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Abstract
The ATP binding cassette (ABC)-transporters are energy dependent efflux pumps which regulate
the pharmacokinetics of both anti-cancer chemotherapeutic agents, e.g. taxol, and of HIV-1 protease
inhibitors (HPIs), e.g. saquinavir. Increased expression of several ABC-transporters, especially P-
gp and MRP2, are observed in multidrug resistant (MDR) tumor cells and on HIV-1 infected
lymphocytes. In addition, due to their apical expression on vascular endothelial barriers, both P-gp
and MRP2 are of crucial importance towards dictating drug access into sequestered tissues. However,
although a number of P-gp inhibitors are currently in clinical trials, possible inhibitors of MRP2 are
not being thoroughly investigated. The experimental leukotriene receptor antagonist (LTRA),
MK-571 is known to be a potent inhibitor of MRP transporters. Using the MRP2 over-expressing
cell line, MDCKII-MRP2, we evaluated whether the clinically approved LTRAs, e.g. montelukast
(Singulair™) and zafirlukast (Accolate™), can similarly suppress MRP2-mediated efflux. We
compared the efficacy of increasing concentrations (20-100 μM) of MK-571, montelukast, and
zafirlukast, in suppressing the efflux of calcein-AM, a fluorescent MRP substrate, and the
radiolabeled [3H-] drugs, taxol and saquinavir. Montelukast was the most potent inhibitor (p<0.01)
of MRP2-mediated efflux of all three substrates. Montelukast also increased (p<0.01) the duration
of intracellular retention of both taxol and saquinavir. More than 50% of the drugs were retained in
cells even after 90 mins post removal of montelukast from the medium. Our findings implicate that
montelukast, a relatively safe anti-asthmatic agent, may be used as an adjunct therapy to suppress
the efflux of taxol and saquinavir from MRP2 overexpressing cells.
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Introduction
By transporting drugs against their concentration gradients, the ATP-binding cassette (ABC)
transporters can significantly alter the bioavailability and tissue distribution of numerous
therapeutic agents 1-5). Since a number of these ABC-transporters can confer multidrug
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resistant (MDR) phenotype to tumor cells 6, 7) strategies to suppress chemotherapy efflux from
MDR-tumors are of crucial significance 8, 9). Several anti-retroviral drugs, especially the
HIV-1 protease inhibitors (HPIs) are also substrates for ABC-transporters 5, 10-12). The efflux
of HPIs, from both HIV-1 infected cells and from subendothelial viral reservoirs, can severely
compromise the antiviral efficacy of HPIs and facilitate the selection of drug resistant viruses.
Hence, strategies to inhibit anti-retroviral drug efflux would also be very important. In an
attempt to inhibit these drug-efflux mechanisms, several approaches have been utilized in the
past 9, 13-16). However, due to their crucial physiological significance, especially in keeping
toxic xenobiotics out of important tissues such as the central nervous system (CNS) 17),
development of effective ABC-transporter inhibitors without systemic toxicities, has been a
formidable challenge. A frequently used approach has been the use of competitive inhibitors
of ABC-transporters 18), and several such inhibitors had been screened by their structure-
activity-relationships (SAR) and in vitro inhibitory potencies 16, 19). However, despite efficacy
in preclinical trials, their in vivo toxicities have hampered the clinical approval of these
experimental compounds. A second approaches been the use of clinically approved drugs
which are known to be competitive inhibitors of specific ABC-transporters, and is currently
showing significant promise in the advancement specific ABC-transporter inhibition.

The best characterized ABC-transporter is P-glycoprotein (P-gp); also known as ABCB1 19).
P-gp plays a crucial role in chemoresistance of a variety of different tumors and in regulating
drug transport across the blood-brain-barrier (BBB) since it displays a broad substrate spectrum
comprising of both neutral and cationic organic compounds. Another ABC-transporter, with
substrate specificities similar to that of P-gp, is breast cancer resistant protein (BCRP), a.k.a.
ABCG2. Increased BCRP expression has been shown in both placental barriers and cancer
stem cells 20). Hence, most of the ABC-transporter inhibitors currently under development are
targeted towards P-gp and BCRP 21). Even though the newly discovered MDR-associated
proteins (MRPs), a.k.a. the ABCC family of transporters, are also known to transport a variety
of therapeutic agents 22, 23), there appears to be only a handful of studies to screen for inhibitors
of different MRPs.

