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BACKGROUND AND PURPOSE
The coordinate activity of hepatic uptake transporters [e.g. organic anion transporting polypeptide 1B1 (OATP1B1)],
drug-metabolizing enzymes [e.g. UDP-glucuronosyltransferase 1A1 (UGT1A1)] and efflux pumps (e.g. MRP2) is a crucial
determinant of drug disposition. However, limited data are available on transport of drugs (e.g. ezetimibe, etoposide) and
their glucuronidated metabolites by human MRP2 in intact cell systems.

EXPERIMENTAL APPROACH
Using monolayers of newly established triple-transfected MDCK-OATP1B1-UGT1A1-MRP2 cells as well as MDCK control cells,
single- (OATP1B1) and double-transfected (OATP1B1-UGT1A1, OATP1B1-MRP2) MDCK cells, we therefore studied intracellular
concentrations and transcellular transport after administration of ezetimibe or etoposide to the basal compartment.

KEY RESULTS
Intracellular accumulation of ezetimibe was significantly lower in MDCK-OATP1B1-UGT1A1-MRP2 triple-transfected cells
compared with all other cell lines. Considerably higher amounts of ezetimibe glucuronide were found in the apical
compartment of MDCK-OATP1B1-UGT1A1-MRP2 monolayers compared with all other cell lines. Using HEK cells, etoposide
was identified as a substrate of OATP1B1. Intracellular concentrations of etoposide equivalents (i.e. parent compound plus
metabolites) were affected only to a minor extent by the absence or presence of OATP1B1/UGT1A1/MRP2. In contrast, apical
accumulation of etoposide equivalents was significantly higher in monolayers of both cell lines expressing MRP2
(MDCK-OATP1B1-MRP2, MDCK-OATP1B1-UGT1A1-MRP2) compared with the single-transfected (OATP1B1) and the control
cell line.

CONCLUSIONS AND IMPLICATIONS
Ezetimibe glucuronide is a substrate of human MRP2. Moreover, etoposide and possibly also its glucuronide are substrates of
MRP2. These data demonstrate the functional interplay between transporter-mediated uptake, phase II metabolism and
export by hepatic proteins involved in drug disposition.

Abbreviations
BSP, bromosulphophthalein; MRP2, multidrug resistance protein 2; OATP1B1, organic anion transporting polypeptide
1B1; UGT1A1, UDP-glucuronosyltransferase 1A1
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Introduction
Disposition and effects of a broad variety of drugs are deter-
mined by uptake transport, metabolism and efflux in the
liver. Following transporter-mediated uptake into the hepa-
tocytes [e.g. by organic anion transporting polypeptide 1B1,
OATP1B1 (SLCO1B1)] and subsequent phase I and/or phase II
metabolism [e.g. by UDP-glucuronosyltransferase 1A1,
UGT1A1 (UGT1A1)], parent compounds and/or their metabo-
lites are frequently exported by distinct transporters [e.g.
members of the ABC transporter family such as multidrug
resistance protein 2, MRP2 (ABCC2)] into bile (Funk, 2008;
Zolk and Fromm, 2011).

The cholesterol-lowering drug ezetimibe (for structure,
see Figure S1), an inhibitor of intestinal cholesterol absorp-
tion via the Niemann-Pick C1 Like 1 (NPC1L1) protein
(Altmann et al., 2004), undergoes extensive entero-hepatic
circulation (Kosoglou et al., 2005; Oswald et al., 2008).
Several, but not all, studies indicate that UGT1A1 is a major
enzyme catalyzing glucuronidation of ezetimibe to its phe-
nolic glucuronide [1-O-[4-trans-2S,3R)-1-(4-fluorophenyl)-4-
oxo-3-[3(S)-hydroxy-3-(4-fluorophenyl)propyl]-2-azetidinyl]-
phenyl-ß-D-glucopyranuronic acid] (Ghosal et al., 2004; Cai
et al., 2010; Oswald et al., 2011). Ezetimibe glucuronide con-
stitutes more than 80% of ezetimibe equivalents in human
plasma. UGT1A1, MRP2 and P-glycoprotein have been asso-
ciated with ezetimibe disposition in humans (Oswald et al.,
2006a). Moreover, disposition of ezetimibe in humans is
influenced by polymorphisms in the SLCO1B1 gene encoding
the hepatic uptake transporter OATP1B1 (Oswald et al.,
2008), localized in the basolateral membrane of human hepa-
tocytes. Serum concentrations of ezetimibe glucuronide were
considerably increased in Mrp2-deficient rats compared with
wild-type animals (Oswald et al., 2006a; 2010), and Mrp2-
deficient mice accumulated significantly more ezetimibe glu-
curonide in the liver and eliminated significantly less
ezetimibe glucuronide into bile compared with Mrp2-
expressing animals (de Waart et al., 2009). The ATP-
dependent transport of 17b-glucuronosyl oestradiol into
isolated MRP2-containing inside-out vesicles was inhibited
by ezetimibe glucuronide (Oswald et al., 2006a; de Waart
et al., 2009). However, to the best of our knowledge, there are
no in vitro data regarding whether ezetimibe glucuronide is a
substrate of human MRP2 or not.

