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BACKGROUND AND PURPOSE

Hepatic uptake (e.g. by OATP1B1), phase | and Il metabolism (e.g. by CYP3A4, UGT1A1) and subsequent biliary excretion
(e.g. by MRP2) are key determinants for the pharmacokinetics of numerous drugs. However, stably transfected cell models for
the simultaneous investigation of transport and phase | and Il metabolism of drugs are lacking.

EXPERIMENTAL APPROACH
A newly established quadruple-transfected MDCKII-OATP1B1-CYP3A4-UGT1A1-MRP2 cell line was used to investigate
metabolism and transcellular transport of the endothelin receptor antagonist bosentan.

KEY RESULTS

Intracellular accumulation of bosentan equivalents (i.e. parent compound and metabolites) was significantly lower in all cell
lines expressing MRP2 compared to cell lines lacking this transporter (P < 0.001). Accordingly, considerably higher amounts of
bosentan equivalents were detectable in the apical compartments of cell lines with MRP2 expression (P < 0.001). HPLC and
LC-MS measurements revealed that mainly unchanged bosentan accumulated in intracellular and apical compartments.
Furthermore, the phase | metabolites Ro 48-5033 and Ro 47-8634 were detected intracellularly in cell lines expressing
CYP3A4. Additionally, a direct glucuronide of bosentan could be identified intracellularly in cell lines expressing UGT1A1 and
in the apical compartments of cell lines expressing UGTTAT and MRP2.

CONCLUSIONS AND IMPLICATIONS

These in vitro data indicate that bosentan is a substrate of UGTTAT. Moreover, the efflux transporter MRP2 mediates export of
bosentan and most likely also of bosentan glucuronide in the cell system. Taken together, cell lines simultaneously expressing
transport proteins and metabolizing enzymes represent additional useful tools for the investigation of the interplay of
transport and metabolism of drugs.

Abbreviations

CYP3A4, cytochrome P450 enzyme 3A4; Mrp2/MRP2, rodent/human multidrug resistance protein 2; OATP1B1, organic
anion transporting polypeptide 1B1; Ro 47-8634, 4-tert-butyl-N-[6-(2-hydroxy-ethoxy)-5-(2-hydroxy-phenoxy)-(2,2']
bipyrimidinyl-4-yl]-benzenesulfonamide; Ro 48-5033, 4-(2-hydroxy-1,1-dimethyl-ethyl)-N-[6-(2-hydroxy-ethoxy)-5-(2-
methoxy-phenoxy)-[2,2’]bipyrimidinyl-4-yl]-benzenesulfonamide; Ro 64-1056, 4-(2-hydroxy-1,1-dimethyl-ethyl)-N-[6-
(2-hydroxy-ethoxy)-5-(2-hydroxy-phenoxy)-[2,2']bipyrimidinyl-4-yl]-benzenesulfonamide; RT-PCR, reverse transcriptase
polymerase chain reaction; SLCO, solute carrier family of the OATPs; UGT1A1, uridine diphosphate-
glucuronosyltransferase 1A1
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Introduction

The coordinate process of drug uptake into hepatocytes,
intracellular drug metabolism and the subsequent excretion
of drug metabolites into bile is an important determinant
for the pharmacokinetics and pharmacodynamics of orally
administered drugs. Organic anion transporting polypeptides
(OATPs) such as OATP1B1 (gene symbol: SLCO1BI) play an
important role in the uptake process of drugs from portal
venous blood into hepatocytes (Konig, 2011). Following
hepatic uptake, drugs often undergo phase I and/or phase II
metabolism reactions [e.g. by cytochrome P450 enzyme 3A4
(CYP3A4) and/or uridine diphosphate-glucuronosyl trans-
ferase 1A1 (UGT1AI)] and drugs or their metabolites are
subsequently exported into bile by efflux transporters, for
example by MRP2, a member of the ABCC transporter family
[gene symbol: ABCC2; (Ho and Kim, 2005; Funk, 2008; Zolk
and Fromm, 2011)].

Bosentan, a dual endothelin receptor antagonist with
high affinity for both endothelin A and B receptors, was
approved as first oral treatment for pulmonary arterial
hypertension (Clozel efal., 1994; Weber etal., 1996; van
Giersbergen et al.,, 2002; Treiber etal.,, 2007; Thorin and
Clozel, 2010). It is metabolized in vitro to a similar extent
by CYP3A4 and by CYP2C9 and the known resulting
metabolites are a phenol metabolite (4-tert-butyl-N-[6-(2-
hydroxy-ethoxy)-5-(2-hydroxy-phenoxy)-(2,2’]bipyrimidinyl-
4-yl]-benzenesulfonamide; Ro 47-8634), a hydroxy
metabolite (4-(2-hydroxy-1,1-dimethyl-ethyl)-N-[6-(2-
hydroxy-ethoxy)-5-(2-methoxy-phenoxy)-[2,2']bipyrimidinyl-
4-yl]-benzenesulfonamide; Ro 48-5033) and a secondary
metabolite containing both biochemical modifications
[4-(2-hydroxy-1,1-dimethyl-ethyl)-N-[6-(2-hydroxy-ethoxy)-
5-(2-hydroxy-phenoxy)-[2,2’]bipyrimidinyl-4-yl]-benzenesul-
fonamide; Ro 64-1056, (Weber et al., 1999¢; van Giersbergen
et al., 2002; Treiber et al., 2007)]. Among these metabolites,
only the hydroxy metabolite is pharmacologically active. The
parent compound and the hydroxy metabolite are substrates
of OATP1B1 [with a K, value of 44 uM for bosentan and a Ky,
value of 60 uM for the hydroxy metabolite; (Treiber et al.,
2007)]. The formation of glucuronide conjugates of the
parent compound and its phase I metabolites in primary
human hepatocytes has been discussed in an abstract (Shen
et al., 2009), but to the best of our knowledge, it is not known
which UGT isoform(s) mediate(s) these reactions. Biliary
excretion of bosentan metabolites and possibly of the parent
compound accounts for more than 90% of total drug elimi-
nation (Weber et al., 1999b; Treiber et al., 2004). Fouassier
et al. (2002) showed that bosentan alters canalicular bile for-
mation predominantly via multidrug resistance protein 2
(Mrp2)-mediated mechanisms. However, the efflux transport-
er(s) mediating biliary secretion of bosentan and bosentan
metabolites has/have not been identified.

