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Abstract We tested the hypothesis whether data on
ABCB1 ATPase activity and passive permeability can be
used in combination to identify ABCB1 substrates and
inhibitors. We determined passive permeability using an
artificial membrane permeability assay (HDM-PAMPA)
and ABCB1 function, i.e., vanadate-sensitive ATPase
activity for a training set (40 INN drugs) and a validation
set (26 development compounds). In parallel experiments,
we determined ABCB1 function, i.e., vectorial transport in
a Caco-2 cell monolayer, and ABCB1 inhibition, i.e.,
calcein AM extrusion out of K562-MDR cells, to cross-
validate the results with cellular assays. We found that
compounds that did not modulate ABCB1-ATPase did also
not affect calcein AM extrusion and were not actively
transported by ABCB1 in Caco-2 cell monolayers. The
results corroborated the effect of passive permeability as an
important covariate of active transport: active transport in
Caco-2 monolayer was only apparent for compounds
showing low passive permeability (<5.0 cm×10−6/s) in
the HDM-PAMPA assay whereas compounds with high
passive permeability (>50 cm×10−6/s) were shown to inhibit

calcein AM efflux with IC50 values close to their respective
Km value obtained for ABCB1-ATPase. The use of HDM-
PAMPA in combination with ABCB1-ATPase offers a simple,
inexpensive experimental approach capable of identifying
ABCB1 inhibitors as well as transported substrates.
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Abbreviations
Calcein AM calcein acetoxymethylester
DMSO dimethyl sulfoxide
DMEM Dulbecco’s modified Eagle’s medium
INN international nomenclature name
HBSS Hanks’ balanced salt solution
HPLC high-performance liquid chromatography
GF120918 GG918 elacridar
LLOQ lower limit of quantification
MDCK Madin–Darby canine kidney cells

Introduction

ABCB1, also known as P-glycoprotein, the product of the
multidrug resistance 1 (MDR1) gene, translocates a broad
variety of xenobiotics out of cells. ABCB1 is assumed to be
one of the most important transporters for drug disposition
in humans (for review, see Fromm 2004 and Petzinger et al.
2006). ABCB1 functions in three main ways: it limits drug
entry into the body after oral drug administration as a result
of its expression in the luminal (apical) membrane of
enterocytes (Greiner et al. 1999). Once the drug has reached
the blood circulation, ABCB1 promotes drug elimination
into the bile (Drescher et al. 2003) and urine as a result of
its expression in the canalicular membrane of hepatocytes
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(Thiebaut et al. 1987) and in the luminal membrane of
proximal tubule cells in the kidneys, respectively. In addition,
once a xenobiotic has reached the systemic blood circulation,
ABCB1 limits drug penetration into sensitive tissues, e.g.,
into the brain (Cordon-Cardo et al. 1989), heart (Meissner et
al. 2002), testes (Choo et al. 2000), lymphocytes (Klimecki et
al. 1994), and fetal circulation (Smit et al. 1999). Acting
alone or in concert with drug-metabolizing enzymes, ABCB1
can affect the pharmacokinetics and pharmacodynamics of
its substrates (Cummins et al. 2002).

ABCB1 belongs to the adenosine triphosphate (ATP)-
binding cassette (ABC) transporter superfamily using ATP
as its energy source. Most individual ABC transporters
display tightly restricted substrate specificity related to their
physiological function. Mammalian ABCB1, however, is
able to interact with a large number of structurally unrelated
drugs (Litman et al. 1997b). Recent investigations suggest
that this is due to ABCB1 containing a minimum of four
binding sites rather than a single site of broad substrate
specificity, which display complex allosteric interactions
(Martin et al. 2000). Furthermore, ABCB1 substrates reside
in the plasma membrane and, in consequence, the rate and
the extent at which the substrate-binding site is reached,
i.e., passive permeability, has to be taken into account
when analyzing ABCB1-mediated transport (Bentz et al.
2005). Taken together, the identification of ABCB1
substrates and inhibitors is difficult due to the functional
complexity of the transporter and the influence of passive
permeability on ABCB1 kinetics.

This is reflected by the large number of in vitro assays
available to determine the interactions of molecules with
ABCB1 (for review, see Glavinas et al. 2004), often
yielding conflicting results for the same compound (Polli
et al. 2001). A variety of cell monolayer models that either
mimic in vivo intestinal epithelium in humans such as
Caco-2 cells or polarized cell lines stably transfected with
MDR1 such as MDCKII-MDR1 have been developed and
currently enjoy widespread popularity. Cell cultivation to
obtain a tight, functional cell monolayer generally requires
1 to 3 weeks with three to nine laborious cell-feeding steps.
Furthermore, these models require the determination of
compound translocation from one compartment to another
by means of HPLC-based methods that are compatible with
high-throughput requirements only at high cost (Balimane
and Chong 2005). Although regarded as state of the art,
data obtained from such experiments can suffer bias from
endogenous transporters expressed in the host cell line
(Acharya et al. 2006; Goh et al. 2002) or nonselectivity of
the inhibitors used (Evers et al. 2000). Furthermore,
published data on ABCB1 function obtained from experi-
ments using inside-out membrane vesicles obtained from
ABCB1 overexpressing cells is scarce. The high passive
permeability of ABCB1 substrates resulting in a low signal

to noise ratio because of the rapid redistribution of the
compounds has been reported as the principal experimental
drawback in carrying out these experiments.

Given the reasons above, it is an important challenge to
develop high-throughput, cost-effective, and highly predic-
tive screening models to unambiguously categorize ABCB1
substrates, inhibitors, and inducers. The aim of this study
was, therefore, to define such a rigorous, low-cost screening
procedure amenable to high throughput for the identifica-
tion of ABCB1 substrates and inhibitors that can be used in
the early stages of drug discovery. We experimentally
dissected the processes governing the translocation of small
molecules across biological membranes and studied passive
permeability and ABCB1-ATPase activity, a surrogate for
ABCB1 function, independently. We determined passive
permeability in an artificial membrane permeability assay
(HDM-PAMPA) and compared the results with permeabil-
ity values obtained in a tight paracellular system, i.e.,
MDCKII cell monolayer for a training set containing 40
INN drugs. Furthermore, using the same compound set, we
compared vanadate-sensitive ABCB1-ATPase activity with
data from cellular assays, i.e., Caco-2 monolayer efflux,
and the calcein assay, commonly used to identify ABCB1
substrates and inhibitors, respectively. We subsequently
tested the hypothesis that vanadate-sensitive ABCB1-
ATPase activity can be successfully applied to identify
ABCB1 substrates and inhibitors when combined with data
on passive permeability in a validation set consisting of 26
development compounds.

