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Background and purpose: P-glycoprotein (Pgp) efflux assays are widely used to identify Pgp substrates. The kidney cell lines
Madin-Darby canine kidney (MDCK)-II and LLC-PK1, transfected with human MDR1 (ABCB1) are used to provide recombinant
models of drug transport. Endogenous transporters in these cells may contribute to the activities of recombinant transporters,
so that drug transport in MDR1-transfected cells is often corrected for the transport obtained in parental (wildtype) cells.
However, expression of endogenous transporters may vary between transfected and wildtype cells, so that this correction may
cause erroneous data. Here, we have measured the expression of endogenous efflux transporters in transfected and wildtype
MDCK-II or LLC cells and the consequences for Pgp-mediated drug transport.
Experimental approach: Using quantitative real-time RT-PCR, we determined the expression of endogenous Mdr1 mRNA and
other efflux transporters in wildtype and MDR1-transfected MDCK-II and LLC cells. Transcellular transport was measured with
the test substrate vinblastine.
Key results: In MDR1-transfected MDCK cells, expression of endogenous (canine) Mdr1 and Mrp2 (Abcc2) mRNA was markedly
lower than in wildtype cells, whereas MDR1-transfected LLC cells exhibited comparable Mdr1 but strikingly higher Mrp2 mRNA
levels than wildtype cells. As a consequence, transport of vinblastine by human Pgp in efflux experiments was markedly
underestimated when transport in MDR1-transfected MDCK cells was corrected for transport obtained in wildtype cells. This
problem did not occur in LLC cells.
Conclusions and implications: Differences in the expression of endogenous efflux transporters between transfected and
wildtype MDCK cells provide a potential bias for in vitro studies on Pgp-mediated drug transport.
British Journal of Pharmacology (2010) 160, 1453–1463; doi:10.1111/j.1476-5381.2010.00801.x
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Introduction

The efflux transporter P-glycoprotein (Pgp), the product of
the multidrug resistance 1 (MDR1; ABCB1) gene, affects the

absorption, distribution and excretion of a variety of drugs
(Schinkel and Jonker, 2003; Thuerauf and Fromm, 2006).
Thus, Pgp substrate assays have become important tools, used
during drug discovery to aid drug candidate selection and
optimization (Polli et al., 2001; Yamazaki et al., 2001; Feng
et al., 2008). Furthermore, the recent U.S. Food and Drug
Administration (FDA) concept paper on drug interactions rec-
ommends that new drug candidates be evaluated as sub-
strates, inhibitors and inducers of Pgp to assess the potential
for clinical drug-drug interactions (FDA, U.S. Department of
Health and Human Services, 2006). There are several in vitro
methods that can evaluate whether a drug candidate is a
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substrate or inhibitor of Pgp. The most commonly used and
definitive methods are transcellular transport assays, in
which drug transport is determined between an apical and
basolateral compartment separated by a polarized cell
monolayer that expresses human Pgp (Yamazaki et al., 2001;
Schwab et al., 2003; Löscher and Potschka, 2005; Rautio
et al., 2006; Feng et al., 2008; Jin and Di, 2008). Typically,
epithelial kidney cell lines such as the canine kidney-derived
Madin-Darby canine kidney (MDCK)-II or the porcine-
kidney derived LLC-PK1 cells, either untransfected (parental)
or transfected with human MDR1, are used in such assays.
Because these cells also express endogenous drug transport-
ers, transcellular transport determined in MDR1-transfected
cells is often corrected by transport obtained in parental
(wildtype) cells (see Schwab et al., 2003; Food and Drug
Administration (FDA), U.S. Department of Health and
Human Services, 2006; Feng et al., 2008). The basis for this
analysis is the assumption that expression of endogenous
transporters is the same in wildtype and transfected cells.
However, to our knowledge, it is not known whether this
assumption is correct. In other words, if the expression of
endogenous transporters varies between parental and trans-
fected cells, this phenomenon could cause a significant bias
in identifying Pgp substrates.

MDCK and LLC cells express various endogenous transport-
ers, including Pgp and members of the multidrug resistance
protein (MRP; ABCC) family of efflux transporters (Horio
et al., 1989; Evers et al., 1996; Evers et al., 1998; Flanagan
et al., 2002; Goh et al., 2002; Tang et al., 2002a,b; Baltes et al.,
2007a; nomenclature follows Alexander et al., 2009). Flana-
gan et al. (2002) previously reported that the expression of
endogenous (pig) Pgp seemed to increase with MRP1 (ABCC1)
transfection in LLC cells, whereas no Pgp up-regulation was
observed in the results from the original publication (Evers
et al., 1996) using the same primary antibody (C219). The
main goal of the present study was to determine whether the
expression of endogenous Mdr1 differs between MDR1-
transfected MDCK-II and LLC and the corresponding wild-
type cells. In addition, based on the report of Flanagan et al.
(2002), we also determined whether endogenous Pgp expres-
sion varies between MDCK cells transfected with different
human MRPs. Transcellular transport assays with the test sub-
strate vinblastine were used to investigate the potential con-
sequences of this variation in the expression of endogenous
transporters.

