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-- Abstract 

Act iv ee drug efflux transporters of the A T P binding cassette (ABC)-conta in ing family of proteins have a major impact on 

thee pharmacological behavior of most of the drugs in use today. Pharmacological propert ies affected by A B C transporters 

includee the oral bioavailabil i ty, hepatobi l iary, direct intestinal, and urinary excret ion of drugs and drug-metabol i tes and 

-conjugates.. Moreover, the penetration of drugs into a range of important pharmacological sanctuaries, such as brain, testis, 

andd fetus, and the penetration into specific cell- and t issue compar tments can be extensively l imited by A B C transporters. 

Thesee interactions with AB C transporters determine to a large extent the clinical usefulness, side effects and toxicity r isks of 

drugs.. Many other xenotoxins. (pre-(carcinogens and endogenous compounds are also influenced by the A B C transporters, 

wit hh corresponding consequences for the wel l -being of the individual. We aim to provide an overv iew of propert ies of the 

mammal iann AB C transporters known to mediate significant transport of cl inically relevant drugs. 

©© 2002 Elsevier Science B.V. Al l rights reserved. 
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1.. General properties of drug-transporting ABC 
transporters s 

Thiss review concentrates on those mammalian 
ABCC transporters [1] that have been demonstrated to 
havee a well-defined role in the transport of clinically 
relevantt drugs. This means that we limit ourselves to 
thee following proteins: P-glycoprotein (P-gp), the 
multidrugg resistance proteins (MRPs) 1-5, and 
breastt cancer resistance protein (BCRP). The family 
off  mammalian ABC transporters, however, is far 
moree extensive, and functionally highly diverse. With 
thee ever-expanding structural and functional diversity 
off  potential drugs, we expect that in the future many 
moree ABC transporters will fall into this class. 
Severall  reviews have recently been written on P-gp 
andd MRPs [2-9], and some aspects of these trans-
porterss are described in greater detail elsewhere in 
thiss issue. We wil l therefore primarily discuss general 
principless of the transporters, referring to these 
reviews,, whereas BCRP is discussed in somewhat 
moree detail. Also, we will focus on consensus 
insightss here, rather than discussing currently contro-
versiall  issues. 

Al ll  of the ABC drug efflux transporters discussed 
heree are primarily located in the plasma membrane. 

wheree they can extrude a variety of structurally 
diversee drugs, drug conjugates and metabolites, and 
otherr compounds from the cell. Export of these 
compoundss occurs in an active, ATP-dependent 
manner,, and can take place against considerable 
concentrationn gradients. ATP hydrolysis provides the 
energyy for this process. Based on their predicted 
two-dimensionall  structure in membranes, the drug 
effluxx transporters discussed here can be divided into 
fourr classes (Fig. 1). Discovered first, the P-
glycoproteinn polypeptide consists of two very similar 
halves,, each containing 6 putative transmembrane 
segments,, and an intracellular ATP binding site. The 
firstt extracellular loop in P-gp is heavily ^-glyco-
sylated.. The same overall architecture is found in 
MRP44 and MRP5, two members of the MRP family, 
butt N-linked glycosylation occurs most likely on the 
fourthh extracellular loop here. MRPl, MRP2, and 
MRP33 have the same basic structure as MRP4 and 
MRP5,, but in addition they have an N-terminal 
extensionn consisting of 5 putative transmembrane 
segments.. As a consequence, the N-terminus of these 
proteinss is located extracellularly, and also glyco-
sylatedd in MRPl. The most recently discovered ABC 
drugg efflux transporter is BCRP. Unlike the discussed 
transporters,, this is a half-transporter, consisting of 
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DrugDrug efflux transporters of the ABC family 

Fig.. 1. Predicted secondary- structures of drug efflux transporters of the ATP-binding cassette family. Four classes are distinguished here, 
basedd on predicted structure and amino acid sequence homology. (1) P-glycoprotein consists of two transmembrane domains, each 
containingg 6 transmembrane segments, and two nucleotide binding domains (NBDsj. It is A'-glycosylated (branches) at the first extracellular 
loop;; (2) V1RPI. 2 and 3 have an additional aminoterminal extension containing 5 transmembrane segments and they are A'-glycosylated 
nearr the N-terminus and at the sixth extracellular loop: (3) MRP4 and 5 lack the aminoterminal extension of MRP1-3. and are 
A'-glycosylatedd at the fourth extracellular loop: (4) BCRP is a 'half transporter" consisting of one NBD and 6 transmembrane segments, and 
itt is most likely A'-glycosylated at the third extracellular loop. Note that, in contrast to the other transporters, the NBD of BCRP is at the 
aminoterminall  end of the polypeptide. BCRP almost certainly functions as a homodimcr. N and C denote amino- and carboxy-terminal ends 
off  the proteins, respectively. Cytoplasmic (IN) and extracellular (OUT) orientation indicated for BCRP applies to all transporters drawn 
here. . 

onlyy a single N-terminal. intracellular ATP binding 
site,, followed by 6 putative transmembrane seg-
ments.. The last extracellular loop is in all likelihood 
A'-glycosylatedd [10]. Based on analogy with the other 
mammaliann ABC drug transporters and bacterial 
ABCC drug "half-transporters such as LmrA and 
MsbAA [11.12]. and biochemical data [13-15] it is 
veryy likely that BCRP functions as a homodimer. All 
thee transporters possess to a greater or lesser extent 
extracellularr A'-glycosylation branches (Fig. 1). 
Basedd on in vitro studies on P-gp [16] it appears that 

thiss A'-glycosylation is not necessary for the basic 
transportt function of these transporters. However, 
A'-glycosylationn probably has an important cell-bio-
logicall  role for these proteins, helping in stabilizing 
membranee insertion and possibly routing to, and 
stabilityy in the plasma membrane. 

Somee basic properties of the drug efflux transpor-
ters,, and their official gene nomenclature according 
too the Human Genome Nomenclature Committee are 
givenn in Table I. A more extended list of properties 
off  mammalian ABC transporters can be found at the 
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Tablee 1 
Propertiess of human ABC drug efflux transporters 

Protein n 

MDRII  P-gp 
MRP1 1 
MRP2 2 
MRP3 3 
MRP4 4 
MRP5 5 
BCRP P 

Genee name 

ABCB1 1 
ABCC1 1 
ABCC2 2 
ABCC3 3 
ABCC4 4 
ABCC5 5 
ABCG2 2 

Alternativee names 

PGY1,, GP170 
MRP P 
cMOAT.. eMRP 
MOAT-D.. cMOAT-2 
MOAT-B B 
MOAT-C.. pABCIl 
MXR.. ABCP 

Sizee (aal 

1280 0 
1531 1 
1545 5 
1527 7 
1325 5 
1437 7 
655 5 

Polarizedd localization 
(inn MDCK or kidney cells) 

Apical l 
Basoo lateral 
Apical l 
Basolateral l 
Apical l 
BB aso lateral 
Apical l 

Additionall  information can be found on the web site of M. Miiller : http://nutrigene.4t.com/humanabc.htm 

websitee developed by Dr. M. Miille r (http://nut-
rigene.4t.com/humanabc.htm).. Jn the following sec-
lionss we provide general descriptions of each of the 
transporters. . 

2.. MDRI drug-transporting P-glycoprotein 
(ABCB1) ) 

2.1.2.1. Substrates for MDR1 P-glycoprotein 

P-glycoproteinn (P-gp) was discovered by Juliano 
andd Ling [17], and is possibly the best studied ABC 
drugg efflux transporter to date (see e.g. [5-8,18-
20]).. Its most striking property is the diversity in 
structuree of substrates that can be transported, in-
cludingg a vast number of drugs applied for a range of 
therapeuticc applications. The therapeutic diversity of 
aa selection of transported substrates is illustrated in 
Tablee 2. (For consistency, in this review we will 
referr to compounds transported by the efflux trans-
porterss as 'substrates7, whereas compounds that have 
onlyy been shown to inhibit transporters will be called 
'inhibitors'' or 'blockers'.) Many cytotoxic anticancer 
drugss are transported by P-gp, which was first 
identifiedd because it was overexpressed in cell lines 
madee resistant to such cytotoxic drugs. Owing to the 
broadd substrate specificity of P-gp, the cells dis-
playedd cross-resistance to many different cytotoxic 
drugs,, hence the name multidrug resistance (MDR). 

Theree are few common structural denominators for 
transportedd P-gp substrates. They are usually organic 

moleculess ranging in size from less than 200 Da to 
almostt 1900 Da. Many contain aromatic groups, but 
non-aromaticc linear or circular molecules are also 
transported.. Most of the efficiently transported mole-
culess are uncharged or (weakly) basic in nature, but 
somee acidic compounds (e.g., methotrexate, pheny-
toin)) can also be transported, albeit at a low rate. The 
onlyy common denominator identified so far in all 
P-gpp substrates is their amphipathic nature. This may 
havee to do with the mechanism of drug translocation 
byy P-gp: it has been postulated that intracellular P-gp 
substratess first have to insert into the inner hemileaf-
lett of the cell membrane, before being 'flipped' to 
thee outer hemileaflet, or perhaps being extruded 
directlyy into the extracellular medium by P-gp [21]. 
Onlyy amphipathic molecules would have the proper 
membranee insertion properties. Both MDRI P-gp 
andd the highly related MDR3 P-gp can transport 
intrinsicc (amphipathic) membrane components such 
ass phosphatidylcholine and analogues thereof, which 
supportss the notion that substrates are taken from the 
innerr hemileaflet [22-24]. 

