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Abstract

Purpose: To establish a fluorescent dye (Glutathione methylfluorescein, GSMF) based assay to rapidly screen compounds for drug
efflux interactions with the ABC-protein ABCC2 (MRP2). Methods: MDCK-cells overexpressing ABCC2 were cultured until confluency
in 96-well plates. Cells were incubated with chloromethylfluorescein-diacetate (CMFDA) in the absence and presence of increasing con-
centrations of potential substrates and inhibitors of ABCC2. After formation of GSMF the extent of intracellular fluorescence was mon-
itored with a fluorescence plate reader in a time- and a concentration-dependent manner. Results: MDCK cells showed stable expression
of ABCC2 and, as a consequence, GSMF was extruded by the cells across the apical membrane in an energy-dependent manner. The
incubation conditions (optimum CMFDA concentration; glutathione dependency, membrane toxicity) were elaborated. Determination
of intracellular glutathione concentration indicated that under the chosen conditions glutathione is not rate limiting for the assay per-
formance. Known inhibitors of ABCB1 (P-GP) and ABCG2 (BCRP) did not influence intracellular fluorescence intensity, but a signif-
icant increase of intracellular fluorescence was observed in the presence of MRP2-substrates and inhibitors accompanied with a
concomitant decrease of GSMF efflux. Conclusions: The GSMF-assay based on fluorescence accumulation in MRP2-overexpressing
MDCK cells can be used as a rapid microplate screening system for interactions of drugs with MRP2 and therefore represents a useful
tool in drug profiling.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Membrane transport proteins play a crucial role in
absorption, distribution and elimination of many drugs,
drug candidates and metabolites. Particularly the export
proteins ABCB1 (P-GP; MDR1-gene product; p-glycopro-
tein), ABCC1/2 (MRP1/2) and ABCG2 (BCRP) gain inter-
est due to their role in drug resistance of tumor cells as well
as their protective function in barrier tissues like gut, pla-
centa, liver, kidney and blood–brain barrier. The fact that
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these export proteins recognize drugs as substrates has led
to search and development of inhibitors for, e.g., P-GP,
such as Valspodar (PSC-833), Elacridar (GF120918), Zos-
uquidar (LY335979), Tariquidar (XR9576), and others [1].

In parallel, test systems have been set up to screen novel
drug candidates with respect to potential interactions with
ABC export proteins. For P-GP fluorescent based calcein-
AM assays have been established, which can be used with
P-GP over-expressing cell lines, Caco-2 cells [2,3] as well
as brain capillary endothelial cells [4,5]. Alternatively, the
uptake of Rhodamin-123 can be determined in absence
or presence of P-GP inhibitors, or the consumption of
ATP is used as a measure of P-GP activity [6,7].

Whereas these assay systems have been generally
accepted to evaluate potential interactions with P-GP,
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relatively little has been done to establish similar assays for
other ABC-proteins, e.g., members of the ABCC family,
although their importance for drug disposition is compara-
ble to that of P-GP. One study examined the effects of 2 0,7 0-
bis(2-carboxyethyl)-5(6)-carboxyfluorescein acetoxymethyl
ester (BCECF-AM) and its fluorescent free acid, BCECF,
on ABC transporters, showing that the ester is a mixed
substrate of P-GP/BCRP, whereas after hydolysis inside
the cell the free acid was recognized by MRP [8].

A decade ago, ABCC2 (MRP2) was identified in rat and
human liver, which was also called ‘canalicular Multispec-
ific Organic Anion Transporter’ (cMOAT) [9–12]. Similar
to P-GP it is also expressed in other barrier tissues, how-
ever its substrate selectivity differs from that of P-GP in
recognizing predominantly organic anions, glutathione
conjugates and small peptides [13–15].

The goal of the present work was the design of an assay
for MRP2, which is reliable, easy to perform and allows the
screening of larger numbers of compounds with respect to
interaction with MRP2.

2. Materials and methods

2.1. Cells

MDCKII-MRP2 transfected with human ABCC2 were
a kind gift from Prof. Dr. P. Borst (Netherland Cancer
Institute, Amsterdam, NL). For transfection the retroviral
vector (pCMV)-neo had been used, in which a HindIII–
NcoI DNA fragment containing the complete predicted
MRP2 open reading frame (GenBank Accession No.
U49248) was inserted, resulting in pCMV-cMRP2 [16].

