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Abstract 

The multidrug resistance proteins (MRPs) are plasma membrane efflux transporters that transport 

a diverse array of compounds. MRP1, MRP2, MRP3 and MRP4 are considered the most 

pharmacologically relevant drug-transporting MRPs and have broad substrate specificities that include 

many xenobiotics (e.g. pharmacological agents, environmental toxins), endobiotics, and their metabolites. 

Although MRP1-4 have distinct substrate profiles, they can all transport glucuronide conjugated estradiol 

(E217βG). MK-571 was originally designed as a type 1 cysteinyl leukotriene receptor (CysLT1R) 

antagonist to treat asthma; it is also the most popular MRP1 inhibitor. However, MK-571 is non-selective 

and inhibits all MRP homologues as well as at least one solute carrier transporter, limiting its usefulness 

as an experimental tool. Additional leukotriene modifiers (LTMs) selective for either CysLT1R or the 

type 2 cysteinyl leukotriene receptor (CysLT2R) have been developed but little is known of their ability to 

modulate MRP1 and its homologues. In this study, seven LTMs selective for either CysLT1R or CysLT2R 

were examined for their ability to modulate E217βG uptake into MRP1, MRP2, MRP3, or MRP4-

enriched membrane vesicles. Their effect on the uptake of a second physiological organic anion was also 

measured for MRP1 (leukotriene C4; LTC4) and MRP4 (prostaglandin E2; PGE2). For E217βG, the IC50 

values of the 7 LTMs tested ranged from 1.2 to 26.9 µM and the IC50 values for MRP1 and MRP4 were 

the most similar. In contrast, some LTMs stimulated MRP2 and MRP3 activity. Thus, LY171883 

stimulated MRP2 and MRP3-mediated E217βG uptake by 2 to 4-fold while montelukast and pranlukast 

modulated MRP2 activity in a biphasic manner. CysLT1R-selective LTMs were generally less potent as 

modulators of MRP2 and MRP3 activity although CysLTR selectivity did not correlate with LTM 

potency for MRP1 and MRP4. The rank order of LTM inhibitory potencies for E217βG versus LTC4 

uptake by MRP1 and E217βG versus PGE2 uptake by MRP4 were similar. These data suggest that, like 

MK-571, LTMs are generally non-selective modulators of MRP transport activity despite their CysLTR 
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selectivity, and should therefore be used with caution in MRP-related research because of their potential 

to confound data interpretation. 
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Chapter 1: Introduction and Literature Review 

1.1 The Multidrug Resistance Proteins 

1.1.1 The ATP-Binding Cassette Superfamily 

The ATP-binding cassette (ABC) superfamily is composed of 48 proteins that are further divided 

into 7 subfamilies termed ABCA-ABCG. These membrane proteins are present in all domains of life 

including archaea, bacteria, and all eukaryotic species (1). ABC proteins are typically found in the plasma 

membrane although some are located in organellar membranes (e.g. ABCB2/ABCB4 in the endoplasmic 

reticulum and ABCA3 in lamellar bodies) (1). The ‘C’ subfamily of the ABC proteins contains 9 plasma 

membrane transporters known as the multidrug resistance proteins (MRPs), which utilize energy from the 

binding and hydrolysis of ATP to facilitate the efflux of a diverse array of compounds, many of which are 

organic anions. 

 MRP4 (ABCC4), MRP5 (ABCC5), and MRP8 (ABCC11) have a typical ‘short’ 4 domain 

structure common to most ABC proteins. This structure includes two membrane spanning domains 

(MSD1, MSD2) each followed by a nucleotide binding domain (NBD1, NBD2). The 5 ‘long’ MRPs (Fig. 

1) (MRP1, MRP2, MRP3, MRP7, ABCC6) all contain an additional third N-terminal MSD known as 

MSD0, the function of which remains poorly understood. For both long and short MRPs, the energy 

associated with the binding and hydrolysis of ATP at the NBDs causes conformational changes in MSD1 

and MSD2 forming the translocation pathway through which substrates are effluxed from the cell (2).  
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Figure 1: Predicted topology of MRPs.  

Shown is the predicted 5 domain structure of the “long” MRPs. Each long MRP (MRP1, MRP2, MRP3, 
MRP6 (ABCC6), and MRP7 (ABCC10) consists of 3 membrane spanning domains (MSD0, MSD1, and 
MSD) and 2 nucleotide binding domains (NBD1, NBD2). Each MSD consists of 5-6 transmembrane 
(TM) segments and each TM is connected by intracellular and extracellular loops. “Short” MRPs (MRP4, 
MRP5, MRP8 (ABCC11), and MRP9 (ABCC12) consist of 4 domains and do not have the NH2-terminal 
MSD0 (indicated by the parentheses in the figure). Adapted from Conseil and Cole (3). 
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The MRPs can transport several xenobiotic compounds as well as many phase II metabolites 

which are conjugated to glutathione (GSH), glucuronic acid, sulfate, and, in the case of MRP4, 

phosphorylated metabolites. Their membrane localization in polarized cells make the MRPs key 

determinants of drug disposition and thus they can influence the pharmacokinetic profiles of many agents 

(2, 4, 5). In addition, elevated expression of some ABC proteins such as P-glycoprotein (ABCB1), breast 

cancer resistance protein or ABCG2 (ABCG2), and MRP1 (ABCC1) have served as prognostic indicators 

of poor outcome in certain drug resistant malignancies (4).  

In addition to their pharmacological roles, the MRPs have physiological functions mediating the 

ATP-dependent efflux of many bioactive endogenous compounds and their metabolites. Thus, the actions 

of certain bioactive compounds (e.g. eicosanoids) rely on the MRP-dependent extrusion from the cell in 

order to act on their target receptor(s). Several ABC proteins are involved in human diseases where the 

functionality, regulation, or expression of these proteins is altered. For example, mutations in the cystic 

fibrosis transmembrane conductance regulator (CFTR) gene (ABCC7) can lead to cystic fibrosis (6), a 

severe digestive and respiratory disease involving a defect in mucous secretion, and mutations in the 

ABCA1 gene can lead to Tangier disease, a cardiovascular disease that results from reduced high-density 

lipoprotein production (7).  

The nine MRP-related proteins differ in their substrate specificity and tissue distribution, and 

together, they play an important role in protecting tissues from a wide range of xenobiotics and their 

metabolites, as well as fulfilling many different physiological functions. Since MRP1, MRP2, MRP3, and 

MRP4 are considered the most pharmacologically important drug transporting MRPs and are the focus of 

this thesis, only these transporters will be reviewed below.  
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1.1.2 Multidrug Resistance Protein 1 (MRP1/ABCC1)  

In 1992, a cDNA encoding a new protein that was amplified 100-fold in a multidrug resistant 

(MDR) human lung carcinoma cell line was cloned (8). Through mRNA analysis, it was the first protein 

to be assigned to the “C” subfamily of the ABC proteins. At the time, only one other transporter (P-

glycoprotein) was known to confer resistance to anticancer drugs (9). This protein, named MRP1, is a 5-

domain (‘long’ MRP) organic anion and drug efflux pump that is localized to the basolateral membrane in 

polarized cells. It can be both phosphorylated and glycosylated although glycosylation is not required for 

transport activity in vitro (10). 

MRP1 (protein and mRNA) is detected in all tissues, with very low levels in the liver (Table 1) 

(4). However, expression of MRP1 in the liver can be up-regulated under cholestatic conditions (4). 

Higher levels can be detected in the prostate, heart, skeletal and cardiac muscle, kidney, and testis (2, 4). 

MRP1 has a broad substrate specificity that includes many xenobiotic (e.g. pharmacological agents, 

environmental toxins) and physiologically active compounds (Table 1) (2, 4, 5, 11, 12). Most often, 

MRP1 effluxes the phase II biotransformation products of these compounds and their metabolites 

affecting the pharmacokinetic profiles of some therapeutics in addition to providing a route for the 

cellular elimination of toxicants and regulating the biological activities of certain physiological 

compounds (Table 1) (4, 12). Furthermore, the antioxidant glutathione (GSH) further broadens the 

substrate profile of MRP1 in that some compounds require the presence of GSH for their transport by 

MRP1 (e.g. etoposide-glucuronide) while other substrates do not require GSH at all (e.g. methotrexate, 

17β-estradiol 17-(β-D-glucuronide); E217βG) (4). Some substrates can be co-transported with GSH (e.g. 

vincristine) (13) while others are efficiently transported as GSH conjugates (e.g. leukotriene C4; LTC4) 

(13). GSH itself is a substrate of MRP1 (Michaelis constant; Km 5-10 mM) (4) and some compounds (e.g. 

bioflavonoids such as apigenin) (14) can stimulate MRP1-mediated GSH efflux without being transported  
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Table 1: Membrane localization, major tissue/organ distribution, and selected substrates of MRP1, 
MRP2, MRP3, and MRP4 

 
(Gene symbol) MRP Membrane localization 

in polarized cells 
Major tissue/organ 
distribution 

Selected substrates 

 
(ABCC1) MRP1  Basolateral Ubiquitous with higher 

levels in the prostate, 
heart, skeletal muscle, 
cardiac muscle, kidney, 
and testis. Low levels in 
the liver (2, 4).	   

GSH, GSSG, LTC4, 
E217βG, E13SO4, folic 
acid, bilirubin-
glucuronide, vitamin 
B12, citalopram, 
etoposide, methotrexate, 
vincristine, doxorubicin, 
mitoxantrone, 
flutamide, grepafloxacin 
(4)  

 
(ABCC2) MRP2  Apical Liver, kidney, small 

intestine (5) 
GSH, GSSG, LTC4, 
E217βG, bilirubin 
glucuronides, NNAL-O-
glucuronide, cisplatin, 
vincristine, ampicillin, 
pravastatin, 
methotrexate, 
acetaminophen 
glucuronide (2, 5, 48, 
56) 

 
(ABCC3) MRP3 Basolateral Liver, kidney, small 

intestine, colon, gall 
bladder, spleen, 
pancreas, adrenal cortex 
(2, 5) 

LTC4, E217βG, bilirubin 
glucuronides, etoposide, 
morphine-3-
glucuronide, 
acetaminophen 
glucuronide, 
methotrexate (2, 5, 66) 

 
(ABCC4) MRP4 Apical or basolateral Ubiquitous (low level) 

with higher levels in the 
kidney and prostate (2, 
66) 

E217βG, PGE2, LTB4, 
TxB2, cholyltaurine, 
cAMP, cGMP, ADP, 
urate, methotrexate, 
topotecan, olmesartan, 
tenofovir (83) 
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themselves. Interestingly, some modulators of MRP1-mediated transport are only able to inhibit MRP1 in 

the presence of GSH (e.g. LY475776) (15).  

One of the highest affinity substrates for MRP1 is the potent inflammatory mediator LTC4 

(apparent Km 100 nM) (13). Although there is no overt phenotype exhibited by Abcc1-/- mice, they display 

a weakened inflammatory response following antigen challenge (16, 17). Furthermore, these mice are 

resistant to bacterial pneumonia due to the deregulatory effects of Abcc1-/- on the cysteinyl leukotriene 

(cys-LT) biosynthetic pathway (18). MRP1 may also have an important role in cellular redox 

homeostasis. GSH, a free radical and reactive oxygen species scavenger, is present in cells at high 

concentrations (1-10 mM) and its main function is to protect against cellular damage (19). MRP1, with its 

relative affinities for GSH and its oxidized form glutathione disulfide (GSSG) (Km 100 µM) (4, 20), may 

be protective during times of oxidative stress by providing an alternative mechanism of GSSG removal 

thus altering the redox state of the cell (20–22). In addition, the physiological role of MRP1 in GSH 

homeostasis has been demonstrated by both in vitro and in vivo studies (16, 23). For instance, it was 

reported that both GSH and GSSG efflux was diminished in astrocytes cultured from Abcc1-/- mice under 

conditions of oxidative stress (24). MRP1 modulates the biological levels of 4-Hydroxynonenal (4-HNE), 

a cytotoxic and genotoxic compound derived from the peroxidation of arachidonic and linoleic acids, that 

is involved in many human pathologies (25). MRP1 is thought to regulate 4-HNE levels by extruding its 

GSH conjugated metabolites as well as the parent compound from the cell (12). In addition to oxidative 

stress, MRP1 can efflux many steroid conjugates (E217βG, estrone 3-sulfate) and may have a role in 

steroid homeostasis, especially in the testis (4, 26). MRP1 can also transport unconjugated compounds 

such as folic acid, bilirubin, and vitamin B12 in vitro although the physiological relevance of this activity 

in humans remains poorly understood (4).  
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MRP1 confers resistance to a broad spectrum of anticancer drugs such as vincristine, etoposide, 

anthracyclines (e.g. doxorubicin), mitoxantrone, flutamide, and methotrexate (4). It can also interact with 

small molecule tyrosine kinase inhibitors which are often substrates for ABC transporters at lower 

concentrations and inhibitors at higher concentrations (27). Furthermore, MRP1 is expressed at high 

levels in many hematological and solid tumour cell lines (2, 4, 5). MRP1 is the only ABCC protein with 

an accepted clinically relevant role in tumour resistance to chemotherapeutics. Higher levels of MRP1 

mRNA and protein have been detected in several solid tumour types and in some cases, correlated with a 

negative outcome (4). MRP1-mediated drug resistance is most frequently observed in non-small-cell lung 

cancer, prostate cancer, some types of breast cancer, and primary neuroblastoma (4). The most convincing 

of these cases are observed with primary neuroblastoma where high ABCC1 mRNA levels are a strong 

prognostic indicator of poor clinical outcome (28, 29).  

MRP1 is also expressed at certain blood-organ interfaces (e.g. testis) (30) acting as a drug 

permeability barrier, which is consistent with its role in tissue defence (31). This chemoprotective role is 

evident in Abcc1-/- mice which showed hypersensitivity when exposed to certain cytotoxic compounds 

such as etoposide (32). Also, since MRP1 has the ability to transport several pharmacological agents, it 

has the potential to affect their disposition and therefore efficacy. For example, it has been demonstrated 

that MRP1 can transport many antibiotics (e.g. grepafloxacin), statins, antivirals and opiates; however, its 

role in the disposition of these therapeutics is not fully understood (4, 12). Nonetheless, the large complex 

interaction profile and ubiquitous expression of MRP1 in human tissues raises the potential for adverse 

effects brought on by concurrently prescribed drugs or by disruption of normal physiological function. 

For this reason, it has been recommended that new drug candidates be pre-screened for interactions with 

MRP1 in addition to other ABC transporters that highly influence drug disposition such as ABCG2 and 
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P-glycoprotein to aid in determining the pharmacokinetic profiles of agents and predicting adverse effects 

(4, 33). 

A large number of studies employing site-directed mutagenesis experiments have been useful in 

determining regions of MRP1 important for substrate binding, membrane trafficking, and coupling ATP 

binding and hydrolysis to substrate translocation. These studies have revealed that MRP1 has at least 

three pharmacologically distinct binding sites (4). Thus, replacement of Thr1242 and Trp1246 in 

transmembrane (TM) segment 17 with certain amino acids abrogates E217βG transport without affecting 

LTC4 transport (34, 35) whereas replacement of several residues in TM6 such as Lys332 and His335 can 

greatly decrease the interaction of  MRP1 with LTC4 without affecting E217βG transport (36, 37). 

However, since E217βG and LTC4 are competitive inhibitors of each other’s transport by MRP1 (13), 

there seems to be overlap in the atomic contacts within the substrate binding pocket with respect to these 

two substrates. Hence the binding sites are referred to as being pharmacologically distinct rather than 

physically separate binding sites. For certain non-GSH containing modulators (MK-571, LY171883, 

BAY-u9773), mutations that affect the E217βG or LTC4 transport sites on MRP1 do not influence the 

inhibitory effects of these modulators on the MRP1-mediated transport of both of these substrates 

suggesting a third site that does not significantly overlap with the two different substrate translocation 

sites (224).   

1.1.3 Multidrug Resistance Protein 2 (MRP2/ABCC2) 

MRP2, originally named the canalicular multi-specific organic anion transporter (cMOAT) or 

canalicular MRP (cMRP), was first functionally investigated before its molecular identity was known by 

comparing the hepatobiliary elimination of organic anions by wild-type and hyperbilirubinemic mutant 

rats (38, 39). These mutant rat strains, named Groningen yellow/transport deficient Wistar and Esai 
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hyperbilirubinemic Sprague-Dawley rats (40–42), were later all found to be deficient in Mrp2 (40, 41, 43, 

44). Eventually, in 1996 both the rat (44) and human (45) ABCC2 cDNAs were cloned. 