Ass most P-gp substrates are quite hydrophobic, in 
principlee they can diffuse passively across biological 
membraness at a reasonable rate. For cell-biological 
andd pharmacological studies, this means that in the 
absencee of active transport, P-gp substrates will cross 
membraness and {i n vivo) penetrate into tissues and 
pharmacologicall  compartments. It also means that a 
contributionn of active (back-)transport by P-gp will 
onlyy result in noticeable distribution effects if the 
ratee of active transport for a certain compound is 
substantiall  relative to the passive diffusion rate. If 
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Tablee 2 
Somee clinically relevant transported substrates of MDR1 P-
glycoprotein n 

Analgesics Analgesics 
Asimadoline e 
Morphinee (poor substrate) 

AnticancerAnticancer drugs 
Vineaa alkaloids {vinblastine, vincristine) 
Taxaness (paciitaxel, docetaxel) 
Anthracycliness (doxorubicin, daunorubicin, epirubicin) 
Anthraceness (bisantrene, mitoxantrone) 
Epipodophyllotoxinss (etoposide, teniposide) 
Actinomycinn D 
Methotrexatee (poor substrate) 
Topotecann (poor substrate) 

HIVHIV prorea.se inhibitors 
Saquinavir r 
Ritonavir r 
Nelfinavir r 
Indinavir r 
Lopinavir r 
Amprenavir r 

ti,-receptorti,-receptor antagonists 
Cimetidine e 

Anti-goutAnti-gout agents 
Colchicine e 

AntidiarrhealAntidiarrheal agents 
Loperamide e 

Antiemetics Antiemetics 
Domperidone e 
Ondansetron n 

CalciumCalcium channel blockers 
Verapamill  (poor substrate) 

CardiacCardiac glycosides 
Digoxin n 

[tn[tn  m unos uppress ive a gen ts 
Cyclosporinn A 
FK506 6 

Corticoids Corticoids 
Dexamethasone e 
Hydrocortisone e 
Corticosterone e 
Triamcinolone e 

Pesticides,Pesticides, anthelmintics, acaricides 
Ivermectin n 
Abamectin n 

Tablee 2. Continued 

AmebicAmebic ides 
Emetine e 

Antibiotics Antibiotics 
Erythromycin n 
Gramicidinn D 
Valinomycin n 

DiagnosticDiagnostic dyes 
Rhodaminee 123 
Hoechstt 33342 

not,, the pump activity wil l be overwhelmed by the 
passivee diffusion component. 

2.2.2.2. Inhibitors of MDR 1 P-glycoprotein 

Itt was soon recognized that transport of cytotoxic 
andd other substrates for P-gp can also be inhibited by 
certainn compounds [25] These so-called 'reversal 
agents'' or 'P-gp blockers' wil l be discussed in 
greaterr depth elsewhere in this issue, but we wil l 
presentt some general considerations here. Many of 
thee initially identified inhibitors, like the calcium 
channell  blocker verapamil or the immunosuppressive 
agentt cyclosporin A, turned out to be themselves 
transportedd substrates of P-gp, suggesting that they 
actt as competitive inhibitors. For other inhibitors no 
significantt transport by P-gp could be demonstrated, 
indicatingg that they probably work through other 
mechanisms.. Still, it may be that some of the latter 
compoundss are just diffusing so quickly across 
membraness that transport by P-gp, although it does 
occur,, is not detectable (see discussion in [20]). 

Initiall  thoughts on clinical application of P-gp 
inhibitorss were focused on reversing MDR in chemo-
therapy-resistantt tumor cells that contain significant 
amountss of P-gp, but later insights indicated that 
suchh inhibitors might also be useful to modulate the 
generall  pharmacological behavior of drugs in the 
bodyy (see below). The P-gp inhibitors that were 
initiall yy recognized, such as verapamil, are actually 
relativelyy poor P-gp inhibitors in vivo, and they 
frequentlyy have their own pharmacodynamic effects 
thatt put severe restrictions on the plasma levels that 
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cann be safely achieved in patients. We will therefore 
brieflyy discuss five so-called second- or third-gene-
rationn P-gp inhibitors, that were selected specifically 
forr their high P-gp-inhibiting capacity, and for lack 
off  other pharmacodynamic effects (Table 3). 

SDZZ PSC 833 (or PSC 833) is a cyclosporin A 
analoguee that does not have the immunosuppressive 
effectt of cyclosporin A. and can be given at quite 
highh dosages to patients [19,26], PSC 833 is a 
high-affinity,, but slowly transported substrate for 
MDR11 P-gp, which probably acts as an effective 
inhibitorr because its release from P-gp is very slow 
[27].. Although PSC 833 is an efficient P-gp inhib-
itor,, it does have the complication that it is also an 
inhibitorr of cytochrome P45Ü 3A4 (CYP3A4), one 
off  the main drug-metabolizing enzymes in the body 
[28],, Consequently, when administered to patients, 
nextt to inhibiting P-gp, it may have additional effects 
onn the clearance of drug substrates that are degraded 
byy CYP3A4. Many cytotoxic anticancer drugs that 
aree P-gp substrates, such as etoposide and doxo-
rubicin,, are also extensively degraded by CYP3A4. 
Therefore,, co-administration with PSC 833 can 
intensifyy the toxic side effects of these anticancer 
drugs,, necessitating a dose reduction for safe treat-
mentt of the patient (reviewed in [19]). The main 
dose-limitingg toxicity of PSC 833 itself in patients is 
ataxia.. PSC 833 is currently tested in a number of 
Phasee III clinical trials for reversal of drug resistance 
inn tumors. 

GF1209188 (also called GG918) is a highly effec-
tivee P-gp inhibitor developed specifically for this 
purposee [29]. It can be given at very high oral 
dosagess to mice and patients without obvious toxic 
effectss [30]. In mice, GF120918-treatment improves 
thee response of implanted P-gp-containing tumors to 
chemotherapy.. GF120918 also does not appear to 
affectt the clearance of intraperitoneally administered 
doxorubicinn in mice, which suggests thai it does not 
havee very extensive effects on enzymes metabolizing 

Tablee 3 
Somee efficacious inhibitors of MDR1 P-glycuprotein 

PSCC 833 (Valspodar.) 
GF1209L8 8 
LY335979 9 
XR9576 6 
OC144-093 3 

thiss drug {lik e CYP3A). However, GF120918 does 
interactt with at least one other drug efflux transpor-
ter,, namely BCRP [31], but this is not necessarily a 
disadvantagee (see later). Currently running clinical 
trialss with GF120918 are amongst others testing 
inhibitionn of P-gp in the intestine [30]. 

LY3359799 is another specifically developed, high-
lyy effective P-gp inhibitor [321. Like GF120918, it 
improvess chemotherapy response in mice with trans-
plantedd P-gp-containing tumors, and it does not 
clearlyy affect the plasma clearance of intraperitoneal-
lyy administered doxorubicin or etoposide. However, 
thiss was only tested with intravenously or intraperito-
neallyy administered LY335979. Whether LY335979 
couldd be orally active is as yet unclear. In line with 
thee absence of pronounced plasma pharmacokinetic 
interactions,, LY335979 has much lower affinity for 
CYP3AA than for P-gp [33] LY335979 is currently 
beingg tested in clinical trials [33[. 

Twoo other compounds, XR9576 and OC144-093 
appearr to be very promising P-gp inhibitors as well 
[34,35].. Both have high affinity for P-gp, they can be 
givenn both orally and intravenously to improve the 
chemotherapyy response of transplanted P-gp-contain-
ingg tumors in mice, and they do not affect the plasma 
pharmacokineticss of intravenously administered pa-
clitaxel.. The latter point again suggests that XR9576 
andd OC 144-093 do not have extensive interaction 
withh paclitaxel-metabolizing enzymes. 

Obviously,, this discussion of P-gp inhibitors can-
nott be comprehensive, but it is clear that by now 
theree are many P-gp inhibitors with increasingly 
suitablee properties for clinical use. Future studies 
wil ll  tell us whether they can have a marked impact 
onn clinical multidrug resistance. 

2.3.2.3. Pharmacological functions of P-glycoprotein 

MDR11 P-gp is mainly (though not exclusively) 
presentt in epithelial cells in the body, where it 
localizess to the apical membrane [36]. As a conse-
quence,, transported P-gp substrates are translocated 
fromm the basolateral to the apical side of the epi-
theliumm (Fig. 2). This can have dramatic conse-
quencess for the pharmacological behavior of sub-
stratee drugs. Many of these pharmacological aspects 
weree first directly demonstrated in knockout mice 
thatt lack one or both of the two murine homologues 
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Apical l 

Basolateral l 

Fig.. 2. Subcellular localization of ABC drug efflux transporters in polarized kidney epithelia. P-gp, MRP2, MRP4, and BCRP localize to the 
apicall  membranes of kidney epithelial cells. MRP1, 3, and 5 localize to the basolateral membranes of kidney epithelial cells. Note that in 
prostatee acinar cells. MRP4 was detected in the basolateral membrane. The physical barrier between the apical and basolateral plasma 
membranee is formed by lijmt junctions (represented by hatched circles). 

off  human MDR1 P-gp, i.e. Mdrla and Mdrlb P-gp. 
Insightss obtained front these mice have been recently 
reviewedd [7,8,18], and many aspects are also dis-
cussedd in more detail elsewhere in this issue. We will 
thereforee limit ourselves here to a brief listing of the 
mostt important locations and pharmacological func-
tionss of drug-transporting P-gp, and refer to the 
reviewss for details. 

2.3.1.2.3.1. Blood-brain barrier function 
Endotheliall  cells of the small blood capillaries in 

thee brain are closely linked to each other by tight 
junctions,, and they cover the entire wall of these 
bloodd vessels. As a consequence, all compounds that 
aree not small enough to diffuse between the cells 
havee to cross the endothelial cell in order to translo-
catee from the blood compartment into the surround-
ingg brain tissue. Since most MDRI P-gp substrates 
aree quite hydrophobic, in principle they have the 
possibilityy to passively diffuse across the endothelial 
celll  membranes, and thus enter the brain at a 
reasonablee rate. However, owing to a high level of 
MDRI-typee P-gp in the luminal membrane (i.e., 
facingg the blood) of the endothelial cells [37] 
substratee drugs entering the endothelial cells from 
thee blood are immediately pumped back into the 
blood.. As a consequence, the net penetration of 
substratee drugs and other substrate compounds from 
thee blood into the brain tissue can be dramatically 
decreased.. In the absence of P-gp in the blood-brain 
barrier,, the brain penetration of P-gp substrate drugs 
cann increase up to 10- to 100-fold, with sometimes 
dramaticc consequences for the clinical applicability 

andd toxicity of compounds (see e.g. [38-40)). The 
brainn is a critical organ, and potentially very sensi-
tivee to all kinds of toxic and other pharmacodynamic 
actionss of exogenous compounds. It is quite obvious 
thatt P-gp must have evolved in pan to protect the 
brainn from damaging effects of xenoloxins that can 
bee taken up with food, or are perhaps generated by 
pathogenicc organisms in the intestine. 

