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ABSTRACT

YM758, anove If channd inhibitor, is being developed as atreatment for stable angina and atrial

fibrillation. The hepatic uptake/excretion of YM758 was clarified using transporter-expressing

mammalian cells and hepatocytes mainly in humans and partly in rats. cDNA-expressing

HEK293 cells were used to determine that YM758 was greatly taken up via OATP1B1 and

dightly via hOCT2/rOctl, but not via OATP1B3. In addition, the uptake of E;17pG via

OATP1B1 was inhibited in the presence of YM758, whereas that via OATP1B3 was not. In

contrast, time-dependent uptake of YM 758 into rat/human hepatocytes at 37 °C was observed, as

was concentration-dependent uptake into human hepatocytes (K, value of 87.9 umol/l). This

saturable uptake of YM758 into human hepatocytes was inhibited in the presence of quinidine (an

inhibitor for OATP1B1), but not cimetidine (an inhibitor for hOCT family). Moreover, the

permeation clearance ratios for the transcellular transport of YM758 across MDR1-expressing

LLC-PK1 cells were extensively higher than those across LLC-PK1 cells, which indicates that

MDR1-mediated transport is one of the possible pathways through which YM758 may be

excreted into the bile. These results indicate that YM758 is taken up into hepatocytes mainly

via OATP1B1, but not viahOCT1, and is excreted into the bile via MDR1 in humans, however,
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passive diffusion or an unknown uptake/excretion mechanism could be at work in the hepatocytes.

This study is the first to clarify the saturable hepatic uptake and/or the excretion mechanism by

the If channd inhibitor.
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Myocardial ischemia always results from a disparity between oxygen supply and demand, and

this debt may lead to irreversible myocardial damage. As heart rate is amajor determinant of

myocardial oxygen consumption (Laurent et al., 1956, Sonneblick et al., 1968), agents such as

[-adrenoreceptor antagonists or some calcium channel blockers that can reduce sinus heart rate

are of great interest for the treatment of ischemic heart disease (Buckberg et al.,1972), although

these agents may cause concominant negative inotropic and hypotensive effects (Opie et

al.,1989). Recently, the pharmacological properties of anove class of specific bradycardic

agents such as zatebradine and ivabradine have been clarified, and these compounds have

reportedly reduced heart ratein clinical trials without any concomitant negative inotropic or

hypotensive effects; in fact, ivabradine recently entered the market as an agent for stable angina

(Indolfi et al., 1989, Roth et al., 1993, Bucchi et al., 2007). It was aso reported that the heart

rate reduction induced by this kind of agent was due to theinhibition of the If channe (‘funny’ If

current channel) expressed in the sinus node (Bucchi et al., 2007). 'Y M758 monophosphate,

(-)-N-{ 2-[(R)-3-(6,7-dimethoxy-1,2,3,4-tetrahydroi soquinoline-2-carbonyl) pi peridino] ethyl} -4-

fluorobenzamide monophosphate is also a novel If channel inhibitor that was under devel opment

for stable angina and atrial fibrillation by Astellas Pharma Inc. (Fig. 1).
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Drug disposition in hepatocytes starts with penetration through the sinusoidal membrane,

followed by intracellular metabolism and/or biliary excretion (Muller et al. 1997, Yamazaki et al.

1996). Therefore, the hepatic uptake process is an important determinant of the hepatic

clearance of drugs. The human/rat organic cation transporters (hOCT1/rOctl) have been

identified as the specific transporters for the uptake of small hydrophilic organic cations

(Koepsell et a. 2003). In humans, hOCT1 (aso known as SLC22A1) is expressed

predominantly on the sinusoidal membrane of hepatocytes, but in rats, Octl expression is highest

in the kidney, with detectable expression in the liver and intestine (Koepsell et al. 2003). In

addition, organic anion transporting polypeptide (OATP) 1B1 (previously OATP-C/OATP2) and

OATP1B3 (previousy OATP8) among several OATPs are expressed mainly on the sinusoidal

membrane of hepatocytes. They are also thought to be involved in the transport of a wide

variety of bulky compounds, including clinical drugs such as 3-hydroxy-3-methylglutaryl CoA

reductase inhibitors (statins), from the blood into hepatocytes in humans (Ishiguro et al., 2006).

The substrate specificity of OATP1B3 commonly overlaps that of OATP1Bl1, so severa

compounds, such as 17p-estradiol-p-17B3-glucuronide (E217pG), pitavastatin, and rifampicin, are

bisubstrates for both OATP1B1 and OATP1B3 (Ishiguro et al., 2006). Therefore, the hepatic

uptake of cationic and bulky compounds viahOCT1 and OATP1B1/1B3, respectively, in humans
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seems likely.  On the other hand, biliary excretion is also one of the major pathways for the

elimination of compounds from blood circulation. Severa kinds of ATP-binding cassette (ABC)

transporters, such as multidrug resistance 1 (MDR1/Mdrl), multidrug resistance associated

protein 2 (MRP2/Mrp2), and breast cancer resistance protein (BCRP/Bcrp) present on the

canalicular membrane of the hepatocytes, play an important role in this biliary excretion in rats

and humans (Tian et al., 2007, Matsushima et al., 2005). In genera, MDRL/Mdrl accepts

hydrophobic cationic or neutral compounds preferentially, whereas MRP2/Mrp2 is responsible

for the biliary excretion of a wide variety of organic anions, including glutathione and

glucuronide conjugates, and BCRP/Bcrp accepts various kinds of organic anions and transports

sulfate conjugates preferentially (Konig et al., 1999, Tanigawara, 2000, Suzuki et al, 2003).

