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pted from Nozawa et al,, 2002,
Adapted from Nishizato et al., 2003.

pravastatin. As hepatic clearance of pravastatin is rate-
limited by uptake (Hsiang et al., 1999), low transport o 2glen R T N Yes Nba
activity of OATP-C may lead to a reduction of hepato- =) @gg R o0h % n o Sun R399
cellular uptake of pravastatin, resulting in lower total S | fF|¥2% & 8 R’ 388 338
clearance. QATP-C polymorphisms may also influence -‘:
the interindividual variability in the pharmacological i
effects of pravastatin that have the liver as their phar- 3 3 -
macological target. §2 5;5” S8 & & & @35 3338
In addition, it has been reported that the genotypic gE 15 3% m R & aNe san
frequencies of MDR1 and OATP-C are dependent on i e © ®
race (Table 14) (Ameyaw et al., 2001; Tirona et al., g
2001). Polymorphisms in drug transporters may be in- E
volved in not only the interindividual variability but also 5 § Hh 8 7 % - g o 25
the ethnic differences in drug disposition, like the poly- 2 POt v
morphisms of eytochrome P450. In any case, it is impor- £ 1o 28 8 § & JIB3 358
tant to know whether each polymorphism has any clin-
ical significance. In particular, since a change in the
functional properties of transporters frequently does not 3 %8
alter the plasma concentration, unlike metabolizing en- § El A § § 8388 E SSEEEE 2 §
zymes, it is difficult to detect a change in these func- 5 S8
tional properties in vivo. To determine the in vivo fune- 3
tion of transporters, positron emission tomography may g .
be a useful tool and a correlation between genotype and 5 35 % o
phenotype will need to be established in the future. 3] %1 cE3ZERCEZEERRER
Studies of the polymorphisms in human drug transport- & a
ers have been recently initiated and, in the future, the 3 %
information obtained could be used for establishing the g g
most appropriate drug treatment for individual pa- = E g Ee
tients. HEIR SEEEEFEEEEEEEL
2 o SO O OoOoOODO (=]
& g < E =
IX. Methods for Assessing Drug Transporter 2
Activities in Drug Discovery § 8
The pharmaceutical industry is now at a turning point E’ 3 =
and strategies for drug discovery and development are & 55 2
. . .k . E = INOC WA == 8w 3
changing rapidly. A significant number of drug candi- § | & § 8309 § £5885358| &,
dates entering clinical development are dropped at some & gﬁ § 4
stage due to unacceptable pharmacokinetic properties. g é Eg
Thus, optimizing the pharmacokinetic properties during § P
the early stages of drug development is now widely & gé
accepted as being essential (White, 2000; Roberts, 2001). =g o 2 2w B
Drug discovery based on the transport mechanisms and gé Eé é gé g g § gé g% i % % % 3%0
substrate specificities of drug transporters will become gé E E K E 5E g E j: § E %g‘; g%;ﬁ i3
increasingly important. Identification of compounds # R
that are substrates for transporters can aid the optimi- @5
zation and selection of new drug candidates. High- -8 .%?;
throughput assays for transporters are needed during g 2 g 23250 % 2 g % S8 g § E g
N . 3 — VWO m SN, m
the early stages of drug discovery and the expression gg g é SEISIECEZZCEEY 2=,
system of transporters is an efficient tool for screening Gl -;i_g
transport activities. §§
Recent studies show that in vivo P-gp function can be - ) g3
guantitatively predicted using MDRI1-transfectd cell 55 ggee dvy
monolayers (Adachi et al., 2001) (Fig. 8). The “Kj ain EE EEESSMY £ ;';’*
ratio” (Kp brain (mdr1a/tb(—/-)YKpbrain (mdr1a/tb(+/+) 18 the S5
most suitable parameter for describing P-gp function in . 8V Y g
vive on the BBB (Fig. 9). By normalizing the brain-to- 3 R P Lol e
plasma concentration ratio (K, y,,:,) in mdrla/1b knock-
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F1G. 7. Mean serum concentration over time after a single oral prav-
astatin dose of 10 mg in 3 OATP-C genotypic groups. ®, OATP-C*1b/*1b
(n = 4); triangles, *1b/*15 subjects (n = 9); O, *15/*15 subject (n = 1). The
OATP-C*1b allele possesses mutations of Asn130Asp, and the OATP*15
allele possesses two SNPs, Asnl130Asp and Vall74Ala, simultaneously
{Nishizato et al., 2003).