Compared to MRP1, the 190 kDa MRP2 has a much more restricted tissue distribution. It is 

predominantly found in the canalicular membrane of human hepatocytes (44, 45), the small intestine, and 

renal proximal tubules (Table 1) (2, 5, 48). It can be found at lower levels in the gallbladder, colon, and 

placenta (2, 5, 48). Controversy exists as to whether or not it is present in the skin (49, 50) or in 

endothelial cells of the blood-brain barrier in humans (48). Also, in contrast to MRP1, MRP2 is apically 

localized in polarized epithelial cells (Table 1). 

The substrate specificity of MRP2 overlaps with MRP1 more than any other MRP. Thus, MRP2 

can transport many endogenous and xenobiotic compounds which are often conjugated to GSH, 

glucuronide, and sulfate (Table 1) (2, 5, 48). However, in contrast to MRP1, the apical localization of 

MRP2 in polarized cells of key excretory organs is consistent with its more specialized role in the 

secretion of conjugated metabolites into bile, urine, and the lumen of the intestine.  

Like MRP1, MRP2 also mediates a low affinity transport of GSH and GSSG. However, transport 

kinetics for an individual substrate often varies substantially between the two MRPs. For example, the 

apparent Km for LTC4 transport by MRP2 is 10-fold higher than transport by MRP1 (51). MRP2 is best 

characterized for its role in extruding bile acid conjugates from hepatocytes into bile to maintain biliary 

homeostasis (48). The significance of this is evident from studies of certain ABCC2 polymorphisms (2) 

which impair MRP2 function and lead to mild conjugated hyperbilirubinemia. In humans, this is known 

as Dubin-Johnson syndrome (DJS) (52) which is an autosomal recessive disorder that results from the 

efflux of bilirubin glucuronide conjugates into the blood by compensatory hepatic basolateral efflux 

pumps (e.g. MRP3, MRP1). MRP2 is also able to transport many steroid conjugates (e.g. bilirubin 

glucuronides, E217βG) (5) suggesting a role in steroid homeostasis (51).  
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MRP2 can also efflux many xenobiotic metabolites and thus can affect the hepatobiliary 

elimination of glucuronide conjugates of compounds such as SN-38, acetaminophen, indomethacin, and 

both food-derived 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine glucuronide and tobacco derived 4-

(methylnitrosamino)-1-(3-pyridyl)-1-butanol (NNAL)-O-glucuronide carcinogens (53–55). MRP2 can 

transport many unconjugated drugs such as vincristine, ampicillin, and pravastatin in vitro (56). In 

addition, unlike MRP1, MRP2 can transport platinum-containing compounds (2).  Similar to MRP1, 

MRP2 can confer resistance to a wide range of antineoplastic agents in vitro (51). Higher levels of MRP2 

have been detected in several carcinomas (57) albeit infrequently relative to MRP1, P-glycoprotein, and 

ABCG2. The clinical significance of MRP2-mediated drug resistance in tumour cells remains unclear. 

However, MRP2 seems more likely to affect the response to anticancer drugs by modulating their 

elimination through the liver rather than expelling them from tumour cells.    

There is evidence indicating that MRP2 contains more than one substrate binding site. For 

example, Evers et al. (58) showed that GSH efflux from ABCC2 transfected Madine-Darby canine kidney 

(MDCK) cells was stimulated by sulfinpyrazone. Other stimulators of MRP2 transport include 

acetaminophen-glucuronide and probenicid and their effects can be substrate and concentration dependent 

(59). Since not all stimulators of MRP2 are transported themselves, the binding site for stimulatory 

compounds has been termed the modulatory (M-site) site (59).  

Interestingly, the E217βG transport kinetics of MRP2 differs from those of MRP1. Zelcer et al. 

(59) reported that in MRP2-mediated vesicular kinetic experiments, when the E217βG concentration was 

increased, E217βG transport increased in a sigmoidal shape. This was unexpected because transport of 

most MRP2 substrates, as well as E217βG transport by MRP1, display typical Michaelis-Menten kinetics 

where an increase in substrate concentration leads to a saturable hyperbolic curve. This display of E217βG 

transport kinetics is unique to MRP2 and suggests it contains two binding sites that display positive 
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cooperativity. Furthermore, Zelcer et al. (59) found that stimulators of MRP2-mediated E217βG transport 

shifted the shape of the transport kinetics curve from sigmoidal to hyperbolic and decreased the apparent 

Km for E217βG without affecting maximal velocity (Vmax).  

1.1.4 Multidrug Resistance Protein 3 (MRP3/ABCC3) 

MRP3 was initially discovered in several independent laboratories at the same time using 

molecular techniques that exploited its homology with MRP1 and MRP2 (60–64). Since MRP3 has the 

highest sequence similarity to MRP1 (56%), it was expected that it would confer resistance to the same 

spectrum of antineoplastic drugs. However, this turned out not to be the case and MRP3 and MRP1 (and 

MRP2) are different in several important ways.  

Like MRP1, MRP3 is exclusively localized to the basolateral membrane of polarized cells and 

similar to MRP2, MRP3 was first detected in human (65) and rat hepatocytes. It was later found in 

cholangiocytes, polarized epithelial cells of the gallbladder, pancreas, kidney distal tubules, spleen, 

adrenal cortex, and enterocytes in the ileum and the colon (Table 1) (5). Lower amounts of MRP3 mRNA 

were detected in the lung, placenta, prostate, and spleen (2) (66). 

MRP3 has a more restricted substrate profile than MRP1 and MRP2 (Table 1). However, it can 

still efflux a broad array of xenobiotic and endogenous compounds, especially organic anions conjugated 

to glucuronic acid (2, 5, 66). MRP3 has an important role in moving mono- and bisglucuronosyl bilirubin 

from hepatocytes into the sinusoidal blood under cholestatic conditions (67). Like MRP1 and MRP2, 

MRP3 can also transport LTC4 (apparent Km 5 µM), methotrexate (apparent Km 776 µM), and E217βG 

(apparent Km 67, 18, 26 µM) but with significantly lower affinities (66). However, unlike MRP1 and 

MRP2, GSH is not transported by MRP3 and efflux of certain substrates such as etoposide do not require 

GSH (68). Many compounds are able to stimulate MRP3 (e.g. E3040 sulfate) (69) and, like MRP2, it has 

been proposed that MRP3 contains both a M-site and a substrate binding site (66). 
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Although often constitutively expressed, many factors can induce MRP3 in certain cell types, 

especially in hepatocytes. This was first observed in hepatocytes of mutant rats with conjugated 

hyperbilirubinemia (60) and later in humans with DJS as well as various cholestatic liver diseases (65, 

70). The basolateral induction of MRP3 in the absence of functional MRP2 in hepatocytes is consistent 

with the role proposed by Keppler and Kartenbeck (46) that MRP3 and other basolateral efflux pumps can 

serve as a compensatory mechanism for transporting bilirubin glucuronides into the blood when apical 

MRP2 excretion is impaired (71). MRP3 induction is not restricted to the liver since it can also be 

induced by bile salts in the murine colon as well as a colon cancer (Caco2) cell line (72). 

Abcc3-/- mice have no obvious phenotype (73, 74) although the role of Mrp3 in the detoxification 

of xenobiotic and endogenous metabolites through cellular extrusion was revealed when the knockout 

mice were challenged with certain pharmacological agents (75, 76).  For this reason, MRP3 is thought to 

affect the disposition of certain drugs in vivo (77, 78). The most pharmacologically relevant drugs 

transported by MRP3 include the glucuronide conjugates of morphine and acetaminophen (2, 66, 79).  

For example, Abcc3-/- mice showed a decrease in morphine 3-glucuronide levels in the plasma and urine, 

whereas levels in the liver and bile were increased (due to apical MRP2 efflux activity in 

hepatocanilicular cells) (78).   

Cell lines transfected with ABCC3 confer low levels of resistance to chemotherapeutic agents 

such as etoposide, teniposide, and methotrexate (68). In addition, several pharmacogenomic studies have 

recently been carried out to determine if ABCC3 polymorphisms play a role in responses to 

chemotherapeutic agents but no consensus has emerged (80, 81). At present, most studies indicate that 

MRP3 expression is unlikely to have widespread clinical relevance in the drug resistance of tumours. 
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1.1.5 Multidrug Resistance Protein 4 (MRP4/ABCC4) 

MRP4, the shortest member of the ABCC subfamily, was originally discovered by screening an 

expressed sequence tag database (62) and later identified in a drug resistant human T-lymphoid cell line 

(82). Unlike MRP1, MRP2, and MRP3, MRP4 is a “short” MRP with only 4 domains. Its closest 

homologue among the ABCC proteins is the cAMP-activated chloride channel regulator named CFTR 

(2). The substrate selectivity of MRP4 is vastly different than MRP1, MRP2, and MRP3, and it only has a 

few substrates in common with the “long” MRPs (e.g. methotrexate and E217βG).   

 Both MRP4 protein and mRNA are found in almost all human tissues (66, 83) with higher levels 

detected in the prostate and kidney (Table 1) (84). Interestingly, in contrast to MRP1, MRP2, and MRP3, 

the membrane localization of MRP4 in polarized cells is cell type dependent (Table 1). For example, 

human MRP4 protein can be detected in the basolateral membrane of hepatocytes (85) and the endothelial 

cells of the choroid plexus (86). However, MRP4 is localized to the apical membrane of brain capillary 

endothelial cells (87) and renal proximal tubule cells (88). The mechanism underlying this dual 

localization is only partly understood and is thought to involve interactions of MRP4 with cell type 

specific adapter proteins that regulate membrane trafficking (89). 

 Thromboxanes, prostaglandins, and prostacyclins (collectively known as prostanoids) are 

bioactive lipids derived from arachidonic acid and are metabolic products of the cyclooxygenase (COX-

1,-2) enzymes (90). MRP4 can efflux prostaglandins such as prostaglandin (PG) E1, PGE2, PGE3, PGF2α, 

and PGF3α as well as some inactive metabolites of thromboxanes (thromboxane B2, TXB2; thromboxane 

B3, TXB3) (91–93). The affinity (apparent Km) of MRP4 for PGE2 in vitro is reported to be quite low at 

3.4 µM (91).  The physiological significance of PG efflux by MRP4 is not well understood. Interestingly, 

however, Abcc4-/- mice had decreased peripheral PGE2 levels and exhibited an increased threshold for 

inflammatory pain response (94). Furthermore, through its increased ability to efflux PGE2, MRP4 up-
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regulation has been implicated in neoplastic transformation and progression in neuroblastoma tumour 

cells (95, 96).  

 Many non-steroidal inflammatory drugs originally designed to inhibit COX-1 and COX-2 

(e.g. celecoxib) are also inhibitors of MRP4 activity (e.g. E217βG transport) (83, 91). Another eicosanoid 

that is transported by MRP4 (but not by MRP1, MRP2 or MRP3) is the non-cysteinyl leukotriene B4 

(LTB4) (97), a potent leukocyte chemo-attractant primarily released by neutrophils and macrophages (98).  

MRP4 is able to actively extrude the second messenger cAMP in vitro (99). Although the 

extracellular excretion of cAMP remains poorly understood in vertebrates, it has been hypothesized that 

cAMP excreted into the blood can be converted to adenosine and bind to adenosine receptors in a 

paracrine fashion (100, 101). Another small signaling molecule, which is involved in platelet activation 

(102) and is transported by MRP4, is ADP (103). MRP4 is mostly present in the δ-granule membrane of 

human platelets (104) and serves to import ADP into these granules (105). Bleeding diathesis and 

prolonged bleeding times have been associated with a defect in the ADP storage of δ-granules due to the 

absence of MRP4 (104). Other physiologically important substrates for MRP4 include both conjugated 

and unconjugated monoanionic bile acids (85, 106, 107) suggesting that MRP4 shares a role with MRP2 

and MRP3 in bile acid homeostasis (108).  

Similar to MRP1, MRP2, and MRP3, MRP4 can efflux a broad array of pharmacologically active 

compounds. Although this includes several anti-viral agents, cardiovascular drugs, antibiotics, and 

anticancer drugs, the subclasses of drugs transported by MRP4 are quite different than those transported 

by MRP1, MRP2, or MRP3 (Table 1) (83). For example, MRP4 is able to transport nucleotide reverse 

transcriptase inhibitors (and metabolites) used to treat patients with HIV/AIDS. Furthermore, MRP4 

confers resistance to thiopurine analogues and quinolone DNA topoisomerase I inhibitors (topotecan, 
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irinotecan, SN-38) (2). Like other MRPs, MRP4 also confers resistance to methotrexate. Thus, MRP4 

may influence the pharmacokinetic profiles of several therapeutic agents (82, 83, 109, 110).  

Abcc4-/- mice displayed increased levels of the anticancer drug topotecan in the brain and 

cerebrospinal fluid which caused neurotoxicity (86). Furthermore, Abcc4-/- mice treated with the 

nucleotide analogue 9′-(2′-phosphonylmethoxyethyl)-adenine (PMEA) showed a marked increase in 

drug-induced toxicity in tissues such as bone marrow, spleen, thymus, and gastrointestinal tract (111). 

They also observed an increase in PMEA penetration into the brain. Also, Abcc4-/- mice have diminished 

intestinal absorption of the tyrosine kinase inhibitor dasatinib (112) and have reduced renal elimination of 

the antiviral drugs adefovir and tenofovir (113).  

1.2 The Cysteinyl Leukotrienes (Cys-LTs) and their Receptors 

1.2.1 Cys-LTs: Biosynthesis and Export 

Eicosanoids are signaling molecules derived from arachidonic acid, a 20-carbon polyunsaturated 

acid. Two major families of eicosanoids are the leukotrienes and the prostanoids (prostacyclins, the PGs, 

and the thromboxanes). The prostanoids are metabolites derived from COX enzyme products and are best 

known for their roles as mediators of inflammation and pain (90). Leukotrienes, which were so named 

because they are produced by leukocytes and contain three conjugated double carbon-carbon bonds 

(triene) in their chemical structures, are metabolic products of 5-lipoxygenase (5-LPO) (114). In 1960, 

Brocklehurst (115) identified and described a “slow-reacting substance of anaphylaxis” (SRS-A) that was 

released from antigen-challenged guinea pig lung. This substance was distinct from histamine, the only 

spasmogen known at the time. Two decades later (1979-1981), the chemical structures of these SRS-As 

(116) would be identified as leukotrienes C4, D4, and E4. To date, five leukotrienes have been identified in 

vivo: LTA4, LTB4, LTC4, LTD4, and LTE4. 
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 Leukotrienes are divided into two groups: non-cysteinyl leukotrienes (LTA4, LTB4) and cysteinyl 

leukotrienes (cys-LTs) (LTC4, LTD4, LTE4). As the name implies, cys-LTs share a common cysteine 

moiety in their chemical structures. The leukotriene biosynthetic pathway (Fig. 2) is initiated by an 

increase in intracellular calcium levels, which promotes the translocation of cytosolic phospholipase A2α 

(cPLA2α) and 5-LPO to the perinuclear region (117, 118). The activated cPLA2α then cleaves 

arachidonic acid from the perinuclear phospholipid membrane, endoplasmic reticulum, or golgi apparatus 

(119). Arachidonic acid is then converted to LTA4 (a relatively unstable metabolite) by 5-LPO via a 

concerted two-step mechanism forming 5-hydroperoxyeicosatetraenoic acid (5-HPETE) as an 

intermediate (114).  5-LPO activating protein, although devoid of enzymatic activity, aids in the 5-LPO-

mediated LTA4 formation by increasing the efficiency of the HPETE conversion to LTA4 as well as 

increasing the efficiency of 5-LPO utilization of arachidonic acid (120, 121). From this point the pathway 

diverges and LTA4 can be converted to either LTB4 (by LTA4 hydrolase), a potent neutrophil 

chemotactant agent, or, for the cys-LT pathway, to LTC4 by LTC4 synthase (LTC4S) (122). To form 

LTC4, LTC4S deprotonates the sulfhydryl group on GSH, which reacts with and conjugates to LTA4. 

LTC4 is then effluxed from the cell by MRP1 in an ATP-dependent manner (16). LTC4 can be converted 

to LTD4 in the extracellular space by γ-glutamyl transpeptidase through cleavage of the γ-glutamate 

residue in the conjugated GSH moiety. LTD4 is then converted to LTE4 by dipeptidase via cleavage of the 

glycine residue of the GSH moiety remaining on LTD4 (114, 123). The cys-LTs (LTD4, LTC4) can act on 

multiple G protein-coupled receptors (GPCRs) present on nearby target cells (124, 125).  

 Few cell types express all of the enzymes required for leukotriene synthesis and although cPLA2α 

and LTA4 hydrolase are detected in most cell types (114), 5-LPO seems restricted to myeloid-derived 

cells (126) and LTC4S seems restricted to mast cells, macrophages, monocytes, eosinophils, and platelets 

(114). This, combined with the observation that neutrophils lack LTC4S (127) and are the primary source  
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Figure 2: Schematic representation of leukotriene biosynthesis and export. 