Similar to ezetimibe, the anticancer agent etoposide (for
structure, see Figure S1) is glucuronidated by UGT1A1
(Watanabe et al., 2003), and data from Abcc2-deficient mice
indicate that etoposide and its glucuronide are substrates of
rodent Mrp2 (Lagas et al., 2010). Etoposide is also transported
by human MRP2 and MRP3 (Cui et al., 1999; Zelcer et al.,
2001; Guo et al., 2002; Huisman et al., 2005). There are cur-
rently no data regarding whether etoposide is taken up by
hepatic OATPs (OATP1B1, OATP1B3 and OATP2B1) and
whether or not etoposide glucuronide is a substrate of human
MRP2.

Direct identification of glucuronidated metabolites as
MRP2 substrates can be very challenging for the following
reasons: (i) The drug glucuronide is not generally available.
(ii) Drug glucuronides poorly cross cellular membranes by
passive diffusion. Therefore, the use of polarized monolayers
stably expressing MRP2 in the apical membrane with admin-

istration of the glucuronide to the basal compartment can be
problematic, because the glucuronide will not enter the cells.
(iii) In addition, studies with inside-out oriented vesicles of
cell lines stably expressing MRP2 are time consuming and
challenging. We therefore generated and characterized
Madin-Darby canine kidney (MDCK) cells, which stably
express simultaneously the uptake transporter OATP1B1, the
phase II drug-metabolizing enzyme UGT1A1 and the efflux
transporter MRP2, in order to investigate in polarized mono-
layers of triple-transfected MDCK-OATP1B1-UGT1A1-MRP2
cells and in the control cell lines MDCK-Co, in single-
(OATP1B1) and double-transfected cells (OATP1B1-UGT1A1
and OATP1B1-MRP2), whether or not frequently used drugs
and/or their phase II metabolites are substrates of human
MRP2.

Methods

Cloning of the human UGT1A1 cDNA
The UGT1A1 coding sequence (NM_000463.2) was cloned by
a RT-PCR-based approach using liver total RNA (Multiple RNA
panel from Clontech, Heidelberg, Germany) as template for
the single-strand cDNA synthesis. Synthesis of single-strand
cDNA was performed as described earlier (König et al., 1999).
Full-length UGT1A1 cDNA was amplified using the primer
pair oUGT1A1-5′.for (5′-AAA GGC GCC ATG GCT GTG
GA-3′) and the reverse primer oUGT1A1-RT.rev (5′-CCC ACC
CAC TTC TCA ATG GG-3′) and cloned into the pCR2.1-TOPO
vector (Invitrogen GmbH, Karlsruhe, Germany). Following
sequencing by AGOWA (Berlin, Germany), the verified
UGT1A1 coding sequence was cloned into the expression
vector pcDNA3.1/Zeo(-) (Invitrogen GmbH). Three coding
base pair exchanges were corrected using the QuikChange
multisite-directed mutagenesis kit (Stratagene, Amsterdam,
The Netherlands). On completion of the plasmid, the correct-
ness and the orientation of the cDNA were verified by
sequencing (AGOWA).

Generation of stably transfected cells
Generation and validation of MDCK-Co, MDCK-OATP1B1
and MDCK-OATP1B1-MRP2 cell lines have been described
before (Cui et al., 1999; König et al., 2000; Fehrenbach et al.,
2003). In order to generate the MDCK-OATP1B1-UGT1A1
double-transfected and MDCK-OATP1B1-UGT1A1-MRP2
triple-transfected cell line, MDCK-OATP1B1 and MDCK-
OATP1B1-MRP2 cells were transfected with the plasmid
pcDNA3.1/Zeo(-)-UGT1A1 using the Effectene transfection
reagent kit according to the manufacturer’s instructions
(QIAGEN GmbH, Hilden, Germany), respectively. After addi-
tional selection with zeocin (500 mg·mL-1), single colonies of
both transfectants were screened for UGT1A1 mRNA expres-
sion using RT-PCR and LightCycler-based quantitative
RT-PCR (Roche Diagnostics-Applied Science, Mannheim,
Germany), as described previously (Mandery et al., 2009), to
detect the cell clones with the highest expression. For com-
parative expression analysis, the cell clones of both newly
established transfectants exhibiting the highest expression of
UGT1A1 as well as the control cell lines MDCK-Co, MDCK-
OATP1B1 and MDCK-OATP1B1-MRP2 were then tested for
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their SLCO1B1 mRNA (encoding OATP1B1), UGT1A1 mRNA
(encoding UGT1A1) and ABCC2 mRNA (encoding MRP2)
expression as well. All expression values were normalized to
the housekeeping gene b-actin. Primers used for quantitative
real-time PCR are listed in Table 1. The cell clones with the
highest UGT1A1 mRNA expression and a SLCO1B1 and/or
ABCC2 mRNA expression comparable with the expression of
the control cell lines (MDCK-OATP1B1 and MDCK-OATP1B1-
MRP2) were chosen for further experiments.