The chemical structure of YM758 (M.W.: 567.54 as monophosphate salt) suggests that it is

weakly basic (cationic) under physiological conditions and relatively bulky (Fig. 1). In this

study, the transporters that contribute to the active hepatic uptake and excretion processes of

YM758 in humans (and partially in rats) were clarified using several stably

transporter-expressing mammalian cells and hepatocytes, with special focus on hOCT1/rOctl,

OATP1B1, and OATP1B3 for the uptake process as well as MDRL for excretion. Given that If

channél inhibitors such as ivabradine have recently become a new class of agents for heart
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disease, this study is valuable because it is the first to speculate on the transporter-mediated

hepatic uptake and excretion of an If channel inhibitor.

20z ‘6T |Udy UOSeUINOr 13dSY e BIosfeuIno fipdsepuwip Woly papeojumod


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on March 10, 2008 as DOI: 10.1124/dmd.108.020669
This article has not been copyedited and formatted. The final version may differ from this version.

DMD #20669

Materialsand Methods

Materials

[*H]-MPP (specific radioactivity: 83,500 mCi/mmol) and [*H]-E.17BG (specific radioactivity:
53,000 mCi/mmol) were purchased from PerkinElmer Life Science Products, Inc. (Boston, MA,
USA). [*C]-Metformin hydrochloride (specific radioactivity: 54.0 mCi/mmol, radiochemical
purity: 99.9%) was obtained from Moravek Biochemicals, Inc. (Brea, CA, USA). [*C]-YM758
monophosphate (specific radioactivity: 2,750 mCi/mmol; radioactivity purity: 98.0%) was
synthesized at Daiichi Pure Chemicals Co., Ltd. (Ibaraki, Japan). Cimetidine and sodium
butyrate were obtained from Wako Pure Chemicals Industries, Ltd. (Osaka, Japan). Quinidine
sulfate was purchased from Nacalai Tesque, Inc. (Kyoto, Japan). Y M758 monophosphate and
Y M-344505 (d4-Y M 758 monophosphate), an internal standard for the analysis of YM758, were
synthesized at the Process Chemistry Laboratories and Chemistry Laboratories of Astellas
Pharmaceutical Inc., respectively (Ibaraki, Japan). Medium 199, gentamicin, and hygromycin B
were obtained from Sigma-Aldrich (MO, USA). Fetal bovine serum (FBS) was purchased from
Invitrogen (CA, USA) and JRH Biochemicals (KS, USA). Other materials used include

Dulbecco's  phosphate-buffered  sdine  (PBS), 0.05%  trypsin-EDTA  solution,

10
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penicillin-streptomycin, Dulbecco’s modified eagle medium (DMEM), 10xHank’s balanced salt
solution (HBSS) and Zeocin™ , all from Invitrogen. All other chemicals and reagents were of

analytical grade and purchased from commercial sources.

Construction of mammalian cells expressng hOCT1, rOctl, OATP1B1, and OATP1B3

The OATP1B1 and OATP1B3 cDNAs were cloned from human liver total RNA (Becton
Dickinson, Heidelberg, Germany) using the RT-PCR method. Primers that are specific for
OATP1B1 and OATP1B3 were designated on the basis of the sequence infomation of
NM_ 006446 and NM_019844, respectively. The OATP1B1 cDNA was amplified using the
forward primer-containing Nhe | site, 5’ -gcgctagcatcatggaccaaaatcaacatttg-3', and the reverse
primer-containing Not | site, 5’ -atgcggccgctggaaacacagaagcagaagtg-3'.  The PCR product was
ligated into the pCR®4-TOPO vector system (Invitrogen), followed by subcloning into
pcDNA3.1 (+), after which it was sequenced. Full length OATP1B1 was cut from
pcDNA3.1(+) using Nhel and Notl, and subcloned into pcDNA3.1/Zeo (+) (Invitrogen). The
N-terminal fragment of OATP1B3 was amplified using the forward primer containing the BamH
| site, 5'-aggatccatggaccaacatcaac-3', and the reverse primer, 5 -ggcaactgatttgctttcge-3'. The

C-terminal fragment was amplified using the forward primer, 5’ -ggtcagtctgcatctcatge-3’, and the

11
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reverse primer, 5’ -attgtcagtgaaagaccagg-3'.  Each PCR product was ligated into pGEM®-T Easy
Vector Systems (Promega Corporation, Madison, WI, USA), followed by subcloning into
pcDNA3.1/Zeo (+) (Invitrogen), and sequenced. The HEK293 cells (American Type Culture
Collection CRL-1573), atransformed cdll line derived from human embryo kidney, were cultured
in complete medium conssting of DMEM with 10% fetal bovine serum and 1%
penicillin-streptomycin in an atmosphere of 5% CO,, 95% air at 37 °C. Each pcDNA3.1/Zeo
(+) plasmid vector DNA containing OATP1B1 and OATP1B3 cDNA was purified using 100%
ethanol containing sodium acetate. On the day before transfection, HEK293 cells were seeded
onto poly-p-lysine-coated 12-well plates (Becton Dickinson, Heidelberg, Germany) at a density
of 0.5-1.0x10° cells’well. The cells were transfected with total DNA plasmid per well using
Fugene6 (Roche) according to the manufacturer’sinstructions. The day after transfection (about
29 h after transfection), the medium was changed to the complete medium described above,
which contained 200 pg/ml of Zeocin™. OATP1B1- and OATP1B3-expressing cells were then
selected using Zeocin™. The expression of OATP1B1 and OATP1B3 in HEK293 cells was
verified using real-time PCR, Western blot analysis. In addition, the great time-dependent
uptake of E;17BG which is atypical substrate for both OATP1B1 and OATP1B3 was confirmed

in these expressing cells, whereas the uptake of E;17BG into mock-HEK 293 cells was much less

12
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than that into the expressing cells. HEK?293 cells stably expressing hOCT1 and rOct1, as well
as negative control cells (mock-HEK293 cells), were constructed as described previoudy

(Umehara et al. 2007a).