2.2. Materials

Murine antibodies against MRP2 (clone M2III-6) and
against Na+/K+-ATPase (clone M7-PB-E9) as well as sec-
ondary anti-mouse-IgG-FITC antibodies were obtained
from Alexis, Grünberg, FRG. Cyclosporin A was from Nov-
artis (Basle, CH), Cerivastatin was from Bayer-Schering
(Leverkusen, FRG). All other materials were obtained from
the usual commercial sources at the highest purity available.

2.3. Cytotoxicity assay (Alamar Blue assay)

Mitochondrial dehydrogenases play a major role in
energy supply of cells. Their activity can be used as indica-
tor of cellular vitality. Mitochondrial dehydrogenase activ-
ity was measured with Alamar blue, a MTT derivative. The
MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazo-
lium bromide] assay [17] is based on the ability of mito-
chondrial dehydrogenase to cleave the tetrazolium rings
of MTT and form formazan crystals which are largely
impermeable to cell membranes, thus resulting in its accu-
mulation within healthy cells. Solubilisation of the cells by
the addition of a detergent results in the liberation of the
crystals, which are solubilised. The number of surviving
cells is directly proportional to the level of the pink col-
oured formazan product created. The colour can then be
quantified using a simple colorimetric assay.

Cell monolayers cultured in 96-well plates were washed
twice with KRB at 37 �C and then incubated with test com-
pound for 90 min at 37 �C. After the incubation monolayers
were washed twice with KRB to remove turbid medium.
Before removal of the buffer after the last washing step, cell
monolayer integrity was checked by an inverse microscope.
Buffer was replaced by 200 ll Alamar blue reagent (5 ll
Alamar blue solution + 195 ll KRB) per well. Ninety-six-
well plates were placed in a preheated fluorescent plate
reader (Fluoroscan Ascent, Labsystems, Frankfurt, FRG,
or Tecan Safire XFLUOR4, Tecan Safire, Crailsheim,
FRG) at 37 �C. Increasing fluorescence of reduced Alamar
blue was measured over 8 h at 539/590 nm to detect conver-
sion of the dye by mitochondrial dehydrogenases. All exper-
iments were performed as quadruplicate.

2.4. Determination of glutathione

Intracellular glutathione was determined with an assay
(Cayman, IBL Immuno Biological Laboratories, Ham-
burg, FRG) based on the reaction of sulfhydryl groups
with 5,5 0-dithiobis-nitrobenzoic acid (DTNB, Ellman’s rea-
gens) under formation of 5-thiobenzoic acid (TNB). Even-
tually formed mixed disulfide GSTNB is processed to TNB
and GSH by glutathione reductase. According to the rec-
ommendation of the supplier, the cells were not trypsinized
prior to fluorescent measurements, since proteolytic
enzymes tamper the results. Therefore, the results were
referred to cm2 monolayer area.

2.5. Immunostaining

MDCKII-MRP2 cells were cultured on 8-well object
slides, which had been coated with rat tail collagen. After
careful washing with KRB, the cells were incubated for
30 min with fixation solution (p-formaldehyde 3.0 mg,
0.4 ml 25% glutardialdehyde, saccharose 3.4 g, PBS ad
100 ml) prior to a 10 min permeabilisation with Triton X-
100 (0,1%) in KRB. After a washing step the cells were
incubated for 30 min with blocking solution (1% BSA in
KRB). Then, the cells were incubated overnight with
100 ll primary antibody (clone M2III-6, mouse IgG2a;
Alexis, Grünberg, FRG) against MRP2. Subsequently, cell
monolayers were washed 3· with KRB and then incubated
with secondary antibody (anti-mouse-IgG-FITC from
sheep) Alexis, Grünberg, FRG) for 1 h. After a final wash-
ing step, the cells were coated with Aqua Polymount� and
subjected to fluorescence microscopy (Leitz Dialux 22 mik-
roscope, (Leica Microsystems, Heidelberg, FRG).

