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Purpose: To establish a fluorescence-based assay for drug interactions with the ABC-export-protein BCRP
(ABCG2). Methods: BCRP expression was verified by immunostaining and Western blots in intact porcine
brain capillaries, isolated endothelial cells (PBCECs) and in MDCKII-cells over-expressing human wild-
type BCRP (MDCKII-hBCRP). Transport of fluorescent mitoxantrone across cells was determined to assess
a preferred transport direction. Sensitivity of cultured cells versus mitoxantrone in the absence and in the
presence of transport modulators was examined at increasing concentrations of the cytostatic using the
AlamarBlueTM assay. In addition, cells were incubated with mitoxantrone in the absence and presence of
increasing concentrations of different compounds with the potential to interact with BCRP. Intracellular
fluorescence accumulation was measured using a flow cytometer. Results: Isolated capillaries as well as 7-
day old PBCECs showed expression of BCRP. Cell sensitivity to mitoxantrone significantly increased in the
presence of the BCRP inhibitors KO143 and GF120918. Transport of mitoxantrone across PBCEC monolay-
ers was directed with Papp (apical to basolateral) 5.6 � 10�6 cm s�1 and with Papp (basolateral to apical)
2.8 � 10�5 cm s�1. FACS analysis revealed a different extent of fluorescence accumulation dependent
on the kind and concentration of BCRP modulating compounds. Conclusions: The mitoxantrone-based
assay can be used as a rapid FACS screening system to assess drug interactions with BCRP at the
blood–brain barrier and therefore represents a useful tool in drug profiling.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Drug transporters expressed in the gastrointestinal tract and in
brain microvessels may directly affect the oral bioavailability of
drugs and their penetration into the central nervous system [1,2].
Particularly, transporters belonging to the ATP-binding cassette
(ABC) transporter family are gaining attention for their involve-
ment in drug absorption and disposition. Breast cancer resistance
protein BCRP (ABCG2) belongs to this superfamily of proteins
[3,4]. Human BCRP was originally discovered independently from
three different groups: in doxorubicin-resistant breast cancer cells
[5], in a human coloncarcinoma cell line selected with mitoxan-
trone (‘‘MXR”) [6] and in human placenta (‘‘ABCP”) [7]. BCRP ex-
trudes xenobiotics and certain drugs from cells, thereby
mediating drug resistance and affecting the pharmacological
behaviour of many compounds. Besides, BCRP is involved in the
physiologic transport of folate derivatives [8], food carcinogens
(PhiP, 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine) [9]
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and vitamins [10]. The BCRP gene is located in chromosome
4q22, spans over 66 kb, and consists of 16 exons ranging from 60
to 532 bp [11]. Compared to the structures of other pharmacolog-
ically relevant ABC-transporters (e.g., ABCB1 and ABCC1), BCRP is a
‘‘half-transporter,” consisting of six transmembrane domains and
one ATP-binding cassette domain. Thus, the hypothesis was set
up that BCRP functions as a homodimer [12,13]. Recently, it was
shown that human BCRP exists as a homodimer bound through
disulfide-bonded cysteine residues [14].

Besides its expression in tumor cells [15], BCRP is expressed in
barrier tissues and mediates protection of the body against the
toxic action of xenobiotics as well as of metabolites. For example,
it can be found in the bile canalicular membrane of hepatocytes,
the brush border membrane of renal proximal tubules, the apical
membrane of enterocytes, the ducts and in lobules of the breast,
the placenta, the choroid plexus and in others [16,17]. Apart from
its function in intestinal absorption, hepatobiliary and renal excre-
tion or placental passage, this ATP-dependent efflux-transporter
contributes multidrug-resistance to a variety of functionally and
structurally unrelated drugs such as camptothecin-derived topoi-
somerase I inhibitors, anthracyclines or flavopiridols, and shares
an overlapping substrate specificity with P-glycoprotein (P-gp)
[18,19]. Besides P-glycoprotein (MDR1, ABCB1), it also appears to
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limit the penetration of many therapeutic drugs across the blood–
brain barrier [20–28]. Thus, the identification of BCRP-reversing
compounds and the manipulation of expression mechanisms could
contribute to the improvement of CNS pharmacotherapy including
treatment of brain tumors [29,30].

Depending on the objective in BCRP pharmacokinetic transport
studies, several in vitro assay designs have already been estab-
lished: accumulation/efflux assays determining drug efflux activity
with FACS (fluorescence-associated cell sorting) and mitoxantrone,
BODIPY-Prazosin, Hoechst 33342, methotrexate, pheophorbide A,
topotecan or estrone-sulfate as selective BCRP substrates [31–
39], transport assays measuring the net flux across the confluent
monolayer [37,38] and ATPase assays examining the stimulation
or inhibition of ATP-dependent drug transport in membrane vesi-
cles [39]. Besides, [40] presented a computational model to analyse
structure–activity relationships between potential therapeutic
drugs and BCRP efflux activity. It was demonstrated that the drug
binding to the plasma membrane forms a basic precondition for
drug-BCRP interplay.