The MRP transporter family consists of at least nine identified members, each having slightly
different substrate specificities, tissue distribution, and transport kinetics 23). A number of
chemotherapeutics are substrates for MRPs 24-28) and several MRPs can decrease intracellular
levels of HPIs 10-12). Different tumors are known to overexpress different MRPs and a specific
pattern is observed on HIV-1 infected lymphocytes 29, 30). Previous studies by us 5) as well as
others 4, 31, 32) showed that vascular endothelial cells express functional MRPs, as well.
Furthermore, unlike P-gp and BCRP, which are both expressed on apical surfaces of
membranes, specific patterns of expression, on either apical or basal surfaces of membranes,
are seen with the MRPs. These findings implicated the importance of MRPs in regulating sub-
endothelial drug concentrations and suggested that inhibition of specific MRPs may be possible
without manifesting systemic side effects.

Both MRP1 and MRP2 are frequently associated with drug resistance, and transport
hydrophilic anionic compounds, large molecules and peptidomimetics 14, 33). Both MRP1 and
MRP2 have similar substrate specificities for anti-cancer 34-36) and anti-HIV agents 10, 11,
29, 30). The anti-microtubule agent, taxol and its derivatives, widely used in the treatment of
breast and ovarian cancers, are substrates of both MRP1 and MRP2 36). Similarly, several
HPIs, e.g. saquinavir and lopinavir, often used in highly active antiretroviral therapy (HAART)
combinations in HIV-positive patients, are also substrates of both MRP1 and MRP2 5, 11).
However, the inhibition of MRP2 would be critical significance since it is expressed on the
apical surfaces of membranes, unlike MRP1 which is mostly expressed on the basal surfaces
of membrane barriers 17, 27, 37). Hence, the identification of clinically approved drugs which
can be used as MRP2 inhibitors would be of profound advantage.
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Since MRPs are known to co-transport drugs with glucuronide, glutathione or sulphate,
investigators have tried to develop MRP inhibitors using chemically modified glucuronides or
glutathiones 13, 14, 33), however, their in vitro toxicities were significant deterrents to their
advancement to the clinic. The clinically approved drug used to treat gout, probenecid
(Benuryl™), had shown some promise as an MRP inhibitor 38, 39). However, probenecid's side
effects and its inconsistent inhibitory potential 36, 38), decreased its utility as an MRP inhibitor.
Since MRPs are also known to transport endogenous substances such as leukotrienes (LTs)
22), several studies had monitored whether leukotriene receptor antagonists (LTRA) can inhibit
MRPs. Indeed, the experimental LTRA, MK-571 was found to be a potent MRP inhibitor 40).
However, although several clinically approved LTRAs are currently available 41), their MRP
inhibitory potencies had not been previously investigated.

In the present study, we monitored the efficacy of the clinically approved LTRAs, montelukast
(Singulair™) and zafirlukast (Accolate™), in suppressing the efflux of taxol and saquinavir,
from cells stably transfected with MRP2. Our findings showed that montelukast is a potent,
specific and durable inhibitor of MRP2-mediated efflux of both taxol and saquinavir.

Materials and methods
Reagents

MK571 was purchased from Biomolecules International (Philadelphia, PA) and dissolved in
distilled water to a final concentration of 9.3 mM. Probenecid was obtained from Sigma-
Aldrich (USA) and dissolved in ethanol to a final concentration of 7.0 mM. After reconstitution,
both drugs were aliquoted and stored at -70°C. Montelukast (Singulair ™; Merck, Whitehouse
Station, NJ) and Zafirlukast (Accolate™; AstraZeneca, Wilmington, DE)), were obtained from
Tulane University Medical Center (TUMC) pharmacy. Before every experiment, fresh stock
solutions of montelukast (16.4 mM) and zafirlukast (17.3 mM) were prepared in distilled water.
The calcein-AM efflux assay kit was purchased from Molecular Probes (Invitrogen Life
Science, USA). The radiolabeled [3H-] drugs, saquinavir and taxol, were obtained from
Moravek Radiochemicals (Brea, CA). Antibodies to human MRP2 were purchased from
Abcam (Cambridge, MA) and Alexa Fluor-488 conjugated goat anti-mouse antibody was
obtained from Invitrogen (Carlsbad, CA). The PCR primers were synthesized from Midland
certified reagent company (Midland, TX) and reagents for reverse transcription (RT) and
polymerase chain reaction (PCR) were obtained from Promega (Madison, WI).

Cell culture
The Madin-Darby canine kidney cell line, MDCK-II and the MRP2 overexpressing cell line,
MDCKII-MRP2, were kind gifts from Professor P. Borst, Netherlands Cancer Research
Institute, The Netherlands 42). Cells were grown in Dulbecco's modified Eagle's medium
(DMEM) (Media tech; Hernden,VA) supplemented with 10% FBS (Alanta Biologicals;
Norcross, GA) and 100 μg/ml of the antibiotics, penicillin and streptomycin (Sigma). Cells
were cultured in a 37°C incubator with 5% CO2 and were passaged every 3-4 days by
trypsinization and by subculturing at a 1:5 dilution. Cells were cryopreserved in liquid-N2, in
complete media containing 10% dimethyl sulfoxide (DMSO). Before carrying out
experiments, newly thawed cells were checked for MRP2 expression and MRP-mediated
efflux.

