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P-glycoprotein (P-gp) is one of the best character-
ized transporters responsible for the multidrug
resistance phenotype exhibited by cancer cells.
Therefore, there is widespread interest in eluci-
dating whether existing drugs are candidate P-gp
substrates or inhibitors. With this aim, a pharma-
cophore model was created based on known P-gp
inhibitors and it was used to screen a database of
existing drugs. The P-gp modulatory activity of
the best hits was evaluated by several methods
such as the rhodamine-123 accumulation assay
using K562Dox cell line, and a P-gp ATPase activ-
ity assay. The ability of these compounds to
enhance the cytotoxicity of doxorubicin was
assessed with the sulphorhodamine-B assay. Of
the 21 hit compounds selected in silico, 12 were
found to significantly increase the intracellular
accumulation of Rhodamine-123, a P-gp substrate.
In addition, amoxapine and loxapine, two tetracy-
clic antidepressant drugs, were discovered to be
potent non-competitive inhibitors of P-gp, causing
a 3.5-fold decrease in the doxorubicin GI50 in
K562Dox cell line. The overall results provide
important clues for the non-label use of known
drugs as inhibitors of P-gp. Potent inhibitors with
a dibenzoxazepine scaffold emerged from this
study and they will be further investigated in
order to develop new P-gp inhibitors.
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Resistance to chemotherapy represents a major obstacle to the
treatment of cancer. Multidrug resistance (MDR) can be broadly
defined as a phenomenon by which tumor cells in vivo and cultured
cells in vitro show simultaneous resistance to a variety of structur-
ally and functionally dissimilar cytotoxic and xenobiotic compounds
(1). It has been estimated that at least 50% of human cancers
express the MDR phenotype (2,3). MDR can be present at the time
of diagnosis, or can be acquired after initial treatment and remis-
sion of cancer (4). P-glycoprotein (P-gp), a 170-kDa membrane pro-
tein, represents one of the best characterized barriers to
chemotherapeutic treatment in cancer (5). P-gp is coded by the
mdr1 gene and functions as an energy-dependent membrane trans-
porter that actively extrudes a set of structurally unrelated com-
pounds out of the cells, conferring the MDR phenotype in cancer
(6). P-gp integrates the ATP-binding cassette (ABC) super family of
transporters; other members of this super family are also implied in
some cases of resistance, as happens with the multidrug-resistance
protein 1 (MRP-1) (7). The molecular structure of P-gp consists of
12 transmembrane domains that form a drug-binding pore and the
translocation pathway, and two cytoplasmic ATP-binding domains
(8). Physiologically, it is believed that P-gp may play a significant
role in the processes of drug absorption, distribution, metabolism,
and excretion (ADME) (9–11). P-gp physiologic localization suggests
that this efflux transporter can protect the body against toxic xeno-
biotics by excreting these compounds into the bile, urine, and the
intestinal lumen, and by preventing their accumulation in brain. On
the other hand, in humans, CYP3A4 is the principal enzyme involved
in the hepatic and intestinal metabolism of drugs (12). Furthermore,
P-gp and CYP3A4 are frequently co-expressed in the same cells and
share a large number of substrates and modulators (13,14). The dis-
posal of such drugs is thus severely affected in those cells. Conse-
quently, the inhibition of P-gp could have implications related to
ADME (9). If a drug is a P-gp substrate or if it interferes with the
P-gp efflux phenomenon, it may affect the efficacy of the drug, as
well as its concentration in the bloodstream, and clearance mecha-
nisms (15,16). Additionally, side-effects are a complex phenomenon
that occur in a variety of molecular scenarios, the most important
of which being the direct interaction with other protein targets such
as, for instance, P-gp (17,18). Therefore, screening for P-gp modula-
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tors has become an essential goal of drug discovery (19,20). On top
of that, interaction with P-gp is worth studying, even for commer-
cially available drugs, as it may help explain some in vivo events
such as drug bioavailability or drug–drug interactions.

Despite its overall significance, P-gp is poorly characterized at the
atomic level, especially because of the intrinsic difficulties involved
in membrane protein crystallization (21,22). P-gp structural data are
only available at low-to-medium resolution. Hence, there is a need
for ligand-based design, namely pharmacophore construction as pre-
viously performed by other groups (23–26).

For all these reasons, the objective of the present work was the
implementation of a method for quick identification of P-gp modula-
tors. A virtual screening using a pharmacophore model was per-
formed, and the P-gp modulatory effects of the retrieved 21 hit
drugs were experimentally explored using several techniques such
as a rhodamine-123 (rh123) accumulation assay using a leukemia
P-gp overexpressing cell line (K562Dox), a P-gp ATPase assay using
P-gp membranes, and the sulphorhodamine-B (SRB) cell growth
assay studying the potential P-gp modulators in combination with
doxorubicin in K562Dox cells.