To test the hypothesis whether bosentan and/or its phase
I metabolites are substrates of the phase II enzyme UGT1A1
and that the excretion of the parent compound and/or pos-
sibly formed conjugates is mediated by MRP2, we generated
and characterized a quadruple-transfected cell line with the
simultaneous expression of the uptake transporter OATP1B1,
the metabolizing enzymes CYP3A4 and UGT1Al and the
hepatic efflux transporter MRP2.
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Methods

Cloning of the human CYP3A4 cDNA

Cloning of the CYP3A4 coding sequence (NM_017460.3) by
reverse transcription PCR using human liver cDNA synthe-
sized from a Multiple RNA panel (Clontech, Heidelberg,
Germany) was performed as described earlier (Fahrmayr et al.,
2012). Amplification of the full length CYP3A4 cDNA was
conducted using the primer pair oCYP3A4-5".for (5’-AGA TCT
GTA AGG AAA GTA GTG ATG G-3’) and oCYP3A4-RT.rev
(5"-AGC AGA TCT CCT TAG GAA AAT TCA G-3%), and the
amplified fragment was cloned into the pCR2.1-TOPO vector
(Invitrogen GmbH, Karlsruhe, Germany). After sequence veri-
fication (AGOWA, Berlin, Germany), the CYP3A4 cDNA was
cloned into the expression vector pVITRO1-blasti-mcs (Invi-
voGen, San Diego, CA, USA). Five base pair exchanges result-
ing in amino acid exchanges compared to the reference
sequence were corrected using the QuikChange Lightning
Multi Site-Directed Mutagenesis Kit (Stratagene, Amsterdam,
The Netherlands). Finally, correctness and orientation of the
cDNA were verified by sequencing (AGOWA).

Generation of stably transfected cells

Generation and characterization of MDCKII-Co, MDCKII-
OATP1B1, MDCKII-OATP1B1-UGT1A1, MDCKII-OATP1B1-
MRP2 and MDCKII-OATP1B1-UGT1A1-MRP2 cell lines
have been described before (Cui etal., 1999; Konig et al.,
2000; Fehrenbach etal., 2003; Fahrmayr efal., 2012). For
generation of the MDCKII-OATP1B1-CYP3A4-UGT1A1 and
the MDCKII-OATP1B1-CYP3A4-MRP2 triple-transfected and
the MDCKII-OATP1B1-CYP3A4-UGT1A1-MRP2 quadruple-
transfected cell lines, MDCKII-OATP1B1-UGT1A1, MDCKII-
OATP1B1-MRP2 and MDCKII-OATP1B1-UGT1A1-MRP2 cells
were transfected with the plasmid pVITRO1-blasti-mcs-
CYP3A4 using the Effectene transfection reagent kit accord-
ing to the manufacturer’s instructions (Qiagen GmbH,
Hilden, Germany) respectively. To obtain single colonies of
all three transfectants, cells were treated additionally with
blasticidin S (7 ug ml™") for several weeks. Colonies grown
under selection were tested for their CYP3A4 mRNA expres-
sion using reverse transcriptase (RT)-PCR and LightCycler-
based quantitative RT-PCR (Roche Diagnostics-Applied
Science, Mannheim, Germany) as described before (Mandery
etal., 2010). Primer pairs used for quantification of
CYP3A4 mRNA expression were oCYP3A4-RT.for (5-GCA
AGA AGA ACA AGG ACA ACA TAG A-3’) and oCYP3A4-
RT.rev (5-AGC AGA TCT CCT TAG GAA AAT TCA G-3))
resulting in a 275 bp-fragment. Cell clones exhibiting the
highest CYP3A4 expression of all three transfectants as well
as the remaining cell lines used in this study (MDCKII-
Co, MDCKII-OATP1B1, MDCKII-OATP1B1-MRP2, MDCKII-
OATP1B1-UGT1A1-MRP2) were finally screened for their
SLCO1B1 mRNA (encoding OATP1B1), their CYP3A4 mRNA
(encoding CYP3A4), their UGTIAI mRNA (encoding
UGT1A1) and their ABCC2 mRNA (encoding MRP2) expres-
sion for comparative analysis. Primers used for quantitative
real-time PCR have been described before (Fahrmayr et al.,
2012). All expression values were calculated in relation to the
expression of the housekeeping gene p-actin. Cell clones
showing the highest CYP34A4 mRNA expression and a
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SLCO1B1, UGT1A1 and ABCC2 mRNA expression comparable
to the respective expression in the control cell lines (MDCKII-
OATP1B1, MDCKII-OATP1B1-MRP2 and MDCKII-OATP1B1-
UGT1A1-MRP2) were selected for further experiments. The
expression of the respective mRNAs and proteins in the
quadruple-transfected MDCKII-OATP1B1-CYP3A1-UGT1A1-
MRP2 cell line and in all control cell lines has been analysed
by quantitative RT-PCR and immunoblot analyses at different
time points during these experiments demonstrating a stable
expression over time for all transfected proteins.