Materials and methods

Chemicals

All generic drugs were purchased from Sigma-Aldrich
(Schnelldorf, Germany). Ritonavir and fluvastatin were
obtained from Toronto Research Chemicals (North York,
ON, Canada), topotecan and doxorubicin were purchased
from Alexis (Grünberg, Germany). Pantoprazole, pumafen-
trine, and tolafentrine were from Altana Pharma. GF120918
(GW918) was synthesized at Altana Pharma. KO143 was a
kind gift of Dr. Gerrit-Jan Koomen, University of Amster-
dam (Amsterdam, The Netherlands). [3H]cimetidine and
[3H]methotrexate were acquired from Amersham Bioscien-
ces (Freiburg, Germany). [14C]caffeine and [14C]erythro-
mycin were purchased from Perkin Elmer/NEN (Boston,
MA, USA). [3H]D-Mannitol was obtained from MP Bio-
medicals (Cambridge, UK), and [3H]mitoxantrone from
Biotrend (Cologne, Germany). Dulbecco’s modified
Eagle’s medium and fetal calf serum, nonessential amino
acids, and antibiotics were obtained from Biochrom (Berlin,
Germany).
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Training set

A set of 40 INN drugs was selected based on the compound’s
passive permeability (Wohnsland and Faller 2001) and their
interaction with ABCB1. Compounds known to interact with
ABCB1, i.e., cyclosporine A, digoxin, doxorubicin, erythro-
mycin, lansoprazole, omeprazole, pantoprazole, prazosine,
propranolol, pumafentrine, quinidine, ritonavir, and verapa-
mil, were included in the compound set.

Validation set

Out of 1,296 small molecules originating from different
chemical series for which ABCB1-ATPase and passive
permeability using HDM-PAMPA had been determined at
Altana Pharma, two subsets of compounds were selected.
Subsets 1 and 2 contained compounds with molecular weights
greater than 300 Da (to exclude paracellular transport) and
mass balance between 0.8 and 1.2. All compounds stimulated
basal ABCB1-ATPase activity. The compounds were dis-
criminated according to their passive permeability with high
permeable compounds (HDM-PAMPA Papp >50 cm×
10−6 cm/s) grouped in subset 1 and low permeable com-
pounds (HDM-PAMPA Papp <5 cm×10−6 cm/s) in subset 2.

Passive permeability

Artificial membrane permeability assay

Passive permeability was determined using hexadecane
artificial membrane permeability assay (HDM-PAMPA) as
described by (Wohnsland and Faller 2001) with hexadecane
(700 nl/well) as artificial membrane. Assay plates were
stirred on an orbital shaker (Teleshake, H&P Labortechnik,
Oberschleißheim, Germany) at 100 rpm. Passive perme-
ability was recorded after 5 or 96 h for compounds
depending on high or low flux through the hexadecane
layer. The sandwich was disassembled and the solutions in
the acceptor and donor compartments were transferred to
disposable UV-transparent plates (UV-Star®, Greiner-Bio-
One, Frickenhausen, Germany). UV absorption was mea-
sured with a SAFIRE microplate spectrophotometer (Tecan,
Männedorf, Switzerland) scanning each compound from
240 to 450 nm, recording each compound at individual
wavelengths yielding maximal UV absorption. Mass bal-
ance conditions were verified in order to assess retention of
test compounds to the hexadecane layer or unspecific
binding to assay plates.

MDCKII permeability assay

Madin–Darby canine kidney (MDCKII) cells (Evers et al.
1998) were obtained from The National Cancer Institute

(Amsterdam, The Netherlands). The cells were grown in
culture medium consisting of Dulbecco’s modified Eagle’s
medium (DMEM) with L-GlutaMax® (4.5 g/L glucose;
Invitrogen, The Netherlands), supplemented with heat-
inactivated fetal calf serum (10% v/v), 100 U/mL penicillin,
and 100 μg/mL streptomycin.

Cells from passage 6 to passage 25 were used for
transport experiments. Cells were seeded and cultured as
reported earlier (Evers et al. 1998). Culture medium was
removed from the filter inserts and washed with HBSS and
placed to a new 12-well plate (Costar, Cambridge, MA,
USA) that had been pretreated by 24 h incubation with
culture medium. The transport was started by the addition
of 650 μL of 10 or 100 μM compound dissolved in HBSS
to the apical compartment. A 150 μL sample was taken
afterwards from the donor compartment at t=0 min to
determine the initial concentration of substrate (C0) and
stored at <−18°C until further analysis. The plates,
containing the filter inserts, were subsequently incubated
in a humidified incubator at 37°C for 120 min being stirred
on an orbital shaker at 100 rpm. Samples from the
basolateral compartment (400 μL) were collected and
stored at <−18°C. Markers for paracellular and transcellular
flux, i.e., [3H]mannitol and [14C]caffeine, were assayed in
parallel in each set of experiments. Mass balance conditions
were verified by additional sampling in the donor compart-
ment in order to assess retention of test compounds to the
cell monolayer or unspecific binding to assay plates.

ABCB1-ATPase

Stimulation of basal ABCB1-ATPase activity

Stimulation of basal ABCB1-ATPase activity was measured
as described earlier (Sarkadi et al. 1992). ABCB1 contain-
ing membrane fraction were obtained from Solvo Biotech-
nology (Budaörs, Hungary). Membrane vesicles (15 μg/
well) were incubated in 5 mM MgCl2, 50 mM MES–Tris
(pH 7.0), 50 mM KCl, 2 mM dithiothreitol, 0.1 mM
ethylene glycol bis(2-aminoethyl ether)-N,N,N′,N′-tetraacetic
acid, 5 mM sodium azide, 1 mM ouabain, 5 mM ATP,
and with at least eight different concentrations of test
compounds dissolved in DMSO with and without the
presence of 0.4 mM sodium orthovanadate for 50 min at
35°C. The maximal amount of DSMO added to the assay
medium was 2%. ABCB1-ATPase activities were deter-
mined as the difference of inorganic phosphate liberation
measured with and without the presence of 400 μM
sodium orthovanadate (vanadate-sensitive ATPase activity).
The amount of inorganic phosphate released was deter-
mined as described earlier (Sarkadi et al. 1992) or using
the PREDEASY™ kit (Solvo Biotechnology, Budaörs,
Hungary). DMSO and 40 μM verapamil were used as
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negative and positive controls for ABCB1-ATPase activa-
tion, respectively. ATPase assays were carried out in 96-well
plates (Nunc, Wiesbaden, Germany), either by hand or
automatically with a Tecan EVO robot (Tecan, Männedorf,
Switzerland). All incubations were carried out in duplicate.