One common feature of all these assay designs is the fact that
they are predominantly using over-expressing cell lines and thus
are focussing exclusively on increased BCRP transport. In this re-
gard, we have tried to establish and to validate an assay using
the anthracenedione mitoxantrone as selective substrate, which
is sensitive enough to determine physiologic drug–BCRP interac-
tions in the porcine blood–brain barrier model. MDCKII-hBCRP
over-expressing cells have been used as positive control.
2. Materials and methods

2.1. Materials

Ascorbic acid, cyclosporin A, daidzein, 17-b-estradiol, estrone-
sulfate, genistein, leukotriene C4, MK571, naringenin, nicardipine,
novobiocin, probenecid and verapamil were purchased from Sig-
ma–Aldrich (Taufkirchen, Germany). Saquinavir was provided by
Roche (Basel, Switzerland) and lopinavir by Abbott (Ludwigshafen,
Germany). Valspodar (PSC-833) was obtained from Novartis (Basel,
Switzerland), elacridar (GF120918) was obtained from Glaxo-
SmithKline (Research Triangle Park, NC, USA), and tariquidar
(XR9576) was a kind gift from Prof. A. Buschauer, University of
Regensburg, Germany. KO143 was kindly provided by Dr. A.H.
Schinkel, the Netherlands. FTC was supplied by Alexis Biochemicals
(Lörrach, Germany) and Pheophorbide A was purchased from Fron-
tier Scientific (Carnforth, UK). BODIPY-Prazosin was obtained from
Invitrogen (Karlsruhe, Germany). Culture media, fetal calf serum
(FCS), horse serum (HS) and supplements were obtained from Bio-
chrom (Berlin, Germany).

2.2. Animals and tissue

Brains from female pigs were obtained from the local slaughter-
house (Mannheim). Immediately after isolation, the brains were
kept in ice-cold aCSF (artificial cerebrospinal fluid, consisting of
124 mM NaCl, 26 mM NaHCO3, 3 mM KCl, 2 mM CaCl2, 2 mM
MgSO4, 1.25 mM NaH2PO4, and 10 mM glucose equilibrated with
carbogen to pH 7.4) buffer for approximately 1 h until start of cell
isolation.

2.3. Isolation of porcine brain capillary endothelial cells (PBCECs) and
cell culture

Porcine brain capillary endothelial cells were isolated as previ-
ously described [41] with some minor modifications. Briefly, brains
were cleaned of meninges, choroid plexus and superficial blood ves-
sels. Cortical gray matter was removed, minced to 1–2 mm3 cubes
and incubated in Medium 199, supplemented with 0.8 mM L-gluta-
mine, penicillin/streptomycin (100 U/ml; 100 lg/ml), 100 lg/ml
kanamycin and 10 mM Hepes, pH 7.4. Dispase II (Hoffmann LaRoche,
Mannheim, Germany) was added to a final concentration of 0.5%, and
the brain tissue was incubated for 2 h at 37 �C. Then the homogenate
was centrifuged at 1000g for 10 min. The supernatant was discarded
and the pellet was re-suspended in a medium containing 15%
dextran (Sigma–Aldrich, Taufkirchen, Germany). Microvessels were
separated from other brain tissues by centrifugation at 5800g for
15 min and subsequently incubated in a 20 ml medium containing
1 mg/ml collagenase-dispase (Hoffmann LaRoche, Mannheim,
Germany) for 1.5–2 h. The cell suspension was filtered through a
150 lm Polymon� mesh (NeoLab, Heidelberg, Germany) and centri-
fuged for 10 min at 130g. The cell pellet was re-suspended in a
medium containing 10% horse serum. This suspension was added
to a discontinuous Percoll� (Amersham Pharmacia Biotech, Freiburg,
Germany) gradient consisting of Percoll� 1.03 g/ml (20 ml) and
1.07 g/ml (15 ml). The loaded Percoll� gradients were centrifuged
at 1000g for 10 min. Endothelial cells were enriched at the interface
between the two Percoll� solutions. Cells were collected, washed in a
medium containing 10% horse serum and filtered through a 150 lm
Polymon� mesh. The final cell suspension was kept in a medium
containing 20% horse serum and 10% DMSO and stored in liquid
nitrogen until use.