Immunoblot analysis
Immunoblot analysis was performed as described previously
(Seithel et al., 2007; Mandery et al., 2009). For detection of
OATP1B1, UGT1A1 and MRP2, 5 mg of total homogenates of
all cell lines 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 (Mandery et al., 2009)] before sepa-
ration on 7.5% (for MRP2) and 10% (for OATP1B1 and
UGT1A1) SDS-polyacrylamide gels. Afterwards, the separated
proteins were transferred onto a nitrocellulose membrane
(PROTRAN, Whatman Schleicher and Schuell, Dassel,
Germany) and incubated with a purified rabbit polyclonal
anti-human OATP1B1 antiserum [pESL; 1:500; (König et al.,
2000)], with a rabbit polyclonal anti-human UGT1A1 anti-
body (ab62600; 1:400; Abcam, Cambridge, UK) and with a
rabbit polyclonal anti-human MRP2 antibody [EAG5; 1:5000;
kindly provided by Professor Dr Dietrich Keppler; DKFZ,
Heidelberg, Germany; (Keppler and Kartenbeck, 1996;
Jedlitschky et al., 1997)]. As secondary antibody, a horsera-
dish peroxidase-conjugated goat anti-rabbit IgG from
Amersham (GE Healthcare UK Ltd., Little Chalfont, Bucking-
hamshire, UK) was used at a 1:10 000 dilution (Seithel et al.,
2007). Protein bands were visualized with the ChemiDoc XRS
imaging system (Biorad, Munich, Germany) using ECL
Western blotting detection reagents (GE Healthcare UK Ltd.).
Subsequently, the membranes were stripped and re-incubated
with a mouse monoclonal anti-human b-actin antibody
(1:10 000; Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany) and detected as described above. As a positive
control, different amounts of total homogenates of the
MDCK-OATP1B1-UGT1A1-MRP2 triple-transfected cell line

were used to calculate a regression curve, and blots were
analysed using the Quantity One Software (Biorad). The
assays for all proteins were linear over the entire concentra-
tion range.

Uptake and vectorial transport assays
Uptake experiments using HEK293 cells were performed as
described previously (Mandery et al., 2009; Kindla et al.,
2011). In brief, HEK293 cells stably expressing the uptake
transporters OATP1B1, OATP2B1 or OATP1B3 and the respec-
tive control cell lines (control cell lines transfected with the
empty expression vectors pcDNA3.1(+) and pcDNA3.1/
Hygro) were seeded at an initial density of 7 ¥ 105 cells per
well in 12-well-plates coated with poly-D-lysine and grown
for 2 days. Twenty-four hours before the uptake experiments,
cells were treated with 10 mM sodium butyrate (Merck KGaA,
Darmstadt, Germany) to increase protein expression (Cui
et al., 1999). After being washed with pre-warmed (37°C)
uptake buffer (142 mM NaCl, 5 mM KCl, 1 mM K2HPO4,
1.2 mM MgSO4, 1.5 mM CaCl2, 5 mM glucose and 12.5 mM
HEPES, pH 7.3), cells were incubated with a mixture of radio-
labelled and unlabelled etoposide at 37°C for 5 min. For the
determination of the Km value, concentrations ranging from
0.1 to 100 mM etoposide were used. Uptake of etoposide was
stopped by washing three times with ice-cold uptake buffer.
Subsequently, cells were lysed with 0.2% SDS, and an aliquot
was used to determine the intracellular accumulation of
radioactivity by liquid scintillation counting (TriCarb 2800;
PerkinElmer, Boston, MA, USA). The respective protein con-
centration of each well was determined by bicinchonic acid
assay (BCA Protein Assay Kit).

Vectorial transport assays with [3H] ezetimibe and [3H]
etoposide were investigated in transfected MDCK cells as
described previously (Cui et al., 2001; Fehrenbach et al., 2003)
and conducted in general as described for uptake experiments
with the following exceptions. MDCK cells were seeded onto
ThinCerts (diameter 14 mm; pore size 0.4 mm; Greiner Bio-
One GmbH, Frickenhausen, Germany) at an initial density of
4 ¥ 105 cells per well and grown for 3 days. Twenty-four hours
before transport experiments, the cells were induced with
10 mM sodium butyrate. Radiolabelled ezetimibe or etopo-
side were dissolved in uptake buffer, and unlabelled ezetimibe

Table 1
Sequences of primers used for quantitative real-time PCR

Forward primer Reverse primer
Fragment
length (bp)

OATP1B1 5′-TGC ACT TGG AGG CAC CTC
AC-3′

5′-CTT CAT CCA TGA CAC TTC
CAT TT-3′

359

UGT1A1 5′-GTT ACA AGG AGA ACA TCA
TG-3′

5′-CCC ACC CAC TTC TCA ATG
GG-3′

310

MRP2 5′-CTT CGG AAA TCC AAG ATC
CTG G-3′

5′-TAG AAT TTT GTG CTG TTC
ACA TTC T-3′

284

ß-actin 5′-TGA CGG GGT CAC CCA CAC
TGT GCC CAT CTA-3′

5′-CTA GAA GCA TTT GCG GTG
GAC GAT GGA GGG-3′

661
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or etoposide were added to a final concentration of 1 and
10 mM respectively. After being washed with pre-warmed
uptake buffer, cells were incubated with 800 mL uptake buffer
in the apical compartment and 800 mL uptake buffer contain-
ing ezetimibe or etoposide in the basolateral compartment
for 30 min (ezetimibe), 60 and 120 min (etoposide) at 37°C.
At the indicated time points, aliquots from the apical com-
partments were taken for the determination of the radioac-
tivity in the apical compartment by liquid scintillation
counting. Subsequently, cells were washed three times with
ice-cold uptake buffer, filters were detached from the cham-
bers and intracellular accumulation of radioactivity was
measured after lysing the cells with 0.2% SDS. Protein
concentrations of the cell lysates were determined by bicin-
chonic acid assay. For experiments with unlabelled ezetimibe,
vectorial transport assays were performed as described above,
and the amounts of ezetimibe and ezetimibe glucuronide
were determined by a LC/MS/MS method using an API
4000 mass spectrometer (Applied Biosystems, Darmstadt,
Germany).