2.3.2.2.3.2. Blood-testis and blood-nerve barrier 
function function 

Thesee P-gp functions are completely analogous to 
thosee found in the blood-brain barrier: part of the 
capillaryy vasculature in these tissues has developed 
similarr properties as in the brain, including high 
contentt of MDRI-type P-gp in the endothelial cells 
[37].. Again, it appears that P-gp can help in protect-
ingg relatively sensitive and critical tissues from 
xenotoxicc compounds (see e.g. [39-42]). 

2.3.3.2.3.3. Fetal—maternal barrier function in the 
placenta placenta 

Ass first discovered by Lankas et al. [43], MDR1-
typee P-gp is functional in the placental syncytio-
trophoblasts.. where it is present in the apical mem-
brane,, facing the maternal blood compartment [44]. 
Thee syncytiotrophoblasts form the functional barrier 
betweenn the maternal and fetal blood circulations, 
andd are essential for nutrient and waste product 
exchange,, but also for protection of the fetal circula-
tion.. The function of MDRI-type P-gp here appears 
too be analogous to that in the blood-brain barrier: it 
protectss the highly sensitive developing fetus from 
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substratee xenotoxins and drugs present in the mater-
nall  circulation by active back-transport (Fig. 3). This 
principlee has been directly demonstrated using P-gp 
deficientt mutant or knockout mice for at least four 
differentt P-gp substrates: an analogue of the pes-
ticidee avermectin, the cardiac glycoside digoxin. the 
HIVV protease inhibitor saquinavir, and the anticancer 
drugg paclitaxel [43,45,46]. Quantitative effects could 
goo up to 10-20-fold, and the increased fetal penetra-
tionn of the avermectin analogue resulted in birth 
defects.. For most therapeutic purposes, low penetra-
tionn of drugs into the fetus is of course highly 
desirable,, but in the case of HIV treatment it might 
bee advantageous to have reasonable 'drug loading" of 
thee fetus shortly before birth. This might reduce the 
frequencyy of vertical transmission of HIV infection, 
whichh frequently occurs during birth. 

Intervillous s 
space e 

Maternal l 
blood d 

Fetal l 
blood d 

Fig.. 3. Highly schematic representation of ABC drug efflux 
transporterr localization and function in the materno-fetal barrier 
inn the placenta. A functional unit of the human placental barrier 
consistss of a fetal villus tree (light grey) containing the fetal blood 
capillariess (not drawn herei. Villu s trees arc lined with a tight 
epitheliall  cell layer, formed by syncytiotrophoblasts, which are in 
directt contact with the maternal blood freely diffusing throughout 
thee intervillous space (dark grey]. Drug efflux transporters, such as 
P-gp.. BCRP. and possibly MRP2 (indicated with ball-and-arrows) 
arcc present in the apical membrane of the syncytiotrophoblasts 
wheree they prevent drug and toxin entry from the maternal blood 
intoo the fetal circulation. The syncytiotrophoblasl epithelial layer 
iss presented here by the solid black line lining the villus tree. 
Maternall  arteries and veins regulating blood supply to the 
intervillouss space arc schematically drawn here as a single entry 
exitt gate. 

2.3.4.2.3.4. Hepatobiliary and direct intestinal excretion 

function function 

MDRl-typee P-gp is very abundant in the bile 
canalicularr membrane of hepatocytes. and in the 
apicall  (villous) membrane of small and large intesti-
nall  epithelium [36]. One predicted function for 
MDRl-typee P-gp in these locations was extrusion of 
substratee drugs and other compounds from the liver 
hepatocytee into the bile, and from the intestinal 
epitheliumm into the intestinal lumen. As many com-
poundss can readily enter the hepatocytes and intesti-
nall  epithelial cells from the blood compartment, this 
wouldd result in a net excretory function for P-gp. 
Extrudedd substrates would ultimately leave the body 
viaa the feces, so overall this would result in a plasma 
clearingg and detoxifying function. Indeed, experi-
mentss in P-gp knockout animals directly demon-
stratedd that substrate drugs are extruded from the 
bloodd into the bile, and also directly into the 
intestine,, by MDRl-type P-gp 147.48). For a number 
off  drugs this resulted in a faster clearance of 
intravenouslyy administered drugs from plasma than 
inn the absence of P-gp. and this has been further 
corroboratedd for many other drugs by other groups. 

2.3.5.2.3.5. Function in restricting oral bioavailability of 
drugsdrugs and toxins 

Ass MDRl-type P-gp is abundant in the intestinal 
epithelium,, one obvious potential function was that it 
couldd restrict the rate at which substrate compounds 
presentt in the intestinal lumen enter the bloodstream. 
Manyy drugs are P-gp substrates, so this could mean 
thatt the bioavailability of many orally administered 
drugss might be restricted by P-gp. Indeed, in P-gp 
knockoutt animals, the oral bioavailability of the 
anticancerr drug paclitaxel was markedly increased 
[48].. Later experiments by various groups confirmed 
thatt the oral bioavailability of many other drugs is 
limitedd by P-gp activity as well. For pharmaco-
therapyy purposes, oral bioavailability is a very 
importantt factor. Oral drug administration is highly 
preferredd because it is cheap, relatively safe, and 
patientt friendly. However, if a drug has low oral 
bioavailability,, the plasma level of the drug may not 
attainn sufficiently high levels to have therapeutic 
effect.. Also, low drug bioavailability is frequently 
associatedd with variable drug uptake, and this can be 
aa problem if the drug has a narrow therapeutic 
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concentrationn window. Thus, P-gp activity can be a 
majorr problem for therapeutic applications of drugs. 
ForFor this reason, it is of interest for pharmaceutical 
companiess to check at an early stage whether a drug 
underr development is a good P-gp substrate, because 
thiss could mean that it is not readily orally available. 
Dependingg on the therapeutic category of the drug 
thiss could be prohibitive for its ultimate clinical use. 

Ann intriguing hint for a possible natural function 
off  MDRl-type P-gp came from a study by Panwala 
ett al. [49]. When kept in some labs, knockout mice 
deficientt for Mdrla P-gp developed an inflammation 
off  the large intestine similar to the inflammatory 
bowell  disease sometimes seen in humans. The 
inflammationn was dependent on the presence of 
intestinall  bacteria, and did not seem to result from an 
abnormall  immune response. Although not proven 
yet,, it appears likely that the inflammation results 
fromm toxins produced by intestinal bacteria, which 
aree normally kept out of the intestinal wall by Mdrla 
P-gpp activity. The variable occurrence of this pheno-
typee in different labs probably depends on the 
presencee and abundance of certain toxin-producing 
bacteriall  strains in mouse intestinal flora in each lab. 

2.3.6.2.3.6. P-gp function in kidney? 
Whereass the function of P-gp in the previously 

discussedd tissues has been demonstrated very con-
vincingly,, the situation in the kidney is less clear. 
P-gpp is abundant in the apical (luminal) membrane 
off  proximal tubules, so one expects an excretory 
functionn here, pumping substrates from blood into 
urine.. However, most pharmacological studies to 
datee using P-gp knockout mouse models have given 
equivocall  results. In some cases the absence of P-gp 
inn the mice resulted in increased renal excretion and 
evenn clearance of drugs, which would seem to 
contradictt an excretory function [50|. However, this 
mayy in part have to do with a general rerouting of 
excretoryy pathways for P-gp substrates in P-gp 
knockoutt mice (shifting from primarily hepato-
biliaryy / intestinal / fecal to renal, see e.g. [47]), or 
withh changes in expression of other transporters or 
enzymess that affect the tested drugs. For instance, it 
wass found that a number of drug-metabolizing 
enzymess could be upregulated in P-gp deficient 
animals,, but that this was also dependent on the 
conditionss under which the animals were kept [51]. 

Itt is therefore as yet uncertain what the excretory 
rolee of renal P-gp is, but given the demonstrated 
functionss elsewhere in the body, it seems difficult to 
imaginee that it would not contribute to the renal 
excretionn of at least some P-gp substrate drugs. This 
questionn warrants further investigation. 

2.4.2.4. Pharmacological inhibition of P-gp to 
optimizeoptimize pharmacotherapy 

Givenn the profound impact of MDRl-type P-gp on 
aa variety of important pharmacological and tox-
icologicall  processes, it was of great interest to 
considerr whether the available efficient P-gp in-
hibitorss could be used to optimize various aspects of 
pharmacotherapy.. One could also consider whether 
unplannedd P-gp inhibition, owing to co-administra-
tionn of several drugs, might not sometimes result in 
unwantedd toxicity effects. 

Effortss to increase the penetration of anticancer 
drugss into multidrug resistant tumors containing P-gp 
weree discussed already in the section describing 
variouss P-gp inhibitors. A partly related application 
wouldd concern the chemotherapy treatment of tumors 
(e.g.,, gliomas) that might be positioned behind the 
blood-brainn barrier, and therefore poorly accessible 
too most anticancer drugs. For other diseases of the 
centrall  nervous system (CNS) it might likewise be 
desirablee to improve the brain parenchyme penetra-
tionn of drugs. As a proof of principle to show that it 
iss possible to extensively inhibit P-gp in the blood-
brainn barrier, a number of studies were performed. 
Indeed,, it turned out to be feasible to largely block 
P-gpp in the blood-brain barrier in mouse models, but 
onlyy when highly efficacious P-gp inhibitors were 
usedd [41.52,53]. PSC 833 and GF120918 were 
shownn to be active for this purpose even when 
administeredd orally [52,54], and we expect this wil l 
bee true for several more efficacious P-gp inhibitors 
withh reasonable oral bioavailability. 

Ass pointed out above, oral bioavailability is an 
importantt parameter for the practical use of many 
drugs,, and directed inhibition of P-gp in the intestine 
mightt improve oral bioavailability of P-gp substrate 
drugss [55]. The first directed attempts to improve 
orall  bioavailability of the P-gp substrate paclitaxel 
indeedd showed that in both mice and humans, P-gp 
inhibitorss PSC 833, GF120918, and even cyclosporin 
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AA could dramatically increase oral availability 
[30,56-58].. Currently, clinical trials are running in 
ourr institute to determine whether such treatment 
protocolss have clear therapeutic benefit in cancer 
treatment. . 