2.4. Cell culture

Porcine endothelial cells were seeded onto rat tail-collagen
(Roche, Mannheim, Germany) coated Transwell� membranes
(12-well, polycarbonate filters, 0.4 lM pore size) or onto 96-well
plates from Corning (Kaiserslautern, Germany) and were grown
to confluency for 7 days. The medium (Medium 199 supplemented
with 0.8 mM L-glutamine, penicillin/streptomycin (100 U/ml;
100 lg/ml), 100 lg/ml kanamycin and 10 mM Hepes, pH 7.4, and
10% horse serum) was changed every other day. Twenty-four hours
before the experiment, the cells were set on serum-free medium
(DMEM/HAM’s F12 supplemented with 0.8 mM L-glutamine, peni-
cillin/streptomycin (100 U/ml; 100 lg/ml), 100 lg/ml kanamycin
and 10 mM Hepes, pH 7.4) to increase intracellular resistance.

Wild-type human BCRP over-expressing MDCKII cell line and its
corresponding native cells were a kind gift from Dr. A.H. Schinkel,
The Netherlands [32]. Cells were seeded onto rat tail-collagen-
coated Transwell� membranes or onto 96-well plates (Corning,
Kaiserslautern, Germany) at a density of 250,000 cells/cm2 using
Dulbecco’s modified Eagle’s medium (DMEM) with 10% FCS,
2 mM L-glutamine, 100 U/ml penicillin and 100 lg/ml streptomy-
cin. Experiments were conducted on day 3.

2.5. Cytotoxicity assay

The sensitivity of PBCECs to mitoxantrone was determined
using the AlamarBlueTM assay. The assay is based on the ability of
mitochondrial dehydrogenase to cleave the tetrazolium rings of
an MTT derivative [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tet-
razolium bromide] and to form formazan crystals which are largely
impermeable to cell membranes, thus resulting in its accumulation
within healthy cells. The number of surviving cells is directly pro-
portional to the level of the pink-coloured formazan product cre-
ated. The colour of the AlamarBlueTM redox system can be
quantified by fluorescence measurement (k (excitation) = 530 nm,
k (emission) = 590 nm) (company data sheet, AlamarBlueTM Assay,
Serotec, Düsseldorf, Germany). Briefly, cells were incubated up to
3 days in the absence or presence of transport modulators. After-
wards cells were washed twice with Krebs–Ringer buffer (KRB con-
sisting of 115 mM NaCl, 5.9 mM KCl, 1.2 mM MgCl2, 1.2 mM
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NaH2PO4, 1.2 mM Na2SO4, 2.5 mM CaCl2, 25 mM NaHCO3, 10 mM
glucose) at room temperature. Porcine endothelial cells were
incubated with AlamarBlueTM reagent (1:40 in KRB), and metabolic
cell activity was measured for the following 6–8 h of monitoring,
which increased sensitivity towards cytotoxic mitoxantrone.

2.6. Immunostaining

Isolated capillaries, porcine endothelial cells and MDCKII cells
were fixed on slides for 20 min with 3% paraformaldehyde, 0.1%
glutaraldehyde and 3.4% sucrose in PBS (phosphate-buffered saline
consisting of 3.2 mM Na2HPO4, 0.5 mM KH2PO4, 1.3 mM KCl,
135 mM NaCl, pH 7.4), washed, permeabilized for 15 min with
1% (v/v) Triton X-100 in PBS and washed again. The capillaries
were incubated for 1 h with the primary antibodies BXP53 for
the detection of porcine BCRP and BXP21 for the detection of
hBCRP (Axxora, Grünberg, Germany). After washing, the capillaries
were incubated for 45 min with the corresponding fluorochrome-
conjugated secondary antibody, FITC-conjugated rabbit anti
mouse/rat IgG, at a 1:20 dilution (Molecular Probes, Göttingen,
Germany) in a humid chamber in the dark. Nuclei were counter-
stained with DAPI (1 lg/ml). Stained capillaries were viewed using
confocal microscopy (Nikon C1Si-CLEM spectral imaging confocal
laser scanning system, Nikon Imaging Center, Heidelberg).

2.7. Western blot

Protein samples were homogenized in lysis buffer (CelLyticTM,
Sigma–Aldrich, Germany) containing protease inhibitors (Com-
plete, EDTA-free Protease Inhibitor Cocktail Tablets�, Roche Diag-
nostics, Mannheim, Germany). In order to detect the half-
transporter BCRP as a single monomer band, the lysis buffer con-
tained 50 mM DTT (Sigma–Aldrich, Germany). Lysates were spun
down at 1000g and supernatants were centrifuged at 10,000g for
90 min. Membrane protein content was determined by using the
BCATM Protein Assay Kit (Pierce, Germany), which is based on the
Biuret reaction. Membrane proteins were subjected to electropho-
resis on a 7.5% SDS–polyacrylamide gel and transferred electropho-
retically on polyvinylidene difluoride membranes. The blots were
then blocked overnight at 4 �C with PBS containing 1% nonfat dry
milk powder and 1% bovine serum albumin (Sigma–Aldrich, Ger-
many). After three washing steps with PBS, the proteins were
hybridized for 75 min at room temperature with the monoclonal
rat antibody BXP53 against BCRP in porcine endothelial cells and
with monoclonal mouse antibody BXP21 against human BCRP in
MDCKII cells (both from Axxora, Grünberg, Germany) (dilution
1:100 in blocking buffer). Subsequently, the blots were incubated
with a secondary anti-mouse-/rat-horseradish peroxidase-conju-
gated antibody (KPL, Wedel, Germany) for 1 h at room tempera-
ture, followed by enhanced chemoluminescence detection
(Western Lightning� Western blot Chemiluminescence Reagent
Plus, Perkin-Elmer, Wiesbaden, Germany, ChemiDocXRS software).