Shown are the major steps of the cysteinyl leukotriene biosynthetic pathway (red arrows) illustrating the 
role of MRP1 in the ATP-dependent efflux of LTC4, its subsequent metabolism, and interactions of LTC4 
and its metabolite LTD4 with their receptors. The non-cysteinyl leukotriene (LTB4) biosynthetic pathway 
is also shown (blue arrows). Abbreviations: leukotriene C4 synthase, LTC4S; cysteinyl-leukotriene 
receptor, CysLTR; cytosolic phospholipase A2α, cPLA2α; LTA4 hydrolase; LTA4H; arachidonic acid, AA; 
5-lipoxygenase, 5-LO; 5-lipoxygenase activating protein, FLAP; leukotriene A4, LTA4; leukotriene B4, 
LTB4; leukotriene C4, LTC4; leukotriene D4, LTD4; leukotriene E4, LTE4. 
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of LTA4 production, is consistent with the occurrence of an alternative mechanism of leukotriene 

biosynthesis termed transcellular biosynthesis. Thus, LTA4 produced by neutrophils in vitro can be 

converted to LTB4 by macrophages (128), to LTC4 by platelets (129), and to both LTB4 and LTC4 by 

chondrocytes (130). Furthermore, transcellular leukotriene biosynthesis has also been confirmed in vivo. 

For example, bone marrow cells from wild-type, LTA4 hydrolase deficient, and LTC4S deficient mice 

were transplanted into 5-LPO knockout mice, and the production of both LTB4 and cys-LTs was restored 

(127). Although mainly secreted by mast cells, eosinophils, and basophils, cys-LTs may also be produced 

by some non-immune cells such as human bronchial fibroblasts and epithelial cells (131). Of the three 

cys-LTs, LTC4 and LTD4 are established active metabolites whereas LTE4 is thought to have little or no 

biological activity. However, evidence that LTE4 may be biologically active is growing, despite its weak 

affinity for classical LTD4 and LTC4 receptors (125, 132). LTE4 is the primary form of cys-LT that is 

excreted from the body.  

Collectively, the cys-LTs are involved in a diverse spectrum of cell-type dependent physiological 

effects. The most studied effects of the cys-LTs is their role in the pathogenesis of asthma (e.g. mucous 

production, bronchoconstriction) (98, 133). Also, the cys-LTs elicit vasoconstriction in both the arterial 

and venous circulations (134, 135) as well as induce vascular permeability within microvascular systems 

(136). Cys-LTs can induce chemotaxis of several immune competent cells such as dendritic cells (137), 

monocytes (138), and eosinophils (139). Other roles of cys-LTs include the regulation of CD34+ 

progenitor cell proliferation (140), the in vitro release of von Willebrand factor from endothelial cells 

(141), and the endothelial-mediated promotion of neutrophil adhesion (142).  

 The most highly studied GPCRs that bind both LTC4 and LTD4 (and have weak binding affinity 

for LTE4) are the type 1 cysteinyl leukotriene receptor (CysLT1R) and the type 2 cysteinyl leukotriene 

receptor (CysLT2R). GPR17, a receptor related to the CysLTRs, has binding sites for both cys-LTs and 
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uracil nucleotides (143, 144). It was also found to be a negative regulator of CysLT1R responses (125). 

However, much of GPR17’s role in cys-LT signaling remains unclear. Furthermore, an α-ketoglutarate 

receptor named GPR99 was recently identified as a possible LTE4 receptor (145). However, further 

research is still needed to validate these findings. 

Together, leukotrienes affect the functions and promote the migration of almost every subgroup 

of leukocytes (146). This, in combination with their selective effects on many other cell types, illustrates 

the diversity of leukotriene function and it is thus not surprising that leukotrienes are involved in many 

aspects of human disease. Thus, abnormal leukotriene signaling has well established roles in allergic 

diseases (asthma and rhinitis) with less characterized roles in cardiovascular diseases (ischemic disease, 

atherosclerosis, hypertension) and cancer (124). Also, there is growing evidence that leukotrienes may be 

involved in (but not limited to) the pathogenesis of obstructive sleep apnea, chronic obstructive 

pulmonary disease, interstitial lung disease, and susceptibility to infection (98).  

1.2.2 The Type 1 Cys-LT Receptor (CysLT1R) 

CysLT1R is a GPCR that signals mainly through the Gq/11 class of G proteins. It has 

approximately 10-fold greater affinity for LTD4 than for LTC4 and has negligible binding affinity for 

LTE4 (147). After its molecular cloning in 1999 (148, 149), CysLT1R was found in higher levels in 

macrophages, eosinophils, monocytes, pre-granulocytic CD34+ cells, mast cells, B lymphocytes, and the 

spleen (131, 148–151). It was also found to a lesser extent in other cells types (e.g. fibroblasts, epithelial 

cells, endothelial cells) (131). The transcriptional regulation of CysLT1R is complex, involving many pro- 

and anti-inflammatory cytokines (125).  

As mentioned previously, CysLT1R is detected in high levels in the lung and on resident immune 

cells that populate the lung. As a result, CysLT1R is involved in normal lung physiology as well as in 

allergic disease that results from the dysregulation of leukotriene signaling (146). For instance, CysLT1R 
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activation in eosinophils (152) results in increased adhesion, migration, and survival. Cys-LTs also 

activate basophils (153), enhance migration (154) and antigen presentation (155) in dendritic cells, and 

augment cytokine production by mast cells (156) through CysLT1R-dependent mechanisms. In addition, 

CysLT1R may activate type 2 innate lymphoid cells (ILC2) (157). After activation, CysLT1R can be 

upregulated in CD4+ T cells (158) and possibly CD8+T cells (131, 158), which lack the receptor under 

normal conditions, to induce chemotaxis towards LTD4. CD34+ progenitor cells also migrate from the 

bone marrow to the blood through a CysLT1R-mediated mechanism (140). For non-immune cells, airway 

smooth muscle cell contraction (159) and migration (160) occur via CysLT1R activation. In addition, 

CysLT1R is involved in lung fibroblast migration (161) and collagen production (162), antigen-induced 

goblet cell degranulation (163), and transforming growth factor-β production by airway epithelial cells 

(164).   

The above CysLT1R-mediated activities are closely related to the many symptoms of asthma. 

These include eosinophilic airway inflammation, bronchoconstriction, edema, remodeling of the airways, 

and goblet cell hyperplasia (146). Interestingly, the role of leukotrienes in asthma had been suspected 

long before the cloning of the Cys-LT receptors. In the 1980s, researchers determined that inhaled cys-

LTs induced bronchoconstriction in both asthmatic and non-asthmatic individuals, and inhaled LTE4 

induced the accumulation of both eosinophils and basophils in the bronchial submucosa of mild 

asthmatics (125). Urinary levels of LTE4 increase during asthmatic exacerbations and correlate with 

decreases in forced expiratory volume in the first second (FEV1) (125). Furthermore, leukocytes from the 

blood of non-asthmatic controls produce several fold lower levels of leukotrienes when antigen 

challenged compared to the leukocytes from the blood of asthmatics (165).  

The CysLTR antagonist pranlukast (OnonTM) became the first commercially available (in Japan) 

anti-leukotriene agent in 1995, emerging as the first new class of anti-asthma drugs in almost fifty years 
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since corticosteroids were introduced. At present, there are four anti-leukotriene agents on the market: 

zileuton (ZyfloTM), montelukast (SingulairTM), zafirlukast (AccolateTM), and pranlukast. The first of these 

is a 5-LPO inhibitor whereas the latter three selectively antagonize CysLT1R. The pharmacological 

benefit of CysLT1R antagonism in asthmatic patients provides convincing evidence that CysLT1R has an 

important pathological role in this disease (133).  

Altered leukotriene homeostasis is also involved in both aspirin-exacerbated respiratory diseases 

(AERD) (otherwise known as aspirin-intolerant asthma) and allergic rhinitis. AERD is characterized by 

severe rhinosinusitis with nasal polyps and respiratory reactions (similar to asthma) to aspirin or similar 

non-steroidal anti-inflammatory drugs (125). In patients with AERD, leukotriene synthesis is upregulated 

and CysLT1R expression is increased relative to healthy individuals (125). CysLT1R antagonists are 

effective at attenuating aspirin-induced bronchoconstriction (166). All of the CysLT1R antagonists on the 

market indicated for the treatment of asthma are also indicated for the treatment of allergic rhinitis. Their 

actions are thought to block the CysLT1R-dependent inflammatory effects of cys-LTs on the vasculature 

and inflammatory cells of the upper airway (167).  

Chronic inflammation is often associated with an increased risk of cancer (168). Many 

adenocarcinomas (colorectal, esophageal, pancreatic), bronchogenic carcinoma, melanoma, lymphomas, 

and leukemias express elevated levels of the leukotriene biosynthetic enzymes and receptors (146). 

CysLT1R is upregulated in many human cancers including those of the bladder, brain, prostate, and breast 

(169). Colorectal carcinomas may show increased CysLT1R nuclear localization that may be associated 

with increased proliferation (170); CysLT1R expression levels are also associated with poor survival 

prognosis in both breast cancer (171) and colorectal cancer (172). In addition, CysLT1R blockade was 

found to induce apoptosis in prostate cancer cell lines (173) and reduce the size of murine lung tumours 

(174). Further work is still needed to determine the importance of CysLT1R signaling in human 
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malignancies and may provide important insight into novel treatment methods that might include the 

pharmacological antagonism (or agonism) of the CysLTRs. 

1.2.3 The Type 2 Cys-LT Receptor (CysLT2R) 

The CysLT2R, a GPCR that signals though the Gq/11 class of G proteins, was cloned in 2000 

(175–177) and shares 38% sequence homology with CysLT1R. It binds LTD4 and LTC4 with equal 

affinity and its tissue distribution is distinct from CysLT1R. The most notable difference is that CysLT2R 

is not found in high levels in the lung (98, 175) and its role in asthma is much less pronounced compared 

to CysLT1R. Human CysLT2R is highly expressed in the heart, brain, adrenal glands, placenta, (175–177) 

and is also found on macrophages, monocytes (175), platelets (178), mast cells (179), coronary artery 

smooth muscle cells (180), and human umbilical vein endothelial cells (181). It was not until about a 

decade after the discovery of the CysLT2R that selective antagonists were developed (182, 183) and as a 

result, CysLT2R remains less fully characterized than CysLT1R. However, mouse knockout models and 

transgenic mice have still been useful tools in determining CysLT2R function.  

As mentioned previously, CysLT2R is detected in the endothelial cells of many types of 

vasculature including the human umbilical vein (181) and brain vasculature (136). CysLT2R activation by 

cys-LTs in the endothelium is thought to have a role in vascular permeability. The use of a transgenic 

mouse strain (endothelial cell-targeted mice; EC-targeted mice) that has 7 copies of the human CysLT2R 

coding region under the control of the Tie2 promoter/enhancer (184) has been a useful tool in determining 

endothelial-CysLT2R function. For example, EC-targeted mice displayed an enhanced vascular 

permeability response to LTC4 when injected into the ear relative to wild-type mice (184). Furthermore, 

vascular permeability was increased in both the retina (185) and cremaster muscle (136, 186) vasculature 

when exposed to cys-LTs. Also, EC-targeted mice had increased coronary circulation permeability in 

infarcted regions of hearts relative to wild-type mice (187). Pharmacological blockade by BayCysLT2, a 
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selective CysLT2R antagonist, attenuated Evans blue dye leakage in both wild-type and EC-targeted mice 

further indicating a role in vascular permeability (182).   

CysLT2R is the predominant Cys-LT receptor of the heart (176) and is expressed in the atria, 

Purkinje fibers, and ventricles but is not detected in the aorta. Cys-LTs (LTE4) are detected in the urine 

following a myocardial infarction (188) and certain polymorphisms affecting enzymes in the leukotriene 

biosynthesis pathway have been associated with an increased risk of myocardial infarction (among other 

pathologies including risk of atherosclerosis and stroke) (114) indicating a role for cys-LTs in these 

pathologies. This, in combination with CysLT2R being highly expressed in the heart, is consistent with a 

role for the receptor in the myocardial infarction and reperfusion injury process. Experiments with EC-

targeted mice, together with recently available CysLT2R-selective antagonists, have also elucidated an 

important role in ischemia and reperfusion injury following myocardial infarction (182, 186). Thus, EC-

targeted mice showed increased infarct damage, increased edema, accelerated post-infarction left 

ventricular remodeling, CD45+ leukocyte extravasion, elevated expression of adhesion molecules (Egr-1, 

ICAM, and VCAM-1), and cardiomyocyte apoptosis (187). Furthermore, CysLT2R was upregulated 

following ischemic injury (187) and BayCysLT2 attenuated infarct damage and adhesion molecule 

expression in EC-targeted mice (182).   

Leukotrienes and their receptors are also involved in ischemic events in the brain. An increase in 

arachidonic acid (189), leukotrienes (190), and an upregulation of CysLT1R and CysLT2R have been 

observed during ischemia in mice (191, 192). CysLT2R is highly expressed in many regions of the brain 

including the thalamus, hypothalamus, pituitary, and medulla (175). Pharmacological blockade of 

CysLT2R using the CysLT2R-selective antagonist HAMI3379 attenuated neurological deficits, reduced 

infarct volume, brain edema, neuronal degeneration, and neuronal cell loss after the induction of focal 

cerebral ischemia in rats (193). A follow up study found that HAMI3379 specifically attenuated acute 
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ischemic injury and affected the microglia and macrophage response differently from CysLT1R-selective 

(pranlukast) blockade (194). In addition, HAMI3379 blocked CysLT2R-dependent microglial activation 

in vitro by attenuating ischemic-like neuronal injury (195).  

Although not yet well understood, other roles for CysLT2R are emerging. In the gastrointestinal 

(GI) tract of mice, CysLT2R may be involved in neuronal signaling and GI inflammatory disease (196). A 

high ratio of CysLT2R to CysLT1R may be a positive prognostic indicator in colorectal cancer where the 

stimulation of CysLT2R by LTC4 may negatively regulate CysLT1R expression levels (197). Furthermore, 

there is evidence that higher CysLT2R levels correlate with terminal differentiation and apoptosis in 

colorectal adenocarcinoma cell lines (198). In platelets, CysLT2R was found to selectively interact with 

LTC4 (and not LTD4) and potentiate airway inflammation in vivo (199). Others have found responses to 

CysLT2R activation in the human umbilical vein endothelial cells (181, 200, 201), which almost 

exclusively express CysLT2R mRNA.  

1.3 Leukotriene Modifiers (LTMs) 

1.3.1 LTMs: CysLT1R Antagonists 

Leukotriene receptor antagonists (Fig. 3), also referred to here as leukotriene modifiers (LTMs), 

were developed as early as the 1970s before the molecular characterization of either CysLTR. Their 

ability to block LTD4 (and LTC4/LTE4)-induced bronchoconstriction in combination with their anti-

inflammatory properties made them excellent candidates for the treatment of asthma and other diseases. 

At present, there are a handful of CysLT1R-selective LTMs in clinical trials (202) (masilukast, tipelukast) 

or on the market (montelukast, pranlukast, zafirlukast) indicated for the treatment of asthma and allergic 

rhinitis. In addition, there are several other CysLT1R-selective LTMs that failed as therapeutic entities 

(Fig. 3A) (LY171883, MK-571). However, some of these compounds have remained useful as research 

tools. 



 

 

 

25 

Figure 3: Chemical structures of the 7 LTMs investigated for their MRP modulatory properties.  

The LTMs shown are selective antagonists of (A) CysLT1R, (B) both CysLT1R and CysLT2R, or (C) 
CysLT2R. 
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The first CysLTR antagonist was a hydroxyacetophenone-based compound named FPL-55712. 

Discovered in 1973, it was first described as an inhibitor of SRS-A-induced action (203). FPL-55712 had 

a short half-life and poor oral bioavailability and, as a result, several acetophenone derivatives were 

synthesized to improve its drug pharmacokinetic properties (204). LY171883 (Tomelukast) (Fig. 3A) was 

one of the most promising drug candidates derived from FPL-55712 in the mid 1980s and was entered 

into clinical trials for the treatment of asthma. However, LY171883 demonstrated weak clinical efficacy 

and was withdrawn from trials after long term exposure led to liver toxicity in rodents (205).  

In 1989, a quinolone derivative named MK-571 (Fig. 3A) was developed (206) which, along with 

other similar compounds, was at least 200-fold more potent in radioligand 3H-LTD4 competition binding 

assays than earlier acetophenone derivatives (204). MK-571 was entered into clinical studies for asthma 

in 1989 and showed great clinical efficacy (205). However, shortly after phase IIb clinical trials, MK-571 

was abandoned when liver changes similar to those observed in the LY171883 clinical trials presented 

after long term use in mice and rats (205). Despite their clinical failure, LY171883 and MK-571 were 

found to selectively antagonize CysLT1R without significantly blocking CysLT2R and are among several 

other CysLT1R-selective LTMs still widely used in scientific research today. 

