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Purpose. In vitro assessment of drug candidates' affinity for multi-drug resistance proteins is of crucial
importance for the prediction of in vivo pharmacokinetics and drug–drug interactions. To have well
described experimental tools at hand, the objective of the study was to characterize substrates and
inhibitors of Breast Cancer Resistance Protein (BCRP) and P-glycoprotein (P-gp).
Methods. Madin–Darbin canine kidney cells overexpressing mouse Bcrp (MDCKII-Bcrp) were
incubated with various Bcrp substrates, or a mixture of substrate and inhibitor to either the apical (A)
or basolateral (B) compartment of insert filter plates. Substrate concentrations in both compartments at
time points t = 0 h and t = 2 h were determined by LC–MS/MS, and respective permeation coefficients
(Papp) and efflux ratios were calculated.
Results. The Bcrp inhibitor Ko143 blocked topotecan and ABZSO transport in a concentration-
dependent manner. P-gp inhibitors ivermectin, LY335979, PSC833, and the P-gp/Bcrp inhibitor ritonavir
did not influence Bcrp mediated topotecan transport, however, blocked ABZSO transport. Additionally,
neither was ABZSO transport influenced by topotecan, nor topotecan transport by ABZSO.
Conclusions. Data suggest different modes of substrate and inhibitor binding to Bcrp. In order to not
overlook potential drug–drug interactions when testing drug candidates for inhibitory potential towards
Bcrp, distinct Bcrp probe substrates should be used.
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INTRODUCTION

Multi-drug resistance proteins such as P-glycoprotein
(P-gp, MDR1, ABCB1) and Breast Cancer Resistance
Protein (BCRP, MXR, ABCP, ABCG2) play a crucial role
in the absorption, distribution, and excretion of drugs (1).
While their physiological role is to protect cells from toxic
compounds, the extrusion of anti-cancer drugs from tumor
cells leads to multi-drug resistance (2).

As opposed to the general structure of ABC transporters
which usually comprises 12 transmembrane segments (e.g.
true for P-gp), split into two halves, each with a nucleotide
binding domain, BCRP is a so called half transporter (3).

Various BCRP and P-gp residues being relevant for transport
function were identified (3–5), the existence of multiple
substrate binding sites in P-gp has been shown (6,7) and
three-dimensional structures are available (8–10); yet the
mechanism of transport is open to debate.

ABC transport proteins possess a broad range of substrate
specificity, with many drugs being substrates or inhibitors of
more than one transporter (11,12). For the assessment of
whether or not a new chemical entity is a substrate for a certain
drug transport protein, specific inhibitors as well as cell lines
that overexpress respective transport proteins are fundamental
tools. Ko143, a derivative of the natural compound Fumitre-
morgin C (13), was synthesized in order to improve both,
affinity and specificity towards BCRP/Bcrp (14). With respect
to P-gp, PSC833, LY335979 and ivermectin are routinely used
inhibitors (15–17). However, knowledge of their effects on
BCRP mediated drug transport is limited.

Drug–drug interactions resulting from inhibition of multi-
drug resistance proteins are a clinical concern (18,19). Therefore
FDA draft guideline not only demands determination of
whether a drug candidate is a substrate, but also if it is an
inhibitor of a certain transport protein (20). Up to four different
binding sites have been speculated on P-gp (6,7), raising the
question as to which substrate should be used to demonstrate
the inhibitory potential of a new chemical entity (21).

In order to have well characterized experimental tools at
hand, we utilized a flux assay using the Madin–Darbin canine
kidney cell line MDCKII which overexpresses mouse BCRP
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(Bcrp) (22). Transport interactions of the Bcrp substrates
topotecan (22), albendazole sulphoxide (ABZSO) (23), imati-
nib (24), and prazosin (25) as well as their interaction with
various P-gp- and Bcrp inhibitors including Ko143, PSC833,
LY335979, ivermectin, and ritonavir (26) were determined.