out mice with reference to that in normal mice, the P-gp
function parameter can be simply estimated as shown in
eq. 2 of Fig. 9. Furthermore, in vitro, this parameter
corresponds to the “corrected flux ratio” across MDR1-
transfected cell monolayers (Fig. 9). The corrected flux
ratio represents the normalizing ratio of basal-to-apical
(B—A) permeability versus apical-to-basal (A—B) per-
meability in parent cell monolayers with respect to that
in MDR1-transfected cell monolayers (eq. 1 of Fig. 9).
Indeed, a clear correlation between both parameters in
vitro and in vivo has been obtained experimentally (Fig.
8). Another report also described a similar result
(Yamazaki et al., 2001). Although one can caleulate the
net flux by subtracting the A— B flux from the B—-A flux
in MDR1-transfected cell monolayers, it is difficult to
know to which in vivo parameters these correspond. In
the case of CNS-active drugs, the concentration of “free”
drug in the brain is very important for predicting phar-
macological effects, not the concentration of “total” drug,
since the term “total” drug includes the fraction bound
nonspecifically to brain macromolecules such as proteins
and lipids. We should also note that the value of the
K, brain Tatio can be an index of the brain-to-plasma
concentration ratio of “free” drug (K, prain,free), the most
important parameter as far as the index of pharmaco-
logical activity is concerned. Supposing that the activi-
ties of passive diffusion and the function of transporters
other than P-gp are not altered between mdrla/lb
knockout mice and wild-type mice, the values of PS,,
PS,, PS;, and PS, of eq. 3 in Fig. 9 are unaffected by
P-gp function. Thus, as shown in eq. 8 in Fig. 9, the
K, brain,free 18 inversely proportional to the K, o, ra-
tio. Moreover, this important parameter, which can re-
flect the pharmacological effect of drugs on the CNS, can
be estimated by using a suitable expression system (see
the equations in Fig. 9).
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Recently, double-transfected cell monolayers have
been established that express uptake transporters
(OATP-C or OATP8) and MRP2 on the basolateral and
apical membranes, respectively (Cui et al, 2001a;
Sasaki et al., 2002). Most substrates of MRP2 are neg-
atively charged under physiological conditions and thus
cannot penetrate the plasma membrane without an up-
take transporter. Therefore, it remains difficult to study
MRP2 function in whole cells and MRP2 has been
mostly studied using inside-out membrane vesicles pre-
pared from MRP2-expressing cells. The use of double-
transfected cell monolayers makes it possible to assess
MRP2 activity more easily with intact cells. The basal-
to-apical transport of pravastatin, which is a substrate
of OATP-C and MRP2, was 2.5 times higher than that in
the opposite direction in double-transfected cells (Fig.
10D), whereas a symmetrical flux of pravastatin was
observed across the MRP2-expressing cell monolayer
(Fig. 10 C) (Sasaki et al., 2002). Because of the easier
handling of double-transfected cells grown on Transwell
membrane inserts compared with the preparation and
handling of membrane vesicles, it may be possible to
develop throughput screening systems using double-
transfected cells. These in vitro models, reproducing the
polarity of transporters and the direction of transport,
may be useful for predicting the in vivo hepatic vectorial
transport of drugs from blood to bile. Moreover, the
combination of an uptake and efflux transporter may be
modified for certain purposes. For example, a combina-
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FiG. 8 Correlation of P-gp function determined in in vitro transcellu-
lar transport studies using MDR1 transfected cells/control cells and in
vive brain penetration studies using mdrla/lb knockout mice/wild-type
mice. 1, diazepam; 2, progesterone; 3, daunomyein; 4, dexamethasone; 5,
loperamide; 6, verapamil; 7, vinblastine; 8, cyclosporin A; 9, digoxin; 10,
quinidine (Adachi et al., 2001),
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Fic. 9. Schematic diagram illustrating the permeability-surface area products (PS) for the penetration of ligands across the plasma membrane. A
and B represent the PS products across the cultured cell monolayers and those across the cerebral endothelial cells. PS, ..., and PS, ,;,,, represent
the PS products for the influx and non-P-gp-mediated efflux across the apical membrane of the cultured cell monolayers, respectively. PSq ..., and
PS, vitro Tepresent the PS products for the efflux and influx across the basal membrane, respectively, PS; ., oo Tepresents the PS products for
P-gp-mediated efflux across the apical membrane. PS, .., and P8, ,,, represent the PS products for the influx and non-P-gp-mediated efflux across
the luminal membrane of cerebral endothelial cells, respectively. PS; ,;,, and PS, ,,,, represent the PS products for the efflux and influx across the
abluminal membrane of cerebral endothelial cells, respectively. PS; , ..., represents the PS products for P-gp-mediated efflux across the luminal
membrane, PS, 5 and PSg , represent the PS products across the monolayer in the apical-to-basal direction and the basal-to-apical, respectively