Uptake studies using mock, hOCT1, rOct1, OATP1B1, and OATP1B3-HEK 293 cells

Transporter-expressing or vector-transfected HEK 293 cells were grown in DMEM supplemented
with 10% fetal bovine serum and 1% penicillin-streptomycin (v/v), and 100 ug/ml of Zeocin™ at
37 °C in an atmosphere of 5% CO, and 95% humidity. The cells weresubcultured in a medium
containing 0.05% trypsin-EDTA solution. Cells were then seeded in poly-p-lysine-coated
12-well plates at a density of 1.2X10° cells'well. For the transport study, the cell culture
medium was replaced with culture medium supplemented with 5 mM sodium-butyrate for 24 h
before the transport assay to induce the expression level of hOCT1, rOctl, OATP1B1, and
OATP1B3. Thetransport study was performed as described previously (Umehara et al., 2007a).
Uptake was initiated by adding Krebs-Hensdleit buffer containing radio-labeled substrates
{[*H]-MPP (0.6 nM), [*C]-metformin (10 pmol/l), [*H]-Ex17BG (20 nM), or [*C]-YM758
(10 umol/l)} after the cells had been washed twice and pre-incubated with Krebs-Henseleit buffer
at 37 °C for 15 min. In the concentration-dependent uptake and/or inhibition studies, the cells

were incubated further in the presence of YM758 (1-1,000 pumol/l). The Krebs-Hensdleit buffer

13
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consisted of 2.0 mg/ml p-glucose, 0.141 mg/ml magnesium sulfate (anhydrous), 0.16 mg/ml

potassum phosphate monobasic, 0.35 mg/ml potassum chloride, 6.9 mg/ml sodium chloride,

0.373 mg/ml of calcium chloride dihydrate, 1.5 mg/ml of HEPES and 2.1 mg/ml of sodium

bicarbonate. The pH of this solution was adjusted to 7.4 with sodium hydroxide. The uptake

was terminated at the designated time by adding ice-cold Krebs-Henseleit buffer after removing

the incubation buffer. Then, the cdlls were washed twice with 1 ml of ice-cold Krebs-Henseleit

buffer, solubilized in 0.5 ml of 1.0 mol/l sodium hydroxide, and kept overnight a 4 °C.

Aliquots (0.5 ml) were transferred to scintillation vials after adding 0.25 ml of 2.0 mol/I

hydrochloric acid. The radioactivity associated with the cells and incubation buffer was

measured in a liquid scintillation counter (Tricarb-2700TR; PerkinElmer Life Science Products,

Inc.) after adding 5 ml of scintillation fluid (Hionic Fluor; PerkinElmer Life Science Products,

Inc.) to the scintillation vials. The remaining cell lysate was used to determine the protein

concentration by the method of Lowry (Bio-Rad D. Protein Assay; Bio-Rad Laboratories,

Hercules, CA, USA), with bovine serum albumin as the standard.

Uptake studies using human hepatocytes

Cryopreserved human hepatocytes were purchased from Xenotech, LLC. (Lenexa, KS, USA).

14
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In these experiments, three batches of human hepatocytes (Lots 639A, 653, and 549) that took up
at least three times as much [®H]-MPP during incubation at 37 °C than that at 4 °C under the
linear conditions in the time-dependent uptake study, were selected as the positive control for
further kinetic analyses. Just before the study, the hepatocyte suspension was thawed at 37 °C,
quickly suspended in Tube A of the hepatocyte isolation kit (Xenotech, LLC.) containing DMEM
and isotonic percoll, and then centrifuged (70 xg) for 5 min a 20 °C. The supernatant was then
removed, and the cells were resuspended in 4 ml of buffer from Tube B of the hepatocyte
isolation kit, which contained supplemented DMEM. The number of viable cells was then
determined using trypan blue staining. The cell viability ranged from 80% to 92% in human
hepatocytes. Subsequently, the cryopreservation buffer was removed by resuspending the cells
in the remaining buffer from Tube B (approximately 40 ml). The cells were then centrifuged
(50 xg) for 3 min at 20 °C, followed by removal of the supernatant. Finally, the cells were
resuspended in the Krebs-Henseleit buffer at a density of 2.0x10° viable cells/ml for the transport
study. Prior to the uptake studies, the cell suspensions were pre-warmed in an incubator set at
37 °C for 3 min. The uptake studies were initiated by adding an equal volume of buffer
containing labeled substrates {[**C]-YM758 (10 pmol/l)} to the cell suspension. In the

concentration-dependent uptake and/or inhibition studies, the cells were incubated further in the

15
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presence of YM758 (1-1,000 upmol/l), cimetidine (10-10,000 pmol/l) or quinidine

(1-1,000 umoal/l). The effect of the incubation temperature on the uptake of substrates was also

investigated. After incubation at 37 °C or 4 °C for the designated time intervals, the reaction

was terminated by separating the cells from the substrate solution. For this purpose, a 0.2 ml

aliquot of incubation mixture was collected in a centrifuge tube containing 0.05 ml of 2 mol/l

sodium hydroxide under a 0.1 ml layer of oil (a mixture of silicone oil and mineral oil; density:

1.015; Sigma-Aldrich). Subsequently, the sample tube was centrifuged for 10 sec using a

tabletop centrifuge [10 000 xg, centrifuge 5417C; Eppendorf AG (Hamburg Germany)]. During

this process, the hepatocytes passed through the oil layer into the alkaline solution.  After the

hepatocytes were dissolved in the alkaline solution by incubating them overnight, the centrifuge

tube was cut, and the contents of each compartment were transferred to separate scintillation vials.

The contents of the compartment containing the dissolved cells were neutralized with 0.05 ml of

2 mol/l hydrochloric acid. The contents of each compartment were then mixed with scintillation

cocktail in their respective vials, and the radioactivity in each was measured with a liquid

scintillation counter.