2.8. Uptake assays

Uptake assays were performed at 37 �C using confluent mono-
layers of porcine brain capillary endothelial cells at day 7. Cells
were grown in 96-well cell-culture plates. Cells were washed using
transport buffer (Krebs-Ringer buffer). The uptake experiment was
initiated by the addition of 200 ll transport buffer containing 5–
25 lM mitoxantrone. Incubations were terminated after 3, 5, 10,
15, 20, 30, 60, 90 and 120 min by rapidly removing the incubation
medium followed by washing the cells using ice-cold transport
buffer. Finally, cells were lysed with 10% Triton X-100. Intracellular
mitoxantrone fluorescence was detected as described in ‘‘transen-
dothelial transport” measurements.
2.9. Transendothelial transport

For the study of transendothelial transport, cells were cultured
in Corning Transwell� filter inserts for 7 days until confluency had
been reached. Then, both compartments were equilibrated with
pre-warmed transport buffer (Krebs–Ringer buffer). The whole sys-
tem was kept at constant temperature (37 �C) and was supplied
with 5% CO2/95% oxygen. At time t = 0, mitoxantrone was added
to the donor compartment and after 30, 60 and 90 min, respec-
tively, samples were drawn from the acceptor chamber and were
analysed in a fluorescence microplate reader (Tecan Safire2, Tecan
Group, Switzerland) with an excitation wavelength k = 614 nm and
emission wavelength k = 689 nm. The acceptor chamber volume
was readjusted with assay buffer after each sampling, and fluores-
cence values from acceptor side samples were corrected for the
amount of compound removed by previous sampling. The initial
rate of transport was calculated from a linear regression. Perme-
ability coefficients (Papp) were calculated according to: Papp = dQ/
dt � 1/A/C0 (cm s�1), where dQ/dt is the rate of translocation, A is
the surface of the filter membrane and C0 is the initial concentra-
tion of the drug.

2.10. Fluorescence-activated cell sorting (FACS) uptake assay

Freshly isolated cells or porcine endothelial cells re-frosted
from liquid nitrogen were incubated with 15 lM mitoxantrone
alone (control) or with testing substances at increasing concentra-
tions for 1 h. After the cells had been washed twice with ice-cold
KRB, fluorescence was measured using a FACSCaliburTM flow cytom-
eter (Becton–Dickinson, Franklin Lakes, NJ, USA) equipped with a
635 nm red diode laser and 670 nm band-pass filter. Stock solu-
tions of inhibitors which were poorly soluble in buffer were pre-
pared using dimethyl sulfoxide (DMSO) or ethanol. In this case
the final concentration of DMSO or ethanol in the assay did not ex-
ceed 1% (v/v) or 0.5% (v/v), respectively. Control experiments were
performed in the absence and presence of the respective solvent.
DMSO or ethanol in the concentrations used had no detectable ef-
fect on the measured cell parameters.

The cell density of suspensions in DMEM/Ham’s F12 1:1 was
2.5 � 107 cells/ml. By gating on forward and sideward scatter,
endothelial cells were separated from the debris, and dead cells
were excluded likewise using propidium iodide staining (1 lg/
ml). Twenty thousand cells were sorted in one run. Data were
processed and analysed with CellQuestTM Pro (Franklin Lakes,
NJ, USA).

All fluorescence values were corrected by subtracting the back-
ground fluorescence. The increase in intracellular fluorescence
caused by a test compound was referred to control fluorescence
levels (100%) and is given as percentage of control.

To compare the findings of BCRP-related interactions with other
substrates, cells were incubated likewise with 0.5 lM BODIPY-Pra-
zosin and 10 lM Pheophorbide A for 1 h. Intracellular fluorescence
was detected with k (excitation) = 488 nm (argon laser) and a 530/
30 band-pass filter to collect emitted fluorescence (BODIPY-Prazo-
sin) and with k (excitation) = 635 nm and a 670 band-pass filter for
Pheophorbide A detection.