Additionally, as a positive control, intracellular accumu-
lation of the prototypical substrate bromosulphophthalein
(BSP; 0.05 mM; 30 min) was determined in MDCK cells stably
expressing the uptake transporter OATP1B1 in comparison to
the control cell line (Cui et al., 2001). Transcellular leakage
was investigated by incubating the cells with 50 mM [3H]
inulin in the basolateral compartments for 60 and 120 min
and determination of the radioactivity appearing in the
apical compartment.

Quantification of ezetimibe and its
glucuronide by LC/MS/MS
Unchanged ezetimibe and ezetimibe glucuronide were quan-
tified in SDS-cell lysate and uptake buffer with slight modifi-
cations according to a method published by Oswald et al.
(2006b). In brief, 150 mL SDS-cell lysate or buffer was diluted
in deionized water, and 4-hydroxychalcon in acetonitrile was
added as internal standard. The samples were extracted by
means of methyl tert-butyl ether. After centrifugation, a frac-
tion of the organic layer was separated and evaporated. The
residue was dissolved in mobile phase and directly used for
chromatography. For the determination of total ezetimibe
(unchanged ezetimibe plus ezetimibe glucuronide),
b-glucuronidase, which was diluted in water, was added to
the samples. The samples were incubated at 50°C for 60 min
and cooled down to room temperature. Then the internal
standard was added, and the sample was extracted as
described above. LC/MS/MS analysis was performed applying
electrospray ionization (ESI) in the negative ion mode
because we expected less matrix effects in lysate and buffer
than in other biological fluids.

An API 4000 mass spectrometer (Applied Biosystems)
equipped with an Agilent 1100 HPLC System (Agilent Tech-
nologies, Waldbronn, Germany) was used. Data were
acquired with Analyst 1.4.2 software (Applied Biosystems).
Chromatography was carried out isocratically using a mixture
of acetonitrile/water (60/40, v/v) with 0.2% acetic acid as
mobile phase at a flow rate of 0.4 mL·min-1. A Nucleosil 100-5
C18 AB column (125 mm ¥ 2 mm, particle size 5 mm,
Macherey Nagel, Düren, Germany) with a guard column

(8 mm ¥ 3 mm, particle size 5 mm, Macherey Nagel) was used
for chromatographic separation. The mass spectrometer was
operating in the multiple reaction monitoring (MRM) mode.
Nitrogen was used as collision (128.9 kPa), curtain
(239.3 kPa), ion source one (308.2 kPa) and two (377.1 kPa)
gas. Temperature of the heaters was 500°C, and the ion spray
voltage was -4500 V. The mass transitions and collision ener-
gies were m/z 408.2 to 271.0 (-22 eV) for ezetimibe and m/z
223.0 to 117.0 (-22 eV) for 4-hydroxychalcon. The validated
calibration range was between 1 and 1000 ng·mL-1. The lower
limit of quantification was 1 ng·mL-1. Intra-day coefficients of
variation ranged from 1.47% to 5.93% for ezetimibe and from
4.06% to 8.50% for incubated ezetimibe. The intra-day accu-
racies ranged from -8.46 to -0.88 for ezetimibe and from 0.46
to 2.48 for incubated ezetimibe. Inter-assay variability
and matrix (lysate, buffer, b-glucuronidase/lysate and
b-glucuronidase/buffer) effects were investigated by compari-
son of four calibration curves (1–100 ng·mL-1) prepared each
on a different day. The coefficients of variation varied
between 2.29% and 10.54%, and accuracies varied between
-3.69 and 1.98.

Data and statistical analysis
Intracellular and apical accumulation of ezetimibe glucu-
ronide, using unlabelled ezetimibe as substrate, was deter-
mined by subtracting the amount of free ezetimibe from the
amount of total ezetimibe (free ezetimibe and ezetimibe glu-
curonide) that could be measured in the same sample by
LC/MS/MS after treatment with b-glucuronidase. Each con-
centration and time point was investigated at least on two
separate days with at least three wells per day (i.e. n = 6 or
higher). Real-time PCR and immunoblot analysis determin-
ing mRNA and protein expression were repeated three times.
All data are presented as mean � SD. Multiple comparisons
were analysed by ANOVA with subsequent Tukey–Kramer mul-
tiple comparison test by using Prism 3.01 (GraphPad Soft-
ware, San Diego, CA). Pairwise comparisons were calculated
by unpaired t-tests. A value of P < 0.05 was required for
statistical significance.