Inhibition of stimulated ABCB1-ATPase activity

Inhibition of stimulated ABCB1-ATPase activity was
essentially determined as described above upon stimulation
with 40 μM verapamil. ABCB1-ATPase activities in the
presence of at least two different concentrations of test
compounds relative to verapamil-stimulated control were
determined. All incubations were carried out in duplicate.

ABCB1 inhibition: calcein assay

K562-MDR cells overexpressing ABCB1 were obtained
from Dr. Sarkadi (National Medical Centre, Institute of
Haematology and Immunology, Budapest, Hungary). The
cells were cultured as previously described (Homolya et al.
1996). After centrifugation at 500×g, culture medium was
removed and cells were resuspended in HBSS, pH 7.4, at
1×106 cells/mL. One hundred microliters of this suspension
was added to each well of a 96-well plate (Corning,
Corning NY, USA). Test drugs (seven 1:3 serial dilutions
ranging from 100 to 0.08 μM final concentration) and
controls dissolved in DMSO were added at a volume of
2 μL and preincubated for 15 min at 37°C. Calcein
acetoxymethylester (calcein AM) dissolved in HBSS con-
taining 50 μg/mL bovine serum albumin (BSA) was added
to a final concentration of 250 nM, i.e., Km value of calcein
AM efflux in K-562-MDR cells (Essodaigui et al. 1998), to
each well and fluorescence (excitation 485 nm, emission
538 nm) was recorded every 30 s for 8 min to ensure
initial permeability rate conditions. The rate at which
fluorescent calcein was detected reflects the measurement
of ABCB1 inhibition. Notably, the fluorescence increases
with increasing inhibition of ABCB1-mediated efflux of
calcein AM. The permeability rate of calcein AM was
determined by calculating the slope of the fluorescence
recorded over 8 min plotted relative to the fluorescence
in the presence of 60 μM verapamil (positive control,
100%) and DMSO (blank control, 0%). We used
propidium iodine staining as a control to detect possible
disruption of cell membrane integrity caused by the test
compounds. Altana Pharma licensed the use of the
calcein assay from Solvo Biotechnology.

ABCB1 function: Caco-2 assay

Caco-2 cells (batch no. 2463691) were obtained from the
American Type Culture Collection (ATCC, Manassas, VA,

USA) at passage 17. The cells were grown in culture
medium consisting of DMEM (Biochrom, Berlin, Ger-
many), supplemented with glutamine, 4.5 g/L glucose,
heat-inactivated fetal calf serum (20% v/v), 100 U/mL
penicillin, and 100 μg/mL streptomycin as described earlier
(Yee 1997).

For transport studies, cells from passage 55 to 70 were
used by seeding them on semipermeable filter inserts (24
wells inserts, 0.4 μm pore size; Greiner-BioOne, Frick-
enhausen, Germany) at 2×105 cells/cm2. The cells on the
inserts were then cultured for 21 to 25 days prior to use.
For transport experiments new 24-well plate (Greiner-
BioOne, Frickenhausen, Germany) that had been pre-
treated by incubating 24 h with culture medium were
used. The transport buffer was HBSS buffer containing
20 mM HEPES and 20 mM glucose monohydrate. The
pH of both the apical and basolateral compartments was
7.4. The transport was started by the addition of 350 μL
of 10 or 100 μM compound dissolved in transport buffer
to the apical compartment. Subsequently, a 50 μL sample
was taken from the donor compartment at t=0 min to
determine the initial concentration of substrate (C0) and
stored at <−18°C until further analysis. Then, 750 μL
transport buffer was added to the 24-well plates, i.e., the
basolateral compartment. The plates, containing the filter
inserts, were then incubated in a humidified incubator at
37°C for 120 min being stirred on an orbital shaker at
300 rpm. Samples from both compartments were collected
and stored at <−18°C. Markers for paracellular and trans-
cellular flux, i.e., FITC-dextran and propranolol, were
assayed in parallel in each set of experiments.

ABCB1 function, i.e., the effect of ABCB1 on the
permeability of test compounds in the absorptive (apical to
basolateral) direction, was assessed by calculating the ratio
of apparent permeability coefficients in the presence and
absence of the ABCB1 inhibitor GF120198 or the ABCG2
inhibitor KO143, added to the apical and basolateral
compartment at 1 μM. The ratio of digoxin permeabilities
was determined for each batch of Caco-2 monolayer in the
presence and absence of 1 μM GF120198 to ensure
comparable ABCB1 expression. Only Caco-2 monolayer
exhibiting digoxin permeability ratios >2.5 were used for
further experiments. Mass balance conditions were verified
by additional sampling in the donor compartment in order
to assess retention of test compounds to the cell monolayer
or unspecific binding to assay plates. All experiments were
carried out in triplicate.

Sample analysis

All compounds were determined using an Agilent HPLC
System 1100 (Agilent, Waldbronn, Germany) equipped with
a binary pump. Compounds in set 1 were eluted using a

14 Naunyn-Schmiedeberg’s Arch Pharmacol (2009) 379:11–26



Synergy Fusion 4.0 μm particle size, 75×4.6 mm reversed
phase column (Phenomenex, Darmstadt, Germany) in
combination with a RP18 security guard 10×3.0 mm
precolumn as stationary phase. The mobile phases were:
(A) 10 mM ammonium acetate buffer, pH 3.0 or 6.0 and (B)
acetonitrile. Compounds in set 2 were eluted using a
Synergy Fusion, Mercury MS 2.0 μm particle size, 20×
4.0 mm reversed phase column (Phenomenex, Darmstadt,
Germany) as stationary phase. The mobile phases were: (A)
10 mM potassium dihydrogen phosphate, pH 3.0 or 10 mM
ammonium acetate buffer pH 6.0 and (B) acetonitrile.

[14C]- and [3H]-labeled compounds were determined by
liquid scintillation counting on a Wallac Pharmacia S1414
scintillation counter (Perkin Elmer, Rodgau, Germany); all
samples were counted for 10 min or at least 10,000 counts.