Material

Cell lines
K562 (human chronic myelogenous leukemia, erythroblastic; ECACC,
Europe Collection of Cell Cultures, UK), and K562Dox (derived from
K562 by doxorubicin stimulated overexpression of P-gp; kind gift from
Prof. J. P. Marie, Paris, France) cell lines were routinely maintained
in RPMI-1640 (with Hepes and Glutamax, Gibco�; Invitrogen,
Darmstadt, Germany), with 10% or 5% fetal bovine serum (Gibco�;
Invitrogen, Darmstadt, Germany) and incubated in a humidified incuba-
tor at 37 �C with 5% CO2 in air. All experiments were performed with
cells in exponential growth, with viabilities over 90% and repeated at
least three times. K562-Dox cells were maintained by treating them
with 1.0 lM doxorubicin every 2 weeks in order to maintain the P-gp
overexpression, and all experiments were performed at least 4 days
after this administration and in doxorubicin-free medium.

Compounds
Amoxapine, azelastine, bicalutamide, blebbistatine, coelemerazide,
cyclic pifithryn-a, danthron, diltiazem, econazole, hycanthone, indap-
amide, indirubin, leflutamide, loxapine, pranlukast, prazosin, propa-
fenone, quinidine, sulfinpyrazone, tioconazol, verapamil, warfarin
and zomepirac, as well as SRB and rhodamine-123 (rh123) were
obtained from Sigma-Aldrich (Sintra, Portugal). Verapamil, quinidine,
and mibefradil (known P-gp inhibitors) were used as controls.

Methods

Pharmacophore modeling and virtual screening
of a database of compounds
A pharmacophore is the 3D arrangement with the minimal molecu-
lar features needed for a compound to show biologic activity. This

3D arrangement of features has a set of distance restraints
between them, meaning that these features must be separated by
specific distances in order to have a molecule with putative activity.
To create the pharmacophore, model we started with 26 P-gp
known inhibitors from the flavonoid family (27,28) (Appendix S1).
The structures of these compounds were drawn using HyperChem
7.51 (29) and pre-optimized using Molecular Mechanics force field
(MM+). Afterward, the molecular geometries were refined using
AM1 semi-empirical (Polak-Ribiere – Conjugate Gradient) calcula-
tions (30). The structures were considered optimized when their
conformational energy gradient was below 0.01 kcal ⁄ �. We
uploaded the structural data of these 26 known inhibitors of P-gp
into the Pharmagist webserver PharmaGist to obtain the pharmaco-
phore model. (31). In PharmaGist, the pharmacophore is constructed
using six different features (H-bond acceptor, H-bond donors, aro-
matic centers, hydrophobic centers, negative charge, and positive
charge). The pharmacophore from PharmaGist was used to screen
the DRUGBANK database (32). The database files were edited using
small scripts to remove counter-ions, neutralize partial charges and
remove solvent molecules. Additionally, all structures were con-
verted to 3D using the software CORINA (Molecular Networks GmbH,
Erlangen, Germany). After preparing the database, the program VLI-

FEMDS (VLife Ltd., Pune, India) was used to virtually screen the
database using the pharmacophore model generated previously with
a distance tolerance between features of 20%.

Protein expression analysis by Western blot
For analysis of protein expression, K562 and K562Dox cells were
lysed in Winman's buffer (1% NP-40, 0.1 M Tris–HCl pH 8.0, 0.15 M

NaCl and 5 mM EDTA) with EDTA-free protease inhibitor cocktail
(Boehringer, Mannheim, Germany). Proteins were quantified using
the DC Protein Assay kit (BioRad, Hercules, CA, USA) and separated
in 8% Tris-glycine SDS-polyacrylamide gels. The A549 cell lysate
was used as positive control for detection of MRP-1. Proteins were
then transferred to a nitro-cellulose membrane (GE Healthcare,
Piscataway, NJ, USA). The membranes were incubated with the
following primary antibodies for MDR-1 (1:5000; Santa Cruz Biotech-
nology Inc., Heidelberg, Germany), MRP-1 (1:500; Santa Cruz Biotech-
nology Inc., Heidelberg, Germany) and Actin (1:2000; Santa Cruz
Biotechnology Inc., Heidelberg, Germany). Membranes were further
incubated with the respective secondary antibodies-HRP conjugated
(1:2000; Santa Cruz Biotechnology, Heidelberg, Germany). The signal
was detected with the Amersham ECL kit (GE Healthcare,
Piscataway, NJ, USA), Hyperfilm ECL (GE Healthcare, Piscataway,
NJ, USA) and Kodak GBX developer and fixer twin pack (Sigma-
Aldrich, Sintra, Portugal) as previously described (33). The intensity
of the bands obtained in each film was further analyzed using the
software QUANTITY ONE – 1D ANALYSIS (BioRad, Hercules, CA, USA).