2.11. Statistics

All values are presented as means ± SEM. Control and treat-
ment groups were compared by either Student’s t-test or one-
way analysis of variance, followed by a Dunnett’s post hoc test.
Differences were considered significant at p* < 0.01, p** < 0.001
and p*** < 0.0001. Concentration/effect plots were made by the
use of the graphic software Prism (GraphPad Software, San Die-
go, USA).
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3. Results

BCRP an export protein with an apparent molecular weight of
72 kDa significantly contributes to the barrier function of the
blood–brain barrier. Next to P-glycoprotein (ABCB1), it plays an
important role in maintaining brain homeostasis by limiting entry
of xenobiotics including a large number of drugs into the CNS [24–
27,42]. Therefore, we aimed to develop an assay, which can easily
be used to study the effects of BCRP at the blood–brain barrier. Iso-
lated endothelial cells from porcine brains have been cultured,
since porcine brain tissue is easily available from local slaughter-
houses. One preparation of 10 brains yields approximately
300 � 106 endothelial cells. Mitoxantrone transport, its applicabil-
ity as BCRP substrate as well as assay conditions were evaluated
and MDCKII cells over-expressing human wild-type BCRP
(MDCKII-hBCRP cells) were used in addition to characterise trans-
port results.

Fig. 1 shows the luminal localisation of BCRP in porcine brain
microvessels (a) as well as the membrane localisation in freshly
isolated endothelial cells (b), cultured brain capillary endothelial
cells (c) and MDCKII-hBCRP (d) and corresponding native cells (e)
by immunostaining. In addition, BCRP expression was analysed
by Western blot (f). BCRP was clearly expressed in the membrane
fraction of porcine endothelial cells compared to the brain homog-
enate and the capillary fraction as well as in the membrane of
MDCKII-hBCRP cells, which is consistent with [43,44]. Looking in
more detail at the expression in isolated endothelial cells a semi-
quantitative analysis revealed clear differences: compared to
freshly isolated cells, cells that had been stored in liquid nitrogen
as well as cells which had been kept in monolayer cultures for
3–7 days showed a lower expression of BCRP (Fig. 2). Since no sig-
nificant changes in the extent of BCRP expression was seen be-
tween thawed cells and cells being kept in culture for up to
7 days, the 7-day monolayers were used for permeation studies,
since one-week culture seemed to be most appropriate to obtain
confluent and tight cell monolayers.

Next we studied the uptake of the drug into PBCECs as a
function of concentration and time. Fig. 3 shows the concentra-
tion-dependent uptake of mitoxantrone into PBCECs. Drug up-
Fig. 1. Immunostaining of BCRP in an isolated porcine brain capillary (a), immunostainin
old PBCEC monolayer (c), in MDCKII-hBCRP cells (d) and in native MDCKII cells (e). Weste
capillaries, the capillary membrane fraction, in MDCKII-hBCRP cells and in native MDCK
take reached steady state after approximately 60 min of
incubation.

Moreover, the permeation of mitoxantrone across 7-day-old
monolayer cultures of PBCECs was determined (Fig. 4). Permeation
from the apical to the basolateral (a ? b) compartment (‘‘blood to
brain”) was rather low, with an apparent permeability coefficient
of 5.6 � 10�6 cm s�1, which was only very slightly influenced by
addition of 10 lM fumitremorgin C (FTC) (Papp 6.0 � 10�6 cm s�1),
a potent inhibitor of BCRP-mediated transport [45]. In contrast,
basolateral to apical (b ? a) permeation (‘‘brain to blood”) was
considerably higher (Papp 2.8 � 10�5 cm s�1) and was significantly
inhibited by 10 lM FTC (Papp 1.8 � 10�5 cm s�1). This vectorial
transport combined with the inhibition by FTC clearly indicates
BCRP-mediated transport of mitoxantrone across the apical cell
membrane.

In a comparative control experiment, permeation of mitoxan-
trone (20 lM) across MDCKII-hBCRP was determined. Whereas
(a ? b) permeability was negligible, (b ? a) permeation of
mitoxantrone was again considerably higher (Papp 7.3 �
10�6 cm s�1) and could also be inhibited by 10 lM FTC (Papp

2.4 � 10�7 cm s�1). Comparison of mitoxantrone permeation
across native MDCKII cells and MDCKII-hBCRP cells revealed ratios
of (b ? a)/(a ? b) transport coefficients of 9.1 and 73.0, respec-
tively (porcine endothelial cells: 5.0). However, it had to be noted
that in absolute values the (b ? a) permeability reached only one-
third of the value observed with PBCECs. This is in accordance with
the different transcellular resistance values of both cell lines: por-
cine endothelial cells showed permeability coefficient values of the
transcellular marker carboxyfluorescein of about 2.6 � 10�5 cm s�1