METHODS AND MATERIALS

Chemicals. Albendazole sulphoxide (ABZSO) was pur-
chased from ABCR (Karlsruhe, Germany); topotecan from
LKT Laboratories Inc. (St. Paul, MI); ivermectin, dipyrida-
mole, prazosin, vincristine, dimethylsulfoxide (DMSO),
glucose, and ammonium acetate from Sigma (Taufkirchen,
Germany); acetonitrile from Merck (Darmstadt, Germany); 4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES),
fetal calf serum (FCS), Hanks' balanced salt solution (HBSS),
Dulbecco's modified Eagle's medium (DMEM), Medium 199,
glutamine, trypsin, penicillin, and streptomycin from Gibco
Life Technologies (Eggenheim, Germany); Ko143, PSC833,
ritonavir, and LY335979 were synthesized at Bayer Healthcare
chemical laboratories (Wuppertal, Germany).

Cell culture. MDCKII-wt, MDCKII-Bcrp cells (22), and
a porcine kidney tubular epithelial cell line (LLC-PK1) (27)
overexpressing MDR1 (L-MDR1) were purchased from the
Netherlands Cancer Institute, Amsterdam. MDCKII cells
were grown in DMEM supplemented with 10% FCS,
10,000 IU/500 mL penicillin, and 10 mg/500 mL streptomycin
(MDCKII growth medium), and cultured at 8% CO2. L-
MDR1 cells grown in Medium 199, and supplemented with
10% FCS, 10,000 IU/500 mL penicillin, 10 mg/500 mL
streptomycin, 0.59 μg/mL vincristine, and 2 mM glutamine
(L-MDR1 growth medium), were cultured at 5% CO2.

Flux assay. With MDCKII cells, 2.5 × 105 cells were
seeded into 24-well microporous insert filter plates (0.4 μm
pore diameter, Corning Star Corporations, Cambridge, USA)
and cultured in growth medium for 4 days with one media
change on day 3. On day 4 medium was replaced with HBSS
containing 5 mM HEPES and 20 mM glucose (transport
buffer). After a 20 min incubation period at 37°C, the assay
was started by aspirating the transport buffer and subsequent
addition of the respective substrate, or a mixture of substrate
and inhibitor (dissolved in HBSS containing 5 mM HEPES,
20 mM glucose, and 1% DMSO) to either the apical (A) or
basolateral (B) compartment of the 24-well insert filter plates
for 2 h at 37°C. With L-MDR1 cells, 2 × 105 cells were seeded
into 96-well insert filter plates (0.4 μm pore diameter, Corning
Star Corporations, Cambridge, USA). Assay conditions were
the same as for MDCKII cells, except that L-MDR1 transport
buffer did not contain glucose. Substrate concentrations in
both compartments at time points t = 0 h and t = 2 h were
determined by LC–MS/MS.

Liquid chromatography was performed on an Agilent
1100 liquid chromatography system (Cohesive Technologies,
Aschaffenbug, Germany) equipped with a Phenomenex
Aqua C18 column (150 × 2 mm, 5 μm particle size;
Phenomenex, Aschaffenburg, Germany; used for topotecan,
prazosin, and ABZSO), or a Purospher Star C18 column (4 ×
55, 3 μm particle size; Merck, Darmstadt, Germany; used for

imatinib) at a flow rate of 0.5 mL/min. The mobile phase
consisted of two solvents: for topotecan, prazosin, and
ABZSO, a 10 mM ammonium acetate buffer pH 3 (A), and
acetonitrile (B) were used. For imatinib, a 10 mM ammonium
acetate buffer pH 6.8 (A), and acetonitrile (B) were used.
The gradient profiles were: topotecan: 0 to 0.5 min, 5% B; 0.5
to 1.5 min, linear gradient to 90% B; 1.5 to 3.0 min, 90% B;
3.0 to 3.2 min, linear gradient to 5% B, 3.2 to 5 min, 5% B.
ABZSO: 0 to 1.0 min, 10% B; 1.0 to 2.0 min, linear gradient
to 90% B; 2.0 to 4.0 min, 90% B; 4.0 to 4.2 min, linear
gradient to 10% B; 4.2 to 5.0 min, 10% B. prazosin: 0 to
1.0 min, 10% B; 1.0 to 2.0 min, linear gradient to 80% B; 2.0
to 3.5 min 80% B; 3.5 to 4.0 min, linear gradient to 10% B; 4.0
to 5.0 min, 10% B. imatinib: 0 to 0.5 min, 5% B; 0.5 to
1.5 min, linear gradient to 90% B; 1.5 to 3.0 min, 90% B; 3.0
to 3.2 min, linear gradient to 5% B, 3.2 to 5 min, 5% B. Mass
spectrometry was performed on an ABI 3000 mass spectrom-
eter (Applied Biosystems, Darmstadt, Germany) equipped
with a turbo ion spray source for electrospray ionization.
Samples were analyzed with positive polarity, key instrumen-
tal conditions were optimized to yield best sensitivity.