Flow cytometry determination of rhodamine-
123 accumulation
K562 and K562Dox (5 · l06 cells ⁄ mL) were incubated for 1 h at
37 �C in the presence of 10 or 20 lM of the test compounds, and
with 1 lM rhodamine-123 (rh123). K562Dox and K562 cells alone, as
well as K562Dox cells in the presence of the known P-gp inhibitors
verapamil, mibefradil, or quinidine (10 and 20 lM), were used as
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controls. After the incubation time, cells were washed twice, re-sus-
pended in ice-cold PBS and kept at 4 �C in the dark until analysis in
the flow cytometer. At least 20 000 cells per sample were counted
and analyzed by flow cytometry (Epics XL-MCL; Beckman Coulter,
Brea, CA, USA). Cells shown in forward scatter and side scatter were
electronically gated and acquired through the FL1 channel. The
amount of fluorescence was plotted as a histogram of FL1 within the
gate. Data acquisition was performed using WINMDI 2.9 (TSRI, Jupiter,
FL, USA) to determine median fluorescence intensity values (MFI). For
simple interpretation, the ratio of accumulation was calculated as
(MFIK562Dox + Drug ) MFIK562Dox) ⁄ MFIK562Dox. Results represent the
average of at least three independent experiments.

Determination of ATPase activity
The ATPase activity of P-gp was determined using the luminescent
ATP detection kit (P-gp-Glo Assay Kit, Promega, Germany) according
to the manufacturers' recommendationa. Test compounds at 200 lM

or sodium vanadate (Na3VO4) at 20 lM (positive control, non-com-
petitive inhibitor) or verapamil at 200 lM (negative control, competi-
tive inhibitor) in buffer solution were incubated with 0.5 mg ⁄ mL P-
gp and 5 mM MgATP at 37 �C for exactly 40 min, and the remain-
ing ATP was detected after 20 min resting at room temperature, as
a luciferase-generated luminescent signal. Results are presented as
the average of three independent experiments. Percentage of rela-
tive light unit (RLU) was calculated in relation to non-treated control
(NT). It was calculated using the following formula that fits the NT
control to zero for easier interpretation: % RLU = (RLUtest )
RLUNT) ⁄ RLUNT · 100.

Cell growth assay
The ability of the tested compounds to potentiate doxorubicin cyto-
toxicity was evaluated in K562Dox cells SRB assay as previously
described (34). K562Dox cells were plated into 96-well tissue cul-
ture plates at 5 · 104 cells ⁄ mL. After 24 h, cells were treated with
serial dilutions of the test compound alone or with serial dilutions
of doxorubicin, a known chemotherapeutic agent, in combination
with 10 lM of the test compound. Following 48-h treatment, cell
growth was assayed using the SRB assay. The GI50 values for doxo-
rubicin (concentration resulting in 50% inhibition of cell growth)
were calculated from the plotted results. The reversal fold (RF) val-
ues, as potency of reversal, were obtained by calculating the coeffi-
cient RF = GI50 of doxorubicin alone ⁄ GI50 of doxorubicin in the
presence of a test compound.

Principal component analysis
Principal component analysis (PCA) is a common statistical technique
for finding patterns in data of high dimension, where graphical repre-
sentation is not available, and representing the data in such a way
as to highlight their similarities and differences. The main advantage
of PCA is the reduction of the number of dimensions (observed vari-
ables, or in our case molecular descriptors) without significant loss
of information. A principal component (artificial variable) can be
defined as a linear combination of optimally weighted observed vari-
ables. Principal component analysis was performed on both inhibitors
and activators of P-gp using the Accelrys Library Analysis Module

(Accelrys, San Diego, CA, USA). Following the parsimony principle,
six molecular descriptors available as default in Accelrys library anal-
ysis by PCA, and commonly used in drug-like profiling (atom-based
module for logP (ALogP), molecular weight, number of hydrogen bond
donors (HBD), number of hydrogen bond acceptors (HBA), number of
rotatable bonds and molecular polar surface area), were used to
assess the chemical diversity of the 24 compounds screened. In a
PCA calculation, principal components are always orthogonal
between them (therefore without cross-correlation), and the first
three principal components were chosen because they show the
highest gradients of variance for the data (they account for the maxi-
mum variability in the dependent variable, meaning biologic
response). Finally, a 3D graphical projection was analyzed.

Statistical analysis
Data were expressed as the mean € SE and analyzed by the Stu-
dent's t-test. p-values below 0.05 considered statistically significant.

Results and discussion

Identifying molecules that interact with P-gp is important for drug dis-
covery but is also generally reliant on time-consuming in vitro and in
vivo studies. As an alternative approach, the current study applies a
pharmacophore model and in silico database screening to rapidly
retrieve molecules from commercial databases that potentially bind
(as substrates or inhibitors) to P-gp. The advantage of such an
approach lies on the discovery of a new drug having an 'old drug' as
a hit (35). In fact, any newly identified non-label use for an 'old drug'
can be rapidly evaluated with a dramatic decrease in time and costs
by eliminating much of the toxicological and pharmacokinetic assess-
ments (35). Once the results from a screening show a new hit, it can
be used as the starting point for a drug discovery program, turning
the 'side activity' into the 'main activity' and, ideally, the initial 'main
activity' will be significantly reduced or abolished. This is the so-
called selective optimization of side activities (the SOSA approach) of
drug molecules and constitutes an intelligent and efficient strategy
for the generation of new therapeutic applications (36). This strategy
has a high probability of yielding safe, bioavailable, original and pat-
entable analogues (37). The scheme of the in silico and laboratorial
procedures is summarized in Figure 1.