Materials
[3H] Ezetimibe (45 Ci·mmol-1) and [3H] etoposide
(20 Ci·mmol-1) were obtained from American Radiolabeled
Chemicals (St. Louis, MO). [3H] Inulin (2.25 Ci·mmol-1) was
from PerkinElmer, and [3H]-BSP (14 Ci·mmol-1) was from
Hartmann Analytic (Braunschweig, Germany). Unlabelled
ezetimibe and etoposide were purchased from Biotrend
GmbH (Wangen, Switzerland). Unlabelled BSP and inulin,
poly-D-lysine hydrobromide, b-glucuronidase (�100 000
Fishman units·mL-1) and 4-hydroxychalcon were obtained
from Sigma-Aldrich Chemie GmbH. Water-Baker analysed
LC/MS-reagent was from Mallinckrodt Baker B.V. (Deventer,
The Netherlands). Sodium butyrate, tert-butyl methyl ether
for HPLC and acetonitrile hypergrade for LC/MS were pur-
chased from Merck KGaA. The selection antibiotics zeocin,
G418 (geniticin) disulphate and hygromycin were from
Invitrogen GmbH. 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.
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Results

Expression analysis of OATP1B1, UGT1A1
and MRP2 in single-, double- and
triple-transfected cell lines
mRNA and protein expression of OATP1B1, UGT1A1 and
MRP2 in MDCK control cells, single- (OATP1B1), double-
(OATP1B1-UGT1A1, OATP1B1-MRP2) and triple-transfected
cells (OATP1B1-UGT1A1-MRP2) are shown in Figures 1 and 2.
All cell lines expressed only the expected mRNAs and pro-
teins, whereas no significant amounts were detectable in the
MDCK control cells.

Intracellular accumulation and vectorial
transport of ezetimibe equivalents to the
apical compartment of monolayers of
MDCK-control, single-, double- and
triple-transfected cells
For all MDCK cells, transcellular leakage was determined by
administration of [3H] inulin to the basolateral compart-
ments, and the amount found in the apical compartments
did not exceed 1.5% (after 60 min) and 2.5% (after 120 min)
of the added radioactivity (data not shown), which is in the
range of previously published data (Cui et al., 2001; Kopplow
et al., 2005). [3H]Ezetimibe was administered to the basal side
of the cell monolayers of MDCK-control (Co), single-
(OATP1B1), double- (OATP1B1-UGT1A1, OATP1B1-MRP2)
and triple-transfected cells (OATP1B1-UGT1A1-MRP2). Intra-
cellular accumulation of ezetimibe equivalents (i.e. parent
compound and metabolites) and translocation of ezetimibe

equivalents into the apical compartment are shown in
Figure 3. Intracellular accumulation of ezetimibe equivalents
was not significantly different between control cells and
MDCK-OATP1B1 cells (Figure 3A), whereas the prototypical
OATP1B1 substrate BSP accumulated significantly in MDCK-
OATP1B1 cells compared with the control cells (0.05 mM BSP;
MDCK-Co vs. MDCK-OATP1B1 cells at 30 min: 0.43 � 0.02
vs. 0.75 � 0.10 pmol·mg-1 protein·min-1, P < 0.01). Intracel-
lular accumulation of ezetimibe equivalents was significantly
(P < 0.001) lower in the MDCK-OATP1B1-UGT1A1-MRP2
triple-transfected cells compared with all other cell lines
(Figure 3A). Accordingly, considerably higher amounts of
ezetimibe equivalents were found in the apical compartment
of monolayers of MDCK-OATP1B1-UGT1A1-MRP2 triple-
transfected cells compared with all other cell lines (P < 0.001,
Figure 3B). Significantly higher amounts of ezetimibe equiva-
lents were also detectable in the apical compartment of
monolayers of MDCK-OATP1B1-UGT1A1 double-transfected
cells compared with MDCK-control, MDCK-OATP1B1 and
MDCK-OATP1B1-MRP2 cells (P < 0.001, Figure 3B), most
likely (see also below) due to transport of ezetimibe glucu-
ronide formed in the MDCK-OATP1B1-UGT1A1 cells by
endogenous canine MRP2 (Ng et al., 2003). After normaliza-
tion of the amount of ezetimibe equivalents transported into
the apical compartment to the respective UGT1A1 content,
there was no statistical significant difference between the
MDCK-OATP1B1-UGT1A1 cells and the MDCK-OATP1B1-
UGT1A1-MRP2 cells.

In addition to the results shown here with 30 min incu-
bations, uptake and vectorial transport studies were also con-
ducted with incubation times of 60 min. The amounts of

Figure 1
RT-PCR analysis of SLCO1B1 (encoding OATP1B1), UGT1A1 (encoding UGT1A1) and ABCC2 (encoding MRP2) mRNA expression in MDCK control
cells (Co), single- (OATP1B1), double- (OATP1B1-UGT1A1, OATP1B1-MRP2) and triple-transfected cells (OATP1B1-UGT1A1-MRP2) used in this
study. Real-time PCR analysis determining mRNA expression was repeated three times. All data are presented as mean � SD. Statistical analyses
were performed between the transfected cell lines among themselves. No expression of human SLCO1B1, UGT1A1 or ABCC2 mRNA could be
detected in control cells (Co). Multiple comparisons were analysed by ANOVA with subsequent Tukey–Kramer multiple comparison test. Pairwise
comparisons were calculated by unpaired t-tests. **P < 0.01 versus MDCK-OATP1B1-UGT1A1 cells.
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intracellular ezetimibe equivalents were very similar between
the 30 and 60 min incubations, whereas the apical amount of
ezetimibe equivalents approximately doubled for all cell lines
(data not shown).