Immunoblot analysis

Generation of total protein homogenates and immunoblot
analysis were performed as described previously (Seithel et al.,
2007; Mandery et al., 2010). Five micrograms of cell homoge-
nates used for detection of all four proteins (OATP1Bl1,
CYP3A4, UGT1A1 and MRP2) were diluted with Laemmli
buffer (62 mM Tris-HCl, 2% SDS, 10% glycerol, 0.01%
bromphenol blue, and 0.4 mM dithiothreitol) and incubated
for 5 min at 95°C, except for MRP2 samples (Cui et al., 1999).
Separation of total homogenates was conducted with 7.5 (for
MRP2) and 10% (for OATP1B1, CYP3A4 and UGT1A1) SDS-
polyacrylamide gels. An unstained protein ladder (Protein
Ladder 10-250 kDa, New England Biolabs, Frankfurt am
Main, Germany) was used to visualize the protein molecular
weight ranges. After separation, proteins were transferred
onto a nitrocellulose membrane (Protran, Whatman GmbH,
Dassel, Germany) using a tank blotting system from Bio-Rad
Laboratories (Munich, Germany). Membranes were then
incubated with a purified rabbit polyclonal anti-human
OATP1B1 antiserum [pESL; 1:500; (Konig et al., 2000)], with a
CYP3A4 purified MaxPab mouse polyclonal antibody (BO1P;
1:1000; Abnova, Taipei, Taiwan), with a rabbit polyclonal
anti-human UGT1A1 antibody (ab62600; 1:400; Abcam,
Cambridge, UK) and with a rabbit polyclonal anti-human
MRP2 antibody [EAGS; 1:5000; kindly provided by Professor
Dr. Dietrich Keppler; DKFZ, Heidelberg, Germany; (Keppler
and Kartenbeck, 1996; Jedlitschky et al., 1997)]. Secondary
antibodies were a horseradish peroxidase-conjugated goat
anti-rabbit IgG (GE Healthcare UK Ltd, Little Chalfont, Buck-
inghamshire, UK) used at a 1:10 000 dilution (Seithel et al.,
2007) and horseradish peroxidase-conjugated goat anti-
mouse Fab fragments (Dianova, Hamburg, Germany) at a
1:4000 dilution. Proteins were visualized using ECL Western
blotting detection reagents (GE Healthcare UK Ltd) with the
ChemiDoc XRS imaging system (Bio-Rad Laboratories). To
detect B-actin, membranes were thereafter stripped and
reincubated with a mouse monoclonal anti-human B-actin
antibody (1:10 000; Sigma-Aldrich Chemie GmbH, Munich,
Germany) and developed as described above. Different
amounts of homogenate of the MDCKII-OATP1B1-CYP3A4-
UGT1A1-MRP2 quadruple-transfected cell line further served
as positive controls and for semiquatitative analysis of immu-
noblots. Blots were analysed using the Quantity One Software
(Bio-Rad Laboratories).

Determination of microsomal

enzyme activities
Before transfection with the plasmid pVITRO1-blasti-mcs-
CYP3A4, the cell lines MDCKII-OATP1B1, MDCKII-OATP1B1-

MRP2 and MDCKII-OATP1B1-UGT1A1-MRP2 (Fahrmayr
et al., 2012) were tested for their NADPH-cytochrome P450
reductase activity. Measurement of the NADPH-cytochrome
P450 reductase activity was performed as described (Gomes
etal.,, 2009). Instead of cytochrome P450, the NADPH-
cytochrome P450 reductase can also reduce cytochrome c,
which can be measured photometrically at 550 nm. In brief,
150 pg of total cell homogenates were equilibrated for 3 min
at 25°C in 300 mM sodium phosphate buffer (pH 7.7), 1 mM
KCN and 40 uM cytochrome c. Reduction of cytochrome c
was started by addition of 100 uM NADPH and reduced cyto-
chrome ¢ was determined photometrically at 550 nM using a
Bio-Rad SmartSpec™Plus spectrophotometer (Bio-Rad Labo-
ratories) for 3 min as described previously (Vermilion and
Coon, 1978; Tamura et al., 1992; Dudka et al., 2005). Enzyme
activity was calculated using the extinction coefficient (e) of
21 mM™! cm™ (Vermilion and Coon, 1978; Dudka et al., 2005)
and expressed as pmol of cytochrome ¢ reduced per mg of
total protein homogenates per min.

The activity of cytochrome P450 3A4 in the cell lines
expressing this enzyme as well as in the control cell
lines was assessed by measuring the amount of formed o-
hydroxymidazolam after addition of the parent compound to
the cell lines. Experiments were performed as described previ-
ously (Glaeser et al., 2002) with some minor modifications. In
brief, 100 ug of total protein homogenates were incubated
either with 3 or 250 pM midazolam in 50 mM potassium
hydrogen phosphate buffer (pH 7.4), 30 mM magnesium
chloride and 4.8 mM NADPH in a total volume of 250 pL.
Samples were equilibrated for 2 min at 37°C and the reaction
was started by addition of NADPH. After 5 min, the reaction
was stopped by addition of 500 uL of acetonitrile and samples
were immediately stored at —-80°C. The concentration of
formed o-hydroxymidazolam was determined by LC-MS/MS.