Pharmacophore modeling and virtual screening
of a database of compounds
After performing a pairwise and multiple flexible alignments with
26 P-gp's known inhibitors from the flavonoid family, using the
PharmaGist webserver, a pharmacophore model was found (Fig-
ures 1I and 2A). There were three common features present in all
26 inhibitors, two aromatic rings (AR) and one H-bond acceptor
(HBA). The 3D pharmacophore and the distance constraints between
the features are represented in Figure 2B.

After the procedures described to clean the database, 4825 struc-
tures of small molecules (no peptides or proteins) from DrugBank
were screened to determine their compliance with the pharmaco-
phore model. Of the hits retrieved, 167 structures were found to
comply with the pharmacophore model with a RMSD of <1 �. Of

Pharmacophore-Based Screening for the Discovery of P-Glycoprotein Inhibitors
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these 167 structures, 91 fulfilled the Lipinski rules (38). The hits
that did not comply with the Lipinski rules were discarded.

Twenty-one commercially available drugs were selected (Table 1)
for further in vitro testing according to their RMSD (the lower the
better) and availability for purchase. Half of them had already been
described as being implied in reversal of MDR as indicated in
Table 1.

Verapamil, a calcium channel blocker (anti-arrhythmic agent), and
quinidine, a muscarinic and a-adrenergic neurotransmission blocker,
belong to the first generation of known P-gp inhibitors (53) and
were used in this study as controls. Mibefradil, a calcium T- and

L-channel blocker developed for use in hypertension was also used
as control because it is a potent inhibitor of P-gp-mediated digoxin
transport (54).

According to the literature, there is no explicit information on how
leflunomide, blebbistatine, diltiazem, tioconazole, pranlukast, coelen-
teramide, econazole, loxapine, amoxapine, indapamide, sulfinpira-
zone, indirubin, bicalutamide, and danthron interact with P-gp. The
fact that some of the drugs here found by pharmacophore screening
had previously been described as having some relation to P-gp or
other ABC transporters makes the described pharmacophore model
more reliable. They were therefore included in this study to confirm
the results.

Figure 1: Scheme of the in silico and laboratorial procedures. (I) Pharmacophore-based virtual screening. (II) Rhodamine-123 accumulation
assay. (III) P-gp ATPase assay. (IV) Sulphorhodamine-B assay. (V) Principal component analysis.
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Flow cytometry determination of rhodamine-
123 accumulation on P-gp overexpressing cell
line
An indirect way to analyze P-gp activity is by the evaluation of the
mean fluorescence intensity (MFI) of cells exposed to rh123, a
known P-gp substrate, together with the potential P-gp inhibitor
(Figure 1II, 55–57). Quantification of the relative fluorescence can
be used to compare the individual potency of inhibitors. This flow
cytometry method for P-gp functional evaluation has been used for
decades (58,59) and was chosen to initiate the present study.
Rh123 is very efficiently transported by P-gp, resulting in a larger
cellular accumulation of this probe compared to other probes such
as doxorubicin or daunorubicin. Rh123 was therefore selected as a
substrate for the determination of its accumulation in a human leu-
kemia cell line (60). We used K562Dox cells (which overexpress P-
gp) and the parental K562 cells to study the effects of drugs on P-
gp function, by determining intracellular rh123-associated MFI. How-
ever, rh123 is a substrate not only for P-gp but also for MRP (61)
and expression of both P-gp and MRP has been reported to occur
in leukemic cells (62). So, transport of rh123 in such cells may be
influenced by both MRP and P-gp. In order to confirm the presence
of P-gp and to investigate the possible presence of MRP-1 in these
cells, Western blot for both P-gp and MRP-1 was performed (Fig-
ure 3). P-gp appears as a diffuse band around 170 KDa and, as
expected, it is present in K562Dox but not in K562 cell lines. As far
as MRP-1 is concerned, a broad band between 150 and 250 kDa is
observed in the positive control (A549 cell lysate), but no MRP-1
was observed in either K562 or K562Dox. As K562Dox cell line

overexpresses P-gp but no MRP-1 (Figure 3), differences in the
accumulation pattern of rh123 among the several treatments should
be related to levels of P-gp but not to MRP-1.

The influence of the test compounds in the accumulation of rh123
is shown in Figure 4. After K562 cells were incubated with rh123,
accumulation ratio increased after 1 h, as it was expected for a cell
line which does not express P-gp; untreated K562Dox cells had a
residual accumulation (accumulation depends on the level of intra-
cellular uptake and extracellular efflux) of rh123, represented as
'zero' on Figure 4 (second column) for easier interpretation. After
the same cells (K562Dox) were incubated in the presence of the
test compounds, the accumulation ratios varied, according to the
applied formula. In the case of twelve investigated compounds (Fig-
ure 4, columns on the right), an increase in the accumulation ratio
of rh123 was observed, an effect compatible with P-gp inhibition,
whereas for six compounds a statistically significant decrease in
the accumulation ratio was verified, an effect compatible with P-gp
activation (Figure 4, columns on the center).