2.6. Uptake studies

Cells were kept in culture in 24 and in 96-well
plates, respectively. Prior to transport experiments, they
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were washed twice with KRB at 37 �C. Then, the cells were
incubated with 1 lM CMFDA in absence or in presence of
potential MRP2 modulators at increasing concentrations.
Typically the modulators had been dissolved in DMSO.
In control experiments we confirmed that the cell monolay-
ers tolerated up to 1% DMSO in the incubation medium
without functional impairment. All monolayers were incu-
bated for 90 min at 37 �C and under constant circular shak-
ing at 50 rpm. Then, the culture plates were placed on ice,
medium in the apical compartment was removed and the
cells were washed twice with ice-cold KRB. Then, the cells
were lysed by incubation with 200 ll of 1% Triton X-100 in
KRB for 30 min under constant shaking. Finally, the
culture plates were subjected to fluorescence quantification
in a fluorescent plate reader (Tecan Safire XFLUOR4,
Tecan Safire, Crailsheim, FRG) with filter settings of kex

of 485 nm and kem of 516 nm. The extent of transport inhi-
bition in presence of MRP2-modulators was quantified
from fluorescence values using the software GraphPad
Prism (GraphPad Software, Inc., San Diego, CA, USA).
2.7. Permeation experiments

To determine directed permeation of MRP2-substrates
MDCKII-MRP2 cells were cultured on permeable Trans-
well� cell culture inserts. Prior to the experiments, cell cul-
ture medium was replaced by KRB at 37 �C (0.5 ml in the
apical compartment, 1.5 ml in the basolateral compart-
ment). Cells were allowed to recover from media change
for 30 min at 37 �C, then the transepithelial resistance
was determined and the transport experiments were started
by adding test compounds to either the apical or basolat-
eral compartment. The culture plates were kept at 37 �C
at orbital shaking (50 rpm, min) and samples of 100 ll were
collected every 15 min for up to 90 min. Aliquots were
replaced by buffer. Samples were pipetted onto 96-well
plates and excreted fluorescent compound was quantified
in a fluorescence plate reader (Fluoroscan Ascent, Labsys-
tems, Frankfurt, FRG, or Tecan Safire XFLUOR4, Tecan
Safire, (Crailsheim, FRG).
2.8. Western blot analysis

Cell monolayers were washed twice with KRB and
homogenized in mammalian tissue lysis buffer (CelLytic�

MT Cell Lysis Reagent for mammalian tissues, Sigma–
Aldrich) supplemented with protease inhibitors (Complete,
Fig. 1. Structure of chloromethylfluorescein diacetate (CMFDA), CMF (
EDTA free Protease Inhibitor Cocktail Tablets�, Roche
Diagnostics, Mannheim). After lysates had been spun
down at 1000g supernatants were centrifuged at 10,000g

for 90 min and pellets were resuspended in lysis buffer. Pro-
tein content was determined by using the BCA� Protein
Assay Kit (Pierce, Rockford), which is based on the Biuret
reaction.

Proteins (45 lg per lane) were subjected to electrophore-
sis on a 7.5% SDS–polyacrylamide gel and transferred elec-
trophoretically on polyvinylidene difluoride membranes at
350 mA for 60 min. The blots were then blocked overnight
at 4 �C with PBS containing 1% non-fat dry milk powder
and 1% bovine serum albumin (Sigma–Aldrich). Then,
the blotting membranes were incubated for 1 h with
10 ml primary antibody (1:50) against MRP2 (MAB
M2III-6, murine IgG2a, Alexis, Grünberg, FRG). Primary
antibody solution was removed and the membranes were
incubated for 1 h with secondary antimouse-horseradish
peroxidase-conjugated antibody (1:10,000) from sheep
(KPL, Gaithersburg, MD, USA), followed by enhanced
chemoluminescence detection (Immun-Star AP Chemolu-
minescent Kit, Bio-Rad Laboratories, Hercules, CA,
ChemiDoc XRS software).
3. Results