Intracellular accumulation and vectorial
transport of ezetimibe and ezetimibe
glucuronide to the apical compartment of
monolayers of MDCK-control, single-, double-
and triple-transfected cells
To differentiate between ezetimibe and ezetimibe glucu-
ronide, unlabelled ezetimibe was administered to the basal
side of the cell monolayers of MDCK-control (Co), single-

(OATP1B1), double- (OATP1B1-UGT1A1, OATP1B1-MRP2)
and triple-transfected cells (OATP1B1-UGT1A1-MRP2). Intra-
cellular accumulation of ezetimibe and translocation of
ezetimibe and ezetimibe glucuronide into the apical compart-
ment were determined by LC/MS/MS (Figure 4). The amount
of intracellular ezetimibe in the different cells was in agree-
ment with the values found after administration of radiola-
belled ezetimibe (Figures 3A and 4A), indicating that
intracellular radioactivity is predominantly due to the pres-
ence of unchanged, parent compound. Intracellular accumu-
lation of ezetimibe was significantly (P < 0.001) lower in the
MDCK-OATP1B1-UGT1A1-MRP2 triple-transfected cells com-
pared to all other cell lines (Figure 4A), in line with the
findings shown in Figure 3A. Only modest amounts of
unchanged ezetimibe reached the apical compartment
(Figure 4B) with significantly lower values in the MDCK-
OATP1B1-UGT1A1-MRP2 triple-transfected cells compared
with all other cell lines (P < 0.001, Figure 4B). In line with the
previous findings, considerably higher amounts of ezetimibe
glucuronide were found in the apical compartment of mono-
layers of MDCK-OATP1B1-UGT1A1-MRP2 triple-transfected
cells compared with all other cell lines (P < 0.001, Figure 4C).
After normalization of the amount of ezetimibe glucuronide
transported into the apical compartment to the differences in
UGT1A1 content, there was a significant difference in the
apical accumulation of ezetimibe glucuronide in monolayers
of MDCK-OATP1B1-UGT1A1 cells compared with MDCK-
OATP1B1-UGT1A1-MRP2 cells (232 � 16 vs. 489 � 28 pmol
a.u.-1, P < 0.001).

Identification of etoposide as substrate
of OATP1B1
Uptake of [3H] etoposide was investigated into HEK-
OATP1B1, HEK-OATP1B3 and HEK-OATP2B1 and respective
control cells. A significant uptake compared to the control
cells was observed for OATP1B1 and OATP2B1 at both con-
centrations tested (uptake ratio OATP1B1/control 1 mM: 1.9-
fold, P < 0.0001, 10 mM: 1.6-fold, P = 0.0001; uptake ratio
OATP2B1/control 1 mM: 1.5-fold, P < 0.01, 10 mM: 1.7-fold,
P < 0.0001; Figure 5A). HEK-OATP1B3 cells showed a modest
uptake at 1 mM compared with control cells (uptake ratio
OATP1B3/control 1 mM: 1.3-fold, P < 0.05; Figure 5A). The
concentration-dependent uptake kinetics of etoposide into
HEK-OATP1B1 and control cells as well as the respective net
transport is shown in Figure 5B. The Km value for OATP1B1-
mediated etoposide transport was 42.2 � 11.6 mM
(Figure 5B).

Intracellular accumulation and vectorial
transport of etoposide equivalents to the
apical compartment of monolayers of
MDCK-control, single-, double- and
triple-transfected cells
[3H] Etoposide was administered to the basal side of mono-
layers of MDCK-control, single- (OATP1B1), double-
(OATP1B1-UGT1A1, OATP1B1-MRP2) and triple-transfected
cells (OATP1B1-UGT1A1-MRP2). Intracellular accumulation
of etoposide equivalents in the cells and translocation of
etoposide equivalents into the apical compartment are
shown in Figure 6. Although etoposide was clearly a substrate

Figure 2
Immunoblot analyses of OATP1B1 (A), UGT1A1 (B) and MRP2 (C)
expression in MDCK control cells (Co), single- (OATP1B1), double-
(OATP1B1-UGT1A1, OATP1B1-MRP2) and triple-transfected cells
(OATP1B1-UGT1A1-MRP2) used in this study. 5 mg protein of each
cell line was loaded. As positive controls, calibration samples (1, 2.5,
5, 7.5, 10 and 12.5 mg protein) of the triple-transfected cell line
(OATP1B1-UGT1A1-MRP2) were also loaded.
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of OATP1B1 (see above), the intracellular amount of etopo-
side equivalents was not significantly different between cells
of MDCK-OATP1B1- and MDCK-control monolayers, which
could be due to efflux of etoposide via canine export pumps
(Ng et al., 2003). The amount of etoposide equivalents accu-
mulating over 60 and 120 min in the apical compartment
was also not significantly different between MDCK-OATP1B1
and MDCK-control cells. Overall, intracellular concentrations
of etoposide equivalents were affected only to a minor extent
by the absence or presence of OATP1B1/UGT1A1/MRP2
(Figure 6A and B). In contrast, apical accumulation of etopo-
side equivalents was significantly higher in monolayers of
both cell lines expressing MRP2 (MDCK-OATP1B1-MRP2,
MDCK-OATP1B1-UGT1A1-MRP2) compared with the MDCK-
control and the MDCK-OATP1B1 cell lines (P < 0.01,
Figure 6D), indicating that etoposide and possibly also its
glucuronide are substrates of MRP2.