Methods

Cell lines and cell cultures
Madin-Darby canine kidney type II cells transfected with
human MDR1 (ABCB1), MRP1 (ABCC1), MRP2 (ABCC2) or
MRP5 (ABCC5) and respective MDCK-II wildtype cells were
kindly provided by Prof Piet Borst (the Netherlands Cancer
Institute, Amsterdam, Netherlands). In addition, we used
LLC-PK1 cells transfected with human MDR1 and respective
wildtype LLC cells, which were also kindly provided by Prof
Borst. The cells were cultured as previously described (Baltes
et al., 2007a,b). Cells were used within 10 passages or less after
thawing from liquid nitrogen, and at a maximum of 13 pas-

sages after receipt. Because transfected LLC cells may lose the
transporter cDNA in the absence of a selection agent such as
vincristine, they were regularly tested for vincristine resis-
tance (640 nmol) before experimentation (for details see
Baltes et al., 2007a).

Western blotting
Cells were suspended in 10 volumes of protein lysis buffer
(25 mM Tris, 50 mM NaCl, 0.5% Na-deoxycholate, 0.5%
Triton X-100, 1x Complete® Protease Inhibitor Cocktail, pH
= 8.0) on ice. Total cell proteins (25–50 mg) were separated
on 7.5% polyacrylamide gel and transferred onto PVDF
membrane. Pgp was probed using the C219 (Signet Labora-
tories, Dedham, MA, USA; dilution 1:200)/anti-mouse IgG-
HRP (Dako Cytomatics, Glostrup, Denmark; dilution 1:1000)
antibodies. Mrp2 was probed with the M2III-6 (Alexis Bio-
chemicals; Axxora Deutschland GmbH, Lörrach, Germany;
dilution 1:250)/anti-mouse IgG-HRP (1:1000) antibodies.
Actin (loading control) was probed with anti-actin (Sigma–
Aldrich, Steinheim, Germany; dilution 1:5000)/anti-rabbit
IgG-HRP (Dako Cytomatics, Glostrup, Denmark; dilution
1:10000). Bands were visualized by ECL Super-signal Pico
assay (Pierce Biotechnology, Rockford, IL, USA) and X-ray
film (Pierce Biotechnology). As an alternative loading
control, we used membrane staining with Ponceau S. Blots
were then analysed by densitometry using ScionImage 4.0
software (Scion Corp., Frederick, MD, USA). It is important
to note that the C219 antibody does not distinguish canine,
porcine or human Pgp, so that only total Pgp expression
could be determined in MDR1-transfected MDCK or LLC
cells. However, expression of canine, porcine and human
Mdr1/MDR1 mRNA could be differentiated by quantitative
real-time RT-PCR.

Quantitative real-time RT-PCR (qRT-PCR)
Total RNA was extracted from the cells using the NucleoSpin
RNA II kit (Macherey-Nagel, Düren, Germany) according to
the manufacturer’s instructions. The concentrations and
purity of RNA were estimated spectrophotometrically at 260
and 280 nm, and the integrity of the RNA was checked by
electrophoresis on 1% agarose gels. RNA was reverse-
transcribed with oligo(dT)20 and random hexamer primers in
a final volume of 10 mL using SuperScript III First-Strand
cDNA synthesis kit (Invitrogen, Carlsbad, CA, USA) according
to the manufacturer’s instructions. Gene expression of MDR1
(human), Mdr1 (dog), Mdr1 (pig) and dog Mrp1, Mrp2 and
Mrp5 was evaluated by qPCR. Amplification was detected by
SYBR® Green fluorescence on a Mx3005P instrument (Strat-
agene, La Jolla, CA, USA). cDNA of each sample was diluted
1:24 in RNase-free water. Thermocycling was carried out in a
final volume of 20 mL containing 10 mL Precision™-MX-SY
MasterMix 2x (PrimerDesign Ltd, Southampton, UK), 1 mL of
each forward and reverse primer (final concentration 0.5 mM)
and 8 mL diluted cDNA. The thermal cycling conditions were
10 min at 95°C to activate DNA polymerase, followed by 45
amplification cycles at 94°C for 10 s, 58°C for 10 s and 72°C
for 30 s, with the last cycle finished by 3 min elongation at
72°C and dissociation curve analysis to ensure the specificity
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of the PCR product. As negative controls, we used ‘no template’
(NTC) and ‘no reverse transcriptase’ (–RT) probes, which pro-
duced negligible signals (usually >40 in Ct value), suggesting
that primer–dimer formation and genomic DNA contamina-
tion effects were negligible. Dissociation curve analysis
revealed that no side products have been formed. The GAPDH
gene was used as an endogenous reference for normalizing
target gene mRNAs. All primers were designed using PRIMER3
software (web-based version http://fokker.wi.mit.edu, White-
head Institute for Biomedical Research, Cambridge, MA, USA)
and checked for specificity using GenBank databases by
BLAST tool (http://blast.ncbi.nlm.nih.gov, National Center
for Biotechnology Information, Bethesda, MD, USA). In order
to ensure that all qPCR products are generated from cDNA but
not from genomic DNA, all primers were analysed by
UCSC IN-SILICO PCR software (web-based version http://
genome.ucsc.edu/cgi-bin/hgPcr, University of California,
Santa Cruz, CA, USA), and products of PCR reaction were
checked on 2% agarose gel. Primer sequences are shown in
Table 1.