According to the cytometry assay (Figure 4), known P-gp inhibitors
such as verapamil, quinidine and mibefradil as well as twelve
investigated compounds were found to potentiate the accumulation
of P-gp's substrate rh123. Particularly, propafenone, azelastine,
amoxapine and loxapine showed an effect similar to that elicited
by the known P-gp inhibitor, quinidine. From these, amoxapine has
never been previously described as inhibitor of P-gp, whereas loxa-
pine has already been described as multidrug-resistant reversal
agent (46). Loxapine showed a high accumulation ratio, apparently
in a concentration-dependent manner. Amoxapine also showed high
accumulation ratio but not in a concentration-dependent manner, at
least for the interval of concentrations used.

As expected, propafenone and azelastine, previously shown to be
modulators of drug resistance, presented the highest rh123 accumu-
lation ratios. Other drugs, such as hycanthone, bicalutamide, eco-
nazole, diltiazem, prazosin, and tioconazole, showed a moderate
effect in the rh123 accumulation ratio, with econazole being
described for the first time as a P-gp inhibitor. In contrast, coel-
emerazine, leflunomide, blebbistatine, and indirubin showed an
effect compatible with P-gp activation. This is an important issue,
as the bioavailability of these drugs may be compromised and
higher doses may be needed to reach an adequate therapeutic
effect.

Determination of ATPase activity
Although the rh123 accumulation assay is simple and fast, allowing
for the rapid screening of several compounds simultaneously, it is
indirect, because it is a measure of rh123 accumulation and not a
specific test for the P-gp function (Figure 1III). In order to determine
how a compound interacts with P-gp, it is possible to carry out the
measurement of its effect on the rate of P-gp ATP hydrolysis which
will allow to discriminate between drugs that increase the ATP con-
sumption by P-gp (i.e., competitive inhibitors or substrates) and
drugs that reduce the use of ATP either by acting directly on ATP-
binding site or indirectly by blocking an allosteric site relevant for
P-gp activity (i.e., non-competitive inhibitors) (63,64). Therefore, to

A

B

Figure 2: Pharmacophore-based virtual screening. (A) Superim-
posion of flavonoids used to build a pharmacophore. (B) Pharmaco-
phore model for P-gp inhibitors obtained with PharmaGist, aligned
with one of the compounds found on the Drug Bank virtual screen-
ing (oxapine). AR: aromatic ring; HBA: hydrogen bond acceptor.
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Table 1: Compounds selected from pharmocophore screening and their relevant chemical parameters and biologic activities

Structure
Molecular
weight ALogP

Hydrogen
bond
donors

Hydrogen
bond
acceptors

Name ⁄ activity
(http://pubchem
.ncbi.nlm.nih.gov/)

Described ATP-binding
cassette transporters
modulation

313.81 3.422 1 4 Amoxapine
Antipsychotic agent
Blocks the reuptake of

norepinephrine and
serotonin

Also blocks dopamine
receptors

No data

381.94 4.094 0 4 Azelastine
Antihistamine
Mast cell stabilizer
Used on allergic

conjunctivitis

Described as capable of
reversing resistance to
doxorubicin (39) although
the mechanism is not
known

430.41 2.927 2 10 Bicalutamide
Non-steroidal

antiandrogen for
prostate cancer

Failed in treatment because it
is transported by both P-gp
and BCRP. MRP1 is unable to
bind to this antiandrogen drug
(40)

292.36 3.046 1 4 Blebbistatin
Inhibitor of myosin II

No data

411.49 4.281 3 6 Coelenteramide
A coelenterazine

derivative, a
light emitting
molecule found in
many aquatic
organisms

No data
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Table 1: (Continued )

Structure
Molecular
weight ALogP

Hydrogen
bond
donors

Hydrogen
bond
acceptors

Name ⁄ activity
(http://pubchem.
ncbi.nlm.nih.gov/)

Described ATP-binding
cassette transporters
modulation

S

N N

349.28 4.450 0 2 Cyclic pifithryn-a
Inhibitor of p53
P-gp modulator
Reported as a

potent STAT6
transcriptional
inhibitor

Described as modulator of
P-gp-mediated efflux of
daunorubicin and rh123 in a
concentration-dependent
manner by changing relative
substrate specificity of the
transporter (41)

240.22 2.274 2 4 Danthron
Laxative
Withdrawn from the market

because of genotoxicity

No data

414.57 3.200 0 6 Diltiazem
Vasodilating agent
Antagonist of the

actions of the
calcium ion in
membrane
functions

Desacetyl-Diltiazem, a Diltiazem
metabolite, seemed to be
subjected to P-gp-mediated
efflux (42)

381.70 4.981 0 2 Econazole
Antifungal agent
Low activity against

Gram positive
bacteria

Itraconazole and Ketoconazole
inhibit P-gp function (43);
there is no reference to
Econazole

N

N
H

O

O

H

S

356.48 4.654 2 4 Hycanthone
Antischistosomal

agent

Blocks P-gp function, partially
circumventing resistance of
doxorubicin-resistant sarcoma
180 (S180) cells (44)
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Table 1: (Continued )

Structure
Molecular
weight ALogP

Hydrogen
bond
donors

Hydrogen
bond
acceptors

Name ⁄ activity
(http://pubchem.
ncbi.nlm.nih.gov/)