RT-PCR assay
Total RNA was isolated from cells using the Trizol RNA isolation reagent (Invitrogen;
Carlsbad, CA) according to the manufacturer's instructions. The RNAs were quantified using
a spectrophotometer and aliquots were frozen at -80°C for later use in reverse transcription
(RT) and polymerase chain reaction (PCR) assays. The cDNAs were generated from RNA

Roy et al. Page 3

Biol Pharm Bull. Author manuscript; available in PMC 2010 January 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(0.5μg) by using the murine leukemia virus (MuLV) RT enzyme (0.5 U), Oligo-dT (2.4μg/ml)
and dNTPs (100 mM) by incubation at 42°C for 60 min. The RT products (cDNAs) were
aliquoted and stored at -20°C. For each PCR amplication reaction, 10 μl of the RT solution
was used. The PCR reactions were carried out by using a thermal cycler; Model 9600 (Perkin-
elmer; Boston, MA) in the presence of Taq DNA-polymerase (0.5 U), in RED-Taq PCR buffer;
containing KCl (500 mM), MgCl2 (11 mM), dNTPs (200 μM) and the gene specific primers.
The RT-PCR primer sequences and amplification protocols for human MRP2 and
glyceraldehydes-3-phosphate dehydrogenase (GAPDH) were according to our previous
publications 5). The PCR products were electrophoresed on a 2.0 % agarose gel containing
ethidium bromide (10 μg/ml). Band intensities for PCR-products were determined from
scanned gel pictures, by using a GS-700 imaging densitometer (Bio-Rad). The intensity of
amplified MRP2 mRNAs were normalized to the values obtained with GAPDH mRNA levels
in the respective samples.

Immunofluorescence microscopy
Immunofluorescence microscopy (IFM) was carried out to measure MRP-2 expression in cells.
The MDCKII and MDCKII-MRP2 cells were grown on collagen-I coated chamber slides (BD
Biosciences) and processed as described previously 43). The 4′, 6-diamidino-2-phenylindole
hydrochloride (DAPI) (Molecular Probes, Eugene, OR) stain was used to visualize the cell
nuclei. The primary antibodies were mouse antibodies generated against human MRP2 protein
and the secondary antibody used was a fluorochrome (Alexa Fluor-488) conjugated goat anti-
mouse antibody. The primary antibodies were used at a dilution of 1:20 and the secondary
antibody used at a 1:200 dilution. Images were acquired with a Zeiss Axioplan II microscope
(Carl Zeiss, Thornwood, NY). Series of horizontal optical sections (0.3 μm each) were collected
and subsequently deconvolved using Slidebook 4.1 software (Intelligent Imaging Innovations,
Denver, CO). Post-collection processing of the images was performed using Adobe PhotoShop.

Calcein-AM efflux assay
Calcein acetoxymethyl ester (Calcein-AM), a lipid soluble fluorescent dye, is a known
substrate for both P-gp and MRP. The calcein-AM drug-efflux assay was used to monitor MRP
function, according to our previous publication 5). Briefly, cells were cultured in 24-well
opaque plates until 90% confluent. Prior to the addition of calcein-AM, cells were pre-exposed
to increasing concentrations of the MRP-inhibitors (20-100 μM), MK-571, montelukast,
zafirlukast or probenecid, for 15 minutes. Cells were then incubated with calcein-AM
(0.25μM) in the dark for 30 minutes at 37°C and 5% CO2. Cells were then washed 3 times in
ice-cold PBS and calcein-retentions were determined by using an FLx 800 fluorimeter (Bio-
Tek instruments). The absorption maximum was set at 494 nm and emission maximum at 517
nm, and readings were taken from the bottom of the wells. Subsequently, cells were lysed and
extracted proteins were quantified by using the BCA protein estimation kit (Pierce; Rockford,
IL). The average fluorescence in each well was normalized to the protein contents in the
respective samples, and are represented as Mean Fluorescence Units (MFU)/μg of protein.