(Adachi et al.,, 2001).

tion of OCT1 with P-gp may serve to study the biliary
excretion of organic cations. Although the identification
of many transporters localized on the apical membrane
in the kidney is awaited, a combination of transporters
in human kidney tubule cells may be a suitable system
for studying the urinary excretion of drugs. Sample
analysis is a major limitation of the throughput in a
monolayer transport assay. Liquid chromatography cou-
pled with tandem mass spectrometry (LC/MS/MS), due
to its superior sensitivity, selectivity, and rapidity along
with significantly reduced method development time, is
an ideal analytical tool for high-throughput analysis of
transport samples. In addition, the exceptional capabil-
ity of LC/MS/MS for the simultaneous determination of
multiple drug mixtures has allowed sample pooling (i.e.,
multiple samples to be pooled before analysis), which
forms the throughput of the monolayer transport assay
(Bu et al., 2000).

In addition, higher throughput assays to detect indi-
rectly compounds interacting with P-gp have also been
described. Such methods are based on inhibition of the
efflux of radiolabeled or fluorescent P-gp substrates
(Doppenschmitt et al., 1998; Wang et al., 2000; Eneroth
et al., 2001). When radiolabeled ligands are used, the

scintillation proximity assay is a useful tool for the se-
quential detection of radioactivity in the 96-well plate
format {Fernandes, 1998). Also shown are assays mea-
suring drug-stimulated ATPase activity in human P-gp-
expressing cells (Polli et al., 2001), whereas the mono-
layer transport assay is regarded as the standard for
identifying P-gp substrates because it measures efflux in
the most direct manner. However, monolayer transport
asgays are relatively labor-intensive due to the cell eul-
ture and analytical requirements, which limit assay
throughput. Indirect assays offer higher throughput, a
generic readout (release of inorganic phosphate or in-
crease in fluorescence or radicactivity), and are readily
automated. However, these assays are not designed to
distinguish P-gp substrates from inhibitors and do not
directly measure transport. Polli et al. have compared
assays used to determine whether compounds are P-gp
substrates (Polli et al., 2001). Sixty-six compounds were
tested in a transcellular transport assay using an
MDRI1-transfected cell monolayer and an inhibition as-
say for calcein-AM uptake. Although more than half of
the compounds exhibited concordance across the assays,
there were compounds that exhibited interassay differ-
ences that related to their apparent permeability (P, ).
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TABLE 15
Efflux transport of estradiol-17B-glucuronide from the brain across the blood-brain barrier in rats (Sugiyama et al., 2001)

Effects of Each Inhibitor (K;) on the uptake ofl l[:’H]E.‘,l?,GG into Gene-Transfected
L

LC-PK1 Cells Maximum Inhibitory Effects of Each

Inhibitor on the Efflux of PH]E,178G

from the Brain in Rats®

Datpl Qatp2 Oatl Oatd
PHIE, 178G K_ =258 K.,=170 Not Transported K, =843
Probenecid 74.4 729 31.00 20.0 100%
TCA 10.8 39.4 2770° 790 100%
PAH >5000 >5000 K, =851 301 20%
Digoxin >300 0.037 >330% >330 40%

¢ Effects at the maximum inhibitor concentration on the efflux of [*H]E,-173G from the brain after microinjection into the rat cerebrum.