Western blot analysis

Caco-2 monolayer were grown on six-well plates as
described for transport experiments. Isolation of human
enterocytes and the preparation of cell homogenates were
carried out as described earlier (von Richter et al. 2004),
except for the use of Complete® Mini Protease Inhibitor
Cocktail Tablets (Roche Diagnostics, Manheim, Ger-
many) as protease inhibitors. The detection of ABCB1
was performed using the anti-ABCB1 monoclonal anti-
body F4 (Sigma Immunochemicals, Deisenhofen, Ger-
many) as reported earlier (Greiner et al. 1999). Western
blotting of ABCG2 was carried out loading 50 μg cell
homogenate. The blots were blocked for 1 h at room
temperature with 5% (wt/vol) BSA in TBS-T (0.1% [vol/
vol] Tween 20, 15 mM sodium chloride, and 1 mM Tris
hydrochloride; pH 7.4). The blots were then incubated for
1 h at room temperature with the anti-MXR monoclonal
antibody BXP-21 (Alexis Biochemicals, Grünberg, Ger-
many) diluted 1:50 in TBS-T containing 5% (wt/vol) BSA
and subsequently washed four times with TBS-T and
following incubation with a mixture of antimouse peroxi-
dase labeled and a streptavidin conjugate diluted 1:50,000
in TBS-T for 2 h at room temperature. After washing the
blots four times with TBS-T, all proteins were detected by
means of chemiluminescence (Lumi-light Roche Diagnos-
tics, Mannheim Germany) and a charged-coupled device
camera (Fuji LAS-1000; Raytest, Straubenhardt, Germany).
Signal intensities were measured by use of the AIDA 2.31
software (Raytest).

Data analysis

Apparent permeability

The apparent permeability coefficients (Papp) for experi-
ments carried out under non-sink conditions using HDM-

PAMPA, MDCKII-cells, and Caco-2 cells were calculated
according to Wohnsland and Faller (2001) as follows:

Papp ¼ �1
VD � VR

VD þ VRð Þ � A� "a � t
� ln 1� CR tð Þ

CEq

� �

ð1Þ
where VD is the volume of the donor compartment, VR is
the volume of the acceptor compartment, A is the accessible
filter area, t is the incubation time, CR(t) is the concentra-
tion in the receiver compartment at time point t, and CEq is
the concentration corresponding to a full equilibrium of the
compound in the donor and acceptor compartment. The
Papp was corrected for the apparent porosity (ɛa) according
to Nielsen and Avdeef (2004) using ɛa−HDM-PAMPA=
0.495 and ɛa−MDCKII, Caco-2=1.0.

A retention factor (RM) for all permeability experiments
was calculated to assess mass balance conditions as follows:

RM ¼ 1� CD tð Þ þ CR tð Þ
C0

ð2Þ

where CD(t) and CR(t) are the concentrations in the donor and
receiver compartment, respectively, at time point t.

ABCB1-ATPase kinetics

Vmax and Km values for the formation of inorganic
phosphate from ABCB1-ATPase experiments were estimat-
ed by analysis of untransformed reaction velocity data via
nonlinear regression. Compounds that stimulated ABCB1-
ATPase activity without inhibition (ATPase type A) were
fitted to a modified form of the Michaelis–Menten
equation:

VS ¼ V0
Vmax � V0ð ÞS
S þ Kmð Þ ð3Þ

where VS is the ATPase activity as a function of the
substrate concentration S and V0 is the basal activity (the
activity in the absence of modulator).

Drugs that stimulated ATPase activity at low concen-
trations but inhibit activity at higher concentrations
(ATPase type B) were fitted using Eq. 2:

VS ¼ K1K2V0 þ K2V1S þ V2S2

K1K2 þ K2S þ S2
ð4Þ

where VS is the ATPase activity as a function of the
substrate concentration S and V0 is the basal activity (the
activity in the absence of modulator). V1 is the maximal
enzyme activity if only activation occurred and K1 is the
substrate concentration that gives the half-maximal incre-
ment in this ATPase activity. V2 is the activity at infinite
concentration of the modulator and K2 is the substrate
concentration that gives half-maximal reduction of ATPase
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activity from the value V1. This equation is based on
conventional enzyme kinetics algebra for a model that has
an activity V1 with one substrate molecule (S) bound and a
lower activity 1 of magnitude V2 with two substrates (S)
molecules bound (Litman et al. 1997a). The data were
analyzed by use of the GraphPad Prism software (version
4.0; GraphPad, San Diego, USA).

ABCB1-ATPase assay robustness

In order to assess the robustness of the ABCB1-ATPase assay,
assay variability and signal dynamic range were combined
according to Zhang et al. (1999), calculating Z′ factors.
Positive controls (DMSO) and negative controls (40 μM
verapamil) containing 0.4 mM vanadate to determine Z′
factors for vanadate-sensitive ABCB1-ATPase activity were
used. Z′ factors were determined for the ABCB1 assay in a
96-well format carried out manually using the PRE-
DEASY™ kit and automated on a Tecan EVO robot (Tecan,
Männedorf, Switzerland) using a phosphate detection meth-
od described by Sarkadi et al. (1992).

ABCB1 inhibition

The inhibitory potency of compounds subjected to the
calcein assay was expressed as IC50 (concentration leading
to half-maximal inhibition). The IC50 values were calculat-
ed using the four-parameter equation with a variable slope:

Inhibition ¼ Bottomþ Top� Bottomð Þ
1þ 10 log IC50�Sð Þ�hð Þ ð5Þ

where Bottom is the minimal inhibition observed, Top is
the maximal inhibition observed, and h refers to the Hill
constant.

Statistical analysis

The distribution of permeability data was analyzed by the
method of Kolmogorov and Smirnov using the GraphPad
Prism software (Version 4.0; GraphPad, San Diego, CA,
USA). Correlation analyses were performed by the use of
the Pearson product moment correlation with a value of P<
0.05 regarded as statistically significant because not all data
passed the normality test.