 As mentioned earlier, the first clinically approved CysLT1R-selective LTMs to reach the market 

was pranlukast in Japan in 1995. This was followed by montelukast in Mexico in 1997 (Fig. 3A). The two 

drugs have similar pharmacological effects with differing pharmacokinetic properties (207, 208).  For 

asthma, inhaled corticosteroids (ICS) are known as the “gold standard” treatment and are always the first-

line therapy. LTMs are most commonly recommended to patients with uncontrolled asthma as an add-on 

therapy to ICS. However, the use of long-acting β2 agonists (LABA) as an add-on therapy to ICS is 

generally seen as more efficacious than an LTM in combination with ICS alone (133, 207). Therefore, the 

most common uses of LTMs in asthma are (a) replacement of LABAs in combination with ICS in mild 
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persistent asthma, and (b) addition to ICS and LABAs (and in some cases other agents) in severe 

persistent asthma (133, 208).  

LTMs can be considered a first-line therapy in asthma under certain conditions. For example, 

they are accepted as first-line therapeutics for treatment of AERD and exercise-induced asthma (125, 

133). Furthermore, they may be acceptable as a monotherapy for the treatment of mild asthma (133). 

There are also certain subsets of asthmatics that may derive extra benefit from LTM use. (133). For 

example, in obese asthmatics, ICS response decreases with body mass index where montelukast response 

remains stable under these circumstance (209). Furthermore, a study found that heavy smokers are more 

likely to respond to montelukast treatment than non-smokers and that ICS efficacy is actually attenuated 

in this subset of subjects (210). In addition, LTM treatment may have added benefits in exercise-induced 

bronchoconstriction, AERD, cough-variant asthma, asthma with reoccurring allergic rhinitis, and 

infection-induced asthma as well as elderly with asthma (133).  

 There appears to be a few advantages of using LTMs over other forms of asthma treatment. For 

example, there is better compliance with oral dosing and inhalation of corticosteroids may not be an 

option for all patients especially for the elderly (133). Furthermore, since they are systemically active, 

LTMs may be able to reach areas of the lung not easily accessed by inhaled pharmacological agents 

(207). Another appeal is that LTMs can prevent and reverse airway remodeling in a mouse model of 

asthma (211), a response not observed with other forms of treatment. However, the clinical relevance in 

humans is still widely debated. Despite these advantages, LTMs are still recommended as a second-line 

therapy, mostly due to their relative lack of clinical efficacy and the heterogeneity of clinical response 

(133). For example, only about 50% of patients respond to treatment with montelukast (131) which is 

thought to be attributable to genetic and acquired factors (133). Asthma sub-type targeted therapy may 

improve these numbers in the future.   
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 Montelukast (SingularTM) is a reversible CysLT1R antagonist with little effect on the CysLT2R 

(148, 149, 175–177) and is the most widely available LTM used to treat asthma and allergic rhinitis 

worldwide. Montelukast and its metabolites are almost exclusively excreted via the hepatobiliary 

elimination route. Montelukast mediates the sustained blockage of LTD4-mediated bronchoconstriction in 

asthmatics and is also able to inhibit bronchoconstriction in response to inhaled allergen, exercise-induced 

asthma, and aspirin in subjects with AERD (207). It also regulates the pro-inflammatory properties of 

leukotrienes which is mainly through an anti-eosinophil mechanism (207). Montelukast may also protect 

against airway hyper-responsiveness and airway remodeling, although the clinical relevance of the latter 

is still unknown (133, 207). Intravenous montelukast (for acute exacerbations) and inhaled montelukast 

formulations have been developed; however, they are not yet on the market (133).  

 Pranlukast, is also a reversible CysLT1R antagonist that has little affinity for CysLT2R (148, 149, 

175–177) . However, kinetic binding studies have determined that montelukast is more potent than 

pranlukast at blocking the CysLT1R-LTD4 binding site (212). Pranlukast is only commercially available 

in Japan, South Korea, and certain Latin American countries. It is 99% plasma protein bound, primarily 

undergoes glucuronidation biotransformation, and is excreted via the hepatobiliary elimination route. It is 

not metabolized to a significant extent by the CYP450 system. It has anti-LTD4 induced-

bronchoconstrictive effects and anti-inflammatory effects similar to montelukast and is well tolerated 

(208). In addition, pranlukast may have some anti-inflammatory effects that are distinct from CysLT1R 

antagonism although the clinical significance of these findings are still unknown (213, 214). 

 Zafirlukast is another approved CysLT1R-selective LTM indicated for the treatment of asthma 

and other CysLT1R-selective LTMs that are currently in clinical trials include masilukast (phase III) and 

tipelukast (phase II/III) (202). Acitazanolast is formulated as an ophthalmic solution which is 

commercially available in Japan for the treatment of allergic conjunctivitis (215). Although these 
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compounds were developed and marketed to treat human disease, they are still heavily used in research 

settings to help elucidate the physiological roles of CysLT1R in the body.  

1.3.2 LTMs: Non-selective CysLTR Antagonists 

BAY-u9773 (Fig 3B) is an LTE4 analogue that was first recognized as a multi-receptor cys-LT 

antagonist using rat and guinea pig smooth muscle preparations in 1994 (216). It elicited anti-cys-LT 

responses that were both similar and different to those seen with prototypical LTMs at that time (MK-

571) indicating the involvement of another CysLTR. Indeed, BAY-u9773 was later found to antagonize 

both CysLT2R and CysLT1R with similar potencies (177). However, it was about 40-fold less potent than 

MK-571-induced CysLT1R antagonism and about 200-fold less potent than montelukast-induced 

CysLT1R antagonism (148, 149, 177). Furthermore, BAY-u9773 was able to activate CysLT2R in a 

concentration dependent manner to 67% of the maximal response seen for LTD4/LTC4-induced 

activation. This indicated that BAY-u9773 is a partial CysLT2R agonist. Although it has helped provide 

valuable functional insights (217, 218), there were legitimate concerns that the non-selective and partial 

CysLT2R agonistic properties of BAY-u9773 could confound interpretation of experimental data obtained 

in certain model systems.  

1.3.3 LTMs: CysLT2R Antagonists 

Recent advances have led to the discovery and characterization of two potent CysLT2R-selective 

antagonists named HAMI3379 (183) and BayCysLT2 (182) (Fig. 3C). Relative to CysLT1R, HAMI3379 

is >10,000-fold more selective and BayCysLT2 was >500-fold more selective towards CysLT2R (182, 

183). Compared to BayCysLT2, HAMI3379 is 10-fold more potent at blocking CysLT2R-mediated 

intracellular Ca+2 mobilization in response to LTD4 (30 nM) (182, 219). Both HAMI3379 (193–195) and 

BayCysLT2 (182, 186, 220) have already become valuable tools in investigations of CysLT2R function 

especially in studies of ischemic and reperfusion injury (as discussed previously). 
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1.3.4 LTMs and MRPs 

Although MK-571 was originally designed as a LTD4 receptor antagonist to treat asthma, reports 

as early as 1991 emerged claiming that MK-571 could inhibit LTC4 transport in membrane vesicles 

derived from murine mastocytoma cells (221). Since this was prior to the cloning of MRP1, the 

involvement of this ABC transporter was not suspected. Eventually, it was determined that MK-571 could 

potently and competitively inhibit MRP1-mediated transport of LTC4 and several other organic anions as 

well as sensitize drug resistant cells overexpressing MRP1 to anticancer drugs (4, 5, 222). Subsequently, 

MK-571 was found to inhibit the transport activity of all MRP homologues (4); it is also reported to 

inhibit the hepatic solute carrier (SLC) importer organic anion transporting polypeptide 1B3 (OATP1B3) 

(4, 5). Despite its well documented lack of selectivity among the MRPs (and other transporters), MK-571 

remains the most widely used MRP inhibitor in biomedical research today. 

 More recently, other LTMs inhibit MRP-mediated transport. Thus, pranlukast and BAY-u9773 

inhibit LTC4 transport by MRP1 (223, 224), zafirlukast was reported to sensitize cells overexpressing 

MRP1 to vincristine (225), and both LY171883 and BAY-u9773 have been shown to inhibit E217βG 

transport by MRP1 (3,224). Finally, montelukast can increase the intracellular retention of several 

cytotoxic agents transported by MRP2 (226) and inhibits both LTC4 and LTB4 transport by MRP4 (97). 
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1.4 Rationale, Hypotheses and Objectives 

Since the discovery of MK-571 (now known to be a CysLT1R-selective antagonist), newer LTMs 

that selectively antagonize CysLT1R or CysLT2R have been developed. Given that these LTMs can 

distinguish between the two CysLTR isoforms, it is hypothesized that these LTMs will also be able to 

distinguish among the MRP homologues and thus may differentially modulate organic anion transport by 

the long MRPs (MRP1, MRP2, MRP3) and a short MRP (MRP4). In addition, because different MRPs 

contain more than one pharmacologically distinct binding site, it is possible that at least some LTMs that 

modulate MRP-mediated transport may do so in a substrate-specific way.  

To test these hypotheses, the objectives of this thesis research were to use a vesicular transport 

assay system employing MRP-enriched membrane vesicles from transfected cells to determine: (1) if 

LTMs selective for CysLT1R or CysLT2R could differentially inhibit MRP1-mediated ATP-dependent 

transport of the prototypical organic anion substrate [3H]E217βG; (2) whether the two classes of LTMs 

show any MRP selectivity by measuring their ability to modulate [3H]E217βG transport by MRP2, MRP3, 

and MRP4 and comparing these effects to those on MRP1 transport; and (3) whether the LTMs that 

modulate [3H]E217βG transport by MRP1 (long MRP) and MRP4 (short MRP) exhibit any substrate 

selectivity by comparing their ability to modulate (a) [3H]LTC4 transport by MRP1 and (b) [3H]PGE2 

transport by MRP4. 
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Chapter 2: Materials and Methods 

2.1 Materials 

AMP, ATP, E217βG, benzamidine, bovine serum albumin (BSA) (fraction V, A6003), and 2-

mercaptoethanol were from Sigma-Aldrich (Oakville, ON, Canada). LTC4 was purchased from 

Calbiochem (San Diego, CA). Dulbecco’s modified Eagle’s Medium (DMEM), OptiMEM, fetal bovine 

serum (FBS), and Lipofectamine 2000 were purchased from Gibco (Invitrogen, Scarborough, ON). 

Protease inhibitor solution (EDTA free) was from Roche (Mississauga, ON), polyvinylidene fluoride 

(PVDF) membranes were from Pall Corporation (Ville St. Laurent, QC), and Western lighting® Plus-

enhanced chemiluminescence blotting reagents were from Perkin Elmer (Woodbridge, ON). X-ray film 

was from Ultident Inc. (St. Laurent, QC) and the Bradford protein assay kit was purchased from Bio-Rad 

Laboratories (Hercules, CA). G418 was from ONBIO (Richmond Hill, ON). Montelukast (1-[[[(1R)-1-[3-

(1E)-2-(7-chloro-2-quinolinyl)ethenyl]phenyl]-3-[2-(1-hydroxy-1-methylethyl)phenyl]propyl]thio]-

methyl]-cyclopropaneacetic acid), pranlukast (N-[4-oxo-2-(1H-tetrazol-5-yl)-4H-1-benzopyran-8-yl]-4-

(4-phenylbutoxy)-benzamide), LY171883 (1-[2-hydroxy-3-propyl-4-[4-(1H-tetrazol-5-yl)butoxy]phenyl]-

ethanone), BAY-u9773 (4-[[(1R,2E,4E,6Z,9Z)-1-[(1S)-4-carboxy-1-hydroxybutyl]-2,4,6,9-

pentadecatetraenyl]thio]-benzoic acid), MK-571 ((E)-3-[[[3-[2-(7-chloro-2-quinolinyl)ethenyl]phenyl][[3-

(dimethylamino)-3-oxopropyl]thio]methyl]thio]-propanoic acid, sodium salt) and PGE2 were purchased 

from Cayman Chemical (Ann Arbor, MI). HAMI3379 (3-[[(3-carboxycyclohexyl)amino]carbonyl]-4-[3-

[4-[4-(cyclohexyloxy)butoxy]phenyl]propoxy]-benzoic acid) and BayCysLT2 (3-[[(3-

carboxycyclohexyl)amino]carbonyl]-4-[3-[4-(4-phenoxybutoxy)phenyl]propoxy]-benzoic acid) were kind 

gifts from Dr. C. D. Funk (Queen's University, Kingston, ON). [6,7-3H]E217βG (55 Ci mmol-1), 

[14,15,19,20-3H]LTC4 (166.3 Ci mmol-1), and [5,6,8,11,12,14,15-3H]PGE2 (153.7 Ci mmol-1)  purchased 
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from Perkin Elmer Life Sciences (Boston, MA). MRP-specific mouse monoclonal antibodies (mAbs) 

M2Ι-4 (anti-MRP2) (ALX-801-015) was from Alexis Laboratories (San Diego, CA) and M3ΙΙ-9 (anti-

MRP3) (SC-59613) was from Cruz Biotechnology (Santa Cruz, CA), and rat mAb M4Ι-10 (anti-MRP4) 

(ALX-801-038) was from Enzo Life Sciences (Brockville, ON). Antibody against Na+/K+-ATPase α (H-

300) (rabbit polyclonal IgG) (SC-28800) was from Santa Cruz Biotechnology (Santa Cruz, CA). The 

human MRP1-specific mAb QCRL-1 was generated in this laboratory (227). Horseradish peroxidase 

(HRPase)-conjugated goat anti-mouse antibody (BML-SA204) was from Pierce Biotechnology 

(Rockford, IL), HRPase-conjugated goat anti-rabbit antibody (CED-CLAS10-667) was from Cedarlane 

(Burlington, ON), and HRPase-conjugated goat anti-rat antibody (AP136P) was from Chemicon 

International Inc. (Billerica, MA).  

2.2 Methods 

2.2.1 Cell Culture and Transfection 

Stably transfected MRP-overexpressing human embryonic kidney (HEK) cell lines have been 

previously described (3) and were generated using standard procedures by Dr. G. Conseil with a 

pcDNA3.1(-) expression vector containing wild-type human MRP1 cDNA (34) or with a pCEBV7 

expression vector (228) containing human wild-type MRP2 and MRP3 cDNAs. The stable cell lines were 

grown in DMEM/7.5% FBS at 37°C in 5% CO2/95% air, seeded onto 150-mm plates, and collected when 

confluent. Collected cells were centrifuged at 1800 × g at 4°C for 10 min, washed in 20 ml of 

homogenization buffer (250 mM sucrose/50 mM Tris/0.25 mM CaCl2/pH 7.4) and centrifuged at 1800 × 

g at 4°C for 10 min. After discarding the supernatant, pellets were overlaid with 9 ml homogenization 

buffer, 1 ml protease inhibitor cocktail, 10 µl of benzamidine (200 mg/ml) and snap frozen in liquid 

nitrogen. Cell pellets were stored at -80°C until needed.  
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HEK cells transiently overexpressing human MRP4 were generated by seeding HEK293T cells at 

approximately 18 × 106 cells per 150-mm plate, and after 24 h when cells were 70-90% confluent, 20 µg 

of pcDNA3.1(-) expression vector containing the human MRP4 cDNA (229) was transfected into cells 

using Lipofectamine 2000™ according to the manufacturers instructions (3 µl Lipofectamine: 1 ug DNA). 

After 6 h at 37°C, 10 ml of fresh DMEM/7.5% FBS were added. Forty-eight h after transfection, cells 

were harvested and stored as above.  

2.2.2 MRP-enriched Membrane Vesicle Preparations 

Membrane vesicles were prepared from MRP-transfected HEK cells as previously described (13). 

Frozen cell pellets were thawed slowly at room temperature and resuspended in 10 ml of homogenization 

buffer. Cells were disrupted by cavitation under argon (250 PSI, 5 min) using a Parr disruption vessel 

(Parr instrument Co., Moline, IL) followed by centrifugation at 1400 × g at 4°C for 10 min. The 

supernatant was collected and the pellet was resuspended in homogenization buffer with 0.5 mM EDTA 

and centrifuged again at 1400 × g at 4°C for 10 min.  The two supernatants were then combined and 

layered over a buffered sucrose cushion (35% (w/v) sucrose, 1 mM EDTA, 50 mM Tris, pH 7.4). After 

centrifugation at 100,000 × g at 4°C for 70 min in an Optima™ L-90K Ultracentrifuge (Beckman Coulter, 

Fullerton, CA), the white opaque interface layer containing cellular membranes was collected and mixed 

with a low sucrose buffer (25 mM sucrose, 50 mM Tris, pH 7.4), followed by centrifugation at 100,000 × 

g at 4°C for 40 min. The membrane pellet was resuspended in 1 ml of Tris-sucrose buffer (TSB) (250 

mM sucrose, 50 mM Tris, pH 7.4) and centrifuged at 55,000 × g at 4°C for 20 min in a TL-100 

Ultracentrifuge (Beckman Coulter). The supernatant was removed and the pellet was resuspended in TSB 

and vesicle formation was aided by passing the suspension through a 1 ml syringe with a 27-gauge needle 
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ten times. Vesicles were aliquoted and stored at -80°C until needed. Membrane vesicle protein 

quantitation was carried out with a Bradford assay kit using BSA as a standard. 