Transport experiments
Cells were seeded on transparent polyester membrane filters
(Transwell-Clear®, 24 mm diameter, 0.4 mm pore size, Corning
Costar Corporation, Cambridge, MA, USA) at a density of 0.3
¥ 106 cells·cm-2 (LLC) or 0.4 ¥ 106 cells·cm-2 (MDCK-II), cul-
tured for 1–2 days to confluence and used for transport assays
between days 5 and 7 after confluence (for details see Baltes
et al., 2007a,b). Transport studies were performed with the
filter inserts in Transwell® multiwell culture plates that allow
studying drug transport between an apical and basolateral
compartment. For the present experiments, 6-well plates were
used. Before starting the transport experiments, the medium
was replaced with Opti-MEM® (Gibco™/Invitrogen Corpora-
tion, Eggenstein, Germany) and the transwells were pre-
incubated for 1 h (with or without transport inhibitor
respectively; see below). This reduced serum medium was
used without any additives according to the protocol of the
laboratory that provided the cell lines (Prof P. Borst) in order
to minimize protein binding of the drugs. At the beginning of
the experiment (t = 0), the pre-incubation medium was

replaced by fresh Opti-MEM® containing the drug in both
chambers (see below). The volumes in the upper and lower
compartment were 2000 mL and 2700 mL respectively. For
drug analysis, samples were taken at 60, 120, 240 and
360 min. The transport assays including pre-incubation were
performed at 37°C in a humidified incubator (5% CO2) with
shaking the transwells gently at 50 rpm. Monolayers were
checked for integrity by measuring transepithelial electrical
resistance (TEER) of the polarized cells before and after each
transport experiment and by using [14C]-mannitol (in separate
wells) as described recently (Luna-Tortós et al., 2008). The
TEER measurements after each experiment indicated that
none of the treatments (vinblastine, MK571, tariquidar)
exerted cytotoxic effects at the concentrations used in the
experiments.

Bi-directional permeability studies were initiated by adding
the drug to either the apical (for apical to basolateral transport,
a-B) or the basolateral (for basolateral to apical, b-A) side of the
monolayer. For drug analysis, 100 mL aliquots were collected
from the receiver compartment (which contained medium
with the same concentration of the drug solvent as the
medium in the donor chamber). The volume of the donor
chamber was adjusted after each sampling to avoid ‘transport’
effects by hydrostatic pressure. Each experiment was per-
formed in triplicate. Wildtype and transfected cells were run in
parallel in each experiment. The experiments were repeated
several times and representative experiments are illustrated.

In the transport experiments performed in this study, the
Pgp substrate vinblastine, which is also transported by
Mrp2 (Evers et al., 1998; Tang et al., 2002a), was used.
[3H]-vinblastine sulphate (9.8 Ci·mmol-1; Amersham, Buck-
inghamshire, UK) was diluted with unlabelled vinblastine
sulphate (Alexis Biochemicals) to give an activity of
0.025 mCi·mL-1 and a final concentration of 2 mM in the assay.
For inhibition of Pgp, tariquidar (kindly provided by Xenova,
Slough, Berkshire, UK) was used at a concentration of 0.2 mM.
For inhibition of Mrps, MK571 (Alexis Biochemicals) was used
at a concentration of 50 mM (except one experiment with
transport of vinblastine in MDCK wildtype cells, in which
MK571 was used at 20 mM). The radioactivity in samples from
experiments with [3H]vinblastine was quantified using a scin-
tillation counter.

Table 1 Sequence of primers used for qPCR

Protein name Target
gene name

GenBank
accession numbera

Amplicon
length, bp

Forward primer, 5�,3� Reverse primer, 5�,3�

Pgp (MDR1), human Abcb1 NM_000927.3 217 CCGAACACATTGGAAGGAA CTTTGCCATCAAGCAGCAC
Pgp (Mdr1), dog Abcb1 DQ068953.1 190 TTGCTGGTTTTGATGATGGA CTGGACCCTGAATCTTTTGG
Mrp1, dog Abcc1 NM_001002971.1 165 GGCTCTGCTTCCCCTTCTAC GGATTTTGCCCCAACTTCTT
Mrp2, dog Abcc2 NM_001003081.1 187 TTGGCTTACTCCTGCCTGTT CCAGTGTCAGAGGTTGCTTG
Mrp5, dog Abcc5 DQ985741.1 204 CCTACAACAAAGGGCAGGAA AGATGGCAAGACCCGAATAG
GAPDH, dog Gapdh AB038240.1 117 ATTCCACGGCACAGTCAAG TACTCAGCACCAGCATCACC
Pgp (Mdr1), pig Abcb1 AY825267.1 280 AGAGTATCAAGGGACCACAAGG CCAAGGATTAGAAACAAGAGTGAAA
Mrp1, pig Abcc1 AF403246.1 163 CCCTGTTCGCCGTAATCT AATACTCCTTTAGCACTCTCCACA
Mrp2, pig Abcc2 XM_001929359.1 182 TGGGGTGATGGTGCTTCT GGTTGTGGACTTGGTTTTGG
GAPDH, pig Gapdh AF017079.1 200 TCAAGGCTGAGAATGGGAAG AGCAGAAGGGGCAGAGATG

aGene acession number at http://www.ncbi.nlm.nih.gov/Genbank/.
MDR1, multidrug resistance 1; Pgp, P-glycoprotein; qPCR, quantitative PCR.
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The results of the individual transport assays are presented
as the percentage of the initial drug concentration in the
donor chamber over time. Apical-to-basal (Papp aB) and basal-
to-apical (Papp bA) permeabilities were determined according to
Artursson (1990) using the following equation:

P nm sec dQ dt A C 60app [ ] = ( ) × ×( )0

where dQ/dt [mg·min-1] is the permeability rate of the drug, A
is the surface area of the monolayer and C0 is the initial drug
concentration in the donor chamber. Transport ratio (TR; also
termed ‘efflux ratio’, ER) was calculated by dividing Papp bA by
Papp aB. Corrected transport ratios (cTRs; also termed ‘ratio of
ratios’, RR) were calculated by division of the TR obtained in
MDR1-transfected cells by the TR obtained in the respective
wildtype/parental cells (Schwab et al., 2003; Feng et al., 2008).
A cTR of at least 1.5 (Schwab et al., 2003) or 1.7 (Feng et al.,
2008) has been proposed as an indicator of active, asymmetri-
cal transport.

Statistics
The statistical significance of group differences was calculated
by Student’s t-test. A P < 0.05 was considered significant.

Results

Expression of endogenous (canine) Mdr1 mRNA was strikingly
lower in MDR1-transfected MDCK-II cells in comparison with

the parental cell line (Figure 1A). As expected, no human
MDR1 mRNA was determined in MDCK wildtype cells
(Figure 1B), thus confirming the specificity of the primers.
The expression of human MDR1 mRNA in the transfected
cells was about threefold higher than the expression of
endogenous canine Mdr1 mRNA in wildtype cells
(Figure 1A,B). When the Pgp protein content was determined
in MDCK and MDCK-MDR1 cells by Western blot, total
(endogenous canine and recombinant human) Pgp expres-
sion in the transfected cells was about three times higher than
endogenous Pgp expression in the wildtype cells (Figure 1C).

In addition to examining whether the endogenous Mdr1
mRNA expression differs between transfected and wildtype
cells, we also determined the expression of endogenous Mrps
in MDCK wildtype and MDR1-transfected cells (Figure 1D).
Data indicated markedly lower expression of Mrp2 mRNA in
MDR1-transfected cells, but only small differences in Mrp1
and Mrp5 mRNAs between transfected and wildtype cells.

In contrast to the difference in endogenous Mdr1 mRNA
expression between wildtype and transfected MDCK-II cells,
such a difference was not observed in LLC cells (Figure 2).
Thus, endogenous (porcine) Mdr1 mRNA expression did not
differ between wildtype and MDR1-transfected LLC cells
(Figure 2A). No human MDR1 mRNA was found in LLC wild-
type cells, and the expression of human MDR1 mRNA in the
transfected cells was about 37-fold higher than the expression
of endogenous porcine Mdr1 mRNA (Figure 2B). When the
Pgp protein content was determined in LLC and LLC-MDR1
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Figure 1 Expression of endogenous (canine) Mdr1 in parental (wildtype; WT) and MDR1-transfected MDCK-II cells. As shown in A, expression
of canine Mdr1 is about seven times lower in MDR1-transfected versus wildtype cells. B demonstrates expression of human MDR1 mRNA in the
transfected cells and the lack of any human MDR1 expression in wildtype cells. C illustrates the protein content of Pgp in MDCK wildtype and
MDR1-transfected MDCK cells. Because it is not possible to differentiate canine and human Pgp by Western blots using the C219 antibody, total
(canine and human) Pgp expression is shown. Data in (A), (B) and (C) are shown as mean � SEM of four experiments. *Significant group
differences; P < 0.001. Data in (D) illustrate a representative experiment in which qPCR was used to determine mRNAs of canine Mdr1, Mrp1,
Mrp2 and Mrp5 in MDCK wildtype cells versus cells transfected with human MDR1. Note the lower expression of Mdr1 and Mrp2 mRNAs in
the transfected cells. MDCK, Madin-Darby canine kidney; MDR1, multidrug resistance 1; Pgp, P-glycoprotein; qPCR, quantitative PCR.
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cells by Western blot, total (endogenous porcine and recom-
binant human) Pgp expression in the transfected cells was
about 27-times higher than endogenous Pgp expression in the
wildtype cells (Figure 2C). In contrast to MDCK cells, expres-
sion of endogenous Pgp in LLC cells was very low (Figures 2C
and 3A,B).

Similar to the experiments in MDCK cells, we also deter-
mined expression of endogenous Mrps in LLC cells
(Figure 2D). While Mrp1 mRNA expression was comparable in
wildtype and MDR1-transfected cells, expression of Mrp2
mRNA was significantly higher in MDR1-transfected cells
(Figure 2D).