Results

Passive permeability: comparison
of HDM-PAMPA with MDCKII cell monolayer

Passive apparent permeability coefficients (Papp-HDM) in
training set determined with HDM-PAMPA ranged from

0.02 cm×10−6/s to 210 cm×10−6/s (Table 1). Papp deter-
mined through MDCKII cell monolayer in the apical to
basolateral direction ranged from 0.89 cm×10−6/s to
199 cm×10−6/s and from 0.73 cm×10−6/s to 165 cm×
10−6/s in the presence of 1 μM GF120918 for the same set
of compounds. The logarithmic transformed data obtained
from HDM-PAMPA exhibited a good correlation with Papp

determined in MDCKII cell monolayer for the training set
compounds (rs=0.84, cp. Fig. 1). A similar correlation was
found when Papp-HDM were correlated with data obtained
from MDCKII cell monolayer in the presence of 1 μM
GF120918 (rs=0.87, cp. Fig. 1).

ABCB1-ATPase training set

The effects of compounds contained in the training set that
interacted with ABCB1-ATPase activity fall into three main
categories listed in Table 1: compounds that stimulate basal
ABCB1-ATPase activity (ABCB1-ATPase type A), drugs
that stimulate basal ABCB1-ATPase activity at low con-
centrations but inhibit the activity at higher concentrations
(ABCB1-ATPase type B), and compounds that inhibit basal
and/or verapamil-stimulated ABCB1-ATPase activity
(ABCB1-ATPase type C). Examples of concentration–
response curves are given in Fig. 2. None of the compounds
that interacted with ABCB1-ATPase changed ATPase
activity of membrane fractions prepared from empty control
vector-infected cells (data not shown). ATPase background
activity in the training set, i.e., the vanadate-sensitive
ATPase activity measured in the DMSO controls in
membrane fractions containing ABCB1, was on average
5.86±1.07 nmol Pi/mg/min (range 4.00–8.60 nmol Pi/mg/
min) which is close to the ATPase activity in cholesterol-
depleted MDR1-transfected Sf9 membrane vesicles
reported earlier (Garrigues et al. 2002a). Mean ATPase
background activity determined in membrane fractions
prepared from empty control vector-infected cells was
4.16±0.47 nmol Pi/mg/min (range 3.74–4.91 nmol Pi/mg/
min) and ranged close to the LLOQ of the phosphate
detection method used for the automated ATPase assay
(3.12 nmol Pi/mL corresponding to an ATPase activity of
3.47 nmol Pi/mg/min). ABCB1-ATPase stimulation with
40 μM verapamil amounted to 25.6 nmol Pi/mg/min,
yielding a signal to background ratio of 4.6 that was in
the same range as reported by others (Ambudkar et al.
1992; Sarkadi et al. 1992). The apparent Km of the
stimulation of ABCB1-ATPase activity was obtained at
0.5 mM ATP. No correlation was found between the
apparent Km value of the training set compounds stimulat-
ing ABCB1-ATPase and passive permeability determined
with HDM-PAMPA (rs=−0.06, P=0.43, N=11). Given the
small variability of both vanadate-sensitive ABCB1-
ATPase background activity and verapamil-stimulated
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activity, the robustness of the assay reflected by Z′ factors
generated manually with the PREDEASY™ kit (0.80) or
with the automated assay (0.54) was excellent.

ABCB1 inhibition: training set

Out of the 40 compounds contained in the training set, 20
inhibited ABCB1-mediated efflux of calcein AM out of
K562-MDR cells. The IC50 values ranged from 0.247 μM
(cyclosporine A) to 221 μM (desimipramine). The Hill
constant obtained for the 20 compounds inhibiting ABCB1-
mediated efflux of calcein AM was 1.29±0.68. Doxorubi-
cin and topotecan increased the permeability of propidium
iodine in control experiments suggesting possible distur-
bances of K562-MDR cell integrity and were, therefore,
omitted from the analysis. With the exception of digoxin
and fluvastatin, passive permeability obtained with HDM-
PAMPA was >3.0 cm×10−6/s for all compounds that

inhibited ABCB1-mediated efflux of calcein AM out of
K562-MDR cells (Fig. 3a).

All compounds that stimulated basal ABCB1-ATPase
activity inhibited calcein efflux except for cyclosporine A,
fluvastatin, and pumafentrine. These compounds were
subsequently analyzed whether they alter basal ABCB1-
ATPase activity depending on ATP concentration or
whether they could inhibit verapamil-stimulated ABCB1-
ATPase activity. Neither of the compounds stimulated basal
ABCB1-ATPase analyzed with ATP concentrations ranging
from 0.5 to 5.0 mM (data not shown). However, cyclospor-
ine A, fluvastatin, and pumafentrine inhibited verapamil-
stimulated ABCB1-ATPase activity with IC50 values of
0.138, 38.3, and 6.97 μM, respectively, and were, therefore,
classified as type C compounds. All compounds stimulating
basal ABCB1-ATPase activity (type A/B) contained in the
training set were not found to inhibit verapamil-stimulated
ABCB1-ATPase activity (data not shown).

Fig. 1 Correlation analysis of apparent passive permeability (Papp)
obtained for 37 training set compounds. Logarithmic transformed
apparent permeability (Papp) obtained from HDM-PAMPA was
correlated with Papp determined trough MDCKII cell monolayers
under control conditions (a) or in the presence of 1 μM GF120918
(b). The solid line represents the linear regression line

Fig. 2 a Examples of differences in vanadate-sensitive ABCB1-
ATPase activity stimulating drugs; verapamil (ABCB1-ATPase type
A), compounds that stimulate basal ABCB1-ATPase activity; ritonavir
(ABCB1-ATPase type B), drugs that stimulate basal ABCB1-ATPase
activity at low concentrations but inhibit the activity at higher
concentrations. b Examples of differences on basal vanadate-sensitive
ABCB1-ATPase activity (right x-axis) and vanadate-sensitive, verap-
amil-stimulated ABCB1-ATPase activity (left y-axis) of cyclosporine
(ABCB1-ATPase type C) as an example of compounds that inhibit
basal and/or verapamil-stimulated ABCB1-ATPase activity

18 Naunyn-Schmiedeberg’s Arch Pharmacol (2009) 379:11–26



ABCB1 function: training set

At first, we characterized the cellular system, i.e., Caco-2
cell monolayer, used to identify ABCB1 substrates. ABC
transporter expression has been shown to be highly variable
in Caco-2 cells depending on the cell batch used, cell
culture media, filter membranes, and postseeding cultiva-
tion time. The amounts of ABCB1 and ABCG2 in the
Caco-2 cell monolayer used were compared relative to the
abundance of the two proteins in human enterocytes by
means of Western blotting. As depicted in Fig. 4, the
expression of ABCB1 in Caco-2 cells relative to human

enterocytes was 129%. In addition, almost equal amounts
(84%) of ABCG2 were found in the Caco-2 cells when
compared with the relative amount expressed in human
enterocytes.