Transcdlular transport studiesacross LLC-PK1 and LL C-MDR1 cell monolayers

16
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LLC-PK1 cells (porcine kidney epithelial LLC-PK1 cdlls transfected with only mock vectors)
and MDR1-transfected LLC-PK1 cells (LLC-MDR1; LLC-PK1 cdls transfected with vectors
containing human MDR1 cDNA) were used at Daiichi Pure Chemicals Co., Ltd. under sublicense
from BD Biosciences (CA USA). Prior to the assay, cells were cultured in 75cm?® bottom flask
(Falcon, NJ USA) and subjected to passage every 4 or 5 days. LLC-PK1 cels and MDR1
expressing cells were seeded at a density of 4x10° cells/insert in plates (Falcon). The cells were
incubated in a CO, incubator (37 °C, CO,: 5%) for 8 days to prepare cell monolayers for the
determination of transcellular transport activity. Medium 199 containing 9% FBS, 50 pg/ml
gentamicin, and 100 pg/ml hygromycin B were used for flask cultures. Only medium 199
containing 9% FBS and 50 pug/ml gentamicin was used for plate cultures. The transcellular
transport studies using LLC-PK1 and LLC-MDR1 cdlls were performed according to a previous
report (Adachi et al. 2001). The medium on the culture insert and plate seeded with cultured
cells was removed by aspiration and replaced with HBSS, after which the cels were
pre-incubated for 1 h at 37 °C. The medium on either the apical (100 ul) or basal (600 ul) side
was replaced with HBSS solution containing the test substance (YM758), and the cells were then
incubated at 37 °C. After incubation for 1, 2, and 4 h, 70 ul of HBSS was collected from the

non-treated side to determine the transported amount of YM758. To compensate for the

17
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collection volume, 70 ul of HBSS prewarmed to 37 °C was added immediately. In the

concentration-dependent transcellular transport studies, the cells (treated side only) were

incubated further in the presence of YM 758 (0.3-1,000 umol/l).

M easur ement method for determining Y M 758 concentrationsin HBSS

Transcelular transport studies across LLC-PK1 and LLC-MDR1 cell monolayers were

performed using non-labeled YM758 as the test substance. The peak areas of YM758 and its

internal standard [YM-344540, deuterium (d4) labeled YM758 monophosphate] were analyzed

using high-performance liquid chromatography with a tandem-mass spectrometry system. An

API4000 with an atmosphere pressure ionization source (Applied Biosystems, CA, USA) was

used. The atmosphere pressure ionization source was fitted with an electron spray ionization

inlet to ionize the analytes. The electron spray voltage was set to 4.5kV. In the positive ion

mode, YM758 and its internal standard were subjected to multiple reaction monitoring, with

transmitted molecular ions at m/z 470.5 and 474.2, respectively. These ions were subjected to

collision-activated dissociation using argon, followed by monitoring of the product ions at m/z

166.3 and 170.3, respectively. Chromatographic separation was achieved using an XTerra MS

C18 column (4.6x30 mm, 35 um) (Waters, MA, USA), with a mobile phase of

18
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acetonitrile/water/formic acid (40:60:0.1, v/v/v) at a flow rate of 0.25 ml/min. The standard
curve for YM758 was linear from 0.001 to 1 umol/I, and the correlation coefficient was >0.99.
The accuracy of each concentration back-calculated from the regression equation was 87.4% to

109.0%.

Data analysis

Transport study using mock, hOCT1, rOctl, OATP1B1, and OATB1B3-HEK293 cells

YM758 uptake into transporters-expressing HEK293 cells and vector-transfected HEK293 cells
was expressed as the uptake volume (ul/mg protein) (amount of radioactivity in the cells divided
by its concentration in the incubation medium). In this study, the time-dependent uptake of
[YC]-YM758 (10 umol/l) for mock, rOctl, hOCT1, OATP1B1, and OATP1B3-HEK 293 cdlls at
0.25, 05, 1, 2, 3, 5, 10, and 15 min after the initiation of incubation was determined. The
uptake time span, during which transport activity was linear, was determined only for the uptake
of [*C]-YM758 into mock-HEK 293 cells.  Subsequently, the concentration-dependence of the
[**C]-YM758 uptake clearance was evaluated for mock cells at the designated time mentioned
above. The kinetic parameters were estimated using Michadis-Menten plots based on the

following equation:
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VIS = Vireod (Ke#+S) + Paie 1

where V/S is the initial uptake clearance of the substrate (ul/min/mg protein), S is the substrate
concentration in the medium (umol/l), Kn, is the Michadis-Menten constant (umol/l), and Vi IS
the maximum uptake rate (nmol/min/mg protein). Pgs represents the non-saturable uptake
clearance (ul/min/mg protein). Fitting was performed using the nonlinear |east-squares method
and WinNonlin (Pharsight Corporation). The uptake of [*H]-MPP, [**C]-metformin, and
[*H]-E217BG into rOctl, hOCT1, and OATP1B1 and OATP1B3-expressing HEK293 cells in the
presence of inhibitors (non-radiolabeled YM758) was examined at 1, 5, and 2 min, respectively,
for each substrate.  The times were decided in accordance with the information in the literature

(Umeharaet al., 2007a, 2007b).

Transport study using human cryopreserved hepatocytes

The uptake of [**C]-YM758 into human hepatocytes was expressed as the uptake volume (ul/10°
cells) [amount taken up into cells (pmol/10° cells) divided by the concentration of radioactivity in
the incubation medium (pmol/ul)].  First, the time-dependent uptake of [**C]-YM758
(10 umoal/l) into hepatocytes at 1, 5, 10, and 30 min at 37 °C was investigated in order to

determine how long transport activity was linear. The Kkinetic analysis of the
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concentration-dependent ligand uptake was performed for human hepatocytes using WinNonlin
and the following equations, which assume that the ligands are transported via one saturable
carrier-mediated component and one linear passive one:

VIS = Vireod (K S) + Paie )

where VIS is the uptake clearance of the substrate (ul/min/10° cells), S is the substrate
concentration in the medium (umol/l), Kn, is the Michadlis-Menten constant (umol/l), and Vi IS
the maximum uptake rate (pmol/min/10° cells). Pgs represents the non-saturable uptake
clearance (ul/min/10° cells). The uptake of [**C]-YM758 into human hepatocytes in the
presence of inhibitors (non-radiolabeled YM758, cimetidine, and quinidine) was examined at

1 min.