In addition to the analyses in MDR1-transfected cells, we
also determined Pgp expression in MRP-transfected MDCK
cells. A representative example is shown in Figure 3, including
Western blots of Pgp in wildtype and MDR1-transfected LLC
cells. Pgp expression was comparable in MDCK wildtype cells
and MDCK cells transfected with MRP1 and MRP2, but was
about threefold higher (compared with wildtype) in MRP5-
transfected MDCK cells, so that the Pgp expression of MRP5-
transfected MDCK cells was similar to the Pgp expression in
MDR1-transfected LLC cells. As shown in Figure 3A,B, Pgp was
revealed as one single band of an apparent molecular weight
of 160 kDa in LLC cells. In MDCK cells, two protein bands of
approximately 155 kDa and 140 kDa reacted efficiently with
the C219 antibody. Such differences in the size of Pgp
betweeen different cell types have previously been reported

and they are suggested to result from differences in the car-
bohydrate content of the protein (Jetté et al., 1997). Hence,
the two bands of Pgp in MDCK cells most likely represent Pgp
isoforms with a different degree of glycosylation (Tang et al.,
2002b).

Prompted by the differences in Mrp2 mRNA expression
between MDR1-transfected and wildtype MDCK and LLC cells
(Figures 1D and 2D), we performed Western blots of Mrp2
protein in these cells (Figure 4). Corresponding to the lower
Mrp2 mRNA expression in MDR1-transfected MDCK cells
(Figure 1D), lower expression of Mrp2 protein was demon-
strated in the transfected cells (Figure 4A,C). Similarly, the
higher Mrp2 mRNA expression in MDR1-LLC cells (Figure 2D)
was associated with markedly higher expression of Mrp2
protein in the transfected cells (Figure 4B,C). MRP1- and
MRP5-transfected MDCK cells as well as LLC wildtype cells
expressed hardly any endogenous Mrp2 at the conditions of
the assay (Figure 4).

In order to illustrate how the lower expression of endog-
enous Pgp and Mrp2 in MDR1-transfected MDCK cells may
affect the interpretation of transport studies, we performed
transcellular transport experiments with vinblastine, which is
transported by Pgp and Mrp2 (Evers et al., 1998; Tang et al.,
2002a). In MDCK-II wildtype cells, a marked basolateral to
apical transport was determined, for which a TR of 29.3 was
calculated (Figure 5A). Transport could be markedly reduced
by both tariquidar (TR was reduced to 1.8) and MK571
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Figure 2 Expression of endogenous (porcine) Mdr1 in parental (wildtype; WT) and MDR1-transfected LLC cells. As shown in (A), the
expression of canine Mdr1 is comparable in MDR1-transfected versus parental (WT) LLC cells. (B) demonstrates expression of human MDR1
mRNA in the transfected cells and the lack of any human MDR1 expression in wildtype cells. (C) illustrates the protein content of Pgp in LLC
wildtype and MDR1-transfected MDCK cells. Because it is not possible to differentiate porcine and human Pgp by Western blots using the C219
antibody, total (porcine and human) Pgp expression is shown. Data in (A), (B) and (C) are shown as mean � SEM of five experiments.
*Significant group differences; P < 0.001. Data in (D) illustrate an experiment in which qPCR was used to determine mRNAs of porcine Mrp1
and Mrp2 in LLC wildtype cells versus cells transfected with human MDR1. Data are shown as mean � SEM of three experiments. Note the
higher expression of Mrp2 mRNAs in the transfected cells. *P = 0.0203. MDR1, multidrug resistance 1; Pgp, P-glycoprotein; qPCR, quantitative
PCR.
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(TR = 2.9), indicating that both Pgp and Mrps (most likely
Mrp2) were involved in the basolateral-to-apical transport of
vinblastine in MDCK wildtype cells (not illustrated). Despite
the transfection with human MDR1 and the resulting higher
expression of Pgp (see Figure 1C), transport of vinblastine in
MDR1-transfected MDCK cells was similar to wildtype cells,
resulting in a TR of 38.5 and a corrected TR (cTR) of only 1.31
(Figure 5B). This cTR would thus not meet the criteria pro-
posed by Schwab et al. (2003) and Feng et al. (2008) as an
indicator of active, asymmetrical transport. Transport of vin-
blastine in MDR1-transfected MDCK cells was almost com-
pletely blocked by the Pgp inhibitor tariquidar (Figure 5C),

suggesting that transport of vinblastine in MDR1-MDCK cells
was predominantly mediated by Pgp. This inference was sub-
stantiated by testing vinblastine transport in MDR1-MDCK
cells in the presence of MK571, which resulted in a TR of
18.65 (not illustrated). Furthermore, combined exposure to
tariquidar and MK571 (Figure 5D) was not more effective in
inhibiting transport than tariquidar alone.