In preliminary experiments concentrations of substrates
were determined using external calibration standards (LOQ's
for topotecan, imatinib, prazosin, and ABZSO were approx-
imately 1 ng/mL). However, similar data were obtained when
peak areas were used directly for the calculation of Papp

values and efflux ratios.
Therefore, respective permeability coefficients (Papp) and

efflux ratios were calculated using the following equations:

1) Papp [cm/s] = (LC–MS/MS peak area of substrate in
acceptor compartment at end of incubation × volume of
medium in acceptor compartment [cm3]) / (incubation
time [s] × membrane surface area [cm2] × LC–MS/MS
peak area of substrate in donor compartment at start of
incubation)

2) Efflux ratio = Papp B-A / Papp A-B

To ensure confluence of the MDCKII cell monolayer in
each well, transepithelial electrical resistance (TEER) was
measured at t = 0 h and t = 2 h between apical and basolateral
compartment. With L-MDR1 cells, Lucifer Yellow was added
to each well at time point t = 0 h, and its permeation
measured by fluorimetry served as a marker of cell mono-
layer integrity (28).

Statistics. Each value given in tables and figures repre-
sents the mean result of three individual wells. Wilcoxon test
was used where applicable. Inhibition curves and IC50 values
were generated using Sigma Plot 8.0 (SPSS, Chicaco, USA).

RESULTS

Cells were used at passages seven to 26 after thawing. No
significant passage dependent change in transport activity was
observed (data not shown). Throughout all experiments with
MDCKII-Bcrp cells, TEER values ranged between 250 and
450 Ω × cm2. Within each experiment there were no hints on
toxic effects of added compounds on MDCKII-Bcrp and L-
MDR1 cells, since TEER at t = 0 h and t = 2 h showed no
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significant changes, and the amount of permeated Lucifer
Yellow was always below 1% (n/n)/h, respectively.

Transport in MDCKII Wild-type Cells

In order to assess the basal level of substrate transport in
MDCKII-Bcrp cells by proteins other than overexpressed
Bcrp, topotecan, ABZSO, prazosin, and imatinib (all at 2 μM)
transport in MDCKII-wt cells was determined. With topotecan,
Papp A-B, Papp B-A, and efflux ratios (Papp B-A/Papp A-B)
ranged from 1.6 ± 0.0 to 2.5 ± 0.5 × 10−6cm/s, 4.9 ± 0.4 to 7.3 ±
1.0 × 10−6cm/s, and 2 to 3.7 indicating weak topotecan transport.
With ABZSO, no significant transport was observed in
MDCKII-wt cells (Papp B-A, 19.8 ± 10.9 × 10−6cm/s; Papp A-B,
27.8 ± 5.3 × 10−6cm/s; efflux ratio, 0.7; n = 3, mean±SD). The
same was true for prazosin (Papp B-A, 26.0 ± 2.6 × 10−6cm/s;
Papp A-B, 44.6 ± 5.3 × 10−6cm/s; efflux ratio, 0.6; n = 3,
mean±SD) and imatinib (Papp B-A, 18.9 ± 4.4 × 10−6cm/s; Papp

A-B, 20.8 ± 1.5 × 10−6cm/s; efflux ratio, 0.9; n = 3, mean±SD).

Transport in MDCKII-Bcrp Cells

When MDCKII-Bcrp cells were incubated with increas-
ing concentrations of topotecan and ABZSO, transport
efficiency in MDCKII-Bcrp cells was not significantly altered
up to concentrations of 500 μM (Table I). With topotecan,
Papp B-A, Papp A-B, and efflux ratios ranged from 7.5 ± 0.5 ×
10−6 to 12.3 ± 0.4 × 10−6cm/s, 0.5 ± 0.1 × 10−6 to 1.0 ± 0.1 ×
10−6cm/s, and 10.2 to 15.9, respectively. As for ABZSO, Papp

B-A, Papp A-B, and efflux ratios ranged from 43.2 ± 4.1 × 10−6

to 56.9 ± 2.7 × 10−6cm/s, 5.8 ± 0.0 × 10−6 to 6.2 ± 1.2 × 10−6cm/s,
and 7.4 to 9.3, respectively. In contrast, imatinib efflux ratios
decreased in a concentration-dependent manner, indicating
transport saturation starting at concentrations of about 10 μM

(Table I). As for prazosin, transport saturation occurred at a
concentration of 100 μM, if at all (Table I). For further
inhibition experiments substrates were used at a concentration
of 1 μM (imatinib, prazosin) or 2 μM (topotecan, ABZSO).