Inn some cases it may be desirable to increase the 
penetrationn of drugs into the fetus, although in 
generall  one would prefer to minimize fetal drug 
penetrationn to prevent toxic effects. For efficacious 
anti-HIVV drugs, it may be useful to increase fetal 
drugg penetration in the period shortly before delivery 
too minimize the chance that there will be mother-to-
childd transmission of the virus during birth. Indeed, 
wee have demonstrated in a mouse model that even 
orall  administration of the P-gp inhibitors PSC 833 
andd GF120918 can substantially increase the fetal 
penetrationn of the HIV protease inhibitor saquinavir, 
too levels that suggest that placental P-gp was com-
pletelyy inhibited [45]. Whether it is sufficiently safe 
too try this procedure in humans should be carefully 
investigated,, given the risk of unexpected toxicities 
forr the unborn child. 

3.. Multidrug resistance(-associated) protein 1 
(MRPl,, ABCC1) 

3.1.3.1. General properties of MRPl 

MRPll  was first identified in a cell line made 
highlyy resistant to a cytotoxic drug (doxorubicin), 
andd subsequent analysis showed that it conferred 
MDRR against a range of anticancer drugs [59,60]. 
Substratee anticancer drugs (Table 4) include Vinca 
alkaloids,, anthracyclines, epipodophyllotoxins, 
mitoxantronee and methotrexate (see e.g. [2.3,62]). 
Unlikee P-gp. MRPl does not confer high levels of 
resistancee to paciitaxel or bisantrene in cells |61.63-
65].. In further contrast to P-gp, MRPl functions 
mainlyy as a (co-)transporter of amphipathic organic 
anions.. It can transport hydrophobic drugs or other 
compoundss (e.g. the inflammatory mediator leuko-
trienee C4 (LTC.,)) that are conjugated or complexed 
too the anionic tripeptide glutathione (GSH), to 
glucuronicc acid, or to sulfate [66-69]. In fact, 
efficientt export of several non-anionic anticancer 
drugss by MRPl is dependent on a normal cellular 
supplyy of GSH (see e.g. [70.71], and it is likely that 

Tablee 4 
Somee cytotoxic (anticancer drug) substrates of MRPl 

Epp i podophy 11 otox i n s 

Vinee a alkaloids 

Anthracyclines s 

Camptothecins s 

Anthracenedione e 
Heavyy metal oxy anions 

Etoposide e 
Teniposide e 
Vincristine e 
Vinblastine e 
Doxorubicin n 
Daunorubicin n 
Epirubicin n 
II  dam bid n 
Topotecan n 
Irinotecan/SN-38 8 
Mitoxantrone e 
Arsenite e 
Trii  val em antimony 

Dataa are taken from studies in cells transfected with human 
MRPll  or murine Mrpl, and in murine cells lacking Mrpl, Note 
thatt murine Mrpl has a much lower capacity to transport 
anthracycliness than human MRPl [82]. 

MRPll  exports drugs such as vincristine and 
etoposidee by co-transport with reduced GSH [72,73]. 
Non-organicc heavy metal oxyanions like arsenite and 
trivalentt antimony are also transported by MRPl, in 
alll  likelihood complexed to GSH [71], 

Inn contrast to P-gp, MRPl localizes to the basola-
terall  membrane of epithelial cell layers [68], and its 
substratess are therefore transported towards the 
basolaterall  side of epithelia. Knockout mice lacking 
Mrpll  are viable and fertile, but they do show 
deficienciess in LTC4-mediated inflammatory re-
actions,, suggesting that secretion of LTC4 is an 
importantt physiological function of MRPl [74-76]. 

3.2.3.2. Pharmacological functions of MRPl 

Evenn though MRPl localizes predominantly to the 
basolaterall  membrane of epithelial cells, it still has 
importantt pharmacological and toxicological func-
tions.. Wijnholds et al. [74,77] showed that Mrpl 
knockoutt mice are more sensitive to the toxicity of 
intravenouslyy administered etoposide in the 
oropharyngeall  mucosal layer and testicular tubules. 
Thiss can be explained by the fact that these cells are 
shieldedd from blood-bome toxins by epithelia that 
havee the basolateral membrane facing the blood 
circulation.. Moreover. Mrpl in the basolateral mem-
branee of choroid plexus epithelial cells can mediate a 
substantiall  clearance of etoposide from the cere-
brospinall  fluid, indicating that this compartment is 
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alsoo protected by Mrpl [78]. Other studies demon-
stratedd that a combined deficiency of Mdrla and 
Mdrlbb P-gps and Mrpl in knockout mice resulted in 
aa dramatically increased sensitivity to intraperitone-
allyy administered vincristine (up to 128-fold), but 
alsoo to etoposide (3.5-fold), whereas a P-gp de-
ficiencyy alone resulted in a 16- and 1.75-fold in-
creasedd sensitivity to this drug, respectively [79], In 
thiss case, greatly increased vincristine toxicity was 
observedd in bone marrow and the gastrointestinal 
mucosa,, suggesting that these compartments are 
normallyy extensively protected by the P-gp and/or 
Mrpll  transporters. 

Att the cellular level, the endogenous expression of 
MRP11 (and P-gp) can already contribute substantial-
lyy to the basal resistance of cell lines to a range of 
cytotoxicc anticancer drugs, as was demonstrated in 
vitroo with murine fibroblast and embryonic stem cell 
liness deficient for murine Mrpl and/or Mdrla and 
Mdrlbb [80,81]. A marked increase in sensitivity to 
epipodophyllotoxins,, Vinca alkaloids, anthracyclines, 
topotecann and SN-38, and arsenite was found in 
thesee lines due to Mrpl deficiency. Such contribu-
tionss can well explain the markedly increased drug 
sensitivityy of bone marrow and intestinal epithelial 
cellss deficient for Mrpl, and especially when drug-
transportingg P-gp is also absent. For the extrapola-
tionn of pharmacological studies in (knockout) mice 
andd possibly rats to humans, it is important to be 
awaree that the murine Mrpl is much less efficient in 
transportingg anthracyclines than human MRP1 [82]. 

3.3.3.3. Inhibitors of MRP1 

Soo far, it has been much more difficult to find 
goodd small molecule inhibitors for MRP1 than for 
P-gp,, especially ones that work in intact cells. This 
probablyy has to do with the preference of MRP1 for 
anionicc compounds as substrates and inhibitors: most 
anionicc compounds enter cells poorly, so it may be 
difficultt to obtain sufficient intracellular concentra-
tionss of the inhibitor for efficacious inhibition. A 
varietyy of inhibitors of MRP1 has been described. 
Somee examples are the LTC4 analogue MK571, 
LTC.,, itself, S-decylglutathione, sulfinpyrazone, 
benzbromaronee and probenecid (see e.g. [62,68,83-
85]).. P-gp inhibitors like cyclosporin A and PSC 

833,, with reasonable cellular penetration, do inhibit 
MRP1,, but only with low affinity and (obviously) 
poorr specificity [66], For specific in vivo inhibition 
off  MRP1 the general organic anion transporter 
inhibitorss sulfinpyrazone, benzbromarone and pro-
benecidd are also not very suitable, as they extensive-
lyy affect organic anion uptake systems as well. 
Moreover,, these compounds need to be used at 
relativelyy high concentrations. For the aim of spe-
cificallyy inhibiting MRP1 activity in vivo, for in-
stancee to improve anticancer chemotherapy, better 
MRP11 inhibitors wil l have to be developed, with 
reasonablee specificity and cellular penetration prop-
erties,, and low cytotoxicity. 

4.. Multidrug resistance protein 2 (MRP2, 
ABCC2) ) 

4.1.4.1. General properties of MRP2 

Thee in vivo function of MRP2 was well studied in 
advancee of identification of the MRP2 gene, as the 
MRP22 gene is effectively fully deficient in two 
mutantt rat strains ( T R / GY and EHBR), and in 
patientss that suffer from the Dubin-iohnson 
syndromee (for reviews see [4,87]). Affected indi-
vidualss suffer from a recessively inherited conju-
gatedd hyperbilirubinemia, which can result in observ-
ablee jaundice, but overall the clinical phenotype of 
thiss disease is relatively mild. The cause of the 
defectt is the absence of MRP2 from the hepatocyte 
canalicularr membrane, where it normally mediates 
thee hepatobiliary excretion of (amongst others) 
mono-- and bis-glucuronidated bilirubin. The MRP2 
genee was identified based on its similarity to MRP1, 
andd absence of its expression in homozygously 
MRP2-deficientt rats and humans [88-90]. 

Identificationn of substrates transported by MRP2 
wass based on many different approaches: analysis of 
compoundss transported into bile of normal rats, but 
nott of Mrp2 mutant rats; differential uptake of 
compoundss into inside-out bile canalicular mem-
branee vesicles isolated from normal and Mrp2 mu-
tantt rats; transfection or transduction of human 
MRP22 or rat or rabbit Mrp2 cDNA into cell lines 
followedd by analysis of drug resistance, accumula-
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lionn of compounds into cells or isolated inside-out 
membranee vesicles, and transepithelial transport of 
compoundss (see e.g. reviews [2,4]). In one study an 
MRP22 cDNA antisense construct was used to sup-
presss endogenous MRP2 levels in the HEPG2 hepat-
ocytee cell line [91J. It turns out there are many 
similaritiess between the spectrum of compounds 
transportedd by MRP2 and MRP1, but there is not a 
completee overlap. Anticancer drugs transported by 
MRP22 include methotrexate, anthracyclines (doxoru-
bicin,, epirubicin), mitoxantrone, vincristine, vinblas-
tine,, CPT-! 1/irinotecan and SN-38, and possibly 
cisplatinn and etoposide [2,62,91-93], Like MRP1, 
MRP22 is primarily an organic anion transporter, so it 
seemss very likely that weakly basic drugs are co-
transportedd with GSH by MRP2. This was strongly 
suggestedd by a study of vinblastine transport in 
MRP2-transducedd polarized cells, which occurs stoi-
chiometricallyy with GSH transport |86]. Moreover, 
depletionn of cellular GSH by treatment with i.-
buthioninee sulfoximine (L -BSO) resulted in de-
creasedd substrate transport and drug resistance in 
MRP2-overexpressingg cells [93,94]. Mrp2 is in-
volvedd in the hepatobiliary excretion of GSH conju-
gatess of inorganic arsenic (As), after administration 
off  arsenite (H,AsO,) to rats [951. MRP2 (and 
probablyy MRP1) may therefore also be involved in 
cellularr and organismal protection against arsenic 
trioxidee (As^O,), a compound recently introduced 
forr the treatment of relapsed acute promyelocyte 
leukemiaa [96], by extrusion of As-GSH conjugates. 
Thee observation that cellular GSH levels correlate 
inverselyy with the sensitivity to arsenic trioxide is in 
linee with this possibility, although direct detoxifica-
tionn of As by GSH complexation may be as relevant 
[97], , 