Transport experiments with vinblastine in LLC cells are
illustrated in Figure 5E–H. In LLC wildtype cells, an asym-
metrical, basolateral to apical transport was determined with
a TR of 3.25 (Figure 5E). Transport could be completely
blocked by MK571 (TR was reduced to 1.2), indicating that
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in MDCK cells. It has been suggested previously that the lower band Pgp isoform in MDCK cells is less glycosylated than the upper band (Tang
et al., 2002a), which represents a mature form of Pgp. The upper band was therefore used for the calculations of Pgp expression in MDCK cells
shown in C. In (C), Pgp expression was normalized on actin expression to allow comparison of Pgp expression between cell lines. Data are
shown as means � SEM. In contrast to MDCK wildtype cells, which expressed a relatively high amount of endogenous (canine) Pgp, very low
Pgp expression was determined in LLC wildtype cells at the conditions of the assay. Transfection with human MDR1 led to a marked Pgp
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Mrps were involved in the basolateral-to-apical transport of
vinblastine in LLC wildtype cells (not illustrated). In MDR1-
transfected LLC cells, transport was more marked than in
wildtype cells, resulting in a TR of 18.0 and a cTR of 5.54
(Figure 5F), thus meeting the criteria proposed as an indicator
of active, asymmetrical transport (Schwab et al., 2003; Feng
et al., 2008). Transport of vinblastine in MDR1-transfected
LLC cells was reduced to a TR of 3.64 by the MRP inhibitor
MK571 (Figure 5G), and completely blocked by combining
MK571 with the Pgp inhibitor tariquidar (Figure 5H), indicat-
ing that both Pgp and Mrps, most likely Mrp2, were involved
in the basolateral-to-apical transport of vinblastine in MDR1-
LLC cells.

Discussion

Madin-Darby canine kidney cells express endogenous Pgp
and Mrp2 at their apical membrane, while Mrp1 and Mrp5 are
expressed basolaterally (Horio et al., 1989; Goh et al., 2002;
Tang et al., 2002a,b; Baltes et al., 2007a; Borst et al., 2007). Our
studies show that, in the batches of wildtype and MDR1-
transfected MDCK-II cells used, the expression of endogenous
(canine) Pgp and Mrp2 mRNAs was markedly lower in the
transfected cells. The data on Mrp2 protein determination

showed that the difference between wildtype and transfected
cells in mRNA expression was associated with a corresponding
difference at the protein level. These differences in endog-
enous Pgp and Mrp2 expression will affect transport studies
with drugs that are either transported by Pgp or Mrp2 or both,
thus resulting in a potential bias when transcellular transport
determined in MDR1-transfected MDCK-II cells is corrected
by transport obtained in wildtype cells. Several reports have
proposed calculating cTRs by dividing the TR obtained in
MDR1-transfected cells by the TR obtained in the respective
wildtype/parental cells (see Schwab et al., 2003; Feng et al.,
2008). cTRs of at least 1.5 (Schwab et al., 2003) or >1.7 (Feng
et al., 2008) have been proposed as an indicator of active,
asymmetrical transport. This correction, however, is only
valid if MDR1-transfected cells exhibit about the same expres-
sion of endogenous transporters as the wildtype cells. Our
results, using the Pgp/Mrp2 substrate vinblastine in MDCK-
MDR1 and wildtype cells and applying this correction, would
produce a cTR value <1.5, suggesting that this drug is not
transported by human Pgp. However, vinblastine is well-
known to be a substrate for human Pgp (Silverman, 1999;
Szakács et al., 2006), so that this cTR calculation would lead to
a ‘false-negative’ result. The explanation is that vinblastine
exhibits a pronounced basolateral-to-apical transport in
MDCK wildtype cells, which is mediated by endogenous Pgp
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and Mrp2, resulting in a high TR. This transport can be inhib-
ited by both tariquidar and MK571, substantiating that both
Pgp and Mrp2 are involved. In contrast, in MDR1-transfected
cells, endogenous Mdr1 and Mrp2 mRNAs are strikingly lower,
so that vinblastine is now almost exclusively transported by
human Pgp. The lack of contribution of endogenous Mrp2 to
apical transport of vinblastine in MDR1-transfected MDCK
cells is substantiated by the almost complete inhibition of
transport with the Pgp inhibitor tariquidar, which does not
inhibit Mrps (Fox and Bates, 2007).

In contrast to the differences in endogenous Mdr1 in wild-
type and transfected MDCK-II cells, the expression of endog-
enous Mdr1 mRNA was comparable in wildtype and MDR1-
transfected LLC cells. Furthermore, results of transport
experiments with vinblastine in LLC cells differed from those
obtained in MDCK cells in that a less marked basolateral-to-
apical transport of vinblastine was determined in LLC wild-
type cells. The transport observed in LLC wildtype cells is
most likely to be mediated by both endogenous Mrp2 and
Pgp, although expression of these transporters in LLC cells is
low (Chen et al., 1999; Goh et al., 2002; Baltes et al., 2007a;
present study). Asymmetrical transport of vinblastine in
MDR1-transfected LLC cells was much higher than transport
observed in wildtype cells, resulting in a cTR of >5. Thus,
MDR1-LLC cells correctly identified vinblastine as a substrate
of human Pgp. However, unexpectedly, MDR1-transfected
LLC cells exhibited a much higher expression of endogenous
Mrp2 than wildtype cells, so that both recombinant human
Pgp and endogenous porcine Mrp2 were involved in the
basolateral-to-apical transport of vinblastine in MDR1-
transfected LLC cells, which was substantiated by the partial
inhibition of transport by the Mrp inhibitor MK571.