Quantification of a-hydroxymidazolam

by LC-MS/MS

Concentrations of a-hydroxymidazolam from cell lysates
were measured by means of HPLC-MS-MS [Agilent 1100
HPLC System (Agilent Technologies, Waldbronn, Germany);
APT 4000 (Applied Biosystems, Darmstadt, Germany)]. For
sample preparation, 50 puL internal standard solution [d4-o-
hydroxymidazolam (50 ng ml™ in acetonitrile)] was added to
50 uL sample. After mixing and centrifugation, 50 pL of the
supernatant was diluted with 50 pL mobile phase [12 mM
ammonium acetate with acetonitrile (1:1, v/v)]. Standards
and quality controls in similar matrix were prepared identi-
cally to the samples. A ZORBAX Eclipse XDB C18 (150 mm x
4.6 mm, particle size 5 um; Agilent Technologies) with a
precolumn AQ C18 (4 mm x 3 mm; Phenomenex Ltd,
Aschaffenburg, Germany) was installed as separation column.
Chromatography was carried out isocratically at a flow rate of
0.6 mL min™'. A valco valve behind the separation column
was applied for cutting of salt (0.0-4.5 min waste; 4.5-
6.5 min detection; 6.5-7.0 min waste). The mass transitions
and collision energies were m/z 342.1 to 324.3 (31 eV) for
o-hydroxymidazolam and m/z 346.0 to 328.1 (31 eV) for
d4-a-hydroxymidazolam. The validated calibration range was
between 0.1 and 100 ng mL™ and the lower limit of quanti-
fication was 0.1 ng mL™. The linear regression was weighted
by 1/x. Correlation coefficients were at least 0.999. Intraday
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coefficients of variation in cell lysate ranged from 2.0 to 6.1%
and the intraday accuracies ranged from 3.9 to 15.7 both at
concentrations of 0.1, 0.25, 50 and 100 ng mL™".

Vectorial transport assays

Vectorial transport assays were performed as described (Cui
etal., 2001; Fehrenbach et al., 2003; Fahrmayr et al., 2012)
with minor modifications. Briefly, MDCKII cells were seeded
at an initial density of 4 x 10° cells-well! onto ThinCerts
(diameter 14 mm; pore size 0.4 um; Greiner Bio-One GmbH,
Frickenhausen, Germany) and grown for 3 days. Twenty-four
hours prior to the vectorial transport experiments, cells were
treated with 10 mM sodium butyrate (Merck KGaA, Darm-
stadt, Germany) to increase protein expression (Cui et al.,
1999). Radiolabelled bosentan was dissolved in uptake buffer
(142 mM NaCl, 5 mM KCl, 1 mM K,HPO,, 1.2 mM MgSO,,
1.5 mM CaCl,, 5 mM glucose and 12.5 mM HEPES, pH 7.3) to
a final concentration of 20 uM (4.5 kBq ml™) without addi-
tion of unlabelled bosentan. After washing with prewarmed
(37°C) uptake buffer, 800 uL of uptake buffer were added to
the apical compartment and 800 uL of uptake buffer contain-
ing bosentan were added to the basolateral compartment and
cells were incubated at 37°C for 180 min. After 60 and
120 min, aliquots (100 uL) were removed from the apical
compartment and plates were placed back to the incubator.
After 180 min, additional 100 uL were taken from the apical
compartment and radioactivity was measured by liquid scin-
tillation counting (TriCarb 2800; PerkinElmer Life Sciences
GmbH, Rodgau-Jiigesheim, Germany). Afterwards, the cells
were washed three times with ice-cold uptake buffer, filters
were detached from the chambers and cells were lysed with
0.2% SDS. Small aliquots of lysates were both used to deter-
mine the intracellular accumulation of radioactivity by liquid
scintillation counting and the protein concentrations by
bicinchoninic acid assay (Pierce BCA Protein Assay Kit,
Thermo Fisher Scientific Inc., Rockford, IL, USA).

For determination of bosentan and formed metabolites
and for identification of possibly new phase II metabolites in
vectorial transport assays, one assay was conducted as
described above, with the exception that cells were incubated
for 180 min without taking aliquots after 60 and 120 min.
Samples from the intracellular and the apical compartments
were measured by means of HPLC and LC-MS at Actelion
Pharmaceuticals Ltd (Allschwil, Switzerland).

To investigate the transcellular leakage, cells were rou-
tinely treated likewise with 50 uM [*HJinulin.

Furthermore, apparent permeability coefficients (Payp)
were calculated using the equation:

Ppp =dQ/dt (A +C, ") [em 57

where dQ/dt (umols™) is the initial transport rate (at
60 min), C, (umol/cm?) the initial concentration in the donor
chamber and A (cm?) the surface area of the monolayer
(Artursson and Karlsson, 1991).

Identification of bosentan and metabolites

by HPLC/LC-MS

HPLC method. The analytical system consisted of two HPLC
pumps LC-10AD VP equipped with a membrane degasser, a
SCL-10AD VP system controller, a UV detector SPD-10AV VP
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and an autosampler model SIL-HTc (all from Shimadzu,
Reinach, Switzerland). The chromatographic separation of
bosentan and its metabolites was achieved using a Phenom-
enex Luna C18 column (250 x 4.6 mm; particle size 5 um;
Phenomenex Ltd, Aschaffenburg, Germany) at 45°C with a
flow rate of 1 mL min™'. Mobile phases consisted of 50 mM
ammonium formate adjusted to pH 4.0 with formic acid
(phase A) and acetonitrile (phase B). The gradient method for
the separation of bosentan and its metabolites was as follows:
0-10 min: 10% of phase B; 10-55 min: 25% of phase B;
55-60 min: 73% of phase B; 60-63 min: 95% of phase B;
63-64 min: 95% of phase B and 64-70 min: 10% of phase
B. The run was stopped after 70 min. Due to the low levels
of total radioactivity, post-column fractions were collected
using an Agilent Technologies 1200 fraction collector
(Agilent Technologies) in Deepwell LumaPlates™-96 (Perk-
inElmer) in intervals of 0.28 min, evaporated to dryness using
an EZ-2 Evaporator (GeneVac Ltd, Ispwich, UK) and analysed
offline using a TopCount-NXT™ microplate luminescence
counter (PerkinElmer). Data processing was performed using
the RadioStar software package (version 4.6, Berthold AG,
Regensdorf, Switzerland). Using these chromatographic con-
ditions, bosentan had a retention time of 41.0 min. The vari-
ability in retention time in the different chromatograms did
not exceed 1 min over a total run time of 70 min.