2.2.3 Detection of MRPs by Immunoblotting 

To confirm the presence of MRP1, MRP2, MRP3, and MRP4 in the membrane vesicles, vesicle 

protein (1 µg) was loaded along with a molecular weight marker (BioRad, Precision Plus Protein™ Dual 

Colour Standards) into 1.0 mm thick wells and separated in SDS polyacrylamide mini-gels (10 x 7 cm) 

(7% acrylamide resolving gel, 4% acrylamide stacking gel) by electrophoresis at a constant voltage of 

75V for 30 min followed by 150V for 1 h. Proteins were then electrotransferred for 2 h at 400 mA on ice 

using a BioRad Mini-Gel apparatus to a PVDF membrane. The membrane was washed in Tris-buffered 

saline with 0.1% Tween-20 (TBS-T) and blocked in 4% (w/v) skim milk powder in TBS-T for 30 min at 

room temperature. The membrane was then incubated overnight at 4°C with either MRP1-specific mAb 

QCRL-1 (diluted 1:10,000), MRP2-specific mAb M2Ι-4 (diluted 1:10,000), MRP3-specific mAb M3ΙΙ-9 

(diluted 1:1000), or the MRP4-specific mAb M4Ι-10 (diluted 1:1000) (89, 230, 231). The membrane was 

cut horizontally just below the 150 kDa mark and the lower half of the membrane was incubated with 

rabbit anti-Na+/K+ ATPase (diluted 1:5000 in 4% skim milk/TBS-T) overnight at 4°C. The membranes 

were washed with TBS-T (3 times, 5 min each wash) and then were incubated with appropriate HRPase-

conjugated secondary antibodies (diluted 1:10,000) for 1 h at room temperature. The membranes were 

washed 5 times with TBS-T (5 min each wash), incubated with enhanced chemiluminescence reagents for 

at least 1 min and were exposed to film for 1 s to 2.5 min as needed. The relative levels of MRP and 

Na+/K+-ATPase proteins were determined by densitometric analysis of the immunoblots using ImageJ 

1.48v software (http://imagej.nih.gov/ij).  
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2.2.4 ATP-dependent MRP-mediated Uptake of [3H]E217βG, [3H]LTC4, and [3H]PGE2 by Inside-

out Membrane Vesicles  

The ATP-dependent uptake of 3H-labeled organic anions into inside-out vesicles was measured 

using a modified rapid filtration method (13) adapted to a 96-well round bottom plate (Starstedt, Newton, 

NC) format (3, 232). Stock solutions of LTMs were prepared in either DMSO or ethanol, stored at -80°C, 

and diluted immediately before transport experiments in TSB so that the concentration of the vehicle in 

the final reaction mixture was <1%. Membrane vesicle preparations were thawed just prior to the start of 

transport reactions and were never vortexed or refrozen.  

Transport assays were carried out in a final volume of 30 µl consisting of TSB, 4 mM ATP (or 

AMP), 10 mM MgCl2, the desired concentration of LTM, membrane vesicle protein and 3H-labeled 

substrate as follows: MRP1, 2 µg protein and [3H]E217βG (400 nM, 20 nCi) or [3H]LTC4 (50 nM, 10 nCi) 

(233) ; MRP2, 4 µg protein and [3H]E217βG (400 nM, 40 nCi) (234); MRP3, 4 µg vesicle protein and 

[3H]E217βG (1 µM, 80 nCi) (233); MRP4, 5 µg vesicle protein and [3H]E217βG (1 µM, 60 nCi) (234) or 

[3H]PGE2 (5 µM, 100 nCi) (235). The transport reaction mix (ATP or AMP, cold/3H-labeled substrate, 

MgCl2, LTM in TSB) was allowed to acclimatize for 3 min and the transport assay was started by adding 

24 µl of the reaction mix to 6 µl of membrane vesicle protein. Uptake assays were carried out at 37°C for 

[3H]E217βG and [3H]PGE2 transport and at 23°C for LTC4 transport, and were carried out in duplicate.   

After an experimentally predetermined linear uptake time (data not shown) (E217βG: MRP1 for 3 

min; MRP2 for 7 min; MRP3 for 7 min; MRP4 for 10 min) (LTC4: MRP1 for 1 min) (PGE2: MRP4 for 

10 min), transport was stopped by transferring the entire final reaction mix to a Dynablock 2000™ 96-

deep-well plate (VWR International, Mississauga, ON) containing ice-cold TSB (800 µl). The reaction 

contents were subjected to rapid filtration where the membrane vesicles were collected onto a Unifilter-96 

GF/B filter plate using a 96-well Filtermate Harvester apparatus (Packard BioSciences, Meriden, CT). 
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Vesicle-associated 3H levels were determined using a Top Count NXT Microplate Scintillation and 

Luminescence Counter (Perkin Elmer Life Sciences, Mississauga, ON). To calculate the ATP-dependent 

uptake of [3H]E217βG, [3H]LTC4, or [3H]PGE2, the uptake of substrate in the presence of AMP was 

subtracted from the uptake of substrate in the presence ATP.  The ATP-dependent uptake of substrate in 

the presence of each LTM concentration was then expressed as a percent of substrate uptake relative to 

substrate uptake in the absence of LTM.  

Half-maximal stimulatory (SC50) and half-maximal inhibitory (IC50) values were determined by 

curve-fitting of data points by non-linear regression using GraphPad Prism 6.0 software (GraphPad 

Software Inc., San Diego, CA). Experiments were carried out two or more times using at least 2 

independent preparations of membrane vesicles and the mean SC50 and IC50 values (± SD) determined. 

One-way analysis of variance with a Tukey multiple comparisons post-hoc test or unpaired students t-test 

were performed using GraphPad Prism 6.0; P values <0.05 were considered significant. 
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Chapter 3: Results 

3.1 All LTMs Can Inhibit MRP1-mediated Vesicular [3H]E217βG Uptake  

To determine whether the 7 LTMs shown in Fig. 3 could modulate MRP1-mediated E217βG 

transport, vesicular uptake assays were performed using MRP1-enriched membrane vesicles prepared 

from a stably transfected HEK cell line. The presence of MRP1 in membrane vesicles was first confirmed 

by immunoblot analysis. As expected, a single band at about 190 kDa corresponding to MRP1 was 

observed (Fig. 4A). 

To determine the IC50 values for the LTMs, their effects on E217βG transport over a range of 

concentrations (0.001-40 µM) were plotted and sigmoid-shaped curves were fitted to these data sets (Fig. 

5). The IC50 values for the LTMs ranged from 1.6 to 7.2 µM and the results from multiple experiments are 

summarized in Table 2. All LTMs inhibited E217βG uptake by at least 90% with the majority of LTMs 

causing 100% inhibition at the maximum concentration tested (Fig. 5). Although there was a wider range 

of IC50 values observed for the CysLT1R-selective LTMs (MK-571, montelukast, pranlukast, LY171883; 

IC50 values 1.8-16.1 µM) (Fig. 5A-C; Table 2) than for the CysLT2R-selective LTMs (HAMI3379, 

BayCysLT2; IC50 values 1.6, 1.9 µM) (Fig 5D, E), the most potent of the CyLT1R-selective LTMs (MK-

571, pranlukast) and the CysLT2R-selective compounds had similar effects as did the non-CysLTR-

selective LTM BAY-u9773 (Fig. 5F) (P > 0.05). Thus, the CysLTR selectivity of the LTMs did not 

significantly influence their potency with respect to inhibition of MRP1-mediated E217βG uptake.	  
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Figure 4: Immunoblots of MRP-enriched membrane vesicles.	  
 
Levels of MRP1, MRP2, MRP3, and MRP4 proteins were detected in membrane vesicles prepared from 
transfected HEK293 cells (1.0 µg, 2.0 µg protein loaded per lane) by immunoblotting. Membrane vesicles 
derived from untransfected HEK293T cells (2.0 µg protein per lane) were used as a control. (A) MRP1, 
(B) MRP2, (C) MRP3 and (D) MRP4 were detected with mAbs QCRL-1, M2I-4, M3II-9, and M4I-10, 
respectively. Na+/K+-ATPase levels were used as a protein loading control and were detected using an 
anti-Na+/K+-ATPase rabbit polyclonal antibody. 
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Figure 5: The inhibitory effects of LTMs on E217βG transport by MRP1.	  
 
Shown are representative concentration-response curves demonstrating the inhibitory effects of increasing 
LTM concentrations on ATP-dependent MRP1-mediated E217βG uptake into membrane vesicles. (A) 
MK-571; (B) montelukast; (C) pranlukast; (D) HAMI3379; (E) BayCysLT2; (F) BAY-u9773. Each data 
point represents the mean of duplicate determinations in a single experiment. Results from multiple 
independent experiments are summarized in Table 2. 
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Table 2: Inhibition of MRP1-mediated vesicular uptake of E217βG and LTC4 by LTMs 
                 

CysLTR 
selectivity LTM 

IC50
a 

µM 
E217βG LTC4

 

    
CysLT1R MK-571 1.8 ± 0.7 (4)† 2.7 (2.1, 3.2) 

 montelukast 7.2 ± 1.9 (3)* 10.2 (9.0, 11.4) 

 pranlukast 2.8 ± 1.0 (3)† 3.3 (3.8, 2.8) 

 LY171883 16.1 ± 1.3 (3)b, ‡ 52.2 (61.4, 43.0) 
    

CysLT2R HAMI3379 1.6 ± 0.4 (3)† 3.3 (3.0, 3.5) 

 BayCysLT2 1.9 ± 0.6 (5)† 3.4 (2.3, 4.3) 

    

CysLT1/2R BAY-u9773 1.9 ± 0.4 (4)† 4.3 (4.7, 4.0) 

    
aValues represent the means ± SD of IC50 values obtained from the number of independent 
experiments given in parentheses; when only 2 independent experiments were performed, the 
individual results are given in the parentheses. Statistical significance was determined using a 
one-way analysis of variance with a Tukey multiple comparisons post hoc test 
bIC50 value is from Conseil and Cole (2013) 
†IC50 values are not significantly different from one another (P > 0.05) but are significantly 
different from *and ‡ (P < 0.05) 
*IC50 value is significantly different from † and ‡ (P < 0.05) 
‡IC50 value is significantly different from * and † (P < 0.05) 
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3.2 LTMs Can Stimulate, Inhibit, or Have a Biphasic Effect on Vesicular [3H]E217βG Uptake by 

MRP2 

To determine the modulatory effects of the LTMs on MRP2-mediated E217βG transport, 

experiments were carried out using MRP2-enriched membrane vesicles. Levels of the 190 kDa MRP2 in 

membrane vesicles prepared from a stably transfected HEK293 cell line were first confirmed by 

immunoblotting (Fig. 4B). For two of the LTMs (montelukast and pranlukast), stimulation of E217βG 

transport was observed at low LTM concentrations while inhibition was observed at higher concentrations 

(Fig. 6A, B). In these cases, both IC50 and SC50 values were calculated to reflect the biphasic response 

observed (Table 3). 

Relative inhibitory potencies (IC50 values) were calculated for the five LTMs that inhibited 

MRP2-mediated E217βG uptake over a range of LTM concentrations (0.1-175 µM) (Fig. 6A, B, D-F). At 

least 80% inhibition of MRP2-mediated E217βG uptake was observed with the five LTMs and the 

majority of LTMs achieved 100% inhibition at the maximal LTM concentration tested. The mean IC50 

values for the five LTMs ranged from 4.3-26.9 µM and are presented in Table 3. The IC50 values for 

CysLT2R-selective HAMI3379, BayCysLT2 and the non-CysLTR-selective BAY-u9773 (Fig. 6D-F) were 

comparable at 4.3 µM, 12.2 µM, and 8.0 µM, respectively (P > 0.05). However, these LTMs were about 

2.0 to 5.9-fold more potent inhibitors of MRP2 than the CysLT1R-selective pranlukast (IC50 23.7 µM) and 

montelukast (IC50 26.9 µM) (Fig. 6A, B) (P < 0.05). In contrast to MRP1 (Fig. 5C), MRP2-mediated 

E217βG transport was not inhibited by LY171883 (Fig. 6C). In this series of experiments, MK-571 

inhibited E217βG uptake by MRP2 by 45.2 ± 3.4% at 12.5 µM and by 83.7 ± 2.6% at 30 µM. 

At lower LTM concentrations (1-10 µM), the CysLT1R-selective montelukast and pranlukast 

(Fig. 6A,B) (but not the CysLT2R-selective or the non-CysLTR-selective LTMs HAMI3377, BayCysLT2,  
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Figure 6: The inhibitory, stimulatory, and biphasic modulatory effects of LTMs on E217βG 
transport by MRP2. 
 
Shown are representative concentration-response curves illustrating the modulatory effects of increasing 
LTM concentrations on MRP2-dependent E217βG uptake into membrane vesicles. (A) montelukast; (B) 
pranlukast; (C) LY171883; (D) HAMI3379; (E) BayCysLT2; (F) BAY-u9773. Biphasic modulatory 
effects (A, B) are defined as stimulation of E217βG uptake by MRP2 at lower concentrations followed by 
an inhibition of E217βG uptake at higher concentrations. Each data point represents the mean of duplicate 
determinations in a single experiment. Results from multiple independent experiments are summarized in 
Table 3. 
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Table 3: Modulation of MRP2- and MRP3-mediated ATP-dependent vesicular uptake of E217βG 

by  LTMs 
 

CysLTR 

selectivity 
LTM 

MRP2 MRP3 

SC50
a IC50

a SC50
a IC50

a 

µM µM 
      

CysLTR1 MK-571 NDb NDb NDb NDb 

	   montelukast	   2.4 ± 0.4 (3)c, §	   26.9 ± 4.1 (3)c, *	   -	   20.3 ± 1.2 (3)†	  

 pranlukast 2.6 ± 0.8 (3)c, § 23.7 ± 3.2 (3)c, * - 19.2 ± 4.8 (3)† 

 LY171883 11.3 ± 5.3 (3)¶ - 8.1 ± 2.4 (3) - 
      

CysLTR2 HAMI3379 - 4.3 ± 1.8 (5)** - 4.3 ± 0.7 (3)‡ 

 BayCysLT2 - 12.2 ± 0.8 (3)** - 7.7 ± 1.8 (3)‡ 
      

CysLTR1/2 BAY-u9773 - 8.0 ± 2.2 (3)** - 4.0 ± 0.6 (3)‡ 

 
aValues represent the means ± SD of IC50 values obtained from the number of independent experiments 
indicated in parentheses. Statistical significance was determined using a one-way analysis of variance 
with a Tukey multiple comparisons post hoc test 
 bND, IC50 not determined; MK-571 inhibited MRP2-mediated E217βG uptake by 45.2 ± 3.4% (n = 3) at 
12.5 µM and by 83.7 ± 2.6% at 30 µM; MK-571 inhibited MRP3-mediated E217βG uptake by 57.0 ± 
4.0% (n = 3) at 30 µM and by 96.3 ± 0.2% at 100 µM  
cWhere both an IC50 and SC50 are reported, the LTM modulates MRP2 transport activity in a biphasic 
manner  
*IC50 values are not significantly different from one another (P > 0.05) but are significantly different from 
** (P < 0.05) 
†IC50 values are not significantly different from one another (P > 0.05) but are significantly different from 
‡ (P < 0.05) 
¶ IC50 value is significantly different from § (P < 0.05) 
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BAYu9773) (Fig. 6D-F) stimulated E217βG uptake. The SC50 values of pranlukast and montelukast were 

similar (2.63 µM and 2.38 µM, respectively) and both compounds caused maximal stimulation of MRP2-

dependent E217βG uptake by 1.3-fold and 1.4-fold, respectively, at approximately 6 µM (Fig. 6A, B; 

Table 3). These two LTMs were more potent stimulators than the third CysLT1R-selective LTM, 

LY171883, which stimulated MRP2-dependent E217βG uptake by approximately 4-fold over a range of 

0.3-100 µM (SC50 11.3 µM) (Fig. 6C, Table 3) (P < 0.05). Together, these data suggest that CysLTR 

selectivity can influence the ability of LTMs to alter MRP2 transport activity in that stimulation is 

exclusively observed with the CysLT1R-selective LTMs, but when inhibition is observed, the CysLT1R-

selective LTMs are less potent MRP2 modulators than the CysLT2R-selective and non-CysLTR-selective 

LTMs.   