The mechanisms involved in the marked difference in
endogenous Mdr1 expression in transfected versus wildtype
MDCK cells, but a lack of such a difference in LLC cells, are yet
to be elucidated. One plausible explanation for this finding
may be the difference in endogenous Pgp expression between
MDCK and LLC wildtype cells. Expression of endogenous
(canine) Mdr1 mRNA and Pgp protein in MDCK wildtype cells
is high, whereas expression of endogenous (porcine) Mdr1
mRNA and Pgp protein in LLC cells is low or undetectable.
Transfection with human MDR1 could cause MDCK cells to
reach a Pgp protein threshold, which may potentially cause
negative feedback and trigger down-regulation of endogenous
Mdr1 in these cells and as a consequence, endogenous Pgp
protein is replaced by human Pgp. However, due to low
endogenous Pgp expression in LLC cells, a Pgp protein thresh-
old may not be reached and such a scenario may not take
place in these cells.

Down-regulation of endogenous mRNA and protein expres-
sion caused by transfection with an exogenous construct is a
commonly observed event, indicating a feedback-regulatory
response from the endogenous gene to satisfy cellular
demand (see Lloyd et al., 1992). Interestingly, in addition to
lower Mdr1 mRNA levels, endogenous Mrp2 mRNA was also
down-regulated in MDR1-transfected MDCK cells, whereas
expression of Mrp1 and Mrp5 was comparable with parental
cells. Down-regulation of both Mdr1 and Mrp2 may suggest a
functional synergism between these transporters in kidney
cells, as was recently suggested by Oswald et al. (2009).

An alternative explanation for lower Mdr1 mRNA expres-
sion in MDR1-MDCK-II versus wildtype cells could be that the
differences in expression of endogenous transporter between
wildtype and transfected cells is a chance event, e.g. possibly
due to naturally occurring batch-to-batch variations in trans-
porter expression of parental and transfected cells. MDCK-II
cells do not show stable expression of various endogenous
drug transporters, which leads to substantial variation in
canine Mdr1 mRNA and Pgp protein expression between dif-
ferent batches of the parental population. The MDR1-
transfected MDCK-II cells used in the present study were
derived from a single clone, and only one MDCK-II parental
population was used for transfection. Of course, this does not
formally exclude the possibility that low expression of endog-
enous canine Mdr1 in the MDCK-II-MDR1 cell line is the result
of clonal variation. Furthermore, cell passaging may affect
transporter expression, but all cell line experiments reported
here were performed at comparable passage numbers.
However, irrespective of the mechanism, the consequences of
differences in transporter expression between MDR1-
transfected and wildtype MDCK-II cells remain the same. This
phenomenon affects the results of transport studies as illus-
trated by the present findings. Thus, to avoid erroneous infer-
ences, expression of endogenous transporters, particularly
Pgp and Mrp2, has to be analysed in both wildtype and
transfected MDCK or LLC cells before performing transport
studies A more detailed analysis of the mechanisms causing
differences in endogenous transporter expression between
wildtype and transfected cell lines as shown here is beyond
the scope of our study. However, such experiments could
include (i) transfection of cells with tagged constructs (e.g.
green fluorescent protein-tag) that would allow differentiat-
ing exogenous and endogenous Pgp at the protein level; (ii)
analysis of several clones transfected with MDR1 cDNA; (iii)
comparison of different cell populations derived from the
same clone; and (iv) selective knock-down of either endog-
enous or recombinant Pgp by species-specific siRNAs.

Based on the present data with MDCK and LLC cells, one
may argue that MDR1-transfected LLC cells are better suited
for studies on drug transport mediated by human Pgp,
because these cells only express low levels of endogenous Pgp
(Chen et al., 1999; Goh et al., 2002; Baltes et al., 2007a;
present study) and endogenous Mdr1 expression is compa-
rable in MDR1-transfected and wildtype LLC cells. However,
we found that MDR1-transfected LLC cells, at least the batch
used in the present study, express strikingly more endogenous
Mrp2 than wildtype cells. Furthermore, LLC cells in general
express more endogenous breast cancer-related protein
(BCRP; ABCG2) at their apical membrane than MDCK cells
(Takada et al., 2005; Giri et al., 2009), which might contribute
to basolateral-to-apical drug transport in MDR1-transfected
LLC cells. Pgp and BCRP mediated drug transport cannot be
differentiated by Pgp inhibitors such as tariquidar or elacridar,
because these ‘third generation’ Pgp inhibitors also inhibit
BCRP (Kühnle et al., 2009). However, BCRP-selective inhibi-
tors, such as Ko143, are available (Allen et al., 2002) and can
be used to avoid interference from BCRP in transport studies
with LLC cells. In MDCK-MDR1 cells, no BCRP-mediated drug
transport was found (Wang et al., 2008), which is in line with
the low BCRP expression in these cells. Thus, in view of the
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low expression of endogenous Mdr1 and Mrp2 in MDR1-
transfected MDCK cells found in the present study, MDR1-
MDCK cells may have advantages versus MDR1-LLC cells in
identifying substrates of human Pgp. In both cell lines, Mrp
inhibitors such as MK571 can be used to block endogenous
Mrps when using these cells for identifying Pgp substrates
(Baltes et al., 2007a,b; Luna-Tortós et al., 2008; present study).
However, it should be noted that MK571 has been reported to
cause partial inhibition of the basolateral-to-apical efflux of
the specific Pgp substrate digoxin at concentrations of
30–50 mM (Luna-Tortós et al., 2008; Wang et al., 2008), indi-
cating that MK571 is less specific than previously thought.
When used at a concentration of 50 mM in transwell transport
experiments, MK571 reduced digoxin transport in MDR1-
transfected LLC cells by 43% (Luna-Tortós et al., 2008) com-
pared with complete blockade of vinblastine transport in
MRP2-transfected MDCK cells (in the presence of tariquidar),
indicating a ~2.3-fold higher inhibitory potency of MK571 to
block MRP2 than Pgp (Baltes et al., 2007b; Luna-Tortós et al.,
2008). Similarly, using uptake assays for determining inhibi-
tion of MRP2 and Pgp, a 2.6-fold higher inhibitory potency of
MK571 to block MRP2 than Pgp has recently been reported by
Matsson et al. (2009).