ABCB1 function was assessed as the effect of ABCB1
on the flux of test compounds in the apical to basolateral,
i.e., the absorptive, direction by calculating the ratio of
compound flux in the presence and absence of the
ABCB1 inhibitor GF120198. Based on a mean coefficient
of variation of 11.6% over all Caco-2 experiments, i.e.,
the average experimental error, the threshold ratio dis-
criminating compound transported by ABCB1 from a
nontransported compound, was set at 1.25, assuming an
additive error resulting from the two measurements. For
digoxin, doxorubicin, erythromycin, fluvastatin, mitoxan-
trone, ritonavir, topotecan, tolafentrine, and verapamil,
ratios of >1.25 were obtained, indicating a net effect of
ABCB1 on compound flux in the apical to basolateral
direction (Table 1). All of these compounds, except
mitoxantrone, interacted with basal or verapamil-stimulated
ABCB1-ATPase activity. However, ABCB1-ATPase activ-
ity alone did not predict the effect of ABCB1 on compound
permeability in the apical to basolateral direction (Fig. 5a).
With the exception of verapamil, all compounds for which
a net effect of ABCB1 on compound flux in Caco-2 cell
monolayer was observed, passive permeability obtained
with HDM-PAMPA was <5.0 cm×10−6/s (Fig. 3b). In
contrast, for none of the compounds, except for verapamil,

Fig. 3 a Correlation between the IC50 value for the inhibition of
calcein AM efflux from K562-MDR1 cells and passive permeability
determined with HDM-PAMPA of training set compounds interacting
with ABCB1-ATPase (types A, B, C; filled circles) and ABCB1
nonsubstrates (open diamonds) contained in the training set. For better
visualization, the IC50 value for ABCB1 nonsubstrates was arbitrarily
set to 250 μM. b Correlation between ABCB1 function determined as
the ratio of apparent permeability across Caco-2 cells in the presence
and absence of 1 μM GF120198 and passive permeability determined
with HDM-PAMPA of training set compounds. The broken line
indicates the threshold ratios of 1.25 and 0.75 discriminating a
compound that is actively transported. ABCB1 substrates (ATPase
types A, B, C; filled circles) and ABCB1 nonsubstrates (open circles)
were assessed using ABCB1-ATPase activity

Fig. 4 ABCB1 (a) and ABCG2 (b) protein expression in Caco-2 cells
relative to human enterocytes. ABCB1 or ABCG2 expressed in Sf9
membrane fractions (lanes 1 and 2, 5 mg in each lane), different
amounts of Caco-2 cell homogenates from passage 65 (lane 3) or 75
(lane 4), and human enterocytes homogenate pooled from five donors
(lanes 5 and 6) were subjected to Western blotting as described in the
“Materials and methods” section. The percentages indicate the average
amount of the ABCB1 and ABCG2 protein bands relative to the signal
obtained in the human enterocyte sample
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that interacted with basal or drug-stimulated ABCB1-
ATPase activity and inhibited calcein AM efflux, a net
effect of ABCB1 on compound flux in Caco-2 cells was
observed (Fig. 3a).

Mitoxantrone and topotecan have been found to be
substrates of ABCG2 (BCRP) (Kruijtzer et al. 2002), and
the Caco-2 monolayer contained ABCG2 that is also
inhibited by GF120918 (Kruijtzer et al. 2002). Therefore,
the effect of the ABCG2-specific inhibitor KO143 (Allen
et al. 2002) on flux of both compounds in the apical to
basolateral direction was additionally analyzed in order to
assess the contribution of ABCG2 to the overall effect of
GF120918. The ABCB1 probe drug digoxin was included
in this analysis. GF120918 increased digoxin flux by 2.5-
fold whereas KO143 had no effect. GF120918 and KO143
increased topotecan flux by 2.6-fold and 1.6-fold, respec-

tively, whereas mitoxantrone flux was modestly increased
by both inhibitors to the same extent (1.4-fold).

Passive permeability/ABCB1-ATPase: validation set

In order to verify whether passive permeability is an
important covariate for compounds interacting with
ABCB1-ATPase activity, we analyzed an additional com-
pound set (N=26) that was selected out of 1,296 small
molecules originating from different chemical series at
Altana Pharma. Only compounds that stimulated ABCB1-
ATPase activity were selected and stratified based on
passive permeability that had been determined using
HDM-PAMPA. The mean Papp-HDM for compounds
grouped in subset 1 (Table 2, compounds BYK1 to
BYK13) was high (±82.1 cm×10−6/s, range ±32.5–
202 cm×10−6/s) whereas subset 2 (Table 2, compounds
BYK14 to BYK26) contained low Papp-HDM compounds
(mean ±0.29 cm×10−6/s, range ±0.03–1.00 cm×10−6/s).
The Km values for the stimulation of ABCB1-ATPase
activity were comparable in both subsets (Fig. 6a) with a
mean Km value of 24.9 μM (range 2.07–100 μM) in subset
1 and 18.5 μM (range 1.89–45.2 μM) in subset 2.

ABCB1 inhibition: validation set

Although the Km values for the stimulation of ABCB1-
ATPase activity were comparable in both subsets (Fig. 6a),
the IC50 values obtained with a cellular ABCB1 inhibition
carried out under initial permeability rate conditions were
not. The mean IC50 values for the inhibition of ABCB1-
mediated efflux of calcein AM out of K562-MDR cells
were 21.8 μM (range 3.61–95.3 μM) in subset 1 and
113 μM (range 17.0–256 μM) in subset 2 (cp. Fig. 6b).
Two compounds in subset 2, i.e., BYK021 and BYK026,
did not inhibit calcein AM efflux over the concentration
range tested (Table 2). The Hill constants were comparable
in both subsets (subset 1: mean 1.38, range 0.79–2.24;
subset 2: mean 1.36, range 0.67–2.20). The comparison of
Km values for the stimulation of ABCB1-ATPase with IC50

values obtained with a cellular ABCB1 inhibition assuming
a competitive inhibition revealed further differences. The
ratio of calcein AM IC50 over ATPase Km in subset 1 with a
mean of 1.43 (range 0.27–2.60) was markedly different
from subset 2 (mean 9.13, range 1.32–21.2). The individual
comparisons of ABCB1-ATPase Km values with IC50

values obtained for cellular ABCB1 inhibition are plotted
in Fig. 6c and d.