3.1. Assay principle

CMFDA, 5-chloromethylfluorescein-diacetate (Fig. 1),
is a non-fluorescent, lipophilic derivative of fluorescein,
which easily permeates across the cell membrane. Inside
the cells it is cleaved by unspecific esterases forming the
fluorescent intermediate 5-chloromethylfluorescein CMF.
CMF is hydrophilic and exhibits a very slow permeation
across cell membranes. In a second step, the chloromethyl
group reacts with intracellular thiol groups, e.g., glutathi-
one. Glutathione methylfluorescein, GSMF, is produced,
which is even more hydrophilic. GSMF is a substrate of
MRP2 [18–20] and is actively excreted out of the cells.
Interactions of test-compounds with MRP2 result in an
increased intracellular fluorescence intensity.
3.2. Detection of MRP2 in MDCKII-MRP2 cells

Prior to transport experiments MRP2 was detected by
Western blotting and immunostaining, respectively. Wes-
tern blots revealed a strong signal in the MW range of
chloromethylfluorescein) and GSMF (glutathione methylfluorescein).
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190 kDa. Immunostaining showed predominant localisa-
tion of MRP2 in the cell membrane (Fig. 2).

3.3. ATP-dependency of GSMF-transport

ABC-protein mediated transport is coupled to the con-
sumption of ATP and, therefore, it is sensitive to metabolic
poisoning. One possibility to identify ATP-dependent pro-
cesses is incubation of cells with cyanide, which inhibits
cytochrome oxidase and, thus, the formation of cellular
ATP. In order to study whether GSMF excretion is ATP-
dependent MDCKII-MRP2 cells were pre-incubated with
0.1 and 1.0 mM NaCN, respectively, and then the forma-
tion of extracellular GSMF was determined after 45 min
incubation with 1.0 lM CMFA. Preincubation with
increasing doses of cyanide led to a concentration depen-
dent decrease of extracellular GSMF (data not shown),
indicating that excretion of GSMF by MDCKII-MRP2
cells is indeed an energy-dependent process.
Fig. 2. (a) Western blot of ABCC2, lane 1, molecular weight standards; lane
Immunolocalisation of MRP2 in the membranes of overexpressing MDCKI-M
MRP2.
3.4. Directed excretion of GSMF

Functional activity of export proteins in cell monolayers
can be determined by preferential transport of a substrate
to the luminal (apical) or abluminal (basolateral) buffer
compartment dependent on the localisation of the studied
export protein in either membrane [21]. To study directed
excretion of GSMF, confluent cell monolayers were incu-
bated with 1 lM CMFDA from the apical or basolateral
compartment, respectively, and time-dependent excretion
of GSMF was determined. After 90 min 64.4 ± 4.2% and
3.7 ± 1.3% of applied CMFDA were recovered as GSMF
from the apical and basolateral compartment, respectively
(Fig. 3). When transport was studied in presence of 100 lM
MK571, a potent inhibitor of rodent Mrp- and human
MRP-proteins [22], a significant decrease of apical GSMF
excretion could be observed, indicating that GSMF is
excreted by MRP2 across the apical membrane of
MDCKII-MRP2 cells.
2, MDCKII-MRP2 cells; lane 3, liver homogenate (positive control). (b)
RP2 cells. Left photo, negative control; right photo, positive staining of
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Fig. 3. Excretion of GSMF after incubation of cell monolayers with 1 lM
CMFDA in absence or in presence of 100 lM MK571, an inhibitor of
Mrp-proteins (n basolateral fi apical; d basolateral fi apical, + MK571;
m apical fi basolateral, n apical fi basolateral, +MK571) (Means ± SE,
n = 6).
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Fig. 4. Assessment of appropriate CMFDA concentration; cells were pre-
incubated with CMFDA at 1.0 (m), 2.5 (s) and 5.0 (d) lM at 4 �C for
45 min and then intracellular fluorescence was determined at 37 �C at the
indicated time intervals (n = 6; means ± SE).
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3.5. Determination of intracellular glutathione concentration

An important step of the assay is the intracellular conju-
gation of fluorescent chloromethylfluorescein with glutathi-
one. The product of this reaction, GSMF, is actively
excreted by MRP2. In order to assess, whether the intracel-
lular concentration of glutathione is rate limiting for the
overall outcome of the assay, we determined the amount
of glutathione/cm2 confluent monolayer. It amounted to
4.9 · 10�5 lmol/cm2 and 4.0 · 10�5 lM/cm2 at day 3 and
4 of culture, respectively. Under the assumption that an
equimolar conjugation of CMF occurs, we concluded that
the intracellular amount of glutathione is not rate limiting,
because at most 0.3 · 10�6 lmol/cm2 CMF is present
under standard conditions.