Described ATP-binding
cassette transporters
modulation

365.87 2.771 3 6 Indapamide
Diuretic agent

No data

H N

O

O

N

H

262.26 1.964 2 4 Indirubin
Used in treatment

of chronic
granulocytic
leukemia

No data

270.23 2.157 1 7 Leflunomide
Pyrimidine

synthesis
inhibitor

Disease-
modifying
antirheumatic
drug

Described as
high affinity
substrate of
BCRP (45). There
is no reference
to effects on
P-gp

327.84 3.958 0 4 Loxapine
Antipsychotic

agent
Used in

schizophrenia

Reverses multidrug
resistance
on multidrug
resistance P388
cell line (46,47)

N

N

HN N

O

O

N
H

O

O

481.55 4.673 2 8 Pranlukast
Antiasthmatic
Leukotriene

antagonist

No data
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Table 1: (Continued )

Structure
Molecular
weight ALogP

Hydrogen
bond
donors

Hydrogen
bond
acceptors

Name ⁄ activity
(http://pubchem.
ncbi.nlm.nih.gov/)

Described ATP-binding
cassette transporters
modulation

383.45 2.108 2 9 Prazosin
Selective

adrenergic a-1
antagonist

Used in the
treatment
of heart failure
and hypertension,
pheochromocytoma,
Raynaud's
syndrome,
prostatic
hypertrophy,
and
urinary retention

P-gp substrate,
stimulating
P-gp-mediated
transport. It
was
hypothesized
to bind to a
third drug-
binding
site on
P-gp, an allosteric
site that is
likely not capable
of drug
transport (48)

341.49 3.673 2 4 Propafenone
Antiarrhythmic

agent
Weak
b-blocking
activity

Potent inhibitor of
P-gp-mediated efflux,
stimulating ATPase
activity
(49)

387.73 4.438 0 2 Tioconazole
Antifungal

agent

Itraconazole and
Ketoconazole inhibit P-gp
function (43); there is no
reference to Tioconazole

404.52 3.434 0 5 Sulfinpyrazone
Uricosuric

agent

Described as MRP modulator
(50)
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elucidate if the drugs that caused accumulation of rh123 were
either substrates for transport by P-gp (competitive ligands), or P-gp
inhibitors (non-competitive ligands), effects on the ATPase activity
of P-gp were measured using human P-gp membranes (65). The
results for twelve drugs are presented in Figure 5. The assay relies
on the ATP dependence of the light-generating reaction of firefly
luciferase. ATP is first incubated with P-gp, then the P-gp ATPase
reaction is stopped, and the remaining ATP is detected as a lucifer-
ase-generated luminescent signal. P-gp-dependent decreases in
luminescence reflect ATP consumption by P-gp; thus, the greater
the decrease in signal the higher the P-gp activity. Accordingly,
samples containing compounds that stimulate the P-gp ATPase will
have significantly lower signals than untreated samplesa. Five con-
trols were used: no treatment (NT) control, sodium orthovanadate
(Na3VO4), verapamil, mibefradil and quinidine treatments. Na3VO4 is
an inhibitor of the P-gp ATPase (66), so this compound serves as a
control where residual P-gp-dependent ATP-consumption occurs.

Therefore, this control causes an increase in the % of luminescence
of luciferase in relation to the untreated (NT) control (Figure 5, left).
On the other hand, verapamil, mibefradil and quinidine are sub-
strates for transport by P-gp that stimulate P-gp ATPase activity. As
shown in Figure 5, these controls cause a significantly decrease in
the % of luminescence of luciferase in relation to the untreated
(NT) control.

Econazole, amoxapine, loxapine, bicalutamide, zomepirac, and tio-
conazole caused an increase in the % of luminescence in relation
to the untreated (NT) control showing an effect compatible with
P-gp ATPase inhibition. From these inhibitors, six were found to
prevent ATP hydrolysis (Figure 5), blocking P-gp catalytic cycle
without being transported, thus possibly targeting the P-gp's ATP
binding site directly (67,68) or by binding to an allosteric residue
(69,70) which causes inhibition of P-gp function with resulting
inhibition of ATPase activity. As could be expected, econazole,
similarly to other antifungal compounds from the azole family pre-
viously described as P-gp inhibitors, also causes P-gp inhibition by
a non-competitive mechanism. It gives origin to a % luminescence
in the ATPase assay similar to that of the control Na3VO4 and
therefore it could also be used as a control in this type of
assays. Interestingly, econazole had already been described as
inhibitor of other ATPases such as Ca2+-ATPase (71). Further
understanding of the potential location of the site of action of
these molecules would require a systematic analysis of the AT-
Pase profile of combinations of verapamil and other transporter
substrates with the new P-gp modulators (63,64), or even more
thoroughly, cystein scanning mutagenesis (72,73). On the other
hand, loxapine and amoxapine, known tricyclic antidepressants,
were found to be potent non-competitive P-gp inhibitors. These
compounds share a common scaffold for the development of new
P-gp inhibitors. Propafenone, hycanthone, cyclic pifithryn-a, dil-
tiazem, azelastine, and prazosin behave similarly to verapamil,