ABCB1 function: validation set

For all low Papp-HDM compounds contained in subset 2, an
effect of ABCB1 on compound flux in Caco-2 cells was

Fig. 5 Correlation of basal vanadate-sensitive ABCB1 ATPase
activity (Vmax) and ABCB1 function determined as the ratio of
apparent permeability across Caco-2 cells in the presence and absence
of 1 mM GF120198 for the training set (a) and validation set (b)
compounds interacting with ABCB1 ATPase. The broken line
indicates the threshold ratios of 1.25 and 0.75 discriminating a
compound that is actively transported
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observed, whereas the permeability of none of the high
Papp-HDM compounds in subset 1 was affected by
GF120918, indicating no effect of ABCB1 on the net flux
of these compounds through Caco-2 cells (Fig. 7). The
addition of 1 μM GF120918 increased the permeability
coefficient of low passive permeability compounds in
subset 2 on average 7.31-fold (range 1.45–24.2-fold), while
no effect of the ABCB1 inhibitor was observed for the high
permeability compounds contained in subset 1 (mean
GF120198 ratio 1.06-fold, range 0.92–1.19-fold, cp. Table 2).
In concert with the training set data, ABCB1-ATPase activity
of validation set compounds, by itself, did not predict the
effect of ABCB1 on compound permeability in the apical to
basolateral direction (Fig. 5b).

Discussion

The substrate-binding site of ABCB1 is located within the
plasma membrane or the cytoplasm (Ambudkar et al.
2005). Therefore, besides the affinity of a molecule to the
substrate-binding site of ABCB1, the rate at which a
molecule reaches this site from outside the plasma
membrane governs the kinetics of ABCB1-mediated trans-

port and inhibition (Bentz et al. 2005). The aim of this
study was, therefore, to define and validate a rigorous,
high-throughput screening procedure for assessing ABCB1
substrates and inhibitors by integrating passive permeability
and ABCB1-ATPase activity.

The data on ABCB1-ATPase activity of compounds
included in the training set known to interact with ABCB1
was found to be in concert with earlier reports (Garrigues
et al. 2002b; Litman et al. 1997b). In order to fully
appreciate the ABCB1-ATPase data presented in this study,
an understanding of how ABCB1 couples ATP hydrolysis to
drug transport is mandatory. Recent data indicate that ATP
hydrolysis is an integral part in the transport cycle of
ABCB1, since the formation of ABCB1 enzyme–substrate
complexes is dependent on ATP hydrolysis (Sauna et al.
2006). However, when Eytan et al. (1996a) studied ABCB1-
mediated uptake into inside-out membrane vesicles trapping
an ionophore (86Rb+), the minimal substrate concentration
required for stimulation of ABCB1-ATPase activity was
higher than the concentration needed to observe apprecia-
ble ATP-dependent substrate uptake into membrane
vesicles. It was speculated that the high basal activity
demonstrated by ABCB1 presumably masked the ATPase
activity required for ATP-dependent transport. In later

Fig. 6 Scatter plots of ABCB1-ATPase Km values (a) and IC50 values
for the inhibition of calcein AM efflux from K562-MDR1 cells (b) of
validation compounds contained in subset 1 (high Papp-HDM) and subset

2 (low Papp-HDM). Comparison of ABCB1-ATPase Km values and IC50

values for the inhibition of calcein AM for individual compounds
contained in subset 1 (high Papp-HDM, c) and subset 2 (low Papp-HDM, d)
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studies, it could be shown that this basal ABCB1-ATPase
activity is tightly dependent on the presence of cholesterol
in the membrane derived from Sf9 insect cells and that
the stimulation of ABCB1-ATPase activity by ABCB1
substrates is higher in the absence than in the presence of
cholesterol (Garrigues et al. 2002a). ABCB1-ATPase
background activity in this study, i.e., the vanadate-
sensitive ATPase activity measured in the DMSO controls
in membrane fractions containing ABCB1, was low, i.e.,
on average 6.18±0.90 nmol Pi/mg/min (range 5.00 to
8.60 nmol Pi/mg/min), which is close to the ATPase activity
in cholesterol-depleted MDR1-transfected Sf9 membrane
fractions reported earlier (Garrigues et al. 2002a).

A possible explanation why cyclosporine A, fluvastatin,
pumafentrine, and topotecan were not found to stimulate
basal ABCB1-ATPase activity could be that the extent of
stimulation is smaller than the basal ABCB1-ATPase
activity conferred by endogenous substrates such as
cholesterol. All four compounds, however, did inhibit
verapamil-stimulated ABCB1-ATPase activity. The com-
plex allosteric interplay between ABCB1 catalytic sub-
strates and the protein reflected by its ATPase activity as
well as the basal ATPase activity mediated by cholesterol or
other membrane vesicle constituents are likely explanations
for false-negative results obtained from ABCB1-ATPase
data in earlier studies (Adachi et al. 2001). Furthermore,
given the complex concentration–response relationship for
ABCB1 ATPase observed in this study, the assessment of
ABCB1 substrates using only single substrate concentra-
tions is likely to produce false-negative results as described
earlier (Polli et al. 2001). Using a combination of
stimulation of basal ABCB1-ATPase activity and inhibition

of verapamil-stimulated ABCB1-ATPase activity, we were
able to identify all compounds that had previously been
identified as ABCB1 substrates, either inhibiting the
transporter or being actively transported in the cellular
assays used. In a similar approach, using mdr1 prepared
from Chinese hamster lung fibroblasts, Garrigues et al.
(2002b) successfully identified 95% of ABCB1 substrates
known from the literature when stimulation and inhibition
of ABCB1-ATPase were combined.