3.3 LTMs Inhibit or Stimulate [3H]E217βG Uptake by MRP3 But Do Not Cause a Biphasic 

Modulatory Response 

To further examine their MRP selectivity, the effects of the LTMs on MRP3-mediated E217βG 

transport was determined using MRP3-enriched membrane vesicles prepared from a stably transfected 

HEK cell line. The levels of MRP3 in these membrane vesicles relative to membrane vesicles prepared 

from untransfected HEK cells were first confirmed by immunoblotting (Fig. 4B) and immunoreactive 

bands at approximately 190 kDa, which correspond to the molecular weight of MRP3, were observed as 

expected. The presence of a doublet likely represents variably glycosylated forms of the transporter. 

The LTMs were tested over a concentration range of 0.3 to 175 µM, and in all cases except one, 

they inhibited E217βG uptake by MRP3 (Fig. 7). The exception was LY171833 (Fig. 7C), which as 

observed for MRP2-mediated E217βG transport, stimulated uptake by MRP3. For inhibitory LTMs, 

MRP3-mediated E217βG uptake was inhibited by at least 90% and, in the majority of experiments,  
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Figure 7: The inhibitory and stimulatory effects of LTMs on E217βG transport by MRP3. 

Shown are representative concentration-response curves illustrating the modulatory effects of increasing 
LTM concentrations on MRP3-dependent E217βG uptake into membrane vesicles. (A) montelukast; (B) 
pranlukast; (C) LY171883; (D) HAMI3379; (E) BayCysLT2; (F) BAY-u9773. Each data point represents 
the mean of duplicate determinations in a single experiment. Results from multiple independent 
experiments are summarized in Table 3. 
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inhibition approached 100% at the highest LTM concentration tested. The IC50 (range 4.0-20.3 µM) and 

SC50 (8.1 µM) values obtained in multiple independent experiments are summarized in Table 3. The 

CysLT1R-selective montelukast and pranlukast inhibited MRP3-mediated transport with similar IC50 

values of 20.3 µM and 19.2 µM (Fig. 7A, B; Table 3) (P > 0.05), respectively. More potent 

(approximately 2.6 to 4.9-fold) were the CysLT2R-selective HAMI3379 and BayCysLT2 and the non-

CysLTR-selective BAY-u9773 (Fig. 7D-F) with similar IC50 values of 4.3 µM, 7.7 µM, and 4.0 µM 

(Table 3) (P < 0.05). In contrast, the CysLT1R-selective LY171883 stimulated MRP3-mediated E217βG 

transport by approximately 2-fold over a range of 1-30 µM (SC50 8.1 µM) (Fig. 7C; Table 3). Thus, 

similar to MRP2, MRP3 modulation by the LTMs was CysLTR-selectivity dependent where all 

CysLT1R-selective LTMs were less potent inhibitors than the CysLT2R-selective and non-CysLTR-

selective LTMs. Furthermore, stimulation of E217βG uptake by MRP3 was only observed by a single 

LTM belonging to the CysLT1R class. In this series of experiments, MK-571 inhibited E217βG uptake by 

57.0 ± 4.0% at 30 µM and by 96.3 ± 0.2% at 100 µM. 

3.4 All LTMs Can Inhibit MRP4-mediated [3H]E217βG Uptake 

To further examine the MRP selectivity of the LTMs and to investigate whether the LTMs could 

modulate E217βG transport by the short ABCC homologue MRP4, vesicular uptake assays were 

performed using MRP4-enriched membrane vesicles prepared from transfected HEK cells. MRP4 

enrichment in the vesicles was confirmed by immunoblotting with a MRP4-specific mAb which detected 

a doublet of bands at approximately 170 kDa (Fig. 4C). These bands are believed to represent variably 

glycosylated forms of MRP4 that are often detected in HEK cells (234) 

The LTMs were then tested over a range of concentrations (0.1-100 µM) for their ability to 

modulate ATP-dependent MRP4-mediated [3H]E217βG uptake and inhibition was observed in all cases 



 

 

 

48 

(Fig. 8A-F). Inhibition of E217βG uptake by at least 90% was achieved and, in the majority of 

experiments, uptake by MRP4 was inhibited by approximately 100% at the highest LTM concentration 

used. The IC50 values ranged from 1.2-18.5 µM (Table 4). Similar to MRP1, the CysLT1R-selective 

LTMs (pranlukast, montelukast, LY17883) had a wider range of IC50 values (3.3-18.5 µM) (Fig. 8A-C) 

than the CysLT2R-selective HAMI3379 and BayCysLT2 (1.2, 1.9 µM) (Fig 8D, E; Table 4). However, the 

most potent CysLT1R-selective LTM (pranlukast) was similar in potency to both CysLT2R-selective 

LTMs as well as the non-selective BAY-u9773 (Fig. 8F; Table 4) (P > 0.05). In this series of 

experiments, MK-571 inhibited E217βG uptake by MRP4 by 64.5% at 3 µM and 90.5 ± 3.2% at 5 µM. 

Together, these data suggests that, as observed for MRP1 (Fig. 5; Table 2), CysLTR selectivity of the 

LTMs does not significantly influence their inhibitory potency with respect to MRP4-mediated E217βG 

uptake. 

3.5 Analysis of the MRP Selectivity of the LTMs 

The data described in Sections 3.1, 3.2, 3.3, and 3.4 (Tables 2-4) were re-plotted in an attempt to 

better illustrate the selectivity of a single LTM for an MRP homologue. Thus, for each LTM, the IC50 

values for the four MRP homologues were plotted on a single graph (Fig. 9A-F). These graphical 

representations clearly show that the CysLT1R-selective montelukast and pranlukast had comparable 

inhibitory effects on E217βG uptake by MRP1 and MRP4 (P > 0.05) and were less potent inhibitors of 

MRP2 and MRP3-mediated E217βG uptake (P < 0.05) (Fig. 9A, B). However, montelukast was a less 

potent inhibitor of MRP2 activity relative to MRP3 (P < 0.05) (Fig. 9A). LY171883 inhibited both 
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Figure 8: The inhibitory effects of LTMs on E217βG transport by MRP4. 
 
Shown are representative concentration-response curves illustrating the inhibitory effects of increasing 
LTM concentrations on MRP4-dependent E217βG uptake into membrane vesicles. (A) montelukast; (B) 
pranlukast; (C) LY171883; (D) HAMI3379; (E) BayCysLT2; (F) BAY-u9773. Each data point represents 
the mean of duplicate determinations in a single experiment. Results from multiple independent 
experiments are summarized in Table 4. 
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Table 4: Inhibition of MRP4-mediated vesicular uptake of E217βG and PGE2 by LTMs 

 

CysLTR 

selectivity 
LTM 

IC50
a 

µM 

E217βG PGE2 
    

CysLT1R MK-571 NDb 7.0 (8.7, 5.3) 

 montelukast 12.6 ± 0.9 (3)* 9.9 (10.2, 9.6) 

 pranlukast 3.3 ± 0.6 (3)† 6.1 (5.3, 6.9) 

 LY171883 18.5 ± 4.9 (3) ‡ 8.5 (8.2, 8.7) 
    

CysLT2R HAMI3379 1.2 ± 0.1 (3) † 1.1 (0.6, 1.5) 

 BayCysLT2 1.9 ± 0.1 (3) † 1.4 (1.3, 1.5) 

    

CysLT1/2R BAY-u9773 

 

2.6 ± 1.1 (4) † 1.7 (1.6, 1.8) 

 
aValues represent the means ± SD of IC50 values obtained from the number of independent 
experiments given in parentheses; when only 2 independent experiments were performed, the 
individual results are given in the parentheses. Statistical significance was determined using a one-
way analysis of variance with a Tukey multiple comparisons post hoc test  
bND, IC50 not determined; MK-571 inhibited MRP4-mediated E217βG uptake by 64.5% (n = 2; 
61.5, 67.5%) at 3 µM and by 90.5 ± 3.2% (n = 3) at 5 µM 
*IC50 value is significantly different from † and ‡ (P < 0.05) 
†IC50 values are not significantly different from one another (P > 0.05) but are significantly 
different from * and ‡ (P < 0.05) 
‡IC50 value is significantly different from * and † (P < 0.05) 
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Figure 9: The relative inhibitory potencies of the LTMs on E217βG uptake by MRP1, MRP2, 
MRP3, and MRP4. 

Bars represent IC50 values derived from the concentration dependence of LTM-mediated inhibition of 
E217βG uptake for each MRP homologue (Table 2, Table 3, and Table 4). Data points represent the mean 
± SD of 3-5 independent experiments. IC50 values that are statistically significant from one another are 
indicated by an asterisk(s) as determined by a one-way analysis of variance and a Tukey multiple 
comparisons post-hoc test (P < 0.05). (A) montelukast; (B) pranlukast; (C) LY171883; (D) HAMI3379; 
(E) BayCysLT2; (F) BAY-u9773. Stim; stimulatory response observed 
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MRP1 and MRP4 uptake with similar potencies (P > 0.05) (Fig. 9C). LY171883 also stimulated both 

MRP2 and MRP3 uptake with similar potencies (P > 0.05). For the CysLT2R-selective LTMs, 

HAMI3379 inhibited E217βG uptake by MRP1 and MRP4 with similar potencies (P > 0.05) although, 

compared to MRP4, HAMI3379 was a significantly less potent inhibitor of E217βG uptake by MRP2 and 

MRP3 (P < 0.05) (Fig. 9D). Similar results were seen for BayCysLT2 where E217βG uptake inhibitory 

potencies for MRP1 and MRP4 were similar (P > 0.05). Compared to MRP1 and MRP4, BayCysLT2 was 

a less potent inhibitor of both MRP2 and MRP3 activity (P < 0.05) (Fig. 9E). However, BayCysLT2 was a 

less potent inhibitor of MRP2 uptake than MRP3 uptake (P < 0.05) (Fig. 9E). The non-CysLTR-selective 

LTM BAY-u9773 inhibited E217βG uptake by MRP1, MRP3, and MRP4 with similar potencies (P > 

0.05) but was a less potent inhibitor of uptake by MRP2 (P < 0.05) (Fig. 9F). Overall, the LTMs all 

inhibited E217βG uptake by MRP1 and MRP4 with similar IC50 values (Fig. 9A-F), while E217βG uptake 

by MRP2 and MRP3 was modulated with similar potencies for pranlukast, LY171883, and HAMI3379 

(Fig. 9B, D). However, in all cases where MRP2 and MRP3 were modulated differently (montelukast, 

BayCysLT2, BAY-u9773), LTMs were less potent modulators of MRP2 than MRP3 (Fig. 9A, E, F). Also, 

montelukast and pranlukast caused biphasic concentration-dependent modulatory effects on MRP2 uptake 

but had only inhibitory effects on MRP3 uptake (Fig. 9A, B). Thus, the LTMs showed some MRP 

selectivity in that all of them modulated E217βG uptake by MRP1 and MRP4 with similar IC50 values, but 

this was not the case for MRP2 and MRP3. 

3.6 LTMs Do Not Modulate MRP1 or MRP4 Organic Anion Transport Activity in a 

Substrate Selective Way 

Since previous studies have shown that modulators can sometimes interact with the MRPs in a 

substrate and modulator dependent way (59, 236–238), the LTMs were examined to see how their ability 

to modulate MRP1-mediated transport of LTC4, a physiological MRP1 substrate, compared to their 
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effects on E217βG transport by MRP1. To determine the IC50 values for the LTMs, their effects on LTC4 

transport over a range of concentrations (0.01-175 µM) were plotted and sigmoid-shaped curves were 

fitted to the datasets (Fig. 10). The mean IC50 values for LTC4 transport inhibition by the LTMs ranged 

from 2.7 to 52.2 µM and the data obtained from two independent experiments are summarized in Table 2. 

The LTMs inhibited MRP1-mediated LTC4 uptake by at least 90% with the majority reaching 100% 

inhibition at the maximal LTM concentration tested (Fig. 10). As shown in Table 2, the rank order of 

potency of inhibition by the LTMs was similar for LTC4 and E217βG uptake by MRP1. These data 

suggest that the inhibitory effects of the LTMs are not selective for different MRP1 organic anion 

substrates even when the substrates are known to occupy pharmacologically distinct sites on the 

transporter (36, 37, 224). 

The pro-inflammatory mediator PGE2 is an important physiological substrate of MRP4 that is not 

transported by MRP1, 2 or 3 (91). Consequently, the LTMs were also tested for their relative ability to 

modulate the vesicular uptake of [3H]PGE2 by MRP4 compared to E217βG. The seven LTMs were tested 

over a range of concentrations (0.1-100 µM) and in all cases, inhibition of PGE2 uptake was observed 

(Fig. 11; Table 4), as it was for MRP4-mediated E217βG uptake (Fig. 8; Table 4). PGE2 uptake by MRP4 

could be maximally inhibited by at least 90% and, in the majority of experiments, uptake was maximally 

inhibited by 100%. The mean IC50 values ranged from 1.1 to 9.9 µM and the rank order of LTM 

inhibitory potency for MRP4-mediated PGE2 uptake was similar to E217βG uptake (Table 4). Thus, the 

CysLT1R-selective pranlukast, the CysLT2R-selective HAMI3379 and BayCysLT2, and the non-selective 

BAY-u97733 had lower IC50 values than the CysLT1R-selective montelukast and LY171883. Finally, in 

this series of PGE2 uptake experiments, a mean IC50 value of 7.0 µM was obtained for the CysLT1R-

selective MK-571 (Fig. 11A; Table 4). 
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Figure 10: The inhibitory effects of LTMs on LTC4 transport by MRP1.  
 
Shown are representative concentration-response curves illustrating the inhibitory effects of increasing 
LTM concentrations on MRP1-dependent LTC4 uptake into membrane vesicles. (A) MK-571; (B) 
montelukast; (C) pranlukast; (D) LY171883; (E) HAMI3379; (F) BayCysLT2; (G) BAY-u9773. Each 
data point represents the mean of duplicate determinations in a single experiment. Results from multiple 
independent experiments are summarized in Table 2. 
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Figure 11: The inhibitory effects of LTMs on PGE2 transport by MRP4.  
 
Shown are representative concentration-response curves illustrating the inhibitory effects of increasing 
LTM concentrations on MRP4-dependent PGE2 uptake into membrane vesicles. (A) MK-571; (B) 
montelukast; (C) pranlukast; (D) LY171883; (E) HAMI3379; (F) BayCysLT2; (G) BAY-u9773. Each 
data point represents the mean of duplicate determinations in a single experiment. Results from multiple 
independent experiments are summarized in Table 4. 
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Chapter 4: Discussion 

 The prototypical MRP1 inhibitor MK-571 has been previously reported to inhibit the transport 

activity of all MRP homologues as well as the SLC importer OATP1B3 (4, 5). Despite its lack of 

selectivity, it is still the most extensively used experimental inhibitor in MRP-related research today. It 

does, however, offer some degree of selectivity, unlike other compounds that inhibit many SLC and ABC 

transporters such as probenecid and indomethacin, and importantly does not inhibit the drug-transporting 

P-glycoprotein (ABCB1) or ABCG2 (222).  

 Several CysLT1R-selective LTMs as well as non-selective LTMs have been previously 

reported to inhibit individual MRP homologues (97, 223–226). However, little is known of their relative 

ability to inhibit other MRP homologues. Furthermore, since CysLT2R-selective LTMs have only recently 

become available, their effects on MRP transport activity have never been systematically investigated. In 

this thesis, it was hypothesized that since these LTMs can distinguish between two CysLTR isoforms, one 

or more of them would also be able to distinguish among the MRP homologues and thus would 

differentially modulate organic anion transport by MRP1, MRP2, MRP3, and MRP4. Furthermore, since 

MRPs often contain more than one pharmacologically distinct binding site, it was also hypothesized that 

one or more of the LTMs would modulate E217βG uptake by MRP1 and MRP4 differently than LTC4 

uptake by MRP1 and PGE2 uptake by MRP4.  