Drug retention assay
Radiolabeled [3H-] taxol {370 GBq (10.0 Ci/mM)} and saquinavir {37 GBq (1.0 Ci/mM)}
were used to determine intracellular accumulation and temporal efflux rates of these MRP2
substrates, similar to our previous studies 5). The MDCKII-MRP2 cells (1×105 cells/well) were
seeded onto 24-well clear plates and cultured until 90% confluency. Cells were first incubated
with either montelukast (0 -100 μM) or MK-571 (0 - 100 μM) for 15–20 min, followed by a
2.0 hr exposure to either 3H-taxol (74 Bq) or 3H-saquinavir (18.5 Bq). At the end of the 2 hr
incubation period, cells were washed with cold PBS and cell extracts were obtained for
determination of ‘peak loading’ or total drug accumulation. In order to measure ‘temporal
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efflux’ or efflux rates of the radiolabeled drugs, slight modifications in the experimental
protocol was done. Following the 2.0 hr of loading (0-time point) cells were washed with PBS
(at 37° C) and incubated with fresh medium in the absence of the MRP inhibitors. Cells were
harvested at 15 min intervals (15, 30, 45, 60 and 90 min) and the intracellular retention of taxol
and saquinavir were monitored. In both ‘peak loading’ and ‘temporal efflux’ experiments, cell
extracts were obtained by lysing cells with 1.0 ml of NH4OH (1.0 M) and incubation for 5 min
at room temperature. Approximately 100 μl of extracts were transferred to scintillation vials
containing 10 ml of Ecolite scintillation cocktail (MP Biomedicals; Irvine, CA) and another
100 μl of the extract was used to measure protein levels. The counts per minute (CPM) values
were determined by using a Tri-Carb 2800TR Liquid Scintillation counter (Perkin Elmer;
Boston, MA) and radioactivities were normalized to the protein contents in respective in cell
extracts, and represented as CPM/μg of protein.

Statistical analysis
All statistical analyses were carried out using the INSTAT Graph Pad-2 software (Graph Pad,
San Diego, CA). Data are the mean values obtained from triplicate or quadruplicate wells within
the same experiment. Each experiment was performed at least three to five times to obtain the
± SEM of values. Significant changes from control values were determined by using a two-
tailed Student t test and comparison between three or more groups were carried by two-way
analysis of variance (ANOVA). Results obtained were considered to be significant when P was
less than 0.05 (P < 0.05).

Results
MRP2 gene expression and protein levels in MDCKII and MDCKII-MRP2 cells

The canine MDCKII cells were stably transfected with human MRP2 cDNA to generate the
MDCKII-MRP2 cells 49). We first wanted to confirm that the MDCKII-MRP2 cells used in
our experiments over-express MRP2 mRNA and protein. Using established RT-PCR primers
and protocols 5) we first compared human MRP2 mRNA levels in parental (MDCKII) cells
and in MRP2 over-expressing (MDCKII-MRP2) cells (Fig.1A). Furthermore, by IFM analysis
using an anti-MRP2 primary antibody, we monitored MRP2 protein levels in both cell types
(Fig.1B). The human MRP2 gene was specifically expressed in MDCKII-MRP2 cells, but no
detectable band was seen in MDCKII cells. Although, faintly detectable MRP2 staining was
seen in the parental cells, the MDCKII-MRP2 cells showed strong peripheral staining with
MRP2 (green stain) which were evident around the Dapi stained nuclei (blue stain). These
studies demonstrated that the MDCKII-MRP2 cells express a significantly higher level of
MRP2, as compared to the parental cells.

Maximal suppression of MRP2-mediated calcein efflux is achieved with montelukast
coexposure

Both the parental and MRP2 overexpressing cells were used to study MRP2 specific drug-
efflux function, in order to determine the potency of different MRP-inhibitors, e.g. MK-571,
montelukast, zafirlukast or probenecid, in inhibiting the efflux of calcein (Fig. 2). Intracellular
calcein levels (MFU/ μg of protein) were much lower in the MRP2 over-expressing cells (B),
as compared to the parental cells (A), suggesting a significantly (p<0.01) higher rate of efflux.
Interestingly, MK-571 was able to suppress calcein efflux in both cell types, however,
montelukast was more potent in inhibiting calcein-efflux from the MRP2 overexpressing cells.
In the MDCKII-MRP2 cells, pre-exposure to MK-571 showed a 3-fold increase in calcein
retention, whereas montelukast coexposure showed almost a 5-fold increase. Neither
zafirlukast nor probenecid significantly blocked calcein efflux from the parental cells and had
minimal effects on calcein efflux in the MRP2 overexpressing cells. These findings suggested
that the higher rate of efflux in MDCKII-MRP2 cells is primarily due to MRP2. As compared
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to MK-571, montelukast was found to be a more potent inhibitor of MRP2-mediated calcein
efflux.

Similar calcein-AM retention studies were also carried out in a P-gp over-expressing breast
cancer cell line, NCI/ADR 5). Although verapamil, a P-gp inhibitor, was able to block calcein-
efflux, neither MK-571 nor montelukast showed any significant increase in intracellular calcein
levels (data not shown). These observations further indicated that montelukast is a specific
inhibitor of MRP2, but not of P-gp.