In contrast to the localization of ABCB1 in the apical
plasma membrane, ABCB1 function in cell monolayer
assays is often assessed by determination of flux ratios, i.e.,
the ratio of secretory (basolateral–apical) over absorptive
flux (apical–basolateral). However, there are several exper-
imental constraints inherent to this approach such as
different barrier properties, i.e., surface area, lipid compo-
sition of the apical and basolateral cell membrane in
polarized epithelia reference (Le Grimellec et al. 1992).
Furthermore, the secretory permeability comprises the
transport of compounds through the basolateral followed
by the apical plasma membrane, which can be biased by
transporters localized in the basolateral membrane which
has recently been demonstrated for digoxin (Acharya et al.
2008). In line with these considerations, it was recently
shown that efflux ratios cannot assess ABCB1-mediated
attenuation of absorptive transport in Caco-2 monolayer for
a variety of ABCB1 substrates because of the asymmetric
effect of the transporter on absorptive and secretory
transport, suggesting the involvement of basolaterally
directed transporters in the secretory transport of com-
pounds such as etoposide and talinolol (Troutman and
Thakker 2003a). We, therefore, chose to study ABCB1
function by comparing permeability coefficients of ABCB1
substrates in the apical to basolateral, i.e., absorptive,
direction in Caco-2 cells in the presence and absence of
the noncompetitive ABCB1 inhibitor GF120918.

ABCB1 function determined in Caco-2 cell monolayer
was only apparent for training set compounds that exhibited
low passive permeability coefficients (Papp-HDM <2.0 cm×
10−6/s). This finding is in line with earlier reports,
suggesting that a net effect of ABCB1 on cellular
accumulation can only occur when the efflux rate of the
transporter surmounts the passive permeability rate of the
substrate (Eytan 2005; Wu and Benet 2005). In contrast to
the data presented in this study, cyclosporine A and
quinidine absorptive transport under sink conditions de-
fined as a compound flux of less than 10% were shown to
be dependent on ABCB1 (Troutman and Thakker 2003b). It
cannot be excluded that ABCB1 attenuates initial perme-
ability rates of ABCB1 substrates that exhibit medium to
high passive permeability coefficients. It has to be noted
that we analyzed ABCB1 function under non-sink condi-
tions applying a Caco-2 experimental setup commonly used

Fig. 7 Correlation between ABCB1 function determined as the ratio
of apparent permeability across Caco-2 cells in the presence and
absence of 1 μM GF120918 and passive permeability determined with
HDM-PAMPA of validation set compounds. The broken line indicates
the threshold ratios of 1.25 and 0.75 discriminating a compound that is
actively transported. All compounds contained in the validation set
were shown to stimulate ABCB1-ATPase activity
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in compound screening, i.e., sampling one concentration at
one time point (2 h). Using transcellular assays under sink
conditions requires extensive sampling at multiple short
time-intervals or the use of an Ussing chamber. Such
experiments are usually limited to the availability of
radiolabeled compounds in later stages of the drug
development process (Troutman and Thakker 2003b).
Moreover, the characterization of initial rate permeability
across membrane bilayers requires real-time monitoring of
compound flux (Eytan et al. 1996b) or sampling in the
intervals of seconds that is difficult to adapt to transcellular
assays. The data presented in this study, clearly indicate that
ABCB1 function studied under non-sink conditions produ-
ces false-negative results. This finding is of pivotal
importance for the ongoing discussion on the methodology
to be used for identifying ABCB1 substrates: the recently
published FDA recommendation on “Criteria for establish-
ing whether an NME is a P-gp substrate and whether an in
vivo interaction study is needed” (Huang et al. 2008)
advocates the use of non-sink cellular models that, accord-
ing to our data, could be prone to produce false-negative
results for high permeability compounds. Therefore, the
effect of ABCB1 on the initial rate permeability of highly
permeable compounds requires further study.

In contrast to ABCB1 function, compounds that
interacted with ABCB1-ATPase and displayed passive
permeability coefficients greater than 2.0 cm×10−6/s in the
HDM-PAMPA assay did inhibit calcein AM efflux out of
K562 MDR1 cells and were thus identified as ABCB1
inhibitors. The data indicate that, besides the affinity to
ABCB1, the rate at which the substrate-binding sites can be
accessed is an additional factor to be considered in the
assessment of ABCB1 inhibition. Notably, passive perme-
ability per se did not have an influence on ABCB1
substrate specificity because no correlation was found
between the apparent Km value of ABCB1-ATPase and
passive permeability. Assuming that the ABCB1 substrate-
binding site is on the cytosolic side of the plasma
membrane, this finding can be explained, as the ABCB1
binding site that can be readily accessed in the inside-out
membrane vesicles used for the ABCB-ATPase assay
(Shapiro and Ling 1994).

Given the selection bias in the validation set for ABCB1
inhibitors, we subsequently tested the hypothesis that
vanadate-sensitive ABCB1-ATPase activity can be success-
fully applied to identify ABCB1 substrates and inhibitors
when combined with data on passive permeability. We
analyzed a validation set consisting of 26 Altana Pharma
compounds derived from different chemical series that all
stimulated basal ABCB1-ATPase activity and were dis-
criminated according to their passive permeability with
high permeable compounds (subset 1: Papp-HDM >50 cm×
10−6 cm/s) and low permeable compounds (subset 2: Papp-

HDM <1 cm×10−6 cm/s). The results corroborated the effect
of passive permeability as an important covariate of active
transport: all high permeable compounds in subset 1 of the
validation set did inhibit calcein AM efflux with a mean
shift from ABCB1-ATPase Km to IC50 for the inhibition of
calcein AM efflux of 1.4-fold whereas the low passive
permeability of compounds in subset 2 shifted the IC50 for
the inhibition of calcein AM efflux by almost an order of
magnitude. The data indicate that, for highly permeable
compounds, the Km value obtained from ABCB1-ATPase
can be used to predict the IC50 value for the inhibition of
calcein AM efflux within a twofold error for high
permeable compounds assuming competitive inhibition. In
contrast to ABCB1 inhibition, the transporter did not have
an effect on the net flux on any of the high permeable
compounds through the Caco-2 monolayer. Given the
difference in passive permeability between the two subsets,
the effect of passive permeability on ABCB1 function and
inhibition was found to be more pronounced in the valida-
tion set than in the training set.

In conclusion, compounds that did not interact with
vanadate-sensitive ABCB1-ATPase were not found to
either inhibit the transporter or to be actively transported
in the cellular assays used. The data presented in this study
suggest classification of compounds that interact with
ABCB1-ATPase into ABCB1-transported substrates and
ABCB1 inhibitors based on passive permeability. The use
of HDM-PAMPA in combination with ABCB1-ATPase
offers a simple, inexpensive experimental approach capable
of identifying ABCB1 substrates and inhibitors in a high-
throughput fashion. Based on these data, compounds can be
selected for subsequent in-depth analysis of ABCB1
inhibition and function in cellular assays carried out under
initial rate conditions that demand longer assay times and
higher cost.
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