(a ? b) and thus seemed to be leakier than the MDCKII cell line
(Papp 2.1 � 10�6 cm s�1 in over-expressing MDCKII-hBCRP cells
and Papp 9.1 � 10�7 cm s�1 in native MDCKII cells). The observed
lower barrier tightness in porcine endothelial cells might have an
impact on an increased apical to basolateral and basolateral to api-
cal transport of mitoxantrone, and therefore might increase the
absolute permeability values in comparison to those obtained from
transport studies with MDCKII cells. In addition, [37] already deter-
mined permeability coefficients for mitoxantrone in the very
MDCKII-derived hBCRP cell line yet presenting lower absolute
g of BCRP in freshly isolated porcine brain capillary endothelial cells (b), in a 7-day
rn blot analysis for BCRP in whole porcine brain homogenate, isolated porcine brain
II cells. Na+–K+–ATPase was used as internal standard (f).



Fig. 2. Expression of BCRP in isolated PBCECs at different culture conditions as detected by Western blot (a). Densitometric analysis of Western blot: values are means ± SEM
of four different experiments. BCRP monomer was normalized to the amount of internal standard Na+–K+–ATPase and is shown as a ratio [%] of the amount of BCRP protein
expressed at day 7 after culture.

Fig. 3. Time – and concentration – dependent uptake of mitoxantrone into PBCECs
(7-day old cultures).

Fig. 4. Permeation of mitoxantrone (20 lM) across PBCECs (7-day old cultures) and
MDCKII-hBCRP cells in the absence and presence of the BCRP inhibitor fumitre-
morgin C (10 lM).
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transport values (Papp 2.0 � 10�6 cm s�1 (10 lM mitoxantrone) vs.
7.3 � 10�6 cm s�1 (20 lM mitoxantrone)). This could be due to dif-
ferent cell densities that were seeded onto the transwell mem-
branes since a higher amount of cells (here about 250,000 cells/
cm2) might show a more significant vectored transport. In sum-
mary, the net ratios of efflux transport were comparable
(MDCKII-hBCRP (b ? a/a ? b)/MDCKII (b ? a/a ? b) 6.1 at 10 lM
mitoxantrone [37] and 8.0 at 20 lM mitoxantrone (present study).
Finally, active mitoxantrone influx must not be disregarded at con-
centrations lower than 15 lM as was shown by Pan and Elmquist
[46].



Fig. 5. Impact of transport protein inhibitors and substrates on mitoxantrone
uptake (15 lM in medium) into 7-day old PBCECs.
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To assess effects of other ABC-transporters such as P-gp, Mrp1
and Mrp2 on mitoxantrone transport, uptake of the drug into 7-
day old PBCECs in the presence and absence of transport modula-
tors was determined. The ability of digoxin (inhibitor of P-gp; [47]),
MK571, (inhibitor of Mrp1 and Mrp2; [48]), probenecid and para-
amino hippuric acid (p-AH) (inhibition of organic anion transport-
ers; [49]), GF 120918 and tariquidar (inhibitors of P-gp and BCRP;
[50,35]) and FTC and KO143 (inhibitor of BCRP; [45,51]) to affect
uptake of mitoxantrone was evaluated. Cells were incubated for
60 min with 15 lM mitoxantrone in the presence of the mentioned
modulators, and intracellular fluorescence was determined (Fig. 5).
P-gp, Mrps and organic anion transporters had been shown to be
expressed at the luminal side of brain capillaries [52–54]. How-
ever, neither digoxin nor MK571, probenecid or p-AH had a signif-
icant effect on the uptake of mitoxantrone, suggesting that these
transporters have only a minor impact on cellular accumulation
of the drug. In contrast, GF120918, KO143, tariquidar and PSC-
833 significantly increased intracellular fluorescence intensity,
presumably by inhibition of mitoxantrone efflux. Whereas FTC,
Fig. 6. (a) Sensitivity of PBCECs versus mitoxantrone as a function of time and conce
criterium. (b–g) Cell survival after 3 days incubation with mitoxantrone in the absence a
BCRP and P-gp), 2.5 lM PSC-833 (inhibition of P-gp), 5 lM MK571, 0.5 lM LTC4 and 10
GF120918 and KO143 had been described to be selective inhibitors
of BCRP, the affinity of tariquidar and PSC-833 (both P-gp inhibi-
tors) has not been really clarified. Also both appear to interact with
BCRP, as the lack of effect of digoxin on mitoxantrone uptake sug-
gests that P-glycoprotein is not involved. Mitoxantrone has been
discussed to be a substrate not only for BCRP but also for P-glyco-
protein [55,56] and Mrp1 [57,58], similar to BODIPY-Prazosin and
Hoechst 3342 [59]. Our transport studies in porcine endothelial
cells showed that higher concentrations of verapamil (25 lM)
and PSC-833 (5 lM) significantly increased intracellular mitoxan-
trone accumulation. In comparison, the ratio of accumulated
mitoxantrone fluorescence in MDCKII-hBCRP and native cells,
which is to determine single BCRP-mediated drug transport and
to exclude endogenous P-glycoprotein expression, only showed a
significant increase after incubation with PSC-833, but not with
verapamil (data not shown). This fact indicates that – based on
raising intracellular mitoxantrone levels in a BCRP over-expressing
cell line inhibited with PSC-833 – valspodar might also inhibit
BCRP-mediated drug transport like its related substances elacridar
(GF120918) and tariquidar (XR9576). Additionally, [60] discovered
an inhibitory effect of verapamil on BCRP ATPase activity in Ehrlich
ascites tumor tissue at concentrations higher than 50 lM. This
supports our observation that verapamil inhibits mitoxantrone ef-
flux at 25 lM but not at 10 lM. In a separate series of experiments,
BCRP-mediated efflux of Pheophorbide A, which was analysed to
be not a P-glycoprotein substrate [35], was also inhibited by verap-
amil in porcine endothelial cells (data not shown). Last, mitoxan-
trone did not increase intracellular calcein accumulation in
PBCECs (data not shown) and thus appears to be not a high affinity
substrate for porcine P-glycoprotein.