® Effecta on the uptake of PHJPAH into Qatl-transfected LLC-PK1 cells.

E,-178G from the brain were investigated. Probenecid
and TCA inhibited the elimination of E;-178G via the
BBB completely, whereas PAH and digoxin reduced the
total efflux to about 80% and 60% of the control value,
respectively. The selectivity of these inhibitors was con-
firmed by examining their inhibitory effects on the
transport via each type of organic anion transporter
gene-transfected cell. Digoxin specifically inhibited the
transport via OQatp2, TCA inhibited Oatpl and Oatp2,
PAH inhibited Oatl and Oat3, and probenecid inhibited
all these transporters. Taking the selectivity of these
inhibitors into consideration, the maximum contribution
made by the Oatp2 and Qat family to the total efflux of
E,-178G from the brain appears to be about 40 and 20%,
respectively. A similar analysis has been applied to the
renal uptake mechanism of PAH and pravastatin (Ha-
segawa et al., 2002). Furthermore, the contribution of
rat Oatl and Oat3 to the total renal uptake of anionic
compounds and nucleoside derivatives has been exam-
ined (Hasegawa et al., 2003). The uptake of test com-
pounds was investigated using kidney slices from male
rats and rQOatl- and rOat3-expressed LLC-PK1 cells.
The uptake clearance of test compounds by kidney slices
was compared with the value predicted from the trans-
port activity by c¢DNA transfectants using PAH and
pravastatin as reference compounds. The renal uptake
of PAH and pravastatin was predominantly accounted
for by rat Oatl and Qat3, respectively (Hasegawa et al,,
2002), and these drugs can be used as reference com-
pounds for rat Oatl and Oat3. The Qatp family is re-
sponsible for the hepatic uptake of pravastatin, Thus,
pravastatin is taken up by the liver and kidney via
different transporters. Furthermore, it is suggested
that, using specific inhibitors, rat Oat3 is mainly respen-
sible for the uptake of benzylpenicillin and PAH by the
choroid plexus and the efficient removal of its substrates
from the cerebrospinal fluid (Nagata et al., 2002).
Recently, drug-drug interactions involving drug
transporters and genetic polymorphisms of drug trans-
porters have been described. The changes in pharmaco-
kinetics due to genetic polymorphisms and drug-drug
interactions can often directly affect the therapeutic
i safety and efficacy of many important drugs. Due to the
rapid progress in the analysis of SNPs, it is likely that
functionally relevant SNPs will be found for many trans-

porters in the near future. Furthermore, the SNP mu-
tations in the promoter/enhancer region of transporters
and/or those in the DNA binding proteins (such as PXR)
may be taken into consideration in accounting for inter-
individual differences in the expression level of trans-
porters (Forman, 2001; Hustert et al., 2001; Zhanget al.,
2001). Since the substrate specificity of drug transport-
ers is generally broad and multispecific, if the strategy of
targeting specific transporters is adopted then one
should develop drug candidates that take into consider-
ation the possibility of drug-drug interactions involving
transporters. If the genetic polymorphisms and drug-
drug interactions involving transporters mentioned
above are likely, it will be crucial to predict quantita-
tively the degree of any changes in pharmacokinetics
caused by these factors. Pharmaceutical companies need
to identify which drug candidates are substrates for
which transporters, and should investigate the contri-
bution of each transporter to total transport by integrat-
ing the data from transporter gene-transfected cells.
Providing this information to clinicians should lead to
the safer use of drugs.

Current information regarding the molecular and cel-
hular aspects of drug transporters has grown steadily
and encouraged studies of the mechanisms of drug dis-
position. Clarification of the role of each transporter in
drug disposition in vivo is of potential importance. The
information on substrate selectivity and tissue distribu-
tion of the drug transporters will aid in the prediction of
the in vivo kinetic profile of drugs from in vitro data.
Research on drug transporters will lead to the more
efficient development of new safer and more effective
drugs.
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directions, respectively (Sasaki et al., 2002).