Influence of Ko143 on Bcrp Mediated Transport

Ko143, a specific inhibitor of BCRP/Bcrp (14) strongly
decreased topotecan transport resulting in a reduction of
efflux ratios from 19.3 without inhibitor, down to 1.5 in the
presence of 5 μM Ko143 (IC50, 0.12 ± 0.02 μM; Fig. 1A). A
similar result was obtained for ABZSO (2 μM) transport in
the presence of increasing concentrations of Ko143 (IC50,
0.04 ± 0.004 μM; Fig. 1A). Also Bcrp mediated prazosin and
imatinib transport were completely blocked by 5 μM Ko143
(Table II), which is reflected by a decrease of prazosin and
imatinib efflux ratios down to 5.2% and 2.8% of control
efflux ratios (referred to as 100%), respectively.

Influence of PSC833, LY335979, Ivermectin, and Ritonavir
on Bcrp Mediated Transport

When MDCKII-Bcrp cells were incubated with the P-gp
inhibitors PSC833, LY335979, ivermectin, and the P-gp/Bcrp
inhibitor ritonavir (up to 100 μM), topotecan transport was
not affected (Fig. 1B, Table II). In contrast, ivermectin,
LY335979, PSC833, and ritonavir inhibited Bcrp mediated
ABZSO transport. IC50 values for ivermectin, LY335979, and
ritonavir mediated Bcrp inhibition were 2.2 ± 0.19, 7.8 ± 0.68,
and 10.5 ± 1.5 μM respectively (Fig. 1B, Table II; IC50 value
for PSC833 were not determined). Furthermore, the influence
of ivermectin and ritonavir on imatinib and prazosin transport
was investigated. Both, ivermectin and ritonavir blocked

Table I. Concentration Dependency of Topotecan and ABZSO Transport in MDCKII-Bcrp Cells

Papp B-A [10−6cm/s] Papp A-B [10−6cm/s] Efflux ratio

Conc. topotecan [μM]
0.5 12.3 ± 0.4 0.8 ± 0.1 15.4
2 11.7 ± 2.2 0.7 ± 0.1 15.9
50 10.0 ± 1.8 1.0 ± 0.1 10.2
500 7.5 ± 0.5 0.5 ± 0.1 13.7
Conc. ABZSO [μM]
0.4 53.8 ± 3.6 6.2 ± 1.2 8.7
2 53.8 ± 5.9 5.9 ± 0.9 9.1
100 56.9 ± 2.7 6.1 ± 0.7 9.3
500 43.2 ± 4.1 5.8 ± 0.0 7.4
Conc. imatinib [μM]
1 58.6 ± 3.1 2.7 ± 0.4 22.1
2 52.8 ± 3.6 1.8 ± 0.1 28.9
10 51.9 ± 5.0 5.8 ± 2.5* 9.0
100 22.1 ± 2.8* 8.3 ± 1.1* 2.7
Conc. prazosin [μM]
1 70.8 ± 11.0 2.3 ± 0.1 30.4
2 59.0 ± 4.2 1.7 ± 0.1 35.5
10 75.3 ± 7.0 2.2 ± 0.0 34.7
100 64.4 ± 6.5 3.4 ± 0.1* 19.0

MDCKII-Bcrp cells were incubated with topotecan (0.5–500 μM), ABZSO (0.4–500 μM), imatinib (1–100 μM), or prazosin (1–100 µM) as
described in “METHODS AND MATERIALS”. Papp values and efflux ratios were calculated. Each value given represents the mean result of
three individual wells (n=3, mean±SD). The experiment was repeated once, similar results were obtained.
*P=0.05; Wilcoxon
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imatinib transport, and, to a lesser extent, prazosin transport
as well (Table II).

