntcp and Oatplal, respectively, whereas only half of
the BSP uptake could be explained by Oatplal. Nakai et al. took the different
approach to estimate the contribution of OATP1B1 to the hepatic uptake of pravas-
tatin and E,17PG in humans (Nakai et al. 2001). Qocytes microinjected with human
liver poly (A) mRNA showed Na*-independent uptake of pravastatin and E;17pG,
and the simultaneous injection of OATP1B1 antisense oligonucleotides completely
abolished this uptake, suggesting that OATP1BI is a major transporter for their
uptake. However, one should also consider their underlying assumption that the
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