Table 1: (Continued )

Structure
Molecular
weight ALogP

Hydrogen
bond
donors

Hydrogen
bond
acceptors

Name ⁄ activity
(http://pubchem.
ncbi.nlm.nih.gov/)

Described ATP-binding
cassette transporters
modulation

291.75 3.906 1 3 Zomepirac
NSAID with

antipyretic
activity

Enhances the cytotoxicity of
certain anticancer drugs in
MRP-overexpressing cell
lines suggesting possible
MRP-modulation profile (51)

308.35 3.128 1 4 Warfarin
Anticoagulant
Inhibitor of the synthesis of

vitamin K-dependent
coagulation
factors

Preliminary evidence that P-gp
contributes to Warfarin
disposition (52)

ALogP, atom-based module for logP; MRP, multidrug-resistance protein.

A B

Figure 3: Expression of P-gp and MRP-1 proteins on K562 and
K562Dox cell lines. Proteins were extracted and analyzed by Wes-
tern blot. Actin was used as a loading control. Representative
results of at least three independent experiments are shown. (A) P-
gp expression is detected in the K562Dox but not in the K562 cell
line; (B) No MRP-1 expression is detected in either K562 or
K562Dox cell lines, but is present in the positive control.
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mibefradil, and quinidine, i.e., they increased the hydrolysis of
ATP by P-gp, indicating that they are competitive inhibitors of P-
gp, possibly being themselves transported by the pump. Thus, it is
possible to conclude that from the twelve compounds that had
caused accumulation of rh123 in the cells, half are acting as com-
petitive and the other half as non-competitive inhibitors of P-gp.

Most of the compounds already described in the literature as inter-
acting with P-gp were found to have the same kind of modulatory
behavior as previously described, which reinforces our findings.
However, cyclic pifithryn-a is described elsewhere (41) as an activa-
tor and our experiments revealed it as an inhibitor (both substrates
of P-gp). Differences in cell models (human ovarian cancer cell lines
A2780 and A2780 Adr), accumulation assay (1 and 10 lM; 2-h incu-

bation) and ATPase assay conditions (1 and 3 lM) may justify this
difference. On the other hand, our experiments revealed bicaluta-
mide as a non-competitive inhibitor while it was previously
described (40) as a P-gp substrate. Also, different assays (1–
100 lM, Caco-2 and calcein-AM assays) may be the cause of the
divergent results.

Correlations between the ATPase assay (Figure 5) and the rh123
accumulation assay (Figure 4) could be observed for some of the
investigated compounds. Most of the compounds with the highest
inhibitory ratio (>1) in the rh123 accumulation assay, such as
propafenone, amoxapine, and loxapine, also showed a high effect
in the ATPase assay. Nevertheless, azelastine, with an accumula-
tion ratio of rh123 > 1, did not show the same relative potency in

Figure 5: P-gp ATPase assay. Results are % of relative light unit (RLU) in relation to non-treated (NT) control. NT control luminescence is
represented as zero for easier interpretation. % of RLU superior to zero corresponds to inhibitors of P-gp ATPase, i.e., non-competitive P-gp
inhibitors. % of RLU inferior to zero correspond to substrates of P-gp, i.e., competitive P-gp inhibitors. Results are the mean € SE of three
independent experiments. Na3VO4, verapamil, mibefradil, and quinidine were used as controls. Statistical significance was tested by paired t-
test using the NT control as a negative control. * indicates 0.01 < p £ 0.05 (n = 3).

Figure 4: Accumulation ratios of rh123 after 1 h of incubation in K562 or K562Dox cell lines. Results are the average of three indepen-
dent experiments € SE. Statistical significance was tested by paired t-test using the untreated K562Dox (second entry) as control. *** indi-
cates p < 0.001; ** indicates 0.001 < p £ 0.01; * indicates 0.01 < p £ 0.05. ns indicate not significant, i.e., p > 0.05 (n = 3).
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the ATPase assay. The opposite can be observed for econazole,
which presented the highest relative % of luminescence in the
ATPase assay but an accumulation ratio of rh123 < 0.5. This dis-
crepancy in the relative potency of some of the drugs is probably
due to the fact that the rh123 accumulation assay uses cells and
the ATPase assay uses membrane fractions. In this assay, a sub-
stantial portion of the recombinant P-gp membranes are open
fragments and 'inside-out' vesicles, and therefore, it is not so
influenced by factors related to drug permeability (74,75). Other
possible justification for the discrepancies found between the two
assays is the possible different mechanisms ⁄ binding sites involved
in the P-gp modulation, making it difficult to establish relation-
ships between the two assays.

Cell growth assay
To better understand the potential of the newly found P-gp inhibi-
tors, their effect in the cytotoxicity of doxorubicin in the cell line
overexpressing P-gp (K562Dox) was investigated. Results of the SRB
assay are presented in Table 2 for the nine most active inhibitors
(Figure 1IV).