Mass spectrometry. Structure identification was performed
using a LTQ Orbitrap Velo Pro mass spectrometer (Ther-
moFinnigan, San Jose, CA, USA) coupled to a LC-20ADXR
HPLC pump (Shimadzu). The mass spectrometer was oper-
ated in positive ion mode with the following instrument
settings: ESI voltage 3.0 kV, capillary temperature 300°C,
source temperature 200°C, sheath gas 40 psi, auxiliary gas
5 psi, capillary voltage 13 V, S-lens RF level 45%, mass range
190-1000 and a mass resolution of 30 000. The chromato-
graphic method was identical to that described for the HPLC
method with a 1:5 flow rate split. Data processing was per-
formed using the Xcalibur 2.0.7 software package (Thermo
Electron, San Jose, CA, USA).

Data and statistical analysis. Real-time PCR and immunoblot
analysis determining mRNA and protein expression were
repeated three times. Experiments determining the CYP3A4
enzyme activity were repeated two times on separate days
with a total of four samples per concentration and cell line,
and experiments determining the NADPH-reductase activity
were performed on two separate days with a total of four
samples per cell line. Each time point in transcellular trans-
port experiments was investigated on two separate days with
three wells per day (i.e. n = 6). For measurement of bosentan
and formed metabolites by means of HPLC and LC-MS one
transcellular transport experiment was performed with three
wells per cell line (i.e. n = 3). All data are presented as mean
+ SD. Multiple comparisons were analysed by anova with
subsequent Tukey-Kramer multiple comparison test by using
Prism 3.01 (GraphPad Software, San Diego, CA, USA). A value
of P < 0.05 was considered as statistically significant.

Materials. ["*C]Bosentan (37 MBq ml™), unlabelled bosentan
and bosentan metabolites were from Actelion Pharmaceuti-
cals Ltd internal sources and [*H]inulin (74 MBq ml™) was
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obtained from PerkinElmer Life Sciences GmbH (Rodgau-
Jugesheim, Germany). Unlabelled inulin, poly-D-lysine hyd-
robromide and ammonium acetate were purchased from
Sigma-Aldrich (Taufkirchen, Germany). Water-Baker analysed
LC/MS reagent was from Mallinckrodt Baker B.V. (Deventer,
The Netherlands). Liquid scintillation cocktail for HPLC
analysis, Optiflow Safe 2, was purchased from Berthold
Technologies GmbH. Sodium butyrate, cytochrome ¢ and
acetonitrile hypergrade for LC/MS were from Merck KGaA.
The antibiotics zeocin, G418 (geniticin) disulfate and hygro-
mycin were from Invitrogen (Groningen, the Netherlands)
and the antibiotic blasticidin S was from InvivoGen. NADPH
was obtained from AppliChem (Darmstadt, Germany) and
midazolam was from Lipomed (Weil am Rhein, Germany).
o-Hydroxymidazolam and the internal standard d4-o-
hydroxymidazolam were purchased from LGC Standards
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(Wesel, Germany). All other chemicals and reagents, unless
stated otherwise, were obtained from Carl Roth GmbH +
Co.KG (Karlsruhe, Germany) and were of the highest grade
available.

Results

Expression analysis of OATP1B1, CYP3A4,
UGT1A1 and MRP2 in single-, double-,
triple- and quadruple-transfected cell lines
Figures 1 and 2 show the mRNA and protein expression of
OATP1B1, CYP3A4, UGT1A1 and MRP2 in MDCKII-control
cells (Co), single- (OATP1B1), double- (OATP1B1-MRP2),
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Quantitative real-time PCR (RT-PCR) analysis of SLCO1B1 (encoding OATP1B1), CYP3A4 (encoding CYP3A4), UGTTAT (encoding UGTTA1) and
ABCC2 (encoding MRP2) mRNA expression in MDCKII-control cells (Co), single- (OATP1B1), double- (OATP1B1-MRP2), triple- (OATP1B1-CYP3A4-
UGT1A1, OATP1B1-CYP3A4-MRP2, OATP1B1-UGT1A1-MRP2) and quadruple-transfected (OATP1B1-CYP3A4-UGT1A1-MRP2) cell lines used in
this study. The RT-PCR analysis was repeated three times and data are presented as mean * SD in % f-actin mRNA expression. Statistical analyses
were performed between the transfected cell lines among themselves. No expression of human SLCOTB1, CYP3A4, UGTTAT or ABCC2 mRNA could
be detected in MDCKII-control cells (Co). Multiple comparisons were analysed by ANOVA with subsequent Tukey—Kramer multiple comparison
test. *P < 0.05, **P < 0.01, ***P < 0.001 versus MDCKII-OATP1B1-CYP3A4-UGT1A1 cells; #P < 0.01, ##P < 0.001 versus MDCKII-OATP1B1-

CYP3A4-MRP2 cells.
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Figure 2

Immunoblot analyses of OATP1B1 (A), CYP3A4 (B), UGT1A1 (C) and MRP2 (D) expression in MDCKII-control cells (Co), single- (OATP1B1), double-
(OATP1B1-MRP2), triple- (OATP1B1-CYP3A4-UGT1A1, OATP1B1-CYP3A4-MRP2, OATP1B1-UGT1A1-MRP2) and quadruple-transfected (OATP1B1-
CYP3A4-UGT1A1-MRP2) cell lines used in this study. A 5-ug protein homogenate of each cell line was loaded. OATP1B1 shows one glycosylated
form with an apparent molecular weight of 84 kDa and one unglycosylated form (58 kDa), CYP3A4 shows one band with approximately 55 kDa,
UGT1A1 one with approximately 60 kDa and MRP2 one with 190 kDa. As positive controls and for semiquantitative analysis, calibration samples
(1, 2.5, 5, 7.5 and 10 pg protein) of the quadruple-transfected cell line (OATP1B1-CYP3A4-UGT1A1-MRP2) were also loaded.