Otherr well-defined substrates of MRP2 include 
manyy amphipathic anionic drugs and endogenous 
compounds,, encompassing GSH-, glucuronide-, and 
sulfatee conjugates. Some examples are reduced and 
oxidizedd GSH, LTCJ7 LTD,, LTE4, estradiol-17B(p-
D-glucuronide)) (E, 17G), p-aminohippurate. S-
glutathionyll  2,4-di nitrobenzene (GS-DNP), (S-
glutathionyl-)sulfobromophthalein,, glucuronidated 
SN-38,, pravastatin, and the organic anion transport 
inhibitorr sulfinpyrazone (see e.g. [4,86]). Moreover, 
somee food-derived (pre-)carcinogens and glucuro-

nidee conjugates thereof are also transported by Mrp2 
[94,98]. . 

4.2.4.2. Pharmacological and toxicological functions 
ofof MRP2 

Unlikee MRP1. but similar to MDR1 P-gp. MRP2 
localizess to the apical membrane of polarized cell 
liness in which it is expressed [92]. Moreover, in vivo 
MRP22 is found in a range of tissues important for the 
pharmacokineticss of substrate drugs, namely, next to 
thee bile canalicular membrane of hepatocytes 
(human,, rat), in the luminal membrane of the small 
intestinall  epithelium (human, rat, rabbit), and in the 
luminall  membrane of the proximal tubules of the 
kidneyy (rat, human) [99-102], In human jejunum, 
MRP22 mRNA levels as measured by RT-PCR were 
amongstt the highest of all tested ABC transporters 
[103]. . 

Thee role of MRP2 in hepatobiliary excretion has 
beenn amply demonstrated (see e.g. [104]), but MRP2 
inn intestine and kidney could also contribute to direct 
intestinall  and active renal excretion of substrate 
compounds,, and intestinal MRP2 could limit oral 
uptakee of compounds. Indeed, using TR~ rats, 
Dietrichh et al. [94,98] demonstrated that the MRP2 
substratee PhIP, a food-derived carcinogen, is limited 
inn its oral bioavailability by Mrp2, and that Mrp2 
mediatess direct intestinal and hepatobiliary excretion 
off  PhIP. Extrapolating to the large number of pos-
siblee MRP2 substrates, it may well be that these are 
alsoo affected by intestinal MRP2 activity in oral 
bioavailabilityy and/or direct intestinal excretion. 

Recently,, Mrp2 was also found to be localized to 
thee luminal membrane of endothelial cells of the 
smalll  blood capillaries in rat brain [1051, and in 
humanss MRP2 has been detected in the apical 
syncyiiotrophoblastt membrane of term placenta 
[106].. In analogy with MDR1 P-gp present at these 
locations,, MRP2/Mrp2 might limit the brain and 
fetall  penetration of a range of substrate compounds 
presentt in (maternal) plasma. Overall, there is fairly 
extensivee overlap between MRP2 and MDRl P-gp 
tissuee distribution, so it is likely that these two 
proteinss have considerable overlap in pharmacologi-
call  and toxicological protective functions, albeit with 
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differentt (but partially overlapping) sets of sub-
strates. . 

4.3.4.3. Inhibitors of MRP2 

Ass with MRP1, the selection of currently available 
smalll  molecule inhibitors of MRP2 that can be used 
inn intact cells is quite limited [2,4]. Obviously, many 
off  the anionic transported substrates of MRP2 wil l 
readilyy serve as competitive inhibitors when applied 
inn in vitro systems where MRP2 is present in an 
inside-outt (vesicle) orientation. Some examples are 
LTC4,, MK571, phenolphtalein glucuronide and 
fluoresceinfluorescein methotrexate [107-109]. However, such 
compoundss frequently do not penetrate most normal 
cellss to a sufficient extent to obtain useful levels of 
inhibition.. It should be noted, though, that normal 
hepatocytess have a multitude of carrier uptake 
systemss for organic anions, so that in vivo drug-
drugg interactions mediated by such anionic MRP2 
inhibitorss in the liver could be highly relevant. For 
MRP22 substrates that are co-transported with GSH, 
GSHGSH depletion with L-buthionine sulfoximine (L-
BSO)) can be used to inhibit transport (see e.g. 
[94,110]). . 

MRP22 inhibitors that have been demonstrated to 
workk to a greater or lesser extent in intact cells 
includee cyclosporin A, sulfinpyrazone, 
benzbromarone,, probenecid, PSC 833, PAK-104P 
andd MK571 (see e.g. [62,86,110,111]). Note that 
withh some of these inhibitors, also dependent on the 
transportedd substrate analyzed, paradoxical increases 
inn MRP2-mediated transport were observed. The 
backgroundd of this phenomenon wil l be discussed 
later.. It is further clear that compounds that spe-
cificallycifically inhibit MRP2 are hard to come by, as all the 
compoundss identified so far have considerable activi-
tyy against MRP1, and sometimes also against MDR1 
P-gP--

5.. Stimulative co-transport of substrates by 
MDR11 P-gp, MRP1, and MRP2: potential for 
drug-drugg interactions? 

Theree is increasing evidence that a number of 
ABCC transporters can transport multiple different 

substratess at the same time, and, perhaps more 
importantly,, that this co-transport can result in a 
markedd increase in the efficiency of transport of one 
orr both of the substrates. The first example concerns 
thee need for reduced GSH to obtain efficient trans-
portt of vincristine and etoposide by MRPl [72,73]. 
Inn both of these studies it was shown that GSH 
stimulatess MRPl-dependent transport of etoposide or 
vincristine,, and, conversely, that etoposide or vin-
cristinee stimulates MRPl-dependent transport of 
GSH.. There are no indications that covalent conju-
gatess are formed between GSH and the drugs. The 
simplestt explanation for these data is that both 
compoundss are transported together, and that in the 
absencee of one of the compounds, the other com-
poundd is transported poorly, if at all. 

Forr MDR1 P-gp a similar situation was described: 
Shapiroo and Ling [112] found evidence for two 
distinct,, positively cooperating drug binding and 
drugg transport sites. One site had a preference for the 
modell  substrate Hoechst 33342, the other for 
rhodaminee 123. Each compound stimulated P-gp-
mediatedd transport of the other compound. A number 
off  other transported drug substrates for P-gp (though 
nott all) could be classified as belonging to the 
Hoechstt ('H') or rhodamine ('R') classes, depending 
onn their ability to stimulate rhodamine transport and 
inhibitt Hoechst transport, or the inverse, respective-
ly.. An attractive explanation for these results is the 
presencee of two distinct drug binding/transport sites, 
eachh with preference (but not necessarily an absolute 
preference)) for a distinct set of drugs or other 
compounds.. Efficient translocation of the bound 
drugs/compoundss will only occur when both of 
thesee sites are occupied. The marked stimulation of 
MDR11 P-gp-mediated transport of one set of drug 
substrates,, coinciding with inhibition of transport of 
anotherr set of drug substrates by a series of synthetic 
smalll  molecules found by Kondratov et al. [113] 
mightt well be explained by the same mechanism. 

Inn an elaborate series of experiments, Evers et al. 
|86]]  and Bakos et al. [109] found indications that 
MRP22 also has the capacity for cross-stimulation of 
transportt of different classes of compounds. Sul-
finpyrazonefinpyrazone and vinblastine, both transported MRP2 
substrates,, stimulated GSH transport, and vinblastine 
transportt occurred stoichiometrically with GSH 
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transport.. In vitro, sulfinpyrazone, indomethacin, and 
penicillinn G could markedly stimulate transport of 
/V-ethylmaleimide-GSS by MRP2. Sulfinpyrazone 
stimulationn of E,I7G transport by MRP2 was also 
observedd by lio et al. [114]. 

Itt should be noted that interactions between cross-
stimulatoryy or -inhibitory compounds sometimes 
appearr very complex (see e.g. [20,115.116]). so the 
molecularr interactions may be more involved than 
cann be explained by the presence of just two distinct 
butt coupled drug binding/transport sites. For in-
stance,, in P-gp the presence of a third drug binding 
sitee has been proposed, which allows stimulation or 
inhibitionn of transport of drugs bound elsewhere, but 
whichh is not itself a transport site [116]. 

Thee degree of transport stimulation observed with 
thee various transporters is sometimes considerable 
(4-foldd or more). This could mean that upon co-
administrationn of such stimulatory compounds, the 
increasee in transporter function in various pharmaco-
logicall  barriers might substantially alter the pharma-
cologicall  handling of substrate drugs. Especially in 
thee intestinal epithelium, the bile canalicular mem-
brane,, the blood-brain and the maternal-fetal barrier 
thee effects could be considerable. It wil l therefore be 
interestingg to study whether these cross-stimulation 
phenomenaa also occur in animals and humans. If so, 
thiss wil l add yet another element to the increasing 
numberr of potential drug-drug interaction mecha-
nisms. . 