In a further set of studies, the sensitivity of PBCECs versus
mitoxantrone was tested in a time- and concentration-dependent
manner (Fig. 6a) by applying the AlamarBlueTM assay as viability
criterium. The cells exhibited a relatively high viability even at
longer incubation times for up to 24 h when the concentration
did not exceed 1 lM. However, survival rates decreased at higher
concentrations and at incubation times >90 min.

When the survival rates were studied after 3 days incubation,
significant differences in the presence of ABC-export pump inhibi-
tors could be observed (Fig. 6b–e). Cell survival gradually de-
creased in control experiments with increasing concentrations of
ntration. Cell survival was tested by applying the AlamarBlueTM assay as viability
nd in presence of 2.5 lM KO143 (inhibition of BCRP), 5 lM GF120918 (inhibition of
0 lM probenecid (inhibition of Mrps), respectively.



Table 1
EC50 and Emax of tested compounds in porcine brain capillary endothelial cells.

Test substance EC50 (lM) Emax (%)

KO143 0.19 ± 0.16 241.0 ± 33.7
Fumitremorgin C 0.02 ± 0.00 192.3 ± 0.1
GF 120918 0.02 ± 0.03 165.2 ± 18.9
Lopinavir 27.59 ± 19.57 252.4 ± 19.6
Saquinavir 27.04 ± 19.99 310.6 ± 74.4
Nicardipine 1.74 ± 1.00 153.6 ± 5.75
Novobiocin 22.41 ± 16.99 199.0 ± 33.6
17-b-Estradiol 0.85 ± 0.41 143.9 ± 3.8
Naringenin 61.63 ± 49.94 308.1 ± 106.3
Estrone-sulfate 0.08 ± 0.05 122.6 ± 1.7
Genistein 51.56 ± 40.44 262.6 ± 74.9
Daidzein 0.13 ± 0.07 149.4 ± 3.6
Cyclosporine A 0.07 ± 0.04 137.79 ± 2.94

Fig. 7. Increase in intracellular fluorescence in PBCECs after simultaneous incuba-
tion with 15 lM mitoxantrone and various BCRP modulators for 1 h at 700 rpm in
freshly isolated porcine brain capillary endothelial cells. Fluorescence was quan-
tified by FACS-analysis.
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mitoxantrone in the absence and also in the presence of 5 lM
MK571, 0.5 lM LTC4, 100 lM probenecid (inhibition of Mrps) or
2.5 lM PSC-833 (inhibition of P-gp). Only in the presence of
5 lM GF120918 and 2.5 lM KO143 (Fig. 6f and g), a dramatic drop
of viability could be observed at concentrations P0.5 lM, suggest-
ing an increased sensitivity of the cells towards mitoxantrone by
inhibition of BCRP, a subsequent increase in intracellular drug con-
centration followed by a decreased cell viability.

Since all experiments point to a BCRP-mediated transport of
mitoxantrone in PBCECs, this transport was used for a screening
assay to detect BCRP interactions with novel test compounds. Sev-
eral assay variants were evaluated, e.g. preincubation or simulta-
neous incubation with the test item and mitoxantrone.
Experiments with several BCRP inhibitors showed that highest ef-
fects were seen after 1 h simultaneous incubation of PBCECs with
15 lM mitoxantrone and 10 lM fumitremorgin C (data not
shown).