Inhibition study in hOCT1/rOctl, OATP1B1L/OATP1B3-expressing cells, and hepatocytes

The inhibitory effects of non-radiolabeled YM758 (1-1,000 umol/l) on the uptake of [*H]-M PP
(1.2 or 0.6 M), [**C]-metformin (10 pmol/l), and [*H]-E»17BG (20 nM) for rOctl, hOCT1, and
OATP1B1 and OATP1B3, as well as those of cimetidine (10-10,000 umol/l) and quinidine
(1-1,000 umol/1) on the uptake of [*C]-YM758 (10 umol/l) were investigated, and the |Cs; value

for each inhibitor was estimated. For the inhibition study, the transfected cells and/or
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hepatocytes were incubated with incubation buffer containing each substrate and inhibitor at

several concentrations while the linearity of the uptake activity was maintained. The other

procedures were performed in the same way as the uptake studies. For the calculation of the

I Cso values, the Hill equation was fitted to the data using WinNonlin and the following equation:

v = Vo/[1+(1/1Csg)] 3

where v is the uptake rate of each substrate in the presence of the inhibitor, vy is the uptake rate of

each substrate in the absence of the inhibitor, and | is the concentration of the inhibitor.

Transcellular transport study in LLC-PK1 and LLC-MDRL1 cells

In the transcelular transport study of YM758 using LLC-PK1 and LLC-MDR1 cdls, the

permeability-surface area (PS) product across the monolayer was defined as follows:

PS product=A/t/Cy 4

wheret, A, and C, represent the incubation time, the amount of compound transported per well of

cell monolayer, and the initial concentration of compounds on the donor side, respectively. The

flux ratio (ul/well) across the monolayer was defined as

Flux ratio=PSy 0 #/PSatob (5)

where PS04 and PS 4105 represent the PS product in the basal to apical direction and the apical
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to basal direction, respectively. In LLC-PKL/LLC-MDR1 cdlls, the corrected flux ratio was

defined by the following equation:

Corrected flux ratio=(flux ratio in LLC-MDR1 cells)/(flux ratio in LLC-PK1 cells) (6)

In this study, the concentration-dependent transcellular transport of YM758 in LLC-PK1 and

LLC-MDRL1 cdlls was investigated at various YM758 concentrations (0.3-1,000 umol/l). The

KmVvalue of YM758 was calculated from the relationship between the corrected flux ratio and the

concentration of test substance usng WinNonlin software according to the Michaelis-Menten

equation asfollows:

Corrected flux ratio=1 + [(Vimax/PS2)/ (Kni+S)] (7)

where S, PS,, and K, represent the YM 758 concentration, efflux clearance mediated by passive

diffusion on apical cell surface, and Michaglis-Menten constant (umol/l), respectively.

Satistical Analysis

Each uptake experiment was done in triplicate, and the results are given asthe mean + S.D.,

except for the time-dependent uptake study for hepatocytes (n=2).
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Results

Uptake and Inhibition Profile of YM 758 for Mock and rOct1/hOCT 1-HEK 293 Célls

First, the time-dependent uptake of [**C]-YM 758 into mock- and rOctl/hOCT1-HEK 293 cells
was investigated.  The high uptake volume of [*C]-YM758 into rOctl/hOCT1-HEK 293 cells,
ranged from 300 to 400 ul/mg protein at 15 min, whereas the time-dependent uptake of this
compound into mock-HEK 293 cells was also extremely high, which suggests that the uptake for
[**C]-YM758 via rOctl or hOCT1 was dlight, if at al (Fig.2). The concentration-dependent
uptake of [**C]-YM758 into mock-HEK 293 cells was determined at the earliest time practically
and technically possible (3 min). The uptake of [**C]-YM758 was saturable in mock-HEK 293
cels with Kmn, Viexs VmadKm, and Py values of 135 umol/l, 6.43 nmol/min/mg protein,
47.7 pl/min/mg protein, and 6.80 pl/min/mg protein, respectively (Fig. 3).

The inhibitory effect of YM758 on [°H]-MPP uptake via rOctl and hOCT1 was also
investigated. As shown in Fig. 4, YM758 inhibited rOctl- and hOCT1-mediated [*H]-MPP
uptake in a concentration-dependent manner with 1Csp values of 23.8 umol/I and 40.5 umoal/l,
respectively. The ICsp value of YM758 for [**C]-metformin uptake via rOct1 may be estimated

below 10 umoal/l in the same way as described above, whereas that was much smaller than that
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for [°H]-M PP uptake.

Uptake and I nhibition Profile of YM 758 for OATP1B1 and OATP1B3-HEK 293 Cells

The time-dependent uptake of [**C]-YM 758 into OATP1B1 and OATP1B3-HEK 293 cells was
aso investigated. The uptake of [*'C]-YM758 was greater in OATP1B1-HEK 293 than that in
mock-HEK293 (Fig. 5). No difference in the uptake of [**C]-YM758 into OATP1B3-HEK 293
cells and mock-HEK 293 cells was observed.

In addition, the inhibitory effect of YM758 on [*H]-E,17BG uptake via OATP1B1 and
OATP1B3 was investigated. As shown in Fig. 6, YM758 inhibited OATP1B1-mediated
[*H]-E217pPG uptake in a concentration-dependent manner with a 1Cs, value of 13.0 pmol/l.

YM758 had no inhibitory effect on OATP1B3-mediated [*H]-E,17BG uptake.