Rather than comparing drug transport in wildtype and
MDR1-transfected cell lines, Polli et al. (2001) proposed that
involvement of a Pgp-mediated efflux mechanism is indicated
if the basolateral-to-apical/apical-to-basolateral TR in the
transfected cell line is >2 (see also Food and Drug Adminis-
tration (FDA), U.S. Department of Health and Human Ser-
vices, 2006). For compounds with a TR of 1.5–2.0, Polli et al.
(2001) proposed to perform a follow-up experiment with a
specific Pgp inhibitor to confirm that the compound is a Pgp
substrate. By using this strategy, vinblastine would have been
identified as Pgp substrate in both MDR1-MDCK and MDR1-
LLC cell lines (see Figure 5). For this strategy, tariquidar rather
than elacridar should be used, because elacridar blocks both
Pgp and BCRP at about the same concentration (IC50s are 193
and 250 nM), whereas tariquidar is about 4-times more potent
to block Pgp (IC50 = 223 nM) than BCRP (IC50 = 916 nM) in
efflux assays (Kühnle et al., 2009).

In addition to measuring Mdr1 mRNA and Pgp expression
in MDR1-transfected MDCK and LLC cells, we determined
Pgp expression in MDCK cells transfected with either MRP1,
MRP2 or MRP5. This strategy was prompted by the report of
Flanagan et al. (2002), indicating that expression of endog-
enous Pgp was increased in LLC cells transfected with human
MRP1. In our experiments, endogenous Pgp expression was
similar to the parental cells in MRP1- and MRP2-transfected
cells, whereas we found a markedly higher expression of
endogenous Pgp in MRP5-transfected cells. In addition to
potential effects of transfection or inter-batch variation, an
alternative explanation for the findings of Flanagan et al.
(2002) and the present study would be clonal variation in
expression of endogenous transporters, which may occur in
MDCK and other immortalized kidney cell lines, further com-
plicating transport analysis (Borst and Elferink, 2002). These
data thus demonstrate that it is very important to determine
the expression of endogenous transporters not only in MDR1-
transfected but also in MRP-transfected cells, because differ-
ences in the expression of transporters such as Pgp can

significantly influence the results and interpretation of trans-
port data in transcellular transport assays.

In conclusion, calculation of cTR by comparison of the TR
determined in MDR1-MDCK versus wildtypeMDCK cells is a
commonly used method to enable the assessment of whether
a compound is a specific human Pgp substrate (Feng et al.,
2008). However, as demonstrated by the present data, this
method may lead to false negative data because the expression
of endogenous Pgp (and Mrp2) may differ markedly between
wildtype and transfected cells. Furthermore, interspecies dif-
ferences in binding site affinities on human and canine Pgp
that are responsible for recognition and transport or possibly
differences in the relative functional activities of human and
canine Pgp towards test substrates introduce additional com-
plexity when comparing drug transport in MDR1-MDCK
versus MDCK wildtype cells (Taub et al., 2005). Thus, while
among various in vitro assays, the transwell assay was found to
be the most reliable for predicting the Pgp efflux liability in vivo
and is considered the method of choice for evaluating drug
candidates (Yamazaki et al., 2001; Food and Drug Administra-
tion (FDA), U.S. Department of Health and Human Services,
2006; Feng et al., 2008), cTR calculation should be avoided in
this assay, at least when using MDCK cells. An additional
caveat of the monolayer efflux assay with MDCK or LLC cells is
to fail with highly permeable Pgp substrates (Papp aB >
300 nm·s-1; Polli et al., 2001), but this limitation can be
resolved by using a modified (concentration equilibrium)
transport assay (CETA) that minimizes the bias of passive
diffusion (Luna-Tortós et al., 2008; Luna-Tortós et al., 2009).
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