Recent studies showed that cellular depletion of gluta-
thione may be accompanied by a reduced excretion of
MRP2-substrates [23,24]. Therefore, we incubated
MDCKII-MRP2 monolayers for 3 days with medium con-
taining 100 lM L-buthionine–sulfoximine, an inhibitor of
c-glytamyl-cysteine synthesise [25]. Incubation of these
cells with CMFDA resulted in a fourfold increased intra-
cellular fluorescence as compared to untreated cells, indi-
cating that the fluorescent intermediate CMF was not
quantitatively conjugated and excreted.

3.6. Assay development – days of culture

In contrast to permeation assays requiring confluent
monolayers tight confluency is not an indispensable pre-
mise for uptake and efflux experiments [21]. In order to
assess the impact of culture time on assay performance,
we studied the increase of intracellular fluorescence in
absence and in presence of MK571, which is known to be
a potent MRP2 inhibitor. All cells exhibited an increase
in intracellular fluorescence intensity dependent on the con-
centration of MK571 with IC50 values of 9 ± 2, 14 ± 3,
18 ± 2 and 17 ± 3 lM at day 2, 3, 4 and 7 of culture. Max-
imum fluorescence intensity was similar in all experiments.
Other studies with Caco-2 cells showed that expression of
functional MRP2 has a very early onset after seeding the
cells [26,27] and that in contrast to P-GP no fully differen-
tiated monolayer is required. Based on the present result,
we decided to use cells for transport experiments, which
had been in culture for at least 4 days.
3.7. Assay development – assessment of appropriate
CMFDA concentration

In order to determine a CMFDA concentration, which
results in an intracellular fluorescence being sensitive
enough to discriminate between MRP2-substrates of differ-
ent affinity to the carrier protein, cells were pre-incubated
with CMFDA at 0.1, 1.0, 2.5 and 5.0 lM at 4 �C for
45 min, then extracellular CMFDA was washed away
and the cells were kept at 37 �C for the time intervals indi-
cated in Fig. 4. Intracellular fluorescence at 37 �C was
dependent on the initial concentration in the incubation
medium, then it showed a relatively rapid decline and
remained constant at a low level after approximately
30 min. The decrease can be explained by rapid transfor-
mation of CMFDA, subsequent conjugation of CMF
and extrusion of GSMF out of the cells.
3.8. Assay development – exclusion of other export protein

In order to assure that neither CMFDA nor CMF and
GSMF are substrates of other export proteins, e.g.,
ABCB1 (P-GP) or ABCG2 (BCRP, breast cancer resis-
tance protein) specific inhibitors for both proteins were
added during monolayer incubations with MK571. 2 lM
LY335979 [28,29] was used to inhibit P-GP, 1 lM
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GF120918 (Elacridar) [30] was used to inhibit P-GP and
BCRP, As illustrated in Fig. 5, none of the P-GP and
BCRP inhibitors had an effect on intracellular fluorescence
accumulation. Although fluorescence in the presence of P-
GP and BCRP inhibitors was slightly higher than in pres-
ence of MK571 alone, measured fluorescence values were
not significantly different from each other in presence of
any inhibitor. There was also no decrease in intracellular
fluorescence, which might have been indicative for a hin-
dered uptake of CMFDA by P-GP or BCRP. Western
blots, performed as control experiments, showed negligible
expression of the 2 export pumps in the used cells, which
was in clear contrast to MRP2-expression.
3.9. Assay development – determination of cytotoxicity

MK571 was used as reference inhibitor for complete
MRP2 inhibition. In order to exclude that observed effects
are the result of cytotoxicity at higher concentrations of
MK571, an Alamar Blue� assay based on mitochondrial
dehydrogenase activity was performed. Fig. 6 shows that
Fig. 6. Alamar Blue� assay based-effect of increasing concentrations of
MK571 upon cell viability. The unaltered formation of dye indicates that
cell viability is not influenced by higher concentrations of MK571. In
controls, 0,1% Triton X-100 totally abolished formazan formation,
suggesting complete loss of cell viability (means of n = 6).
the formation of dye being indicative for cell viability
was not influenced by higher concentrations of MK571,
whereas 0,1% Triton X-100 totally abolished formazan
formation.
3.10. Assay validation