Discussion and conclusions

Polarized cell lines stably transfected with uptake and efflux
transporters are very useful tools in the understanding of
hepatobiliary transport (see Cui et al., 2001; Kopplow et al.,
2005; Nies et al., 2008; Sato et al., 2008; König et al., 2010).
Using a new cellular model expressing in addition to uptake
and efflux transporters an additional component of hepatic
drug disposition, the phase II enzyme UGT1A1, we were able
to show that the pharmacologically active metabolite of the
lipid-lowering drug ezetimibe, ezetimibe glucuronide, is effi-

ciently transported by human MRP2, whereas ezetimibe, if at
all, is a rather poor substrate of MRP2. Clinical studies in
healthy volunteers showed that OATP1B1, UGT1A1 and
MRP2 are determinants of ezetimibe disposition (Oswald
et al., 2006a; 2008). Previously, our own in vitro experiments
indicated that ezetimibe and ezetimibe glucuronide are
inhibitors of OATP1B1-, OATP1B3- and OATP2B1-mediated
BSP transport (Oswald et al., 2008). Only ezetimibe glucu-
ronide, but not ezetimibe, was transported by OATP1B1
(Oswald et al., 2008). This is in line with results from the
present study, which revealed no significant differences
between intracellular amounts of ezetimibe in monolayers of
MDCK control cells and those in MDCK-OATP1B1 single-
transfected cells.

Intracellular accumulation of ezetimibe was significantly
lower in the MDCK-OATP1B1-UGT1A1-MRP2 triple-
transfected cells compared with all other cell lines, which is
due to glucuronidation of ezetimibe by UGT1A1 and subse-
quent export into the apical compartment by MRP2. Only
modest amounts of unchanged ezetimibe reached the apical
compartment in all cell lines with significantly lower values
in the MDCK-OATP1B1-UGT1A1-MRP2 triple-transfected
cells compared with all other cells, which is due to extensive
phase II metabolism of ezetimibe and subsequent export by
MRP2. Interestingly, after taking into account differences in
UGT1A1 content, considerably higher amounts of ezetimibe
glucuronide were found in the apical compartment of mono-
layers of MDCK-OATP1B1-UGT1A1-MRP2 triple-transfected
cells compared with all other cell lines, indicating that the
coordinate function of UGT1A1 and MRP2 is crucial for

Figure 3
[3H] Ezetimibe (1 mM) was administered to the basal side of monolayers of MDCK-control (Co), single- (OATP1B1), double- (OATP1B1-UGT1A1,
OATP1B1-MRP2) and triple-transfected cells (OATP1B1-UGT1A1-MRP2). Intracellular accumulation of ezetimibe equivalents (i.e. parent com-
pound and metabolites) in the cells (A) and translocation of ezetimibe equivalents into the apical compartment after 30 min (B) are shown. Data
are shown as mean value � SD. ***P < 0.001 versus MDCK-Co; ###P < 0.001 versus MDCK-OATP1B1, §§§P < 0.001 versus MDCK-OATP1B1-UGT1A1,
+++P < 0.001 versus MDCK-OATP1B1-MRP2 cells.
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apical accumulation of ezetimibe glucuronide. After oral
administration of [14C] ezetimibe to healthy volunteers, 78%
of radioactivity was recovered in faeces (Patrick et al., 2002).
Surprisingly, unconjugated ezetimibe was the major com-
pound in faeces, although ezetimibe is extensively conju-
gated in humans, suggesting low absorption and/or
hydrolysis of ezetimibe glucuronide secreted into bile (Patrick
et al., 2002; Kosoglou et al., 2005).

Our findings on phase II metabolism of ezetimibe and
export of its glucuronide by human MRP2 are in line with

previous studies: Ghosal et al. (2004) showed that UGT1A1
together with UGT1A3 and UGT2B15 are the enzymes catal-
ysing formation of the phenolic glucuronide conjugate of
ezetimibe. It should be noted that Cai et al. (2010) reported
recently that ezetimibe conjugation is catalysed by UGT2B
proteins and possibly not to a major extent by UGT1A1. In
contrast, Oswald et al. (2011) found in vitro glucuronidation
of ezetimibe by UGT1A1 and UGT1A3, but not by UGT2B7
and UGT2B15. Our findings are in line with the data
published by Ghosal et al. (2004) and Oswald et al. (2011),

Figure 4
Unlabelled ezetimibe (1 mM) was administered to the basal side of monolayers of MDCK-control (Co), single- (OATP1B1), double- (OATP1B1-
UGT1A1, OATP1B1-MRP2) and triple-transfected cells (OATP1B1-UGT1A1-MRP2). Intracellular accumulation of ezetimibe in the cells (A) and
translocation of ezetimibe (B) and ezetimibe glucuronide (C) into the apical compartment after 30 min are shown. Data are shown as mean
value � SD. **P < 0.01, ***P < 0.001 versus MDCK-Co; ###P < 0.001 versus MDCK-OATP1B1, §§§P < 0.001 versus MDCK-OATP1B1-UGT1A1,
+++P < 0.001 versus MDCK-OATP1B1-MRP2 cells.
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indicating that UGT1A1 is involved in ezetimibe glucu-
ronidation. Two studies have shown that the ATP-dependent
transport of 17b-glucuronosyl oestradiol into isolated MRP2-
containing inside-out vesicles was inhibited by ezetimibe glu-
curonide (Oswald et al., 2006a; de Waart et al., 2009).
However, whether ezetimibe glucuronide is also a substrate of
human MRP2 was not investigated. Additional data on the
impact of MRP2/Mrp2 on the disposition of ezetimibe glucu-
ronide are available from studies in rodents with lacking
Mrp2 expression. First, serum concentrations of ezetimibe
glucuronide were considerably increased in Mrp2-deficient