Uptake and Inhibition Profile of YM 758 for Human Cryopreser ved Hepatocytes

The time profiles for the uptake of [**C]-YM758 in human hepatocytes are shown in Fig. 7.
The uptake of YM758 was higher at 37 °C than at 4 °C in human hepatocytes, which suggests
that [*"C]-YM758 is taken up into hepatocytes via an active transport mechanism.  The similar

experiments were performed with rat hepatocytes but the results were not meaningful likely to
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their poor viability (67-76%) (data not shown). The concentration-dependent uptake of
[**C]-YM758 into human hepatocytes was investigated as shown in Fig. 8 (A) at the earliest time
practically and technically possible (1 min), but the same type of uptake study using rat
hepatocytes was not performed. The saturable uptake of [*C]-YM758 into human hepatocytes
was observed with K, Vinax, Viad/Km and Pgis values of 87.9 umol/l, 2590 pmol/min/10° cells,
29.5 ul/min/10° cells, and 23.7 pl/min/10° cells, respectively.

In addition, the inhibitory effect of cimetidine and quinidine on [**C]-YM758 uptake into
human hepatocytes was also investigated. As shown in Fig. 8 [(B) and (C)], quinidine inhibited
[**C]-YM758 uptake into human hepatocytes with |Csy value of 147 umol/l whereas this uptake

was not inhibited in the presence of 10,000 umol/I of cimetidine.

Transcdlular Transport of YM 758 across M DR1-transfected LL C-PK1 Cells

The permeation clearance for basal-to-apical flux and apical-to-basal flux of YM758 across
LLC-PK1 and LLC-MDR1 monolayers are shown in Fig. 9 [(A) and (B)]. The permeation
clearance ratios, the permeation clearance from the basal to apical side divided by that of the
opposite direction, were ailmost constant (1.2-1.5) in LLC-PK1 cells, irrespective of the YM 758

concentrations in the range of 0.3 to 1000 umol/l. On the other hand, the permeation clearance
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ratios in LLC-MDRL1 cells were 21.8, 16.9, 16.7, 12.6, 13.1, 4.5, 2.1, and 1.5 in the presence of

0.3, 1, 3, 10, 30, 100, 300 and 1000 umol/I of YM758, respectively. This suggests that YM 758,

like quinidine and digoxin, is a typical substrate for MDR1 because the basal-to-apical flux

markedly exceeded that of the apical-to-basal flux in LLC-MDR1 cells. The relationships

between the YM758 concentrations and corrected flux ratios, which were obtained by dividing

the permeation clearance ratios in LLC-MDR1 cédlls by those in LLC-PK1 cells, are presented in

Fig. 9 (C). This result also indicates that YM758 is a MDR1 substrate with a K, value of

20.9 umol/I.
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Discussion

In general, the drug elimination pathway from the liver is composed of three main processes,

which are passive or active uptake from systemic circulation into hepatocytes,

metabolism/conjugation mediated by CY P and other types of enzymes, and passive or active

excretion into the bile.  In this study, the active hepatic uptake and excretion of YM758, a novel

If channel inhibitor, were clarified using several transporter-expressing mammalian cells and

hepatocytes. Thisisthefirst case in which the transporter-mediated hepatic uptake and

excretion of an If channd inhibitor wasinvestigated. The obtained K, and 1Cs, values for the

concentrati on-dependent uptake and inhibition profile of YM758 in this study were all

summarized in Table 1.

Several cationic (basic) compounds such as MPP, TEA, cimetidine and metformin are

substrates of hOCT1 and rOctl, which are mainly expressed in the basa membrane of

hepatocytes in humans and rats, respectively (Zhang et al., 1997; Grundemann et al., 1999, 2003;

Dudley et al., 2000; Wu et al., 2000; Gorboulev et a., 1997, 1999; Arndt et al., 2001; Sakata et al.,

2004; Urakami et al., 1998, 2002, Kimura et al., 2005). It was also reported that the genetic

variation of hOCT1 may affect the pharmacokinetics of metformin, an anti-diabetic reagent, in
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humans (Shu et al., 2007). This information suggests that hOCT1/rOct1-mediated uptake into

hepatocytes may be an important determinant of the pharmacokinetics of cationic drugs.

Therefore, the time-dependent uptake of YM758 into hOCT1/rOct1-HEK?293 cells (Fig. 2) was

first investigated because YM 758 is a weakly basic compound (pKa value: 8.02). In this study,

YM758 was taken up into hOCT1/rOct1-HEK?293 cells only slightly, compared with the uptake

into mock-HEK 293 cdlls.

On the other hand, several bulky and hydrophobic compounds such as pravastatin, pitavastatin,

valsaltan, telmisartan, and temocapril are known to be OATP1B1 and OATP1B3 substrates,

which are predominantly expressed on the basal side of hepatocytes in humans (Maeda et .,

2006, Yamashiro et al., 2006, Ishiguro et al., 2006, Hirano et al., 2006). In the present study, the

uptake of YM758 into OATP1B1- and OATP1B3-HEK293 cells was also evaluated because the

structure of YM758 isrelatively bulky. Asshown in Fig. 5, the uptake of YM758 via OATP1B1

was greater than that into mock-HEK?293 cells, whereas that via OATP1B3 was not. This

suggests that YM 758 may be mainly taken up into human hepatocytes viaan OATP1B1-mediated

uptake mechanism. In addition, the inhibitory effect of YM758 on the uptake of E;17BG, which

is one of the typical substrates both for OATP1B1 and OATP1B3, was investigated using these

transporter-expressing HEK293 cells. YM758 was shown to be effective as an inhibitor for
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OATP1B1, but not OATP1B3, because the inhibition curve was obtained only from

OATP1B1-HEK?293 cells (1Cs vaue: 13.0 umol/l) (Fig. 6).

The hepatic uptake mechanism of YM758 was clarified using human hepatocytes, and the

uptake of YM758 into hepatocytes at 37 °C was higher than that at 4 °C in humans (Fig. 7),

which suggests the existence of an active transport mechanism for YM758 in hepatocytes.