Influence of PSC833, LY335979, and Ivermectin on P-gp
Mediated Transport

In parallel, ivermectin, LY335979, and PSC833 exhibited a
strong inhibition of P-gp mediated transport of 1 μM dipyrida-

mole, a strong P-gp substrate (29), in L-MDR1 cells (IC50 for
ivermectin, 0.42 ± 0.01 μM; IC50 for LY335979, 0.38 ± 0.01 μM;
IC50 for PSC833, 0.078 ± 0.001 μM; graphs not shown).

Substrate–substrate Interactions

To further shed light on the fact that Bcrp mediated
topotecan transport was not influenced by ivermectin,
LY335979, PSC833, and ritonavir (Fig. 1B, Table II), whereas
in contrast ABZSO transport was inhibited, the influence of
topotecan on Bcrp mediated ABZSO transport, and vice
versa was investigated. Indeed, neither was ABZSO transport
influenced by 20 μM topotecan, nor topotecan transport by
100 μM ABZSO (Tables II and III). Looking further at
substrate/substrate interactions, imatinib blocked Bcrp medi-
ated transport of topotecan, ABZSO, and prazosin (Table II).
The other way round, imatinib transport was neither influ-
enced by 20 μM topotecan nor a 100 μM ABZSO (Table II).
Also 20 μM topotecan and 100 μM ABZSO together had no
influence on Bcrp mediated imatinib transport (data not
shown).

Prazosin, at a concentration of 100 μM, blocked ABZSO,
imatinib and topotecan transport, however, only partially
(Table II). When looking at prazosin as a substrate, prazosin
transport was not influenced by 20 μM topotecan. In contrast,
ABZSO at 100 μM inhibited prazosin transport, resulting in a
decrease of prazosin efflux ratio down to 46.9% of control
efflux ratio (referred to as 100%) (Table II).

DISCUSSION

Recent publications have demonstrated that multidrug
resistance transport proteins, e.g. P-gp and Bcrp, play a
critical role in clinically observed pharmacokinetic interac-
tions (18,19). The first step to avoid such interactions is to
assess whether or not a new chemical entity is a substrate or
inhibitor of transport proteins. This requires cell lines which
overexpress respective transport protein as well as specific
inhibitors. Then, with respect to proving that a new drug
candidate is not an inhibitor of a transport protein, the
following question comes up: Which substrate is going to be
used to assess the inhibitory potential of a drug candidate?
Because multiple drug binding sites have been shown to exist
in P-gp (6,7), inhibitory effects on one binding site may be
overlooked by choosing a substrate which binds to the other.
Therefore, in order to address these issues with regard to
Bcrp, we describe Bcrp substrate/substrate and substrate/
inhibitor interactions using an in vitro flux assay.

As expected from previous data, topotecan (22),
ABZSO (23), imatinib (24), and prazosin (25) were trans-
ported by MDCKII-Bcrp cells (Table I). Bcrp mediated
topotecan and ABZSO transport were not saturated up to
concentrations of 500 μM, suggesting that both drugs are low
affinity/high capacity substrates for Bcrp. The same appeared
to be true for prazosin since transport was saturated only with
100 μM prazosin, if at all (though concentrations between 10
and 100 μM were not tested). In contrast, saturation of Bcrp
mediated imatinib transport started at 10 μM, which is in line
with previous data (25).

The observed IC50 for the inhibition of Bcrp mediated
substrate transport by Ko143 (Fig. 1A) is in accordance with
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Fig. 1. Effects of Ko143 (A), as well as ivermectin and LY335979 (B)
on Bcrp mediated topotecan and ABZSO transport. MDCKII-Bcrp
cells were incubated with 2 μM topotecan or ABZSO 2 μM, in the
presence of increasing concentrations of Ko143, LY335979, and
ivermectin as described in “METHODS AND MATERIALS”.
Respective efflux ratios were calculated. A Open circles, topotecan
efflux ratios; closed circles, ABZSO efflux ratios. B Open circles,
ABZSO efflux ratios in the presence of ivermectin; closed circles,
ABZSO efflux ratios in the presence of LY335979; open triangles,
topotecan efflux ratios in the presence of ivermectin; closed triangles,
topotecan efflux ratios in the presence of LY335979. Each point in the
curves represents the mean efflux ratio (Papp B-A/Papp A-B) derived
from Papp values of three individual wells for Papp B-A and Papp A-B,
respectively. The experiment was repeated twice and showed similar
results.
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data previously obtained when inhibition of intracellular
mitoxantrone accumulation by Ko143 was shown in drug
resistant mouse MEF3.8/T6400 and human IGROV/T8 cells
(14). The mode of Ko143 binding to Bcrp, to our knowledge,
has not yet been fully clarified. However, it has been shown
that Ko143 binding to human BCRP brings a conformational
change that is different from substrate binding to the protein
(30). Because in our experiments Ko143 blocked efflux of
topotecan, ABZSO, imatinib and prazosin, the induction of a
crucial conformational change of the Bcrp dimer, and
therefore an allosteric mode of inhibition, is more likely than
a competitive mechanism. It has to be taken into account that
the IC50 for topotecan might be biased by the fact that
topotecan showed a weak transport in wild type MDCKII
cells. However, with regard to the efflux ratios in the
transfected and wild type cells this effect should be of minor
relevance, if at all.