rats compared with wild-type animals (Oswald et al., 2008;
2010). Second, Mrp2-deficient mice accumulated signifi-
cantly more ezetimibe glucuronide in the liver and elimi-
nated less ezetimibe glucuronide into bile compared to Mrp2-
expressing animals (de Waart et al., 2009). It should be noted
that the data from de Waart et al. (2009) indicate that other
rodent efflux transporters (Bcrp, Mrp3) also have an impact
on intestinal, portal venous or biliary concentrations of
ezetimibe glucuronide. Further studies are needed to clarify
whether human BCRP or MRP3 are capable of transporting
ezetimibe glucuronide.

Figure 5
(A) Uptake of [3H] etoposide (1 and 10 mM; 5 min) into HEK-OATP1B1 (OATP1B1), HEK-OATP1B3 (OATP1B3) and HEK-OATP2B1 (OATP2B1) and
respective control cells (Co). (B) Concentration-dependent uptake of [3H] etoposide (5 min) into HEK-OATP1B1 (OATP1B1) and respective control
cells (Co). Net uptake was calculated by subtracting the uptake values from the control cells from the respective uptake values in the HEK-OATP1B1
cells. *P < 0.05, **P < 0.01, ***P < 0.001 versus control cells (unpaired t-test). Tr, stably transfected cell line.
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In addition to ezetimibe, we used our triple-transfected
MDCK-OATP1B1-UGT1A1-MRP2 cell line to investigate the
impact of these three proteins on polarized transport of
another clinically important drug, etoposide, which also
interacts with OATP1B1 (results of this study) and UGT1A1
(Watanabe et al., 2003; Wen et al., 2007). Glucuronide conju-
gates of etoposide have been detected in urine and bile (for
review, see Clark and Slevin, 1987). Using HEK cells express-
ing the three hepatic OATPs, we showed for the first time that
etoposide is a substrate of OATP1B1 and OATP2B1, and if at
all, only a poor substrate of OATP1B3, with a Km value for
OATP1B1-mediated etoposide transport of 42.2 mM. The

clinical relevance of this finding, which also relates to the role
of SLCO1B1 polymorphisms affecting drug disposition, ben-
eficial effects and side effects (Fahrmayr et al., 2010; König,
2011), remains to be studied. Since etoposide can also be
administered orally, particularly high concentrations can be
expected in portal venous blood and at the transporter
located in the basolateral membrane of hepatocytes after oral
administration of the drug. In contrast to the result with the
HEK-OATP1B1 cells, intracellular accumulation of etoposide
was not significantly different from control cells when
MDCK-OATP1B1 cell monolayers were used. We speculate
that OATP1B1-mediated etoposide uptake is reversed by back

Figure 6
[3H] Etoposide (10 mM) was administered to the basal side of monolayers of MDCK-control (Co), single- (OATP1B1), double- (OATP1B1-UGT1A1,
OATP1B1-MRP2) and triple-transfected cells (OATP1B1-UGT1A1-MRP2). Intracellular accumulation of etoposide equivalents (i.e. parent com-
pound and metabolites) in the cells (A, B) and translocation of etoposide equivalents into the apical compartment after 60 min and 120 min (C,
D) are shown. Data are shown as mean value � SD.*P < 0.05, **P < 0.01, ***P < 0.001 versus MDCK-Co; #P < 0.05, ##P < 0.01, ###P < 0.001 versus
MDCK-OATP1B1 cells.
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extrusion into the basal compartment due to endogenous
export transporters [e.g. MRP3 (Zelcer et al., 2001)] located in
the basolateral membrane of the MDCK cells. The data from
the apical accumulation of etoposide equivalents indicate
that etoposide and possibly also its glucuronide are substrates
of MRP2. Accumulation of etoposide equivalents in the apical
compartment after 120 min was 115% higher in MDCK-
OATP1B1-UGT1A1-MRP2 cells, compared with control cells.
Interestingly, the presence of the uptake and the efflux trans-
porters without UGT1A1 (MDCK-OATP1B1-MRP2) led to a
similar accumulation of etoposide equivalents in the apical
compartment (+137%) as in the monolayers of the triple-
transfected cells. One reason could be that etoposide and
etoposide glucuronide show a competitive interaction for
MRP2-mediated export, which would result in similar trans-
port rates as observed in the MDCK-OATP1B1-MRP2 cells.
Further studies are needed to analyse the relative amounts of
etoposide and its glucuronide in the apical compartment.
Our findings are in line with previous studies indicating that
etoposide is a substrate of human MRP2 (Cui et al., 1999; Guo
et al., 2002; Huisman et al., 2005). Results from the recent
study by Lagas et al. (2010) indicate that etoposide and its
glucuronide are substrates of mouse Mrp2 with additional
contributions of mouse P-glycoprotein and Mrp3 to the dis-
position of etoposide and its glucuronide in vivo.

Taken together, polarized cell lines simultaneously
expressing human hepatic uptake transporters, drug-
metabolizing enzymes and efflux transporters can contribute
together with data from primary hepatocytes, animal models
and clinical studies to an improved understanding of the
hepatic disposition of frequently used drugs.
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