The usefulness of the assay was studied by determining
the interaction of a series of substances with potential inter-
action with MRP2. Since the assay does not discriminate
between transported substrates and non-transported inhib-
itors of MRP2 all compounds interacting with MRP2 are
named ‘‘modulators’’ of the export protein, following a
suggestion by [2]. Fig. 7 shows the concentration dependent
profile for a series of drugs and phytopharmaceuticals pre-
viously described to interact with different affinity with the
export pump, namely MK571 [28,31], cerivastatin [32],
Na+-fusidate [33], probenecid [28], rifampicin [34], indo-
methacin [28], bromosulfophthalein [28], myricetin [35],
sulfinpyrazone [28] and paracetamol [36].

All substances described to be MRP2 substrates
increased intracellular fluorescence. Thus, all compounds
were correctly identified with regard to their predicted
effect on MRP2. Interestingly, the group of MRP2 sub-
strates could further be classified as compounds with
strong, moderate and weak effects on MRP2. Already at
low concentrations a large increase in intracellular fluores-
cence was caused by MK571, cyclosporine A and myricetin
(effects >500% above control values at concentrations up to
100 lM. Fusidate, indomethacin, cerivastatin and rifampi-
cin showed an intermediate effect with fluorescence values
to up to 500% above control values at concentrations up
to 500 lM. Probenecid and BSP showed only little effect
with fluorescence values up to 150% above controls at
500 lM and Sulfinpyrazone and Paracetamol did not show
any interaction with MRP2. Table 1 lists the IC50-values
Fig. 7. Effect MRP2-modulators tested in the CMFDA-assay (control in
absence of modulator = 100%, n = 6). MRP2 modulators can be classified
as strong modulators (effects >500% above control values at concentra-
tions 6100 lM, moderate modulators (effects >150% < 500% at 500 lM
and weak or no modulators with effects <150 5 at 500 lM. For clarity,
error bars are omitted.



Table 1
IC50-values of MRP2-modulators

Test compound IC50 (lM)

MK571 21.2 ± 1.1
Cyclosporin A 5.6 ± 0.2
Myricetin 190.0 ± 35.0
Cerivastatin 198.9 ± 21.3
Na+-fusidate 247.0 ± 1.0
Rifampicin 399.5 ± 3.6
Probenecid 818.6 ± 16.4
BSP 909.3 ± 123.5
Sulfinpyrazone >1000
Paracetamol >1000

402 F. Förster et al. / European Journal of Pharmaceutics and Biopharmaceutics 69 (2008) 396–403
for selected compounds. They are based on the adminis-
tered concentrations and looking at theses values, it should
be noted that they are best estimates obtained from a very
complex cellular system comprising a uptake step, an
unknown intracellular concentration and the efflux step.

These results are in accordance with the findings of oth-
ers with the tested compounds, indicating the reliability of
the CMFDA assay using MDCKII-MRP2 cells to identify
MRP2 substrates correctly and showing the high sensitivity
of the model to distinguish different extents of interaction
of test compounds with MRP2.
4. Discussion

The presence of multiple efflux transporters in barrier
tissues like intestinal epithelia, liver, kidney, blood–brain
barrier or placenta recognizing a broad spectrum of sub-
strates is a key determinant for the disposition of many
drugs inside the body. Therefore, reliable screening proce-
dures for the prediction of drug candidate/transport pro-
tein interactions may be useful in early drug development
and for estimation of potential drug/drug interactions dur-
ing clinical phases. In the present study, a rapid fluores-
cence based microplate screening assay has been
introduced to determine drug interactions with MRP2.

The assay conditions were elaborated and a series of
model compounds was identified correctly in accordance
with published data. Compounds interacting with MRP2
could be distinguished on the basis of a strong, moderate
or weak effect in the CMFDA-MRP2-assay. But, it should
be kept in mind that is does not distinguish between trans-
ported MRP2 substrates and compounds inhibiting only
MRP2-activity. Nevertheless, it provides a useful tool in
early compound profiling during drug development.
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