Because the uptake of YM758 into rat hepatocytes was not meaningful due to their poor viability

(67-76%) (data not shown), the concentration-dependent uptake of YM758 and the inhibitory

effect of inhibitors for hOCT1 and OATP1B1 on YM758 uptake were examined using human

hepatocytes (Figs. 7 and 8). The uptake of YM758 into human hepatocytes was

concentration-dependent, with a K, value of 87.9 umol/l.  This affinity is not comparable to the

ICso value for YM758 on E;17BG uptake into OATP1B1-HEK293 cells (13.0 umol/l), which

suggests that YM758 may not be a competitive inhibitor for OATP1B1. For rOatp2, which isa

counterpart molecule for OATP1BL1 in rats, several active transport sites in the molecules were

speculated in transport studies using several substrates and inhibitors (E;17BG digoxin, and

taurocholate) (Sugiyama et al., 2002). The difference between the YM758 K, and 1Csp values

obtained for OATP1B1-HEK293 cells and human hepatocytes may be due to several active

transport sites in the OATP1B1 molecule, although further investigation isrequired.  In addition,
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for YM758's concentration-dependent uptake profile in human hepatocytes, the clearance
corresponding to the non-saturable component was estimated to be 23.7 ul/min/10° cells, which is
a larger value than those (approx. 5.0 ul/min/10° cells) for other cationic compounds, such as
MPP, TEA, and cimetidine (Umeharaet al., 2007b).

In Fig. 8, the inhibitory effects of cimetidine and quinidine on YM758 uptake into human
hepatocytes are presented. Cimetidine is a typical inhibitor for hOCT1, which is only the OCT
family expressed in the basal membrane of human hepatocytes. Cimetidine did not inhibit
YM758 uptake into human hepatocytes (Fig. 8B), which suggests that YM758 may not be taken
up into human hepatocytes via hOCT1, but actually works as ahOCT1 inhibitor (Fig. 4A). The
fact that YM758 uptake into hOCT1-HEK?293 cells was only marginal supports this hypothesis.
In contrast, quinidine inhibited YM758 uptake into human hepatocytes in a
concentration-dependent manner, with a ICsp value of 147 umol/l.  In oocyte studies, the uptake
activity of an opioid peptide analogue via OATP1BL1 in the presence of 500 umol/l quinidine was
inhibited at a level of only 80% of the control values (Nozawa et al., 2003). Quinidineis aso
known as a typical inhibitor for hOCT1 and MDR1 with ICsy values of 16.0 umol/I (figure not
shown) and 13.2 umol/lI (Storch et a., 2007), respectively. The inhibition constant for hOCT1

and MDR1 may be much smaller than that for OATP1B1, and YM758 uptake into human
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hepatocytes is not inhibited in the presence of lower concentrations of quinidine which works asa

inhibitor for hOCT1 and MDR1. These results revealed that YM758 may be taken up into

human hepatocytes via OATP1B1, but not viahOCT1.

The uptake volume of YM758 in mock-HEK 293 cells was 200-300 ul/mg protein after 15-min

incubation, and the uptake of YM758 into mock-HEK 293 cells was concentration-dependent (Fig.

3). The endogenous expression of several ion channels and receptors in HEK293 cells has been

already reported (Gunthorpe et al., 2001) whereas there are no information on that of transporters

inthiscdl line. It may be necessary to identify the basal expression of transporters in HEK293

cells for the investigation of the active transport of new chemical entities. In addition, as

discussed above, the non-saturable component of the uptake of YM758 into human hepatocytes

were larger than that of several cationic compounds at 4°C.  Considering the extensive uptake of

YM758 into mock-HEK293, there seem to be a small contribution of unknown uptake

mechanisms to the total uptake of YM758, which might be likely those in HEK293 cdlls, in

human hepatocytes.

In the transcellular transport study using LLC-PK1 and LLC-MDRL1 cells, the saturable

transport of YM758 via MDR1 was observed, which suggests that YM758 may be excreted into

the bile via MDRL1 in the human liver (Fig. 9). A schematic diagram illustrating YM758

32

20z ‘6T |Udy UOSeUINOr 13dSY e BIosfeuIno fipdsepuwip Woly papeojumod


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on March 10, 2008 as DOI: 10.1124/dmd.108.020669
This article has not been copyedited and formatted. The final version may differ from this version.

DMD #20669

elimination mechanism in the human liver that was deduced from the results of all these studiesis

shown in Fig. 10. YM758 may be taken up into human hepatocytes mainly via OATP1B1,

rather than hOCT1, and presumably via unknown uptake processes or passive diffuson. After

that, it may be subject to metabolism and/or conjugation, or excreted into the bile via MDRL.

This type of hepatic elimination mechanism is also reported in the case of fexofenadine, which is

taken up via the OATP family and is excreted into the bile via MDR1 (Cvetkovic et a., 1999).

The transporters associated with the elimination of YM758 from human hepatocytes may

correspond to those in rats, although further investigation is required.

Recently, new chemical entities that may undergo extensive metabolism by CYP enzymes or

those that may have a significant inhibitory effect on CYP-mediated metabolism are being

dropped at the drug screening stage. These trends will eventually result in an increase in the

number of drug candidates eliminated exclusively by Phase Il enzymes and/or transporters.

Therefore, it is important to estimate the transporter-mediated hepatic uptake and excretion

pathway of new chemical entities. These types of studies, which focus on emerging therapeutic

drugs with new pharmacological actions, will have a large impact on future pharmacokinetic

research.
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L egendsfor figures

Fig. 1 Chemical structures of YM758 monophosphate (A) and ivabradine hydrochloride (B).

Fig.2 Uptake of YM758 into rOct1-HEK 293 (A) and hOCT1-HEK 293 (B) cells.

The uptake of [**C]-YM758 into hOCT1 (closed circle), rOctl (open circle), and vector-HEK 293
(open diamond) cells was determined. The uptake was initiated by adding ligand
{[*C]-YM758 (10 umol/l)} and terminated at designated times by adding ice-cold buffer. The
uptake value was normalized by the division of the cellular uptake amounts of the ligand by the

ligand concentration in the medium. Each point represents the mean + S.D. (n=3).

Fig. 3 Concentration-dependence of the uptake of YM 758 into mock-HEK293.