All assays detected substrates across a broad range of
P,y values but the monolayer efflux assay was more
prone to fail with high-P,,, compounds, whereas the
calcein-AM assay was more prone to fail with low-to-
moderate P,,, compounds. In the calcein-AM assay,
tested compounds cannot inhibit calcein transport via
P-gp unless they enter the cells and, thus, it may be
difficult to observe P-gp activity with low-P,,, com-
pounds. As shown in eq. 1 in Fig. 8, P-gp activity is
estimated as the ratio of P-gp clearance to passive per-
meability clearance in the monolayer efflux assay.
Therefore, highly permeable compounds may be difficult
to detect due to the masking of transport via P-gp. We
need to choose suitable assays, depending on the prop-
erties of the drug candidates or the purpose of the eval-
uation. The monolayer efflux assay is more reliable at
low-to-moderate P,,, values and is the method of choice
for evaluating drug candidates, despite the relatively
low throughput and reliance on LC/MS/MS. In addition,
computational (in silico) studies of transporter activity
are being studied intensively. An attempt has been
made to predict the transport activity of P-gp, MRP2,
PEPT1, or ASBT from the structure or physicochemical
parameters of compounds (Ekins et al., 2000; Seelig and
Landwojtowicz, 2000; Han et al.,, 2001; Ekins et al.,
2002a,b; Stouch and Gudmundsson, 2002). The in silico

approach allows the design and optimization of the
structures of drug candidates before their synthesis,
resulting in an extremely efficient drug discovery pro-
cess.

The prediction of pharmacokinetics in humans from
an understanding of transport mechanisms should allow
therapeutic agents to be used more safely. When there
are species differences in transporters, the prediction of
in vivo transport activity from in vitro data are impor-
tant. Thus, methods allowing the rational prediction and
extrapolation of in vivo drug disposition from in vitro
data are also essential (Kusuhara and Sugiyama,
2001a). Since there are drugs that are recognized by
several transporters localized on the same membrane,
multiple transporters are expected to be involved in
membrane transport of one drug. Therefore, the contri-
bution of each transporter to the net membrane trans-
port has to be taken into consideration when observa-
tions made in gene expression systems are extrapolated
to in vivo situations. For example, Sugiyama et al. have

estimated the contribution of each transporter to the

efflux of Eo-178G via the BBB using cDNA-transfected
cells and specific inhibitors of each transporter (Table
15) (Sugiyama et al,, 2001). Using the Brain Efflux In-
dex method, the inhibitory effects of probenecid, taure-
cholate (TCA), PAH, and digoxin on the total efflux of
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bile salt export protein
! ileal Na*-dependent bile salt transporter
MDR : multidrug resistance protein
MRP : multidrug resistance-associated protein
NTCP : Na*-dependent taurocholate transport protein
CAT : organic anion transporter
OATP : organic anion transporting polypeptide
OCT : organic cation transoporter

BSEP
ISBT

FREBREICELpAEhal L d
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IR E BRI AT apical TH L. MMM ZBET 2
Bt = 40 1 2 P B2 A B T 4 M #E (luminal) 48 A% apical, B
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B BE =i B PRr=TIRER Oatp2  ALM,
] bk Sy LM
NITF RpEff Catpd ND
BLMBSM___ PepT] BBM Oatl  ND
(BL) ’(AP)H—A PEPT2 ND  PepT? BBM Cat3 ND
BEEP o vk BRAFA VRS
ﬁ\ OAT1  BLM 0Oatl BLM Oct2 ND
ODAT3 BLM 0Oat3 BLM —RMETEEE DG
I OAT4  BBM MDR) LM Mdrl LM
QOatpl BEM Mrpl  ND
QOatp3 Mrps ND
Oat-K1 BBM
Oat-K2 ND 25 BE 2w BE
BRNF T VEEE IR B AP ek Sy
Octl  BLM BR7 AU
OctlA ND OATP-A ND  Oatpl BBM
OCT2  BLM  Oct? BLM BEM ) Oatp? BLM
Oct3 ND (AP ﬂ; Oatp3 BSM
OCTN1 ND  Octnl BEM : Oat3  BBM
OCTN2 ND  Octn?2 BEBM o
—RMEEEERRIE "kt pememE 0
MDR1 BBM Mdrl BBM Mrpl  BLM
MRP2  BBM M2 BBM