The P-gp inhibitors PSC833, LY335979, and ivermectin
unexpectedly blocked ABZSO transport. In parallel, we
demonstrated that ABZSO is not a P-gp substrate using L-
MDR1 cells (efflux ratio, 0.7, data not shown), and that
ABZSO was not transported in MDCKII-wt cells (see
“RESULTS” section). These findings are in line with a
previous publication demonstrating that ABZSO is not a
substrate for P-gp (23). Taken together, one can exclude that

the observed inhibition of ABZSO transport in MDCKII-
Bcrp cells by ivermectin, LY335979, and PSC833 was P-gp
mediated transport. Therefore, ivermectin, LY335979, and
PCS833 indeed inhibited Bcrp mediated transport of
ABZSO. Also ritonavir, a known P-gp/Bcrp inhibitor (26)
blocked Bcrp mediated ABZSO transport.

Interestingly, comparison of ivermectin, LY335979, and
PSC833 effects on Bcrp mediated transport inhibition, with
those on P-gp mediated dipyridamole transport inhibition,
hints that ivermectin, LY335979, and PSC833 are relatively
potent P-gp-, and rather weak Bcrp-inhibitors. Therefore, the
concentration at which these three inhibitors are used in a
transport assay may differentiate between P-gp and Bcrp
inhibition.

Strangely, while decreasing Bcrp mediated ABZSO
transport, all four inhibitors (PSC833, LY335979, ivermectin,
and ritonavir) did not inhibit topotecan transport, suggesting
different modes of substrate and inhibitor binding to Bcrp.
This theory is underlined by the fact that topotecan and
ABZSO did not interact with each other's transport, indicat-
ing separate substrate binding sites in Bcrp.

Recently strong evidence for the existence of at least two
separate binding sites in the R482G BCRP mutant has been
presented (31). It was shown that daunomycin was displaced
from plasma membranes of BCRP overexpressing insect cells

Table II. Inhibitory Effects of Drugs on the Efflux Ratio of Bcrp Substrates in MDCKII-Bcrp Cells Displayed as Percent of Control or IC50

Inhibitor

Substrate

Topotecan ABSZO Imatinib Prazosin

KO143 0.12 μM (IC50) 0.04 μM (IC50) 5.2% (5 μM) 2.8% (5 μM)
Ivermectin n.e. (100 μM) 2.2 μM (IC50) 1.4% (10 μM) 40.9% (10 μM)
LY335979 n.e. (100 μM) 7.8 μM (IC50) n.d. n.d.
PSC833 n.e. (100 μM) 17.8% (10 μM) n.d. n.d.
Ritonavir n.e. (100 μM) 10.5 μM (IC50) 9.8% (100 μM) 21.4% (100 μM)
Topotecan n.e. (20 μM) n.e. (20 μM) n.e. (20 μM)
ABSZO n.e. (100 μM) n.e. (20 μM) 46.9% (100 μM)
Imatinib 17.5%(100 μM) 11.5 μM (IC50) 1.6% (100 μM)
Prazosin 44.6% (100 μM) 33.9% (100 μM) 30.9% (100 μM)

MDCKII-Bcrp cells were incubated with substrate, with or without inhibitor as described in “METHODS AND MATERIALS”. Papp A-B and
Papp B-A values and efflux ratios were calculated. Numbers given represent percent of control based on the efflux ratio without inhibitor.
Inhibitor concentrations are given in brackets; IC50 values are given where determined (refer also to Fig. 1A and B). Substrate concentrations
used were 1 μM (imatinib, prazosin) and 2 μM (topotecan and ABZSO).
n.d. not determined, n.e. no effect on the efflux ratio observed