Another technical aspect of assay performance is the shaking
speed. During incubation with test compounds, the cells were sha-
ken and by increasing the shaking speed from 200 to 700 rpm gen-
erally raised the intracellular fluorescence signal by a factor of
approximately 1.5. Since PBCEC monolayers could not be shaken
at higher speeds because of cell detachment from the microplate,
only suspended PBCECs were incubated at this shaking speed.
The increase in mitoxantrone accumulation may be the result of
a better exposure of the suspended cells to the substances. In addi-
tion, the relation of the incubation solution/air surface to cell num-
ber is more favorable in Eppendorf tubes (suspension assay) than
in 96-well microplates (monolayer/plate-reader assay). A larger
surface means less free hydrophobic test compound available
within the solution for P-glycoprotein interaction. Therefore, a
smaller surface and better mixture during the incubation interval
may be a prerequisite for improved cell–compound interactions
of hydrophobic substances. A very similar observation has recently
been made at a calcein-AM-based assay for P-glycoprotein com-
paring suspended and monolayers-cultured PBCECs [61].

Finally, based on these findings, standard test conditions were
set up as follows: re-frosted porcine endothelial cells were simul-
taneously incubated with 15 lM mitoxantrone and test substances
for 1 h (700 rpm) and washed twice with ice-cold KRB. Finally cells
were re-suspended and intracellular fluorescence was detected via
FACS analysis.

Currently, few BCRP modulators are known: fumitremorgin C,
benzopyranones [62], estrogen agonists and antagonists [63],
calcium channel blockers [64], HIV-protease inhibitors [65], flavo-
noids [66,67], immunosuppressants [68], coumermycin antibiotics
[69] and tyrosine-kinase inhibitors [24,70]. Representative sam-
ples from these groups were tested for an interaction with the ex-
port protein in the mitoxantrone-based BCRP assay measuring the
intracellular fluorescence accumulation in the presence of the test
compounds. In addition, EC50 values for all tested BCRP effectors
were calculated using an Emax model according to [71] (Table 1).
Since the extent of inhibition of mitoxantrone export (i.e. increased
mitoxantrone uptake) is measured and therefore no discrimination
between transported substrates and non-transported inhibitors of
BCRP can be done, all compounds interacting with BCRP are named
‘‘modulators’’ of the export protein, following a suggestion by Polli
et al. [72]. Fig. 7 shows the concentration-dependent profiles for a
series of drugs and phytopharmaceuticals, which had been de-
scribed to interact with different affinities with the export pump
including fumitremorgin C [45], novobiocin [66,73], 17-b-estradiol
[63,74], estrone-sulfate [63,74], nicardipine [64], saquinavir, lopin-
avir [75], and naringenin [76].

All substances described to modulate BCRP increased mitoxan-
trone-related intracellular fluorescence. Thus, all compounds were
correctly identified with regard to their predicted effect on BCRP.
Interestingly, all these substances exhibited IC50 values in the sub-
micromolar range making the discrimination solely based on IC50

difficult. Looking at the maximum effect, modulators could be clas-
sified as compounds with strong, moderate and weak effects on
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BCRP. A very large increase in intracellular fluorescence greater
than 160% above controls at concentrations between 1 lM and
5 lM was caused by KO143, FTC and GF120918. A somewhat
weaker effect was seen by naringenin, saquinavir and lopinavir (ef-
fects >160% above control values at concentrations P25 lM). 17-b-
Estradiol, daidzein, nicardipine, PSC-833 and cyclosporin A showed
intermediate effects with fluorescence values between 120% and
160% of controls at concentrations P25 lM. Ascorbic acid and es-
trone-sulfate showed only little effects with fluorescence values
6120% above controls at 25 lM.

The low IC50 values correspond to a previous observation made
with PBCECs in the calcein-AM assay for P-glycoprotein [77]. There,
EC50 values were more than 70-fold lower than those determined
by [78] using Caco-2VCR25 and those by [79] using MDR-CEM
cells. This difference was most likely due to overexpression of
the export pump in the cell lines in contrast to primary PBCECs.
In over-expressing cell lines, the fluorescent indicator has to be
used at higher concentrations to detect any baseline fluorescence.
Additionally, effectors were also to be used at higher concentra-
tions to detect increases in intracellular fluorescence [72]. There-
fore, the sensitivity of primary PBCECs appears to be higher than
the sensitivity of cell lines, over-expressing the respective export
pump, consequently leading to lower EC50 by some orders of mag-
nitude. This fact might be important in drug discovery and it might
also play a role when information about the brain penetration of
CNS-drugs is needed.

As prediction of interactions with ABC-transport proteins at the
blood–brain barrier is important in screening drug candidates with
CNS activity, use of simple cell-based assays may be helpful. Here
we showed the use of a mitoxantrone-based assay with PBCECs. It
is important to note that this assay is not able to distinguish be-
tween transported substrates of BCRP and compounds, which only
inhibit BCRP function. This should be kept in mind, when drawing
further conclusions in compound profiling. Nevertheless this test
system proved to be a useful tool to study potential drug interac-
tions with BCRP at the blood–brain barrier.
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