6.. Multidrug resistance protein 3 (MRP3, 
ABCC3) ) 

6.1.6.1. General properties of MRP3 

MRP33 has not been studied as extensively yet as 
MRP11 and MRP2. Most work to date was done on 
humann MRP3 and rat Mrp3. Based on its amino acid 
sequence,, MRP3 is the MRP family member most 
closelyy related to MRP1 (58% identity), and like 
MRP1,, it is present in the basolateral membrane of 
polarizedd cells [117-119], As expected, MRP3 is a 
quitee broad specificity organic anion transporter, 
withh considerable, but not complete overlap in drug 
substratess with MRP1 and MRP2. Using isolated 
inside-outt vesicles, rat Mrp3 was demonstrated to 

transportt EJ7G, methotrexate, and a range of bile 
saltss (taurocholate, glycochotate, 
taurochenodeoxycholate-3-sulfate,, taurolithocholate-
3-sulfate).. GS-DNP and LTC4 did not appear to be 
goodd substrates, suggesting that rat Mrp3 is not an 
efficientt GS-conjugate transporter [120,121]. Human 
MRP33 can confer resistance to the anticancer drugs 
etoposide,, teniposide, and methotrexate, and increase 
thee efflux of GS-DNP from cells, and its uptake into 
inside-outt membrane vesicles [118,122]. Zeng et al. 
[122,123]]  also reported low vincristine and metho-
trexatee resistance in MRP3-overexpressing cells, and 
MRP3-dependentt vesicular uptake of methotrexate 
andd glycocholate, but not of taurocholate. Human 
MRP33 mediates efficient E.17G transport, and mod-
eratee GS-DNP and LTC4 transport [123,124]. Zelcer 
ett al. [124], who studied MRP3 transduced into cell 
liness with very low basal drug resistance [81], found 
onlyy resistance to etoposide and teniposide, but not 
too vincristine. Interestingly, the resistance was not 
diminishedd by L-BSO treatment of the cells, sug-
gestingg that export was not GSH-dependent. Trans-
portt of GSH itself could also not be demonstrated in 
vesicless or polarized cells with high MRP3 levels 
[118,124].. Etoposide-glucuronide was found to be an 
excellentt substrate for MRP3, but etoposide-resistant 
MRP3-overexpressingg cells demonstrated only efflux 
off  free etoposide, indicating that etoposide itself is 
transportedd by MRP3 [124]. 

AA number of classical organic anion transport 
inhibitorss such as benzbromarone, indomethacin, 
probenecid,, and sulfinpyazone, used at non-cytotoxic 
concentrations,, could reverse the MRP3-mediated 
decreasee in etoposide accumulation [124]. 

6.2.6.2. Pharmacological and physiological functions 
ofof MRP3 

MRP33 is expressed in liver, small and large 
intestine,, adrenal gland, and to a lower extent in 
pancreass and kidney [117,125,126]. In normal liver, 
MRP33 is primarily found at low levels in the 
basolaterall  membrane of hepatocytes, and in the 
intra-hepaticc bile duct epithelial cells [119,126], The 
basolaterall  membrane of the gallbladder epithelium 
alsoo contains MRP3 [127]. In MRP2/Mrp2-deficient 
patientss and rats, and with some pharmacological 
treatmentss resulting in cholestasis, a strong upregula-
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tionn of MRP3/Mrp3 is observed in the liver 
[119,126,128].. In kidney MRP3 is localized to the 
distall  convoluted tubules and the ascending loops of 
Henlee [126], 

Basedd on its substrate specificity and tissue dis-
tributionn as identified so far, several putative func-
tionss for MRP3 can be considered. An attractive 
possibilityy is that MRP3 could play a role in the 
cholehepaticc and enterohepatic circulation of bile 
salts:: bile salts entering the epithelium of the bile 
ductss from the bile, or the epithelium of the small 
andd large intestine from the intestinal lumen, could 
bee actively transported towards the bloodstream by 
MRP33 in the basolateral membrane, and thus become 
availablee for recycling through the liver [119,121]. In 
analogyy with MRP1, MRP3 may also contribute to a 
toxicologicall  defense function, by eliminating a 
rangee of toxic organic anions, notably glucuronide 
conjugates,, from various epithelial cell types. In 
vieww of its ability to confer resistance to several 
anticancerr drugs it might contribute to intrinsic or 
perhapss acquired chemotherapy resistance in some 
tumors.. In adrenal gland there could be a role in 
eliminationn of steroid conjugates like E217G or 
similarr compounds. However, at this point all these 
functionss are speculative. The generation and analy-
siss of Mrp3-deficient knockout mice may help to 
elucidatee these matters. 

7.. Multidrug resistance protein 4 (MRP4, 
ABCC4) ) 

AA full-length MRP4 cDNA was first reported by 
Leee et al. [129[. As discussed above, MRP4, like 
MRP5,, lacks the N-terminal domain of 5 putative 
transmembranee segments present in MRP1-3. Two 
differentt RNA expression studies yielded somewhat 
differentt tissue distribution results, indicating that 
MRP44 is expressed in lung, kidney, bladder, gall-
bladder,, and tonsil [125], or very highly in prostate, 
nextt to moderate expression in lung, skeletal muscle, 
pancreas,, spleen, thymus, testis, ovary, and small 
intestinee [129). Work by Schuetz et al. [130] sug-
gestedd that MRP4 can transport the antiviral agent 
andd AMP analogue 9-(2-phosphonylmethox-
yethyl)adeninee (PMEA), as a cell line made highly 
resistantt to PMEA had amplified and overexpressed 

thee MRP4 gene. These cells were further cross-
resistantt to the GMP analogue PMEG, and to the 
antivirall  drugs azidothymidine (AZT), and 2',3'-
dideoxy-3'-thiacytidinee (3TC). PMEA and AZT-
monophosphatee were much more rapidly effluxed in 
thee PMEA-resistant line than in the parental line. 
Importantly,, the antiviral efficacy of PMEA, AZT, 
andd 3TC against human immunodeficiency virus 
(HIV )) was also decreased substantially in the 
PMEA-selectedd cell line. 

Usingg MRP4-transfected NIH3T3 cells, Lee et al. 
[131]]  could confirm low-level resistance to PMEA, 
andd resistance to short-term methotrexate exposure, 
butt not to AZT or 3TC. This apparent discrepancy 
withh the results by Schuetz et al. might be explained 
byy relatively low MRP4 expression in the transfected 
NIH3T33 cells, and possibly selection for additional 
changess in the PMEA-selected cell lines that favor 
efficacyy of MRP4 in extruding nucleoside mono-
phosphates,, like reduced adenylate kinase activity 
[130],, Chen et al. [132] further reported MRP4-
mediatedd resistance to the anticancer drugs 6-mer-
captopurinee (6-MP) and thioguanine (TG). Also, 
usingg high-level expression in a baculovirus expres-
sionn system, they demonstrated that MRP4 can 
mediatee ATP-dependent accumulation of cyclic 
GMP,, cyclic AMP, and E-.17G into inside-out mem-
branee vesicles. 

Ann immunohistochemical study by Lee et al. [ 131 ] 
localizedd human MRP4 to the basolateral membrane 
off  acinar cells in the prostate. In contrast, Van Aubel 
ett al. [133] found human and rat MRP4 primarily in 
thee brush border (apical) membrane of proximal 
tubularr cells in the kidney. It may be that MRP4 is 
presentt at different subcellular locations in different 
epitheliall  tissues, but further studies are warranted 
beforee drawing definitive conclusions on the subcel-
lularr localization of MRP4, as there is always a risk 
off  cross-reactivity with other MRP family members. 

Att this point in time, we do not consider it very 
usefull  to speculate on possible physiological and 
pharmacologicall  roles of MRP4, since there are as 
yett too many uncertainties with respect to exact 
substratee specificity and tissue distribution. A pos-
siblee contribution to chemotherapy resistance to the 
anticancerr drugs 6-MP and TG, or to the antiviral 
drugss AZT and 3TC should be considered. As with 
thee other MRP family members, it may be useful to 
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generatee and analyze Mrp4 knockout mice for further 
characterizationn of the in vivo function(s) of this 
protein. . 

8.. Multidrug resistance protein 5 (MRP5, 
ABCC5) ) 

Ass for MRP4, the analysis of MRP5 is still in its 
infancy.. Human MRP5 cDNA was cloned, ex-
pressed,, and studied in various cell lines by several 
groupss [134-136]. McAleer et al. [134] found that 
ann ectopically expressed MRP5 fused to the C-
terminuss of Enhanced Green Fluorescent Protein 
(EGFP)) localized primarily to the plasma membrane 
off  human HEK293 cells. These cells further dis-
playedd low-level resistance to cadmium chloride and 
potassiumm antimony! tartrate, but not to a range of 
anticancerr drugs and other heavy metal oxyanions. 
Thee accumulation of several anionic dyes (FDA, 
CMFDA,, BCECF) was markedly decreased in the 
EGFP-MRP55 containing cells. Further support for 
MRP55 as an organic anion transporter came from 
workk of Wijnholds et al. [135]: MRP5, when ex-
pressedd in polarized MDCK.-11 cells, localized pri-
marilyy to the basolateral membrane, where it could 
mediatee the efflux of GS-DNP, but also GSH. The 
GS-DNPP efflux could be fully inhibited with the 
classicall  organic anion transport inhibitor sul-
finpyrazone.finpyrazone. HEK293 cells overexpressing MRP5 
furtherr acquired moderate resistance to 6-MP, TG, 
andd PMEA. In these cells, no resistance to cadmium 
chloridee or potassium antimony] tartrate could be 
demonstrated,, contrasting with the results of 
McAleerr et al. [134]. Wijnholds et al. [135] could 
furtherr show that PMEA itself, and the nucleoside 
monophosphatee derivative of 6-MP, thio-ÏMP, were 
extrudedd from the cells by MRP5. Jedlitschky et al. 
[136]]  used vesicles derived from a hamster cell line 
transfectedd with MRP5 to demonstrate that 3',5'-
cyclicc GMP and 3',5'-cyclic AMP can be transported 
byy MRP5. This transport could be inhibited with 
probenecid,, but more effectively with the phospho-
diesterasee inhibitors trequensin and sildenafil (also 
knownn as Viagra). It is presently unknown whether 
thee phosphodiesterase inhibitor activity of these latter 
compoundss is related to their ability to interfere with 
MRP5.. Given the wide variety in pharmacodynamic 

activitiess of compounds known to also inhibit ABC 
transporters,, we think it more likely that this combi-
nationn of properties is coincidental. 