 As described in Chapter 3, although CysLT1R-selective LTMs were less potent inhibitors of 

E217βG uptake by MRP2 and MRP3 than CysLT2R-selective and non-selective LTMs, all seven LTMs 

inhibited E217βG uptake by MRP1 and MRP4. Thus, CysLTR selectivity did not predict LTM potency, 

MRP modulatory response (stimulation versus inhibition), or MRP homologue selectivity. Furthermore, 

the LTMs did not selectively modulate the transport of organic anions by MRP1 (E217βG versus LTC4 

uptake) or MRP4 (E217βG versus PGE2 uptake).   
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 As described in Chapter 3, organic anion uptake assays were carried out for MRP1, MRP2, 

MRP3, and MRP4 in the presence of multiple concentrations of MK-571. IC50 values (MK-571) for 

vesicular uptake of E217βG and LTC4 by MRP1 are typically <2 µM (224) and, in the present study, 

approximate half-maximal inhibition (45-65%) of E217βG uptake by MRP2, MRP3, and MRP4 was 

observed at MK-571 concentrations of 12.5 µM, 30 µM, and 3 µM, respectively (Tables 3 and 4). The 

MK-571 concentration needed to achieve >80% inhibition was 30 µM (MRP2), 100 µM (MRP3), and 5 

µM (MRP4) (Table 3; Table 4). Thus, MRP3 appears to be the least sensitive and MRP1 and MRP4 

appear to be the most sensitive to MK-571-mediated inhibition of E217βG uptake. For MRP1, MRP2, and 

MRP3, these results are in agreement with previously reported IC50 values for inhibition of E217βG 

uptake by MK-571 where the rank order of potency is MRP1 > MRP2 > MRP3 (224, 233). The inhibitory 

potency of MK-571 on the transport activity of MRP4 versus the other MRPs has never been reported, 

although the MK-571-dependent inhibition of E217βG transport by MRP4 has been examined previously 

(239).   

 In 1991, Schaub et al. (221) demonstrated that MK-571 could inhibit LTC4 uptake into inside-out 

membrane vesicles derived from murine mastocytoma cells. LTC4 is one of the highest affinity substrates 

(apparent Km 100 nM) of MRP1 consistent with the observation that Abcc1-/- mice exhibit impaired 

inflammatory responses attributable to a decease in cellular LTC4 release when challenged with antigen 

(13, 16, 17). Thus, LTC4 is a ligand for the CysLTRs in addition to being a physiological substrate of 

MRP1 and therefore it is quite interesting that, despite any kind of structural similarity or sequence 

homology between the receptors and the transporter, MK-571 is able to antagonize CysLT1R (low nM 

range) as well as inhibit MRP1 transport activity (low µM range). MRP2 and MRP3 are also capable of 

transporting LTC4 in vitro albeit with substantially lower affinities (apparent Km 1 µM and 5.3 µM, 

respectively) (2). Rius et al. (97) reported that MRP4 could transport LTC4 with relatively high affinity 
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(apparent Km 130 nM) in membrane vesicles prepared from ABCC4-transfected V79 Chinese hamster 

cells. However, uptake of LTC by MRP4 has not yet been confirmed by any other independent labs, 

including the Cole lab, despite being able to demonstrate MRP4-mediated transport of other organic 

anions.  

The rank order of ligand affinity (for competition binding assays and functional assays) for 

CysLT1R in transfected HEK cells is LTD4 > LTC4 >> LTE4 where the affinity for LTD4 binding relative 

to LTC4 binding is 10 to 100-fold greater (148, 149, 240). The rank order of ligand affinity for CysLT2R 

in transfected HEK or Cos-7 cells cells is LTD4 = LTC4 (175, 177). LTE4 acts as a partial agonist upon 

CysLT2R binding in both HEK and Cos-7 transfected cells (175–177). CysLT1R binding to LTD4 is 

thought to be 10-fold more potent than LTD4 binding to CysLT2R (125). Therefore, LTC4 may have a 

preference for binding CysLT2R and antagonists that preferentially target this receptor may be more 

potent inhibitors of MRP1 transport. Indeed, HAMI3379 and BayCysLT2 were among the most potent 

inhibitors of organic anion transport by all the MRPs examined.  

In vitro assays have determined that HAMI3379 is 10,000-fold more selective and BayCysLT2 is 

500-fold more selective for CysLT2R than CysLT1R (182, 183). Furthermore, HAMI3379 is reported to 

be 550-fold more potent and BayCysLT2 about 20-fold more potent at blocking LTD4-induced CysLT2R 

activation than BAY-u9773 (182, 183). Accordingly, one might expect HAMI3379 and BayCysLT2 to be 

the most potent inhibitors of MRP transport and that BAY-u9773 should be slightly less potent. This was 

shown to be partly true because the CysLT2R-selective and non-selective LTMs were always the most 

potent inhibitors of E217βG uptake by the MRPs (Table 2-4; Fig. 9). However, both classes of LTMs 

inhibited the transport activity of each MRP with similar IC50 values. Thus, for MRP2 and MRP3, 

HAMI3379, BayCysLT2, and BAY-u9773 were more potent inhibitors of E217βG uptake than the 

CysLT1R-selective LTMs (Table 3; Fig. 6D-F; Fig. 7D-F) and, in most cases (4 of 6 LTMs), the LTMs 
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were less potent modulators of MRP2 and MRP3 than MRP1 and MRP4 (Tables 2-4; Fig. 9A-C, E). 

However, the most potent CysLT1R-selective LTMs that inhibited E217βG uptake by MRP1 and MRP4 

[(pranlukast and MK-571; MRP1) (pranlukast; MRP4)] were similar in potency to the CysLT2R-selective 

and non-selective LTMs (Table 2; Table 4). Experiments using  [3H]LTD4 CysLTR radioligand 

displacement assays have demonstrated that montelukast (IC50 2.3 nM) and MK-571 (IC50 10.4 nM) (148, 

149) were >2000 and >100-fold more selective for CysLT1R than CysLT2R (148, 149). Systematic 

comparisons of LY171883 and pranlukast on CysLT1R and CysLT2R binding relative to the other LTMs 

examined here have not been reported.  

Comparisons of the LTMs affinities for their receptors and the relative differences in LTM-

selectivity for CysLT1R versus CysLT2R offers no obvious explanation for why some CysLT1R-selective 

LTMs inhibited MRP1 (MK-571, pranlukast) and MRP4 (pranlukast) with similar potencies relative to 

CysLT2R and non-selective LTMs but others did not (LY171883, montelukast) (Tables 2 and 4). The 

anti-LTD4 and anti-LTC4 properties of the LTMs, rather than the chemical properties that determine LTM 

selectivity for CysLT1R versus CysLT2R, may be the main determinants of MRP modulation.   

 The biphasic modulatory effects observed with montelukast and pranlukast on E217βG uptake 

by MRP2 (Fig. 6A, B) and the stimulatory effects observed with LY171883 on E217βG uptake by both 

MRP2 (Fig. 6C) and MRP3 (Fig. 7C) have been reported previously (59, 236). Initially, Evers et al. (58) 

observed that sulfinpyrazole stimulated MRP2-mediated efflux of GSH from polarized MDCK cells. 

They proposed that MRP2 contained two substrate binding sites: a GSH binding site (G-site) and the drug 

binding site (D-site) from which the co-transport of individual drugs with GSH stimulated overall MRP2-

mediated GSH efflux from cells. Subsequently, several other compounds were found to stimulate the 

transport of multiple substrates by MRP2 (59, 236, 241, 242). However, some stimulators of E217βG 

uptake by MRP2 were also substrates (e.g. indomethacin) while other stimulators were not (e.g. 
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sulfinpyrazole) (59). This led Zelcer et al. (2003) to propose a new model in which MRP2 contains at 

least one transport site (S-site) and one allosteric modulatory site (M-site) (59). They proposed that 

substrate translocation only occurred via binding at the S-site and that binding at the M-site induced 

conformational changes that increased substrate translocation at the S-site (i.e. stimulation). Interestingly, 

their data suggested that interactions between the S- and the M-sites were both substrate and modulator 

dependent. For example, probenecid stimulated E217βG transport but inhibited methotrexate, and 

furosemide stimulated E217βG transport by MRP2 but had no effect on 2,4-dinitrophenyl glutathione 

(GS-DNP) transport. Therefore, they concluded that the substrate-modulator pair forms complex 

interactions within the MRP2 binding sites. Furthermore, several compounds have been reported to 

modulate multiple substrates transported by MRP2 in a biphasic manner similar to how montelukast and 

pranlukast modulated E217βG uptake by MRP2 in the present study (Fig. 6A, B) (59, 236, 241, 242). 

Borst et al. (243) proposed that these compounds have a high affinity for the M-site and thus at lower 

concentrations, they stimulate transport at the S-site. However, at higher concentrations, these modulators 

compete for the S-site and thus inhibit the transport of other compounds (59, 243). Those that only 

stimulate MRP2-mediated transport (like LY171883 stimulated E217βG uptake by MRP2) (Fig. 6C) are 

thought to only interact with the M-site and have negligible affinity for the S-site. These authors further 

proposed that there may be more than one (or at least subsets within the) M- and S-sites. This could 

explain, for example, why a mutation at Trp1254 abrogates methotrexate transport by MRP2 without 

affecting E217βG transport which indicates different subsets of atomic contacts within substrate binding 

pockets for substrate translocation (S-site) (230).  

 MRP2-mediated E217βG transport kinetics are atypical relative to MRP1, MRP2, and MRP4 

because they do not display classic Michaelis-Menten kinetics (59). When the E217βG uptake rate is 

plotted against increasing E217βG concentration, a sigmoidal curve is obtained indicative of two substrate 
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binding sites that display positive cooperativity (59, 241–243). In these studies, a M-site and S-site model 

was offered as an explanation for this phenomenon (243). Thus, it was proposed that, at lower 

concentrations, E217βG binds to the M-site with higher affinity than the S-site and stimulates its own 

transport. The ability of some transport stimulators (e.g. sulfanitran, indomethacin) to shift the kinetic 

curve of E217βG uptake by MRP2 (altered Km
 without affecting Vmax) to a saturable hyperbolic shape is 

consistent with this hypothesis because in the presence of a modulator, E217βG is unable to stimulate its 

own transport (59). To the best of our knowledge, E217βG is the only known MRP2 substrate to behave in 

this manner and, although more may exist, a lack of suitably radiolabeled substrates available for kinetic 

experiments makes this difficult to confirm (243).  

 In 2004, Chu et al. (236) reported on the relative ability of MRP1, MRP2, and MRP3 to 

transport the steroid metabolites ethinylestradiol-3-O-glucuronide (EE-G) and ethinylestradiol-3-O-

sulfate (EE-S). MRP1 was unable to transport either of these compounds; however, both MRP2 and 

MRP3 could transport EE-G but not EE-S. On the other hand, EE-S stimulated both EE-G and E217βG 

transport by both MRP2 and MRP3. They suggested that MRP3 contains a modulatory site (M-site) 

similar to that of MRP2 (236). The stimulation of MRP3 activity by LY171883 (Fig. 7C) could be 

explained in a manner similar to that proposed for MRP2. Thus, LY171883 may stimulate MRP3-

mediated E217βG transport by binding to the M-site; a biphasic response is not seen because LY171883 

has a negligible binding affinity for the S-site and cannot compete for E217βG translocation at higher 

concentrations. Interestingly, LY171883 only inhibited the substrate translocation site(s) on MRP1 

(E217βG and LTC4 uptake) (Table 2; Fig. 10D) and MRP4 (E217βG and PGE2 uptake) (Table 4; Fig. 8C; 

Fig. 11D). The biphasic response to modulators have been reported for MRP3 as well (236) but this 

wasn’t observed with any of the LTMs used in the present study. The sequence similarity between MRP2 

and MRP3 is relatively low (45%) (2). This, together with the differences in MRP2 and MRP3 responses 



 

 

 

62 

to montelukast and pranlukast-mediated modulation, indicate that there are significant differences in the 

structure and amino acid composition of each of the transporters M-sites.  

 The ability of E217βG to stimulate its own transport by MRP2 has been suggested to serve as a 

mechanism to handle fluctuating concentrations of endogenously synthesized organic anions in the liver 

without the transporter becoming too easily saturated (243). Furthermore, the fact that physiological 

levels of certain organic anions can regulate the MRP2 or MRP3-dependent (among other MRPs) efflux 

of other compounds adds a degree of complexity to the regulation of metabolite homeostasis within 

tissues expressing these transporters. It is possible that this modulatory property allows the MRPs to 

respond to fluctuating substrate concentrations without having to wait for the upregulation of transporter 

protein expression.  

 Xenobiotic compounds that cause stimulation, such as LY171883 for MRP2 and MRP3 (Fig. 

6C; Fig. 7C), and montelukast and pranlukast for MRP2 (Fig. 6A, B), may possibly affect the 

pharmacokinetic profiles and therefore efficacy of drugs that are also transported by these proteins when 

administered in combination with these agents. Furthermore, strong and potent stimulators of MRP-

mediated organic anion transport may cause adverse effects through disruption of normal physiological 

function(s). For example, cellular GSH and glucuronic acid depletion could result from the hyper-

extrusion of phase II conjugates from the cell indirectly affecting metabolism and the redox state of the 

cell. Although the effects of stimulators on MRP-mediated transport have been demonstrated in vitro 

(243–245), the significance of stimulators on organic anion transport by MRP2 and MRP3 in vivo have 

yet to be determined.  

 Several small molecule inhibitors that are selective among the MRP homologues have been 

reported. The tricyclic isoxazole compounds that inhibited MRP1 efflux named LY475776 and 

LY465803 were identified by Eli Lily & Co. (246). These compounds are active against MRP1 positive 
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xenograft tumours in mice and could inhibit MRP1-mediated LTC4 transport (in the presence of mM 

concentrations of GSH) with IC50 values of < 100 nM (247). These compounds are selective for MRP1 

and do not inhibit MRP2, MRP3, MRP4, MRP5, ABCG2, and even murine Mrp1 (247). Unfortunately, 

these compounds are not commercially available.  

 Ceefourin-1 and ceefourin-2 have been recently identified as selective inhibitors of MRP4 that 

did not sensitize drug resistant cell lines overexpressing MRP1, MRP2, MRP3, MRP5, P-glycoprotein, or 

ABCG2 in vitro using cytotoxicity assays (248). However, more extensive vesicular transport 

experiments have revealed that ceefourin-2 can inhibit MRP1-mediated E217βG transport and that both 

ceefourin compounds can stimulate E217βG transport by MRP2 and MRP3 (see Appendix A; Fig. A1-2; 

Table A1). Despite these findings, at lower concentrations of ceefourin-1 (3 µM) and ceefourin-2 (1 µM), 

these compounds may still be selective towards MRP4 and may have little effect on the other MRP 

homologues, at least in vitro (Appendix A; Fig. A1-2). To our knowledge, no MRP2 or MRP3 selective 

modulators have been reported. 

 In the present study, all seven LTMs examined modulated E217βG uptake by MRP1, MRP2, 

MRP3, and MRP4 (Tables 2-4; Figs. 5-9). Furthermore, all of the LTMs inhibited MRP1 and MRP4 

similarly and, in most cases (5 of 7 LTMs), the LTMs inhibited MRP1 and MRP4 more potently than 

MRP2 and MRP3 (Fig. 9). The apparent LTM selectivity for MRP1 and MRP4 was unexpected because 

MRP1 is a “long” MRP and MRP4 is a “short” MRP. The sequence similarity between MRP1 and MRP4 

is 31% whereas the sequence similarities between MRP1 versus MRP2 (46%) and MRP1 versus MRP3 

(56%) are much higher (2). Furthermore, the profile of substrates transported by MRP4 is vastly different 

from MRP1, MRP2, and MRP3, and the few substrates that MRP1 and MRP4 do have in common, like 

E217βG, differ in their transport kinetic parameters considerably (apparent Km 2.5 versus 30 µM, 

respectively) (2). Despite these differences, the LTMs inhibited E217βG transport by MRP1 and MRP4 in 
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a similar fashion (Fig. 9). It seems unlikely that there are a similar set of amino acid residue contacts that 

interacts with the LTMs in such a way that it influences the E217βG translocation sites of MRP1 and 

MRP4 in a similar manner. An explanation may be more forthcoming when structural information on the 

MRPs becomes available.  

 Since modulation of MRP1- and MRP4-mediated E217βG uptake by all the LTMs tested was 

similar (Fig. 9), experiments were carried out to determine if LTC4 transport by MRP1 and PGE2 

transport by MRP4 were modulated differently (Fig. 10; Fig. 11). These physiologically relevant organic 

anion substrates are not readily transported by any other MRP. Furthermore, compounds that selectively 

target these MRP substrates would be useful experimental tools to further elucidate the physiological 

functions of MRP1-LTC4 and MRP4-PGE2 transport in living systems and could also serve as potential 

therapeutic agents to treat pathologies involving these potent inflammatory mediators. In past studies, 

selective modulation of one substrate over another has been observed for both MRP1 and MRP4. For 

example, dithiane tetraoxide derivatives were able to distinguish between two different substrates 

transported by MRP1 in that several of them stimulated GSH transport but inhibited LTC4 transport (238). 

Furthermore, urate inhibited methotrexate transport, stimulated cGMP transport, and had no effect on 

cAMP transport by MRP4 (237). However, in the present study, the rank orders of LTM inhibitory 

potency on E217βG and LTC4 uptake by MRP1 and on E217βG and PGE2 uptake by MRP4 were similar 

(Tables 2, 4). Whether the LTMs are transported by MRP1 and MRP4 or just occupy the substrate 

binding sites blocking organic anion transport remains unknown. However, it is clear that there is overlap 

among translocation sites for E217βG and LTC4 transport by MRP1 (as shown before with E217βG and 

LTC4 transport competition experiments) (13) and E217βG and PGE2 transport by MRP4. 