MRP2, OATP1B1-UGT1A1-MRP2) and quadruple-transfected
cells (OATP1B1-CYP3A4-UGT1A1-MRP2). As expected, only
transfected cell lines showed a respective mRNA and protein
expression.

Determination of microsomal
enzyme activities
Prior to transfection with the plasmid pVITRO1-blasti-mcs-
CYP3A4, cell lines were investigated for their NADPH-
cytochrome P450 reductase activity, which is a prerequisite
for CYP3A4 function. Net activity was between 11.1 and
14.5 nmol-mg protein-min™" in the investigated cell lines
with no significant differences.

Cytochrome P450 3A4 activity was determined via forma-
tion of the metabolite a-hydroxymidazolam (Figure 3) by
LC-MS/MS after incubation of total homogenates of MDCKII-
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control cells, single- (OATP1B1), double- (OATP1B1-MRP2),
triple- (OATP1B1-CYP3A4-UGT1A1, OATP1B1-CYP3A4-
MRP2, OATP1B1-UGT1A1-MRP2) and quadruple-transfected
cells (OATP1B1-CYP3A4-UGT1A1-MRP2) with 3 uM (A)
or 250uM (B) midazolam (Figure 3). Only cell lines
expressing the CYP3A4 enzyme showed formation of
o-hydroxymidazolam, whereas no significant amounts were
detectable in the other cell lines.

Intracellular accumulation and vectorial
transport of bosentan equivalents to the
apical compartment of monolayers of

MDCKII-control, single-, double-, triple-

and quadruple-transfected cells
[*C]Bosentan was administered to the basal compart-
ment of the cell monolayers of MDCKII-control (Co),
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Determination of CYP3A4 enzyme activity in homogenates of MDCKIl-control (Co), single- (OATP1B1), double- (OATP1B1-MRP2), triple-
(OATP1B1-CYP3A4-UGT1A1, OATP1B1-CYP3A4-MRP2, OATP1B1-UGT1AT-MRP2) and quadruple-transfected (OATP1B1-CYP3A4-UGT1AT-MRP2)
cell lines using midazolam assay. Total homogenates of cell lines were incubated with 3 uM midazolam (A) or 250 uM midazolam (B) at 37°C and
the amount of the formed metabolite o-hydroxymidazolam was measured by LC-MS/MS. Statistical analyses were performed between the
CYP3A4-transfected cell lines among themselves. Data are shown as mean value = SD. *P < 0.05, ***P < 0.001 versus MDCKII-OATP1B1-CYP3A4-
UGT1AT1; #P < 0.01, #¥P < 0.001 versus MDCKII-OATP1B1-CYP3A4-MRP2 cells.

single- (OATP1B1), double- (OATP1B1-MRP2), triple-
(OATP1B1-CYP3A4-UGT1A1, OATP1B1-CYP3A4-MRP2,
OATP1B1-UGT1A1-MRP2) and quadruple-transfected cells
(OATP1B1-CYP3A4-UGT1A1-MRP2). Figures4 and 5 show
the intracellular accumulation of bosentan equivalents (i.e.
parent compound and metabolites) and the transcellular
transport of bosentan equivalents into the apical compart-
ment respectively. Intracellular accumulation of bosentan
equivalents was significantly lower in cell lines expressing
MRP2 (Figure 4; P < 0.001). Cell lines lacking MRP2 exhibited
higher intracellular amounts of bosentan equivalents with
the triple-transfected cell line MDCKII-OATP1B1-CYP3A4-
UGT1A1 showing the highest amounts. In line with the lower
intracellular values, higher amounts of bosentan equivalents
were found in the apical compartment of monolayers of cell
lines expressing MRP2 compared to cell lines without MRP2
expression at all investigated time points (Figure 5 Ato C; P <
0.001). In MRP2-expressing cells apparent permeability (Pypp)
was more than 50% greater compared to P,,, in MDCKII-Co
cells (4.3 [cm s71*107 in MDCKII-Co vs. 6.5, 7.5, 7.4 and 6.5
[cm s7']*107°° in MDCKII-OATP1B1-MRP2, MDCKII-OATP1B1-
CYP3A4-MRP2, MDCKII-OATP1B1-UGT1A1-MRP2 and
MDCKII-OATP1B1-CYP3A4-UGT1A1-MRP2 cells respectively;
P < 0.001). Transcellular transport of bosentan equivalents to
the apical compartment exhibited linear kinetics (Figure 6).

Qualitative measurements of samples from transcellular
transport experiments by means of HPLC and LC-MS identi-
fied the phase I metabolites Ro 48-5033 and Ro 47-8634 in
the intracellular compartments of cell lines expressing the
phase I enzyme CYP3A4 (Table 1). The majority of radioac-

tivity accumulating in the intracellular compartments
consisted of bosentan itself. In addition to the phase I
metabolites Ro 48-5033 and Ro 47-8634, bosentan glucuro-
nide could be identified in the intracellular compartments
of all cell lines expressing the phase II enzyme UGT1Al
(Table 1). Glucuronides of the phase I metabolites were not
detected. Results of these measurements are summarized in
Table 1. HPLC- and LC-MS-measurements revealed that
mainly bosentan was translocated into the apical compart-
ments of investigated cell lines confirming that bosentan
itself is a substrate of MRP2. Furthermore, small amounts of
bosentan glucuronide were detected in the apical compart-
ments of cell lines expressing UGT1A1 and MRP2 indicating
that also bosentan glucuronide is a substrate of MRP2.