The celular uptake rates of [*C]-YM758 into mock-HEK293 were determined a different
substrate concentrations.  The concentration-dependence of YM758 uptake into mock-HEK 293
cells is shown by the Michadlis-Menten plots. Kinetic analyses revealed that the uptake of
[**C]-YM758 consists of one saturable and one non-saturable component and follows the
Michadlis-Menten equation. The solid line represents the fitted line obtained by nonlinear

regression analysis.  Each point represents the mean = S.D. (n=3).
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Fig. 4 Theinhibitory effect of YM758 on the uptake of MPP (A) and metformin (B) by hOCT1
and rOct1.

The uptake rates of [*H]-MPP (0.6 or 1.2 nM) by hOCT1/rOctl and those of [*C]-metformin
(20 umoal/l) by rOct1 were determined for 1 and 3 min, respectively, in the presence or absence of
YM758 at the concentrations indicated. The closed and open circles represent hOCT1 and
rOctl, respectively. The lines represent the fitted line obtained by nonlinear regression analysis.
The details of the fitting procedure are described under Materials and Methods. Each point

represents the mean = S.D. (n=3).

Fig.5 Uptake of YM758 into OATP1B1-HEK 293 (A) and OATP1B3-HEK293 (B).

The uptake of [**C]-YM758 into OATP1B1 (open circle), OATP1B3 (open triangle), and
vector-HEK 293 (open diamond) was determined. The uptake was initiated by adding ligand
{[*C]-YM758 (10 umol/l)} and terminated at designated times by adding ice-cold buffer. The
uptake value was normalized by dividing the amounts of ligand taken up by the cell by the ligand

concentration in the medium.  Each point represents the mean £ S.D. (n=3).

Fig. 6 The inhibitory effect of YM758 on the uptake of E,17pG by OATP1B1 (A) and
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OATP1B3 (B).

The uptake rates of [*H]-E17pG (20 nM) by OATP1B1 and OATP1B3 were determined for 2
and 5 min, respectively, in the presence or absence of YM758 at the concentrations indicated.
The open circles and triangles represent OATP1B1 and OATP1B3, respectively. The lines
represent the fitted line obtained by nonlinear regression analysis. The details of the fitting
procedure are described under Materials and Methods. Each point represents the mean + S.D.

(n=3).

Fig. 7 Time profiles for the uptake of YM758 into human hepatocytes at 37 °C and 4 °C.

The uptake of [**C]-YM758 during 1, 5, 10, and 30 min was determined at 37 °C (closed circles),
and 4 °C (open diamond). The uptake was initiated by adding ligands and terminated at
designated times by separating the cells from the substrate solution using a tabletop centrifuge.

Each point represents the average value from two determinations.

Fig. 8 The inhibitory effect of YM758 (A), cimetidine (B), and quinidine (C) on the uptake of
[**C]-YM758 into human hepatocytes.

The uptake rates of [**C]-YM758 (10 umol/l) into human hepatocytes were determined for 1 min.
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In panel (A), kinetic analyses revealed that the uptake of [**C]-YM758 consists of one saturable
component, which follows the Michaelis-Menten equation (uptake at 37 °C; closed circles), and
one non-saturable component (uptake at 4 °C; open diamonds). The solid and dotted lines
represent the fitted lines obtained for the saturable and non-saturable components, respectively,
using nonlinear regression anaysis. In panels (B) and (C), the open circles and triangles
represent the uptake of [**C]-YM758 in the presence or absence, respectively, of cimetidine and
quinidine at the concentrations indicated. The lines also represent the fitted line obtained by
nonlinear regression analysis. The details of the fitting procedure are described under Materials

and Methods. Each point represents the mean = S.D. (n=3).

Fig. 9 Concentration-dependent profiles for the transcellular transport of YM758 across
LLC-PK1 and LLC-MDR1 monolayers.

In panels (A) and (B), the permeation clearance of YM758 (0.3-1,000 umol/l) across LLC-PK1
and LLC-MDR1 monolayers was determined.  The ordinate represents the clearance (ul/well/h),
which was calculated as the amount of each ligand transferred to the acceptor side divided by the
initial concentration on the donor side, and the incubation time (4 h). The open and closed

symbols represent the permeation clearances for basal-to-apical flux and apical-to-basal flux,
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respectively. Panel (C) shows the corrected flux ratio of YM758 as a function of concentration.

Kinetic analyses revealed that this corrected flux ratio consists of one saturable component,

which follows the MichadlisMenten equation, and was determined from the permeation

clearance ratio of YM758 across LLC-PK1 and LLC-MDR1 cdlls during 4 h. The closed

symbols represent the observed values. The line was fitted using nonlinear regression analysis,

the details of which are described under Materials and Methods. Each point represents the

mean = S.D. (n=3).

Fig. 10 Schematic diagram illustrating the presumed elimination process of YM758 in human

hepatocytes.

The solid and broken arrows represent the presumed eimination process of the unchanged drug

(YM758) and its possible metabolites, respectively. (P) indicates where YM758 and/or its

metabolites are trangported via the passive diffusion process.
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Table 1. Summary for Ky, and ICsp values obtained in this study.

Cdl lines Subgtrate  Inhibitor Ky (umol/l)  1Cso (umol/l)
mock-HEK 293 YM758 - 135 -
rOct1-HEK293 MPP YM758 - 23.8
rOct1-HEK293 metformin YM758 - <10.0
hOCT1-HEK?293 MPP YM758 - 40.5
OATP1B1-HEK293  E17pG YM758 - 13.0
LLC-MDR1 YM758 - 20.9 -
human hepatocyte YM758 - 87.9 -
human hepatocyte YM758 quinidine - 147

The concentration-dependent uptake and inhibition profile of YM758 were investigated using

mock, rOctl, hOCT1 and OATP1B1-HEK?293 cells, LLC-MDR1 cell, and human hepatocytes.

The K, and 1Csp values were determined by nonlinear regression analysis as described under

Material and Methods.
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