ALM ! abluminal membrane, AP : apical, BBM : brush border membrane, BCRP . breast cancer resistance protein, BLM :

basolateral membrane, BL : basoclateral, CM : canalicular membrane, ISBT :

ileal Na*-dependent bile salt transporter,

LM : luminal membrane, MDR : multidrug resistance protein, MRP : multidrug resistance-assaociated protein, ND : not de-
termined, NTCP : Na*-dependent taurocholate transporter. QAT : organic anion transporter, OATP | organic anion trans-
porting polypeptide, OCT : organic cation transporter, PEPT | peptide transporter, SM : sinusoidal membrane.
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% T i3 basolateral IZH D A AR R, apical 2
e SRR DR S, £ < @I LTI, M1#K (ba-
solateral) =R E (apical) & v 3 FHENZ o 5 H 4
LTwa. —F, £FCLERNTF FRER, A=
Frp et LTk, BRNOZDORD AR KA
RIELTWwA.

MR ¢it, REOHERTE Tyl vEpEEE
HEzH, MDRI (multidrug resistance proteinl)iZ
MLTR/ v 272 Mo A ROLBiie D5, u-
minal ICHR L CERr MM AT &L
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WR#e 3 ERE AR <, BETFBER Y (apical) IZHX D A A EE
AR, M MW (basolateral) {2 HE it & 2% fk MRP1 A5
BL, WERES O ME~OEWHERERETZLEED
2, MiEd SHEME~OEMBIHEHNRL TN 5.

FRBE IR RAR LS, 4ot L Tid, ¥ (basolateral)
—f8it (apica)l) ~DFENE AL L S LD Bk fFORE A%
EhTws, EPWbAAGRAE LT OAT (organic
anion transporter), OCT (organic cation transporter},
OATP (organic anion transporting polypeptide) 7 7 3
) =%, JHIERNT YD AZE %A NTCP @4 T 35 baso-
lateral i RET 5. MY ATRA-FEY, BHERLet
HEEL S D% 1L, apical
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Twad, Zhb EEfMAd bW MEE, in viro
KL T Cin vive RIEODTE/ LAY —%BHL, 7
L — t & DHEHFE D basolateral (T IZIE 7L — 2D
AT I basal, B2 L L OB I lateral & L1
hadt, BEAHDY—FT4 ¥ 75%F259) 2 Tliba
solateral E#i— LC#HmT5), Bz 2 LEA api-
cal IDHY T 5 (E2a). FF VAT VERENLIAR
THEETAHILICLY, BARBETZEZICNET S
LAEREE 2 Y, b MEBESREMEMAL Caco-2, MDR
1 RREFLEEMARLLC-PKI 22 AVAEERO LK
MREREOFMATEEE o TV, L L5,
R B OB PR EFG % in vito THMEL LS &5
LA, UTIRTEENZEED, X ERERITE
MTHA, Thbb, in vivo THRSRTFARS B W
MRk OMZ %R R 2L 2bITRT I, B

Ho-ARR Iz ANBRE & L BB U7 apical &
R—APHEEND, 4 X AR kB R ok
MDCK #ifam & 3 2 tEREBLr RS Swvid, o
AT 2NV RV EAROFMEITTETH L, ok

WCRET 5 — KUEREEN IR {F
DIE & o T—H AN RAR
ARt 2 2 5. Zo—
Frk e E OSSN &
Y, HArERSh D, &
B &MHT T, MRPZR
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MNEFTERINEBEQEE TN IEAEITL, £ T apical & basolateral ~BITT 2/
FRICIRD ST ON S (EERIE). FABRTIRTXTOREESHHEIZL oA basolateral ~i81T
L, #0i% basolateral [CBFDBHOE apical ~N2TT DR EERIR OHDFET D EE

ABNTERD, apical RIO—REAENEREX BSEP ¥ MDR! TIREHHFEH T apical fiC

AT L DEEZ OGNS,

BTl ENRENTUVS (ANER).
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