Discussion and conclusions

This study using a newly established quadruple-transfected
MDCKII-OATP1B1-CYP3A4-UGT1A1-MRP2 cell line had the
following major findings: (i) transporter-mediated uptake,
phase I and II metabolism and efflux transport can be inves-
tigated using this new cellular system. (ii) UGT1Al is
involved in formation of bosentan glucuronide. (iii) MRP2
mediates secretion of bosentan and most likely also of bosen-
tan glucuronide.

In order to gain more insights into the hepatobiliary
transport of drugs, their directed transport through mono-
layers of cell lines stably expressing uptake as well as efflux
transporters using in vitro cell models has intensively been
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Figure 4

['*C]Bosentan (20 uM) was administered to the basal compartment
of monolayers of MDCKII-control (Co), single- (OATP1B1),
double- (OATP1B1-MRP2), triple- (OATP1B1-CYP3A4-UGT1A1,
OATP1B1-CYP3A4-MRP2, OATP1B1-UGT1AT-MRP2) and quadruple-
transfected (OATP1B1-CYP3A4-UGT1A1-MRP2) cell lines. Intracellu-
lar accumulation of bosentan equivalents (i.e. parent compound and
metabolites) in the cells after 180 min is shown. Data are shown as
mean value += SD. ***P < 0.001 versus MDCKII-Co; *##P < 0.001
versus MDCKII-OATP1BT; $%P < 0.001 versus MDCKII-OATP1B1-
CYP3A4-UGT1A1 cells.

studied (Cui et al., 2001; Kopplow et al., 2005; Ishiguro et al.,
2008; Nies et al., 2008; Hirouchi et al., 2009; Koénig et al.,
2011). However, most drugs undergo phase I and/or phase II
metabolism so that the coordinate process of drug transport
and metabolism cannot be investigated using models express-
ing only transport proteins. Previously, experiments using an
OATP1B1-UGT1A1-MRP2 triple-transfected cell line demon-
strated that cell lines stably simultaneously expressing trans-
port proteins and metabolizing enzymes provide useful tools
to study the interplay of drug transport and drug metabolism
(Fahrmayr et al., 2012).

Based on the OATP1B1-UGT1A1-MRP2 triple-transfected
cell line, we established and characterized a cell line with the
additional expression of the phase I enzyme CYP3A4. For the
characterization of this cell line, we used the dual endothelin
receptor antagonist bosentan. In vitro and in vivo studies
clearly revealed that the hepatic uptake transporters
OATP1B1 and OATP1B3 as well as the cytochrome P450
enzymes CYP3A4 and CYP2C9 are important determinants
of the disposition of bosentan (Treiber etal., 2007; van
Giersbergen et al., 2007). In the present study, however, we
could not detect a significant difference in the amount of
radioactivity accumulating in the intracellular compartments
of the OATP1B1 single-transfected cell line in comparison to
the control cell line. This could be due to the much longer
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Figure 5

['*C]Bosentan (20 uM) was administered to the basal compartment
of monolayers of MDCKII-control (Co), single- (OATP1B1),
double- (OATP1B1-MRP2), triple- (OATP1B1-CYP3A4-UGT1AT1,
OATP1B1-CYP3A4-MRP2, OATP1B1-UGT1A1-MRP2) and quadruple-
transfected (OATP1B1-CYP3A4-UGT1A1-MRP2) cell lines. Transloca-
tion of bosentan equivalents into the apical compartment after
60 min (A), 120 min (B) and 180 min (C) is shown. Data are shown
as mean value = SD. ***P < 0.001 versus MDCKII-Co; *#P < 0.001
versus MDCKII-OATP1B1; *P < 0.05, **P < 0.001 versus MDCKII-
OATP1B1-MRP2; %P < 0.001 versus MDCKII-OATP1B1-CYP3A4-
UGT1A1 cells.

incubation time in this study compared to uptake experi-
ments leading to an increased contribution of additional
transport processes (e.g. basolateral efflux).

Transcellular transport experiments using radiolabelled
bosentan and subsequent liquid scintillation counting of
intracellular samples revealed lower amounts of bosentan
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["*C]Bosentan (20 uM) was administered to the basal compartment of monolayers of MDCKII-control (Co), single- (OATP1B1), double- (OATP1B1-
MRP2), triple- (OATP1B1-CYP3A4-UGT1A1, OATP1B1-CYP3A4-MRP2, OATP1B1-UGTT1AT-MRP2) and quadruple-transfected (OATP1B1-CYP3A4-
UGTTA1-MRP2) cell lines. Translocation of bosentan equivalents into the apical compartment after 60, 120 and 180 min is shown as percentage

of administered radioactivity. All cell lines show linear transport kinetics.