Montelukast is a potent suppressor of MRP2-mediated efflux of both taxol and saquinavir
The anti-cancer agent, taxol 36) and the anti-HIV drug, saquinavir 11), are known to be MRP2
substrates. Hence, in the following studies we wanted to determine whether montelukast can
suppress the efflux of both taxol and saquinavir from the MDCKII-MRP2 cells (Fig.3). We
determined the intracellular retention of 3H-taxol (A) and 3H-saquinavir (B). After 2 hrs of
incubation of the radiolabeled drugs, in the presence or absence of the four different MRP
inhibitors, total cellular accumulations (loading concentrations) were determined and
represented as CPM/ μg of protein. Similar to the calcein-efflux studies (Fig.2), neither
zafirlukast nor probenecid had a significant effect on intracellular accumulation of either of
these drugs. Coexposure to MK-571 suppressed taxol efflux by 1.7 fold and saquinavir efflux
by almost 2.5 fold. However, montelukast coexposure suppressed taxol efflux by almost 3.0
fold and saquinavir efflux by more than 5.0 fold. These studies demonstrated that both taxol
and saquinavir are substrates for MRP2 and montelukast possesses the highest inhibitory
potency against MRP2-mediated efflux of both taxol and saquinavir.

Both taxol and saquinavir efflux studies were also carried out in the parental MDCKII cells
(data not shown). Similar to our findings with the calcein-assays (Fig.2) no significant efflux
of either of these two substrates was seen in the MDCKII cells, and neither MK-571 nor
montelukast showed a significant increase in their intracellular levels. These observations
indicated that the significant efflux of taxol and saquinavir observed in the MDCKII-MRP2
cells (Fig. 3) is primarily a function of MRP2, and not due to any of the other endogenous
MRPs.

Concentration dependent effects of montelukast and MK-571 on MRP2-mediated efflux
Although at the highest concentration, i.e.100 μM, both montelukast and MK-571 was able to
suppress MRP2-mediated efflux of all three substrates (Fig. 2 & Fig. 3), we wanted to compare
the inhibitory potencies of these two inhibitors, by exposing cells to a range of lower
concentrations, i.e. 20, 40 and 80 μM. The relative efficacies of MRP2 blockade were assayed
using calcein-AM (Fig. 4A), 3H-taxol (Fig. 4B) or 3H-saquinavir (Fig. 4C). Even with the
lower concentrations, intracellular levels of all three substrates were consistently higher with
montelukast, as compared to that observed with MK-571. Although at 20 μM, MK-571 did not
show a significant increase in drug accumulations, montelukast's inhibitory effects were
consistently observed even at this lowest concentration. At both 40 μM and 80 μM of
montelukast, a 2-4 fold higher intracellular accumulation of all three substrates were also
clearly evident. Interestingly, the inhibitory effect of montelukast on the efflux of both taxol
and calcein were more pronounced, than that observed with MK-571. However, at all
concentrations studied, both montelukast and MK-571 showed a similar level of inhibition of
saquinavir efflux. This suggested that a substrate specific inhibition of MRP2 mediated efflux
may occur via different MRP2 inhibitors.

Montelukast mediated inhibition of MRP2 is sustained for an extended period of time
Ideally, competitive inhibitors having a longer duration of binding, possibly due to an increased
affinity towards the transporter, may augment intracellular drug concentrations and would be
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a more efficacious MDR-modulator when used in adjunct therapy. In the following
experiments, we monitored the duration of MRP2 inhibition by both montelukast and MK-571
(Fig. 5). Similar to previous experiments, cells were first preloaded with either 3H-taxol (Fig.
5A) or 3H-saquinavir (Fig. 5B) in presence or absence of each of the inhibitors, montelukast
or MK-571 (100 μM each). Cultures were washed and replaced with medium without inhibitors
and cell extracts were obtained at different time points (15-90 min) post wash, in order to
determine the duration of intracellular retention of each substrate. Results showed that
coexposure to montelulkast increased peak loading concentration (0-time point) of taxol by
almost 4-fold and of saquinavir by almost 3-fold. Within 15 min post-wash, a significant
decrease in intracellular concentrations of both taxol and saquinavir were seen in both control
cells and in those exposed to the inhibitors. However, a clear difference in this gradual decrease
was evident post removal of different inhibitors. In cells exposed to MK-571, the intracellular
levels of both taxol and saquinavir decreased close to the basal levels seen in control cells
within 30 min. However, in cells exposed to montelukast, even after 90 min post-wash both
taxol and saquinavir were retained at almost fifty percent of its loading concentrations. Thus,
as compared to MK-571, a significantly (p< 0.01) lower MRP2-mediated efflux and a
significantly (p< 0.05) longer intracellular retention of both taxol and saquinavir were clearly
evident when cells were coexposed to montelukast.