Precisee immunohistochemical localization of 
MRP55 is still lacking in the absence of suitable 
antibodies,, but MRP5 RNA is widely expressed 
throughoutt most tissues tested [125]. Highest expres-
sionn was found in brain and skeletal muscle [134], 
andd MRP5 is also present in erythrocyte membranes 
[136],, In what (sub-)cellular location and in what 
subpoputationss of cells in various tissues MRP5 is 
expressedd wil l be important information for estab-
lishingg its possible physiological and pharmacologi-
call  roles. Knockout mice lacking Mrp5 have already 
beenn generated, but these apparently do not display 
immediatelyy obvious abnormalities [135]. A more 
detailedd characterization of such mice may help in 
thee future analysis of MRP5 function. 

9.. Breast cancer resistance protein (BCRP, 
ABCG2) ) 

9.1.9.1. BCRP structure and function 

Althoughh BCRP was discovered last of the ABC 
drugg efflux transporters discussed in this chapter, 
theree is already ample evidence that, similar to 
MDR11 P-gp and MRP2, it could have a substantial 
impactt on the general pharmacology of a range of 
substratee drugs. Moreover, its activity can be effec-
tivelyy modulated in vivo with inhibitors. We will 
thereforee discuss this protein in somewhat more 
detail. . 

BCRPBCRP was first cloned based on its overexpression 
inn a highly doxorubicin-resistant MCF7 breast cancer 
celll  line (MCF-7/AdrVp) [137-139]. Transfection of 
BCRPBCRP cDNA demonstrated that BCRP itself could 
conferr resistance to mitoxantrone, doxorubicin and 
daunorubicin,, and that it acted by energy-dependent 
(mostt likely through ATP hydrolysis) extrusion of its 
drugg substrates [13,137], Because the gene was 
isolatedd from a breast cancer cell line, it was called 
thee breast cancer resistance protein (BCRP) gene. It 
shouldd be stressed, though, that there is no indication 
thatt its expression is specific for breast cancer cells, 
orr that BCRP should play a significant role in 
chemotherapy-resistancee in breast cancer. BCRP 
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cDNAA sequences were also cloned by Miyake et al. 
[140]]  and Allikmets et al. [1411. who called the gene 
MXRMXR (for mitoxantrone resistance) and ABCP (for 
placentall  ABC protein), respectively. Human BCRP 
encodess a 655 amino acid ABC protein, containing a 
singlee N-terminal ATP binding cassette, followed by 
66 putative transmembrane segments (TMSs) (see Fig. 
1).. Based on structural and sequence homology, 
BCRPBCRP belongs to the ABCG gene family, containing 
amongstt others the Drosophila white, brown, and 
scarletscarlet protein genes, the human white homologue 
ABCGABCG I, and the more recently identified genes 
ABCG5ABCG5 and 8 [142,143]. BCRP was therefore 
renamedd ABCG2. The murine homologue, Bcrpl, 
wass found to be highly overexpressed in mouse 
fibroblastss selected for resistance to doxorubicin, 
mitoxantrone,, or topotecan [144]. Bcrpl encodes a 
6577 amino acid protein with 81% identity (87% 
similarity)) to BCRP. Like human BCRP, murine 
Bcrpll  has been shown to mediate drug resistance 
throughh energy-dependent efflux of drug substrates 
[144).. In drug-selected cell lines highly overexpres-
singg BCRP or Bcrpl. the gene locus was frequently 
amplified,, but not always, indicating that overexpres-
sionn can result both from in situ gene activation and 
genee amplification [140,144,145]. 

Basedd on analogy with other ABC (drug efflux) 
transporterss analyzed to date (see above and 
[11,12,146]),, it seemed very likely that the half-
transporterr BCRP should function as a homo- or 
heterodimer.. Overexpression of only BCRP cDNA in 
mammaliann or insect cells already yields functional 
drugg transport and drug-dependent ATP hydrolysis 
[13,14],, suggesting functioning as a homodimer. 
BCRPP homodimer formation was recently demon-
stratedd directly using co-immunoprecipitation. More-
over,, the observation of a partial dominant-negative 
effectt of a BCRP mutant on drug resistance mediated 
byy unmutated BCRP further supported the notion 
thatt the protein functions as a homodimer [15]. 
Whetherr BCRP can also function as a heterodimer 
withh other half-transporters of the ABCG class, or 
otherr ABC classes, is not known. 

Whenn overexpressed in drug-selected or transfect-
edd cell lines. BCRP primarily localizes to the plasma 
membrane,, in accordance with its capacity to effi-
cientlyy extrude drug substrates from the cell 
[10,147,148],, Murine Bcrpl expressed in polarized 

caninee or porcine epithelial cell lines mediated 
apicallyy directed transport of its drug substrates, 
indicatingg that Bcrpl localizes to the apical mem-
branee in polarized cells [149). Subsequent immuno-
histochemicall  studies of human BCRP and pharma-
cologicall  studies in mice (see below) confirmed this 
notion. . 

9.2.9.2. Drug resistance mediated by BCRP/Bcrpl 

Theree is considerable, but varying overlap in 
anticancerr drug substrate specificity between BCRP 
onn the one hand and P-gp, MRP1, and MRP2 on the 
otherr hand (see above and [150]). Cell lines selected 
forr resistance to mitoxantrone, topotecan, doxorubi-
cin,, SN-38 (the active metabolite of the camptoth-
ecinn analogue irinotecan/CPT-11), flavopiridol, or 
thee experimental indolocarbazole topoisomerase I 
inhibitorss NB-506 and J-107088 all overexpressed 
BCRPBCRP or Bcrpl, strongly suggesting that these drugs 
aree transported substrates for BCRP and Bcrp 1 
[144,151-155],, Cytological dyes such as rhodamine 
123,, Lysotracker Green, and BBR3390, as well as 
thee fluorescent conjugate BODIPY-prazosin, also 
demonstratedd decreased accumulation in BCRP -over-
expressingg cells [137,150,156-158], Littl e or no 
resistancee was found to the anticancer drugs vin-
cristine,, paclitaxel or cisplatin, indicating that these 
aree not transported substrates for BCRP/Bcrpl. 

Drug-selectedd BCRP- or BtrpZ-overexpressing 
celll  lines variously displayed high cross-resistance to 
daunorubicin,, epirubicin, 9-arninocamptothecin, 
bisantrene,, and in some cases etoposide and 
teniposidee [137,144,150,152,156,159,160], However, 
thesee cross-resistance data obtained from heavily 
drug-selectedd cells should be interpreted cautiously. 
Otherr drug transporters with partially overlapping 
substratee specificity can be overexpressed (see e.g. 
[156,161]),, alterations in the cytotoxic targets of the 
selectingg drug can contribute to resistance, and 
mutationss in the selected drug transporter may alter 
thee substrate specificity (see e.g. [162]). 

Inn some selected cell lines, BCRP appeared to 
conferr high resistance to anthracyclines, whereas in 
otherr cell lines there was hardly any resistance to 
anthracycliness compared to mitoxantrone resistance, 
whichh was consistently high. Moreover, topotecan 
resistancee was generally quite high, but low in some 
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BC/ÏP-overexpressingg lines [137,152,157,159,163]. 
Robeyy et al. [158] and Honjo et al. [14] recognized 
thatt two BCRP -overexpressing lines (MCF-7 / 
AdVp30000 and Sl-Ml-80, each with high anthra-
cyclinee resistance) could efflux rhodamine 123 effi-
ciently,, whereas all other BCW-overexpressing lines 
testedd could not. Sequence analysis revealed that the 
rhodamine-extrudingg lines contained a mutant BCRP, 
deviatingg from the 'wild-type' BCRP at arginine 
482,, which was replaced with either threonine (in the 
MCF-7/Add Vp3000 line) or glycine (in the Sl-Ml-80 
line).. The MCF-7/Ad Vp3000 line had been the 
sourcee of the first cloned BCRP cDNA [137], which 
thereforee represented a mutant BCRP. Further experi-
mentss confirmed that the wild-type (R482) BCRP 
couldd efficiently extrude mitoxantrone, but not 
rhodaminee 123 or doxorubicin. In contrast, both 
R482TT and R482G mutants efficiently extruded all 
threee compounds [14], In the parental cell lines, only 
thee wild-type BCRP sequence was found, indicating 
thatt in some lines the extended drug selection must 
havee resulted in selection of mutant BCRPs that were 
moree efficient in conferring resistance to the select-
ingg drug (doxorubicin or mitoxantrone). 

Depletionn of cellular GSH by treatment with BSO 
off  various BCRP -overexpressing cell lines did not 
affectt the resistance to, or efflux of anthracyclines or 
topotecann [10,138,152]. This suggests that GSH is 
nott needed for transport of these drugs by BCRP. 

9.3.9.3. Inhibitors of BCRP I Bcrpi 

GF120918.. a highly efficient P-gp inhibitor that 
cann be used in animals and patients [29,30], is also 
ann effective BCRP and Bcrpi inhibitor [31,144]. 
Obviously,, GF120918 is not a specific BCRP inhib-
itor,, but for some clinical applications this may be an 
advantage,, as two multidrug transporters. BCRP and 
P-gpTT each with their own potentially adverse activi-
ty,, can be blocked at the same time. 

Inn a systematic search for drug resistance-revers-
ingg compounds, fumitremorgin C (FTC), a tre-
morgenicc mycotoxin produced by the fungus Asper-
gillusgillus fumigatus, was found to effectively reverse 
drugg resistance and increase cellular drug accumula-
tionn in BCRP-expressing cells [157,160]. FTC in-
hibitedd BCRP in vitro at concentrations well below 
thosee toxic to cultured cells, and had littl e effect on 

P-gp-- or MRP1-mediated drug resistance. This rela-
tivee specificity makes FTC very useful for cell 
pharmacologicall  studies of BCRP, but its neurotoxic 
effectss preclude application in animals or patients. A 
numberr of FTC analogues (mostly pentacyclic di-
ketopiperazines)) was generated by the same group 
[164J.. However, none of the compounds tested had 
substantiallyy better BCRP inhibiting activity than 
nativee FTC, and they were frequently more cytotox-
ic.. Whether they can be used in animals or patients is 
ass yet unclear. 