The drugs were firstly tested individually in the K562Dox cell line
to verify if they were cytotoxic themselves, which would cause an
increase in the cytotoxicity of doxorubicin but not because of P-gp
modulation. Only the control, doxorubicin itself, showed a cytotoxic
effect (GI50 = 11.62 € 1.14 lM) in this resistant cell line
(Table 2A). When testing doxorubicin in combination with 10 lM

of the test drug, all drugs were able to decrease the value of
doxorubicin GI50 (Table 2B). As expected, verapamil (76) and quini-
dine (77) (positive controls) also decreased the GI50 of doxorubicin;
this decrease was approximately 6-fold (Table 2B). The nine inves-
tigated drugs were found to inhibit P-gp activity in the K562Dox
cell line, being able to decrease the GI50 of doxorubicin from
11.62 lM up to 3.16 lM (Table 2). From the investigated com-
pounds, econazole showed the most potent effect, decreasing 3.7
times the GI50 of doxorubicin. Amoxapine and loxapine caused a
3.5-fold decrease in the GI50 of doxorubicin, and for prazosin and
bicalutamide, a 3.1 and 3.0-fold decrease was observed, respec-
tively. In fact, all the investigated drugs decreased the GI50 of
doxorubicin in a statistically significant manner, except for propa-
fenone and diltiazem and the control mibefradil. Thus, we may
hypothesize that the long-term (48 h) incubation of a P-gp overex-
pressing cell line with a cytotoxic agent (doxorubicin) in combina-
tion with these drugs decreased the GI50 of the cytotoxic agent
by reducing the activity of P-gp.

Principal component analysis
In order to visualize structural diversity ⁄ similarity between these
different classes of drugs, a PCA was performed (Figure 1V). Plot-
ting the principal components is a method to visualize the maximum
variability of the data points. A PCA based on the properties of the
24 molecules was performed. The PCA was projected onto the 3D
principal components plane (Figure 6). It provides a 3D representa-
tion of the closeness of the structural relationships between the
samples.

The first component PC1 (which explains 46.0% of the variance in
the biologic response), the second component PC2 (33.7%), and the
third component PC3 (9.2%) account for 88.9% of the total variance
in the data. Figure 6 shows two small clusters corresponding to dif-
ferent classes of molecules. It clearly demonstrates segregation
between blue (inhibitors) and yellow (activators) circles (Figure 6).

Inspection of Table 3 shows that the principal components result
mainly from the linear combination of descriptors related to the
effect of hydrophilicity ⁄ lipophilicity and number of hydrogen-bond
donors and acceptors. This is consistent with the well known and
described importance of a certain degree of hydrophobicity (78,79)
and presence of groups that act as hydrogen-bond donors and ⁄ or
acceptors, such as amines (78–80), in molecules that interact with
P-gp, and also consistent with several published structure–activity
studies for P-gp modulation (81–83) which identified structural fea-
tures reflecting the presence of amphiphilic nature groups and
hydrogen bond acceptor in compounds that interact with P-gp.

Conclusion

A pharmacophore model was developed for the screening of poten-
tial P-gp inhibitors in the DrugBank database. The successful identi-
fication among the retrieved hits of novel P-gp inhibitors and the
demonstration of their activities indicated that this is a valuable
approach to discover novel non-label uses for known drugs. Potent
inhibitors with a dibenzoxazepine scaffold emerged from this study

Table 2: Results from the sulphorhodamine-B assay in K562Dox
cells. (A) GI50 values calculated for test drugs and doxorubicin, (B)
GI50 values of doxorubicin in combination with 10 lM of the test
drugs and (C) correspondent GI50 decrease ratio

GI50 (lM) in K562Dox cells (C)
Decrease
ratio in
the GI50 of
doxorubicin

(A) GI50

of test
compounds

(B) GI50 of doxorubicin
with 10 lM of test
compounds

Controls
Verapamil >150 1.96 € 0.03*** 5.9
Quinidine >150 1.98 € 0.07*** 5.9
Mibefradil >150 8.49 € 1.23ns 1.4

Econazole >150 3.16 € 0.41** 3.7
Loxapine >150 3.35 € 0.66** 3.5
Amoxapine >150 3.28 € 0.7** 3.5
Prazosin >150 3.74 € 0.61** 3.1
Bicalutamide >150 3.90 € 0.5** 3.0
Azelastine >150 6.49 € 0.29* 1.8
Hycanthone >150 8.45 € 0.6* 1.4
Propafenone >150 9.82 € 1.52ns 1.2
Diltiazem >150 10.27 € 1.27ns 1.1
Doxorubicin 11.62 € 1.14

The results are presented as mean € SE of at least three independent
experiments. Statistical significance was tested by paired t-test using the
GI50 doxorubicin alone in K562Dox cell line as control. ns indicates non-sig-
nificant (n = 3).
*0.01 < p £ 0.05; **0.001 < p £ 0.01; ***p £ 0.001.

Palmeira et al.

68 Chem Biol Drug Des 2011; 78: 57–72

 17470285, 2011, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/j.1747-0285.2011.01089.x by U

niversidade D
e M

adeira, W
iley O

nline L
ibrary on [08/02/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



and they will be further investigated in order to develop new more
effective and safe P-gp inhibitors.
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