Table III. Influence of ABZSO on Topotecan Transport, and of Topotecan on ABZSO Transport

Substrate
(2 μM) Inhibitor

Papp B-A
[10−6 cm/s]

Papp A-B
[10−6 cm/s]

Efflux
ratio

ABZSO – 33.9±3.4 2.3±0.4 14.7
ABZSO Topotecan (5 μM) 34.3±2.6 2.3±0.3 14.9
ABZSO Topotecan (20 μM) 38.6±13.5 2.8±0.1 13.8
Topotecan – 6.7±1.5 0.6±0.1 11.2
Topotecan ABZSO (5 μM) 6.6±2.0 0.6±0.1 11.0
Topotecan ABZSO (100 μM) 11.0±0.2 0.9±0.1 12.2

MDCKII-Bcrp cells were incubated with 2 μM topotecan, with or without ABZSO at indicated concentrations; and with 2 μM ABZSO, with or
without topotecan at indicated concentrations as described in “METHODS AND MATERIALS”. Respective Papp values and efflux ratios
were calculated. Each value given represents the mean result of three individual wells (n=3, mean±SD). The experiment was repeated twice
and showed similar results.
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to a varying extent, depending on the substrate used. E.g.
partial displacement by mitoxantrone and Hoechst33342 was
interpreted as daunomycin binding to two separate binding
sites, and that mitoxantrone as well as Hoechst33342 displace
from one, but not the other. Also Nakanishi et al. speculated a
complex interaction of substrate with the BCRP transport
protein (WT-BCRP and R482T variant), since in their
substrate interaction studies using Rhodamin 123, topotecan,
mitoxantrone, and flavopiridol, no two substrates reciprocally
inhibited the efflux of the other (32).

In our investigations, imatinib inhibited transport of
topotecan and ABZSO, however, reciprocal inhibition of
imatinib transport by either ABZSO or topotecan alone, or
both in combination, did not take place. This may be due to
imatinib's higher affinity towards Bcrp, when compared to
topotecan and ABZSO. Another explanation may be an
allosterical mode of imatinib binding to Bcrp, in a way that
imatinib efflux is being accompanied by a conformational
change of Bcrp subunits which in turn prohibits topotecan
and ABZSO transport. Or even, that there are two separate
binding sites for imatinib, a high affinity binding site for its
efflux, and a low affinity binding site contributing to a
conformational change upon imatinib binding. If this would
be true, the observed imatinib transport “saturation” that was
observed at concentrations >10 μM could be in fact inhibition
of imatinib transport by itself. However, there is no proof of
this theory since we did not determine Kon/Koff rates for
substrate binding to Bcrp. Another consideration is, that
recently, it was shown that imatinib decreased the expression
of BCRP in the BCR-ABL expressing cell line K562/BCRP-
MX10 via downregulation of the Phosphoinositol-3-kinase
(PI3K)/Akt pathway, whereas this effect was not observed in
cells that do not express BCR-ABL (33). To our knowledge
the expression of a BCR-ABL canine homologue in
MDCKII-Bcrp cells has not been shown, however, a reduc-
tion of Bcrp mediated transport in MDCKII-Bcrp cells via
PI3K/Act pathway downregulation in the presence of imati-
nib cannot be fully excluded.

Alsowith prazosin, distinct substrate–substrate interactions
occurred (e.g. prazosin transport was inhibited by imatinib, but
not by topotecan), underlining the hypothesis of different
modes of substrate and/or inhibitor binding to Bcrp.

Taken together, P-gp inhibitors PSC833, LY335979, and
ivermectin can block Bcrp mediated substrate efflux. The fact
that all four inhibitors only blocked ABZSO, but not
topotecan transport, and at the same time topotecan and
ABZSO were unable to interact with each others transport,
hints that physically separate binding sites for different
substrates and inhibitors may be present in Bcrp, as it was
shown for P-gp (6,7).

Considering drug–drug interactions, this is of importance
because not all Bcrp substrates will interact with each other.
Therefore, Bcrp substrates that are intended for co-adminis-
tration, should be individually tested in vitro using the
supposed co-administered drug as substrate, and vice versa.
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