 Due to their effects on transport by MRP1, MRP2, MRP3, and MRP4, the usefulness of the 

LTMs in MRP research may be limited. Opposing (Fig. 6C; Fig. 7C; Fig. 8C; Fig. 9C) (e.g. LY171883 
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inhibits MRP1 and MRP4; stimulates MRP2 and MRP3) and concentration dependent effects (Fig. 6A, B) 

(e.g. biphasic modulatory effects of montelukast and pranlukast on MRP2) may confound the 

interpretation of the results in systems where multiple MRP homologues are present. However, similar to 

the MRP4-selective ceefourin-1 and ceefourin-2, lower concentrations of LTM (1-3 µM) may provide 

some selectivity if they are used in MRP studies (e.g. pranlukast) (Fig. 9). Furthermore, it should be 

remembered that these agents are potent CysLTR antagonists and have affinities for their target receptors 

in the 1-500 nM range (148, 149, 175–177). This could add to the complexity of data interpretation in 

both in vitro and in vivo systems. The reverse is probably not true for CysLTR studies unless the LTM 

concentrations are used in the µM range, where they might have an impact on the activity of any MRP 

homologues present in these experimental systems.  

 As discussed in Chapter 1, montelukast and pranlukast are commercially available LTMs 

indicated for the treatment of asthma and allergic rhinitis. In the present study, E217βG uptake by MRP1 

and MRP4 was inhibited by montelukast and pranlukast similarly (IC50 values: 2.8-12.6 µM)(Tables 2, 4). 

However, for E217βG uptake by MRP2 and MRP3, montelukast and pranlukast were less potent 

inhibitors (IC50 values: 19.2-26.9 µM) (Table 3; Fig. 9A, B). Both compounds stimulated MRP2-mediated 

E217βG uptake at lower LTM concentrations (1-10 µM) (up to 1.3 to 1.4-fold) and inhibited uptake at the 

highest concentration of LTM tested (100 µM) (Fig 6A, B). The clinical relevance of these observations is 

unlikely to be significant, at least under most circumstances. Peak plasma concentrations (Cmax) of 

montelukast and pranlukast after oral administration reaches an average of 1.0 µM (207, 208). At this 

concentration, montelukast would have little effect on transport by MRP1, MRP2, MRP3, and MRP4. At 

1.0 µM of pranlukast, modest inhibitory effects on the transport activity of MRP1 and MRP4 may occur. 

However, similar to montelukast, pranlukast is unlikely to affect transport by MRP2 and MRP3.  
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 The concentration of LTM required to inhibit MRP activity in vivo is likely to be higher than 

what is needed in vitro using vesicular transport assays. Indeed, the concentration of modulator required 

to inhibit MRP-dependent vesicular uptake versus cellular efflux differ (234). For example, MK-571 is 

commonly used at 5-10 µM to fully inhibit the activity of MRP1 in vesicular transport assays compared to 

30-50 µM in cytotoxicity and sensitization cellular assays.  

 It should also be noted that the plasma Cmax does not accurately describe the disposition of 

LTMs in other tissues, where the extracellular concentrations may be lower or higher. Combined with the 

added barrier of plasma membrane permeability, the MRP homologues are unlikely to be affected in 

tissues where the LTM concentration is lower than the plasma Cmax. However, since montelukast and 

pranlukast are oral medications, higher levels may be found in the liver and GI tract. Furthermore, 

metabolites are primarily eliminated via the hepatobiliary elimination route (207, 208). Therefore, if any 

MRPs were to be affected, it would most likely be those present in the GI tract (MRP2, MRP3) and the 

liver (MRP2, MRP3, MRP4). With respect to drug-drug interactions, the bioavailability (oral drugs) and 

elimination (via the hepatobiliary route) of drugs may be affected when taken concurrently with LTMs 

due to the inhibition of MRPs in the GI tract and liver. Furthermore, drug-drug interactions that cause 

increased tissue levels of montelukast and pranlukast could also influence LTM interactions with the 

MRPs. Despite these possibilities, given that montelukast and pranlukast are exceptionally well tolerated 

with low incidence of adverse effects and drug-drug interactions, the clinical relevance of MRP inhibition 

by these LTMs is not likely to be significant.  
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Chapter 5: Conclusions and Future Directions 

Despite its lack of selectivity among the MRP homologues, MK-571 continues to be the most 

popular inhibitor used in MRP-related research today. Other CysLT1R-selective and non-selective LTMs 

have been shown to inhibit individual MRP homologues; however, little was known of their relative 

ability to inhibit other MRP homologues. Furthermore, CysLT2R-selective LTMs have only recently 

become available and their effects on MRP transport activity have never been investigated. Therefore, the 

effects of seven LTMs (CysLT1R-selective, CysLT2R-selective, and non-selective) on transport of a 

common organic anion substrate (E217βG) by the pharmacologically most important MRPs (MRP1, 

MRP2, MRP3, and MRP4) were measured. These MRPs represent both “long” (MRP1, MRP2, MRP3) 

and “short” (MRP4) structured ABC transporters. The effects of the LTMs on the transport of a second 

physiologically relevant organic anion substrate by MRP1 (LTC4) and MRP4 (PGE2) were also measured 

and compared with their effects on E217βG transport. It was hypothesized that since these LTMs can 

distinguish between the two CysLTR isoforms, they would also be able to distinguish among the MRP 

homologues and thus differentially modulate organic anion transport by long MRPs and short MRPs. This 

was not the case as CysLTR selectivity did not predict LTM potency, MRP modulatory response, 

(stimulation versus inhibition), or MRP homologue selectivity. In addition, because the MRPs each 

contain more than one pharmacologically distinct binding site, it was postulated that the LTMs might 

modulate MRP-mediated transport may do so in a substrate-selective way. This was not the case as the 

LTMs did not selectively modulate the transport of organic anions by MRP1 (E217βG versus LTC4 

uptake) or MRP4 (E217βG versus PGE2 uptake). 

When inhibition of E217βG uptake by MRP2 and MRP3 was observed, the CysLT1R-selective 

LTMs were less potent than the CysLT2R and the non-selective LTMs. The CysLT1R-selective LTM 
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LY171883 had stimulatory effects on MRP2 and MRP3 and stimulated E217βG uptake to a maximal 2 to 

4-fold. In all cases, MRP2 and MRP3-mediated E217βG uptake was modulated similarly except for the 

CysLT1R-selective montelukast, the CysLT2R-selective BayCysLT2, and the non-selective BAY-u9773 

where MRP2 was inhibited less potently than MRP3. Furthermore, the CysLT1R-selective LTMs 

pranlukast and montelukast modulated E217βG uptake by MRP2 in a biphasic manner while only 

inhibiting MRP3-mediated E217βG uptake. This suggests possible differences in the modulatory sites 

which previously had been proposed to be similar (236). The effects of LY171883, montelukast, and 

pranlukast on the transport activity of other organic anions by MRP2 and MRP3 should be investigated to 

determine if these modulatory effects are substrate selective.  

 All seven LTMs inhibited E217βG uptake by MRP1 and MRP4 and the most potent of the 

CysLT1R-selective LTMs were similar in inhibitory potency to the CysLT2R-selective and non-selective 

LTMs. Furthermore, all LTMs inhibited MRP1 and MRP4-mediated E217βG uptake similarly and, in 

almost all cases (except HAMI3379 and BAY-u9773), were more potent inhibitors of E217βG uptake by 

MRP1 and MRP4 than MRP2 and MRP3. This was somewhat unexpected, since MRP1 and MRP4 are 

structurally quite dissimilar, have the least degree of sequence similarity to each other, and have very little 

overlap in substrate specificity. Although the CysLT1R-selective LTMs appeared to be less potent 

E217βG uptake inhibitors for MRP2 and MRP3 (than the CysLT2R-selective and the non-selective 

LTMs), this is not the case for MRP1 and MRP4 where all CysLTR-selective LTMs inhibited E217βG 

uptake similarly. Therefore, LTM CysLTR selectivity did not obviously predict MRP modulatory 

potency, MRP modulatory response (stimulation versus inhibition), or MRP homologue selectivity. Thus, 

the physicochemical properties that determine the CysLTR selectivity of an LTM do not seem to 

influence its ability to modulate MRP-mediated E217βG transport. However, it is possible that by testing 

more LTMs using different MRP substrates, a CysLTR-selective dependency may still be revealed.  
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 The few differences between the modulation of MRP1- and MRP4-mediated E217βG uptake by 

the 7 LTMs tested were also observed when uptake of different physiological substrates transported by 

MRP1 (LTC4) and MRP4 (PGE2) were measured. Thus, the rank order of LTM inhibitory potency 

between E217βG and LTC4 uptake activity by MRP1 was similar as it was for E217βG and PGE2 uptake 

by MRP4. It may be that there is significant overlap between substrate translocation sites although the 

two organic anions differ greatly in structure. Additional competition experiments are required to test this 

idea.  

The clinical relevance of montelukast and pranlukast-mediated inhibition of MRP-related 

transport activity is probably not significant since plasma and tissue physiological concentrations of 

LTMs are unlikely to reach high enough levels to cause the MRP-modulatory effects such as those 

reported in the present study. However, since LTMs are oral medications, levels of LTM in the GI tract 

and liver may be high enough to affect the activity of some MRP homologues. Studies using intact cell 

assays and Abcc1-/- mice may be useful tools to better evaluate the possible clinical significance of the 

present findings. Furthermore, studies that systematically investigate the effects of the LTMs on the 

transport activity of SLC importers are needed. Such interactions would add a degree of complexity to the 

potential for drug-drug interactions when LTMs are taken concurrently with other drugs.   

Currently, however, due to their relative non-selectivity, the LTMs will continue to have limited 

application in MRP-related research. Their possible opposing (stimulatory, inhibitory) and concentration 

dependent (biphasic modulatory) effects have the potential to confound interpretation of observations in 

systems where multiple MRP homologues are present. In addition, if the levels of LTM are high enough 

(µM range), the unintentional modulation of the MRPs could also potentially confound the interpretation 

of data in studies that involve the pharmacological blockade of CysLTRs. Therefore, caution is advised 

when using these LTMs and others as experimental tools in research. 
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Appendix A 

The effects of ceefourin-1 and ceefourin-2 on the transport activity of MRP1, 

MRP2, MRP3, and MRP4 

A.1 Rationale 

Recently, Cheung et al. (1) identified two potent and selective MRP4 transport inhibitors that did 

not affect the activity of MRP1, MRP2, MRP3, MRP5, P-glycoprotein, and ABCG2 by conducting a high 

throughput screen using a library of 30,000 structurally diverse drug-like compounds. These compounds, 

named ceefourin-1 and ceefourin-2, inhibited the transport of 6-Mercaptopurine, SN-38, cAMP, D-

Luciferin, and E217βG by MRP4 (1, 2).  

The selectivity of ceefourin-1 and ceefourin-2 was determined using cytotoxicity and cellular 

sensitization assays. Relative to untransfected cells, sensitization of drug-resistant cell lines 

overexpressing MRP1, MRP2, MRP3, MRP5, P-glycoprotein, or ABCG2 to cytotoxic agents was not 

observed when treated with 10 µM of ceefourin-1 or ceefourin-2. These observations suggest that 

ceefourin-1 and ceefourin-2 do not affect the activity of these transporters.  

Despite these findings by Cheung et al. (1), further robust experimentation is required to 

determine the MRP homologue selectivity of ceefourin-1 and ceefourin-2 on transport activity. Thus, 

their effects over a range of concentrations (0.1-57.5 µM) on the vesicular transport of E217βG uptake 

into MRP1-, MRP2-, MRP3-, and MRP4-enriched membrane vesicles were measured.   

A.2 Methods 

Cell culture and transfection, immunoblot analysis, membrane vesicle preparation, and vesicular 

transport assays were performed as described previously in Chapter 2 (2.2.1-2.2.4).  
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A.3 Results 

 The effects of ceefourin-1 and ceefourin-2 (range 0.1-57.5 µM) on E217βG uptake by MRP1, 

MRP2, MRP3, and MRP4 were measured to verify the MRP selectivity of these compounds. Ceefourin-1 

had no effect on MRP1 uptake up to a concentration of 30 µM (Fig. A1; Table A1). However, ceefourin-2 

inhibited MRP1-mediated E217βG uptake with an IC50 value of 39.5 ± 5.5 µM (n=3) (Fig. A2; Table A1). 

Both ceefourin-1 and ceefourin-2 stimulated MRP2-mediated E217βG uptake to a maximum of 1.5- and 

1.7-fold, respectively, at 30 µM (Fig. A1-2; Table A1). Ceefourin-1 stimulated E217βG uptake by MRP3 

to a maximum of 1.3-fold at 30 µM but ceefourin-2 had no effect on MRP3 activity at 30 µM (Fig. A1-2; 

Table A1). Both ceefourin-1 and ceefourin-2 potently inhibited MRP4-mediated E217βG uptake. 

However, ceefourin-1 was about 10-fold less potent (IC50 value: 3.8 ± 1.1 µM, n=3) than ceefourin-2 

(IC50 value: 0.4 ± 0.4 µM, n=3) at inhibiting MRP4 activity (Fig. A1-2; Table A1). Thus, at higher 

concentrations of ceefourin-1 and ceefourin-2, these compounds are non-selective modulators of MRP-

mediated E217βG uptake.  

A.4 Discussion and Conclusions 

 In contrast to the selective effects that Cheung et al. (1) reported, ceefourin-1 had stimulatory 

effects on E217βG uptake by MRP2 and MRP3 and, ceefourin-2 had stimulatory effects on MRP2 

transport activity (Fig. A1-2). Furthermore, ceefourin-2 inhibited MRP1-mediated E217βG uptake by 

about 100% at 57.5 µM (Fig. A2). Therefore, at higher concentrations, the ceefourin compounds are non-

selective modulators of MRP-mediated E217βG transport. Cheung et al. (1) may have failed to observe 

these effects because they used cellular assays (which are usually less sensitive than vesicular transport 

assays) and also because they used single concentrations of ceefourins (10 µM) to investigate MRP 

homologue selectivity. Furthermore, Cheung et al. (1) used substrates such as vincristine and 6-
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Mercaptopurine in their MRP homologue selectivity studies and the effects seen here could be substrate 

(E217βG) dependent. Cheung et al. (1) did, however, measure the effects of ceefourin-1 and ceefourin-2 

on E217βG uptake into MRP4-enriched membrane vesicles (at 1 and 5 µM) and, consistent with the 

results presented in Table A1, they reported that ceefourin-2 was more potent at inhibiting MRP4 than 

ceefourin-1. Despite the non-selective MRP effects observed with the ceefourins in the present study, 

concentrations of about 5 µM (ceefourin-1) and 3 µM (ceefourin-2) would significantly inhibit MRP4-

mediated E217βG transport without affecting transport by the other MRP homologues (Fig. A1-2). Thus, 

the use of the ceefourin compounds may still be beneficial in future MRP4 studies.    
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Figure A1: The effects of ceefourin-1 on E217βG transport by the MRP homologues.  
 
Shown are representative concentration-response curves illustrating the effects of increasing ceefourin-1 
concentrations on MRP-dependent E217βG uptake into membrane vesicles. (A) MRP1; (B) MRP2; (C) 
MRP3; (D) MRP4. Each data point represents the mean of duplicate determinations in a single 
experiment. Results from multiple independent experiments are summarized in Table A1.  
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Figure A2: The effects of ceefourin-2 on E217βG transport by the MRP homologues.  
 
Shown are representative concentration-response curves illustrating the effects of increasing ceefourin-2 
concentrations on MRP-dependent E217βG uptake into membrane vesicles. (A) MRP1; (B) MRP2; (C) 
MRP3; (D) MRP4. Each data point represents the mean of duplicate determinations in a single 
experiment. Results from multiple independent experiments are summarized in Table A1. 
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Table A1: The effects of ceefourin-1 and ceefourin-2 on E217βG uptake by MRP1, MRP2, MRP3, 
and MRP4 

 
MRP Ceefourin-1d Ceefourin-2d 

	  
MRP1 çèa IC50 > 30 µM ê c IC50 39.5 ±	  5.5	  µM 
MRP2 éb 1.5x stimulation (30 µM) é b 1.7x stimulation (30 µM) 
MRP3 é b 1.3x stimulation (30 µM) çèa IC50 > 30 µM 
MRP4 êc IC50 3.8 ±	  1.1	  µM ê c IC50 0.4 ±	  0.4	  µM 

aNo stimulatory or inhibitory effects observed 
bStimulatory effects observed 
cInhibitory effects observed 
dRepresents the values obtained from 3 independent experiments 
 
 