Discussion
Clinical approval of a new drug is a long, arduous, and extremely costly endeavor, starting
with target identification in vitro, validation of their effectiveness in pre-clinical studies in
vivo, and eventually their safety and efficacy determinations in human clinical trials. Only a
few of the investigational new drug (IND) candidates finally make it through to the clinic,
primarily due to their poor pharmacokinetics and toxicity profiles in patients. However, if
certain clinically approved drugs can be used towards different therapeutic indications, this
long and expensive process may be circumvented. In this respect, since a number of available
drugs are inhibitors of ABC-transporters, in vitro evidence showing their utility when used in
combination with anti-cancer or anti-HIV agents, will enhance their translational value as
adjunct therapy. Our in vitro findings demonstrated that the anti-asthmatic agent montelukast
is a potent and durable inhibitor of MRP2 mediated efflux.

The MRP transporters can modulate absorption, distribution, metabolism, and excretion
properties of drugs primarily due to their polarized expression on membrane barriers. Thus,
MRP inhibitors may be able to significantly increase tissue levels of drugs and decrease the
persistence of both tumor-cells and HIV-infected lymphocytes, sequestered within subvascular
reservoirs. Our studies primarily focused on the identification of MRP2 inhibitors; because in
addition to their expression on tumor cells 34, 35) and HIV-1 infected lymphocytes 29, 44), the
MRP2 transporters are known to be expressed on apical surfaces of vascular barriers 17) and
may play crucial roles in regulating the directional transport of therapeutic agents. Although a
number of pan-inhibitors of MRPs had been previously documented 16, 17, 19, 37, 48), most of
these agents have significant side effects in vivo. Furthermore, previous studies using either
probenecid or sulfinpyrazone had shown that their MRP inhibitory effects are inconsistent, and
in certain cell types, they may stimulate rather than inhibit the efflux function 36, 38, 45). Indeed,
in our experiments, probenecid coexposure slightly decreased calcein-efflux, however, it had
no effect on saquinavir-efflux and slightly increased taxol-efflux (Fig. 2 & Fig. 3).

Amongst the four MRP inhibitors investigated in the current study, montelukast was found to
be the most potent and consistently inhibited the efflux of all three MRP substrates. Another
major advantage of using montelukast maybe its longer duration of binding to MRP2 which
would be an important characteristic during adjunct therapy, since under physiological
conditions the endothelial cells are exposed to peak plasma levels of the inhibitors for only a
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short period of time. On vascular barriers, the inhibitory effects should persist long enough to
enable a durable MRP2 inhibition, enabling a higher rate of entry rather than efflux. Thus,
montelukast mediated inhibition of MRP2 should augment drug entry via vascular barriers,
and facilitate drug entry into cells sequestered within the underlying tissues 46).

In the clinical setting, it is known that montelukast (Singulair) is rapidly absorbed following
oral administration and mean oral bioavailability is approximately 60-70% 47). After
administration of the 10-mg tablet, the mean peak plasma concentration (Cmax) was found to
be 1-2 μM which is achieved within 3 to 4 hrs. The mean area under the plasma concentration
(AUC) of montelukast is approximately 2.5 μg·h/mL and the half-life (t1/2) ranges from 2.7 to
5.5 hrs. Although the Cmax, achieved with the 10 mg dose, is much lower than that used in
our studies (20-100 μM) to enable a significant level of MRP2 suppression, previous studies
had used the 50 mg dose of montelukast in humans without significant short-term toxicities.
Hence, a higher level of montelukast may be used for blockade of MRP2 during short term
chemotherapy, but this may not be as feasible with a long-term antiretroviral regimen. Since
accumulation of toxic levels of montelukast has not been indicated even with the higher doses,
the high AUC and long plasma t1/2 of montelukast may implicate its utility in the clinic as an
adjunct to anti-cancer or anti-HIV agents.

Interestingly, the intracellular accumulation of saquinavir was found to be almost 50-fold lower
than that observed with taxol (Fig. 3). Indeed, the HPIs (e.g. saquinavir) are known to have
very low membrane permeability and drug efflux mechanisms are significant problems with
these peptidomimetic agents 46). Hence, a high rate of efflux may primarily dictate the
concentrations of HPIs achieved in HIV-infected cells. A number of strategies, such as
phospholipid encapsulation 47) and pro-drug synthesis 48) are being examined to increase
intracellular levels of HPIs. Our findings showed that coexposure to montelukast can increase
the intracellular saquinavir retention by more than 6-fold. In addition, montelukast was found
to be as potent as MK-571, in inhibiting saquinavir efflux (Fig. 4C). In addition, montelukast
coexposure enabled a significantly (p<0.01) longer intracellular retention of saquinavir than
MK-571 (Fig. 5B). We envision that using other currently available and/or experimental
LTRAs, it would be possible to screen for MRP2 inhibitors in vitro. All of the known
leukotrienes are transported by the MRP transporters, hence, the LTRAs, which are leukotriene
analogs are also substrates for MRPs 40, 49). However, different leukotrienes and LTRAs may
be transported at distinctly different rates by individual MRPs. In this respect, montelukast
may be more effective in both competitive blockade and duration of binding to MRP2 due to
specific modifications in its structure. Thus, it is likely that the structures of LTRAs may predict
those which would be better MRP inhibitors 50).