equivalents (i.e. bosentan and possible metabolites) in cell
lines expressing MRP2. Accordingly, significantly higher
amounts of bosentan equivalents were detectable in the
apical compartments of cell lines with an expression of MRP2
which demonstrated a contribution of MRP2 to the export of
bosentan. To investigate this hypothesis, a further transcellu-
lar transport experiment was conducted with the subsequent
measurement of samples by means of HPLC and LC-MS. In
fact, these data revealed that mainly bosentan was trans-
ported into the apical compartments of the tested cell lines.
Moreover, bosentan glucuronide was detected in the apical
compartments of cell lines expressing UGT1A1 and MRP2
indicating a contribution of MRP2 to the translocation of the
metabolite. It should be noted that significant amounts of
bosentan equivalents were also detectable in MDCKII-control
cells indicating that endogenous canine efflux transporters
(e.g. canine Mrp2) also contribute to apical accumulation.
Several studies investigated the interaction of bosentan
with transporters expressed in the canalicular membrane.
However, none of them directly identified the transporter
mediating biliary excretion of bosentan (Weber et al., 1999a;
Fattinger et al., 2001; Fouassier et al., 2002; Treiber et al.,
2004; Hartman et al., 2010). In vitro studies conducted with
primary human hepatocytes showed a decrease in the biliary
elimination of the MRP2 substrate [2-D-Penicillamin, 5-D-
penicillamine] enkephalin during simultaneous incubation
with bosentan only in one of three donors (Hartman et al.,
2010). Furthermore, co-incubation experiments in primary
human hepatocytes with bosentan and probenecid, a known
inhibitor for MRP2, showed a reduced uptake and an
increased elimination of bosentan (Hartman et al., 2010).
Moreover, Mano et al. (2007) reported that bosentan stimu-
lated MRP2-mediated ATP-dependent vesicular transport of
[*H]estradiol. Thus, our study is the first one identifying
unconjugated bosentan as substrate of MRP2. Although
MRP2 is known as transporter of glutathione and glucuro-
nide conjugates, MRP2-mediated, glutathione-dependent
transport of the unconjugated anticancer agents etoposide,

vincristine and vinblastine has been shown (Cui et al., 1999;
van Aubel etal., 1999; Evers etal., 2000) suggesting a
cotransport of these agents with glutathione (Jedlitschky
et al., 2006). Furthermore, a cotransport of drugs or endog-
enous substances with glutathione by other MRP transport-
ers (MRP1 and MRP4) has also been shown (Rappa et al.,
1997; Cole and Deeley, 1998; Loe etal.,, 1998; Rius etal.,
2006). Pilot experiments indicate that there is a trend
towards higher total glutathione concentrations in the
apical compartments of MDCKII-OATP1B1-MRP2 monolay-
ers compared to the concentrations in the apical compart-
ments of MDCKII-control cells after addition of bosentan
(20 uM) to the respective basal compartments (data not
shown).

The metabolism of bosentan by the cytochrome P450
enzymes CYP3A4 and CYP2C9 to three phase I metabolites
(Ro 48-5033, Ro 47-8634 and Ro 64-1056) has been eluci-
dated (van Giersbergen etal., 2002; Treiber etal., 2007).
However, the glucuronidation of bosentan and its phase I
metabolites by uridine diphosphate-glucuronosyltransferases
has not been clarified in detail yet (Shen et al., 2009). Trans-
cellular transport experiments with labelled bosentan and
measurement of samples by HPLC and LC-MS revealed the
phase I metabolites Ro 48-5033 and Ro 47-8634 in the intra-
cellular compartments of cell lines expressing the enzyme
CYP3A4. However, the majority of radioactivity accumulat-
ing in the intracellular compartment of all cell lines consisted
of bosentan itself. This could be due to the fact that bosentan
is a rather poor substrate of CYP3A4 than the model substrate
midazolam used to test the functionality of the enzyme in the
cell lines. Shen et al. (2009) characterized the metabolism of
bosentan to the phase I metabolites Ro 48-5033 and Ro
47-8634 in human liver microsomes and determined respec-
tive K, values of 65uM (Ro 48-5033) and 73 uM (Ro
47-8634). In contrast, K, values for the metabolism of mida-
zolam to a-hydroxymidazolam are 3.9 uM in human liver
microsomes and 0.8 uM for recombinant CYP3A4 (Patki
et al., 2003).
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Table 1

Qualitative determination of bosentan and metabolites in the intracellular compartments of the investigated cell lines after transcellular transport
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n.d., not detectable.

In addition to the phase I metabolites, bosentan glucuro-
nide could be detected in cells with an expression of UGT1A1.
Thus, a further metabolic reaction in the metabolic pathways
of bosentan (i.e. direct glucuronidation of bosentan by
UGT1A1) could be identified. A schematic representation of
the extended metabolic pathway of bosentan is shown in
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Figure 7. Glucuronides of the phase I metabolites, although
possible on the basis of their chemical structure, could not be
detected in the current study. This could be due to the fact
that intracellular amounts of phase I metabolites were quite
low, thus rendering the quantification of glucuronides of
these metabolites was difficult. In accordance with our find-
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Metabolic pathways of bosentan.
ings, Shen et al. (2009) mentioned in their abstract minor Acknowledgements

amounts of conjugates derived from glucuronidation of
bosentan itself and of phase I metabolites using human hepa-
tocytes. However, it should be noted that so far, no phase II
metabolites of bosentan and its phase I metabolites have been
detected in humans.

Currently, we see the primary benefit of the recently gen-
erated triple-transfected cell line [expressing OATP1BI,
UGT1A1 and MRP2; (Fahrmayr etal., 2012)] and the
quadruple-transfected cell line described here in the qualita-
tive analysis of the interplay of uptake, metabolism and
efflux. For example, phase I or phase II metabolites formed in
these cell lines can be studied as MRP2 substrates, whereas
this might not be possible using inside-out vesicles of recom-
binant cells expressing MRP2 due to unavailability of the
respective pure compounds. A limitation of these cell lines is
that they express with some variability transporters and drug-
metabolizing enzymes of particular importance for drug
disposition, but certainly not all hepatic proteins affecting
hepatic drug handling. Thus, quantitative in vitro-in vivo
extrapolations should be investigated using other systems
such as sandwich-cultured hepatocytes albeit this system has
also certain limitations (for review see, e.g. Swift ef al., 2010).

Taken together, we could demonstrate that it is techni-
cally possible to establish a recombinant cell system with the
expression of all components necessary for hepatobiliary
elimination of drugs. Furthermore, the present study shows
that these newly established cell models in addition to
primary hepatocytes, animal models and clinical studies rep-
resent useful tools to gain more insights into the hepatic
disposition of drugs.
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