Vann Loevezijn et al. [165] tested 42 mainly 
tetracyclicc indolyl diketopiperazine analogues of 
FTCC as inhibitors of murine Bcrpi and human 
BCRP.. The most potent analogues (Kol32 and 
Kol34)) have comparable or greater activity than 
FTCC [164,165]. We recently found that Kol34 has 
loww cytotoxicity in vitro and that it can be given at 
highh oral dosages to mice, which allows modulation 
off  Bcrpi activity in vivo (Allen et al., personal 
communication).. FTC analogues of this type may 
thuss be useful leads for development of clinical 
BCRPP inhibitors. 

Byy chance it was discovered that an experimental 
HERR tyrosine kinase inhibitor, CI1033, also inhibits 
BCRP,, albeit with moderate affinity [166]. C11033 
alsoo appears to be a transported substrate for BCRP. 
Wee now have seen several additional examples of 
inhibitorss designed for other systems that also block 
BCRP,, and it is likely there wil l be more. 

9.4.9.4. The tissue distribution of BCRP and Bcrpi 

Initiall  studies on the RNA levels of BCRP and 
BcrpiBcrpi in tissues yielded rather variable outcomes 
[137.141,144],, and they are therefore best considered 
togetherr with later immunohistochemical and func-
tionall  studies [10.149], Very high BCRP RNA ex-
pressionn was found in human placenta, but in murine 
placentaa the expression of Bcrpi was quite moderate. 
Inn contrast, mice displayed highest expression of 
BcrpiBcrpi RNA in kidney, where humans appear to have 
loww BCRP expression [137,141,149]. The immuno-
histochemicall  studies of Maliepaard et al. [10] used 
twoo independent monoclonal antibodies, BXP-21 and 
BXP-34,, recognizing human BCRP. BCRP was 
detectedd in the placental syncytiotrophoblast plasma 
membranee facing the maternal bloodstream, in the 
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bilee canalicular membrane of the liver hepatocytes 
andd in the luminal membrane of villous epithelial 
cellss in the small and large intestine, locations shared 
withh MDR1 P-gp. BCRP was further found in the 
apicall  side of part of the ducts and lobules in the 
breast,, and in the venous and capillary endothelial 
cellss of practically all tissues analyzed, but not in 
arteriall  endothelium. BCRP was not detected in 
humann erythrocytes, leukocytes, or platelets [10], but 
Zhouu et al. [167] found that Bcrpl mRNA as 
detectedd by RT-FCR was present at high levels in 
primitivee murine hematopoietic stem cells. Littl e or 
noo expression of Bcrpl was seen in more differen-
tiatedd hematopoietic lineages, with the exception of 
erythroidd precursor cells and natural killer lympho-
cytess that did express some Bcrpl [167]. A recent 
studyy by Scharenberg et al. [168] demonstrated a 
veryy similar distribution of BCRP expression in the 
humann hematopoietic compartment, wim high ex-
pressionn in putative hematopoietic stem cells, and 
muchh decreased expression in committed progenitor 
cells,, which only comes up again in natural killer 
cellss and erythroblasts, but not in other differentiated 
lineages. . 

9.5.9.5. Pharmacological and physiological functions 
ofof BCRP and Bcrpl 

Thee tissue distribution of BCRP shows extensive 
overlapp with that of P-gp, suggesting mat BCRP/ 
Bcrpll  might have a similar role as P-gp in the 
pharmacologicall  handling of substrate drugs. To 
addresss this question, we used the BCRP/Bcrpl and 
P-gpp inhibitor GF120918 in pharmacological experi-
mentss with Mdrla/ lb knockout mice, which lack 
drug-transportingg P-gp. In this way, pharmacological 
effectss of GF120918 observed in these mice would 
mostt likely result from Bcrpl inhibition. Oral co-
administrationn of GF120918 and topotecan resulted 
inn a 6-fold increase in the plasma availability of 
topotecann [149]. When topotecan was administered 
intravenously,, the plasma clearance and hepato-
biliaryy excretion of intravenously administered 
topotecann were both about two-fold decreased by 
orall  GF120918, consistent with an excretory role for 
bilee canalicular Bcrpl. The amount of topotecan 
presentt in the intestinal contents was reduced three-
foldd 1 h after topotecan administration in the 

GF120918-treatedd mice. Together, the data indicate 
thatt the increased topotecan plasma availability after 
orall  GF120918 treatment resulted from a combina-
tionn of decreased hepatobiliary excretion and more 
efficientt (re-)uptake of topotecan from the intestinal 
lumenn [149]. Intestinal Bcrpl therefore appears to 
playy a role in limiting (re-)uptake of substrate drugs 
fromm the intestine, and hence also meir oral bioavail-
ability.. Given this functional role, reminiscent of Üiat 
off  MDR1 P-gp, it is noteworthy that in human 
jejunum,, the mRNA level of BCRP (like that of 
MRP2)MRP2) is considerably higher than that of MDR1 
[103],, Whether die respective protein levels reflect 
thesee RNA levels is not certain, however. 

Whenn [ l4C]topotecan was administered intraven-
ouslyy to pregnant Mdrlallb knockout mice, the 
relativee fetal penetration of radioactivity was in-
creasedd 2-fold owing to oral GF120918 pretreatment 
[149],, This suggests that Bcrpl in the placental 
trophoblastt counteracts the entry of topotecan into 
thee fetus, indicating that Bcrpl is a protective 
elementt of the maternal-fetal barrier. 

Takenn togemer, the available data indicate a 
pharmacologicall  and toxicological protective role for 
Bcrpl,, similar to that of MDR1 P-gp. Protection 
fromm naturally occurring xenobiotic toxins is there-
foree probably (one of) the main normal biological 
function(s)) of BCRP/Bcrpl. 

Anotherr tentative physiological role for BCRP/ 
Bcrpll  was suggested by the work of Zhou et al. 
[167JJ and Scharenberg et al. [168], which showed 
thatt murine Bcrpl and human BCRP expression is 
highh in a so-called 'side population' (SP) of bone 
marroww cells, which is defined by its low accumula-
tionn of the dye Hoechst 33342. Human BCRP can 
effluxx Hoechst 33342, so it is very likely that the 
highh level of BCRP/Bcrpl expression in the SP cells 
iss responsible for the low dye accumulation. Im-
portantly,, the SP fraction is highly enriched for 
undifferentiatedd stem cells, and BCRP/Bcrpl expres-
sionn was found to be low or absent in most of the 
moree differentiated hematopoietic lineages. Trans-
plantationn of BCRP-transduced bone marrow cells 
intoo recipient mice resulted in a lower repopulation 
capacityy than seen with mock-transduced bone mar-
roww cells. Moreover, in a competitive repopulation 
assay,, BCRP-transduced bone marrow cells were 
lesss effective than mock-transduced cells in contri-
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butingg to peripheral red blood cells, thymus, and 
bonee marrow f 167]. Also in view of the high Bcrpl 
expressionn in undifferentiated bone marrow cells, it 
wass speculated that the observed effects might be 
duee to a differentiation-inhibiting role of Bcrpl 
(possiblyy by extrusion of a differentiation-inducing 
substrate).. However, any moderately adverse effect 
off  high BCRP overexpression on cell growth and 
proliferationn could also explain the results. Whatever 
thee biological role of Bcrpl expression in bone 
marroww stem cells, there can be littl e doubt that it is 
responsiblee for the appearance of the SP-phenotype. 
Ass a similar SP phenotype was observed in skeletal 
musclee stem cells and embryonic stem cells, and 
againn associated with high Bcrpl expression [167], it 
couldd be that high Bcrpl expression is a general 
characteristicc of various stem cell populations. Sev-
erall  groups are currently working on the generation 
andd characterization of Bcrpl knockout mice. This 
wil ll  probably allow for elucidation of the various 
functionss of BCRP/Bcrpl. 

9.6.9.6. Pharmacological inhibition of BCRP to 
optimizeoptimize pharmacotherapy ? 

Fromm our current insights, BCRP function may be 
relevantt in two areas of pharmacotherapy: it could be 
substantiallyy expressed in some tumors and other 
malignanciess treated with anticancer drugs that are 
BCRPP substrates, and therefore render these cancer 
cellss resistant to chemotherapy; and it may be an 
importantt factor in the general pharmacology of 
substratee drugs, affecting their oral bioavailability, 
plasmaa clearance, and hepatobiliary and intestinal 
elimination.. During pregnancy, BCRP in the placenta 
mayy also be relevant for pharmacotherapy by 
protectingg the fetus from drug accumulation. Effec-
tive,, in vivo applicable BCRP inhibitors such as 
GF1209188 are already available, and they can be 
appliedd for various purposes, in analogy with the 
P-gpp inhibitors. One possibility is the option to 
improvee penetration of anticancer drugs into tumor 
cellss that express BCRP. Perhaps of more general 
pharmacotherapeuticc relevance is the capability to 
improvee the oral bioavailability of substrate drugs. In 
fact,, the use of BCRP inhibitors to improve the oral 
bioavailabilityy of BCRP substrate drugs such as 

topotecann is now the subject of ongoing clinical 
studiess in the group of J.H.M. Schellens in this 
institute,, and initial results look promising [169]. 

10.. Perspective 

Overr the past 15 years, tremendous progress has 
beenn made in understanding the pharmacological and 
toxicologicall  impact of ABC drug efflux transpor-
ters.. Once thought to be perhaps just of relevance in 
makingg cancer cells resistant to anticancer drugs, it is 
noww clear that they can have a pronounced role in 
thee oral bioavailability and hepatobiliary, direct 
intestinal,, and most likely renal excretion of an 
extensivee range of drugs and toxins. In addition, they 
contributee to important pharmacological sanctuary 
sitess such as brain, cerebrospinal fluid, testis and 
fetus,, and they can protect individual cells from drug 
andd toxin penetration. The capability to interfere in 
vivoo with the activity of at least some of these 
transporterss may therefore have important phar-
macotherapeuticc benefits. Moreover, many drug-
drugg interactions may also be explained by interac-
tionss at the level of ABC drug transporters. The 
challengee for the future will lie in arriving at a 
completee understanding of the relative impact of all 
thesee transporters and their cross-interactions, and 
theirr potential interactions with other drug-process-
ingg systems such as uptake carriers and drug-
metabolizingg enzymes. At some point, in the hope-
fullyy not-too-distant future, we shall then be able to 
makee reasonably reliable predictions on the behavior 
off  drugs in individual patients. 
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