The cysteinyl leukotrienes: LTC4, LTD4, LTE4, have two types of receptors; cysLT1 and
cysLT2. All clinically available LTRAs have high-affinity binding to the cysLT1 receptor, and
the rank order of affinities of leukotrienes towards the CysLT1 receptor is, LTD4 ≫ LTE4 =
LTC4 ≫ LTB4

51). Since LTD4 is the primarily secreted form, analogs of LTD4 were first
synthesized containing added aliphatic acid structures and aryl groups, which formed the basic
structures of many LTRAs (Fig. 6) 49, 51). Since both MK-571 and montelukast have close
structural homology, their potency towards blocking MRP2 may be higher than that observed
with zafirlukast. Although previous studies 52), have shown that the flavonoid myrcetin is a
potent inhibitor of MRP2-mediated vincristine efflux, our findings demonstrated that an
approved drug montelukast has inhibitory effects at similar concentrations. Our observations
also indicated that substrate specific differences in inhibition may occur with different LTRAs.
Indeed, previous findings by Nagayama S. et al., (1998), had shown the ability of pranlukast
(ONO-1078) to chemosensitize MDR-tumor cells towards vincristine 53). Although we did not
use this newly approved drug, pranlukast (Ultair®), it is possible that its lipid backbone may
enable it to inhibit MRPs for a longer duration, especially at the plasma membrane.
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Although our studies in MDCKII and MDCKII-MRP2 cells suggest that montelukast is a potent
inhibitor of MRP2, it is possible that montelukast is blocking multiple MRP transporters in
these cells. It has been previously reported that MDCKII cells express low levels of other
endogenous (canine) MRPs 42). However, these investigators had also shown that MDCKII-
MRP2 cells express 25-fold more MRP2 than the parental MDCKII cells. Our RT-PCR studies
had shown higher expression of MRP2 in these stably transfected cells (Fig. 1). Furthermore,
in Fig. 1(B), we clearly see a much higher MRP2 staining intensity in the MDCKII-MRP2
cells by immuno-fluorescence microscopy. In addition, drug-efflux assays no significant MRP
mediated efflux in the parental cells, however, a significantly lower calcein retention and
significant inhibition of efflux function by both montelukast (p<0.01) and MK-571 (p<0.05)
(Fig. 2B) clearly confirmed that MRP2 is the main drug-efflux mechanism in the MDCKII-
MRP2 cells. Hence, the montelukast-mediated inhibition in drug-efflux is primarily due to the
inhibition of MRP2. Although, our findings may also suggest that the differences in the
inhibition of drug-efflux by the other two LTRAs, MK-571 and zafirlukast, may be due to their
ability to affect other MRPs, although at a lower level than that observed with montelukast.
Our findings suggest the need to improve the potency of monterukast, possibly by chemical
modifications, to develop novel compounds that display higher potency for MRP2 inhibition
than that observed for its antagonistic activity on LT receptors so that the side effects can be
minimized.

Since montelukast is generally a safe drug with minimal side effects, and is indicated in both
adults and pediatric patients (12 months of age and older) 54, 55), our observations on its potent
and durable inhibitory effects on MRP2 mediated efflux of taxol and saquinavir, may be of
significant therapeutic importance. However, it is unclear at this time how the relatively high
concentrations of montelukast, required to transiently inhibit the MRP2 mediated efflux
function, will ultimately affect the hepatobiliary eliminations and regulate the directional
transport of other drugs and regulate drug-drug interactions 56). Accordingly, caution should
be exercised in extrapolating our results towards the in vivo efficacy of montelukast as an
adjunct therapy to taxol or saquinavir.
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Figure-1.
MRP2 gene expression and protein levels in MDCKII and MDCKII-MRP2 cells. In (A), RT-
PCR amplification of mRNAs isolated from MDCKII and MDCKII-MRP2 cells were carried
out. The PCR products were separated in an agarose gel containing ethidium bromide. A
representative gel picture (n=4) showing the molecular weight markers (M), and bands for
human MRP2 (450 bp) and GAPDH (225 bp) products, are depicted. In (B),
immunofluorescence microscopy (IFM) of human MRP2 was carried out in both MDCKII and
MDCKII-MRP2 cells by using an Alexa Fluor-tagged anti-MRP2. A representative photograph
(n=3) showing MRP2 localization is depicted. Dapi stained nuclei are shown in blue and MRP2
staining is shown in green. The white bars represent 10 micro meter, and the red arrows are
depicting perinuclear staining of MRP2. The MDCKII-MRP2 cells show constitutively higher
expression of MRP-2 as compared to the parental MDCKII cells.
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Figure-2.
Suppression of MRP2-mediated calcein-AM efflux by the MRP inhibitors. The fluorescent
MRP substrate, calcein-AM was used to measure efflux function in both MDCKII and
MDCKII-MRP2 cell lines. Intracellular calcein retention is presented as mean fluorescent units
(MFU) per μg of protein in cell extracts. Changes in intracellular fluorescence, in the absence
(lane-1) or presence of the inhibitors (100 μM each), MK-571 (lane-2), montelukast (lane-3),
zafirlukast (lane-4) or probenecid (lane-5), is shown. Bar graphs represent data from 4-5
separate experiments carried out in quadruplicate cultures, and error bars depict the standard
error of means (±SEM). The symbols, * represent P<0.05 and ** represent P<0.01.
Montelukast showed the highest MRP2 inhibitory potential.
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Figure-3.
Suppression of MRP2-mediated taxol and saquinavir efflux by the MRP inhibitors.
Intracellular accumulation of 3H-taxol (A) or 3H-saquinavir (B) were measured, in the absence
(lane-1) or presence of MK-571 (lane-2), montelukast (lane-3), zafirlukast (lane-4), or
probenecid (lane-5). Cells were pre-exposed to the inhibitors (100 μM) for 15 mins followed
by addition of the substrates and further incubation for 2 hrs. Plates were washed and cell
extracts were obtained to monitor intracellular taxol or saquinavir retention, represented as
radioactivity (CPM) per μg of protein. In each panel, bar graphs represent data from 3-4
independent experiments carried out in triplicates and error bars depict ±SEM. The symbols,
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* and ** represent P<0.05 and P<0.01, respectively. Montelukast was found to inhibit the
MRP2-mediated efflux of both taxol and saquinavir.
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Figure-4.
Comparing the MRP2 inhibitory potencies of MK-571 and montelukast. The concentration
dependent effect of MK-571 or montelukast (20-100 μM) on inhibition of calcein (A), taxol
(B) or saquinavir (C) efflux from the MDCKII-MRP2 cells was assessed. Data obtained from
three independent experiments (n=3) are shown. In each bar graph, data is presented as fold
change as compared to controls (no inhibitor added). Error bars depict ±SEM and symbols, *
and ** represent P<0.05 and P<0.01, respectively. At equimolar concentrations of each
inhibitor, significant differences between MK-571 and montelukast are shown as P-values
above the bar graphs. Montelukast is a more potent inhibitor of MRP2-mediated efflux of taxol
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than MK-571, and is similar in potency to MK-571 with respect to the inhibition of saquinavir
efflux.
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Figure-5.
Montelukast is a durable inhibitor of MRP2-mediated taxol and saquinavir efflux. We wanted
to measure the duration of MRP2 inhibition by MK571 or montelukast. The MDCKII-MRP2
cells were exposed to the inhibitors (100 μM each) for 30 mins prior to the incubation of cells
with taxol (A) or saquinavir (B) for 2 hrs. Following the loading step in the presence of the
inhibitors, cells were thoroughly washed and cultured in the absence of inhibitors. Intracellular
radioactivities (CPM/μg protein) were determined at different time points (15-90 mins) post
wash. Data presented in the line graphs depict fold change in radioactivity, as compared to the
control values obtained at the 0-time point. These studies showed the peak-loading and
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temporal-efflux of taxol and saquinavir. Error bars depict the ±SEM of values, and significant
differences are depicted as P-values (*, P<0.05 and **, P<0.01).
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Figure-6.
Structures of LTRAs, MK571, montelukast, zafirlukast and pranlukast. The structure of
leukotriene D4 (LTD4) is compared to the synthetic LTRAs. The first LTRA, MK-571 was
developed by a dithioacetal linkage incorporation and replacement of carboxylic acids by an
amide moiety. A quinolone-containing structure generated from MK-571 was developed to
first yield verlukast (MK679) and the enantiomers were resolved to generate montelukast
(Singulair®). Initial SAR analyses led to the fabrication of an indole-containing compound to
yield zafirlukast and lastly, by introducing a tetrazole and a lipid backbone, the newly approved
LTRA, pranlukast (ONO-1078) (Ultair®) was generated.
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