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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-transportin g 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 

12 2 



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-transportin g 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.. Multidru g 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.. Multidru g 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-dru gg 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.. Multidru g 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.. Multidru g 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 

25 5 



ChapterChapter I 

generatee and analyze Mrp4 knockout mice for further 
characterizationn of the in vivo function(s) of this 
protein. . 

8.. Multidru g 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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Rolee of blood-brain barrier  P-glycoprotein in limitin g brain 
accumulationn and sedative side-effects of asimadoline, a 
peripherallyy acting analgaesic drug 
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11 Studies with knockout mice lacking mdrla P-glycoprotein (P-gp) have previously shown that 
blood-brainn barrier P-gp is important in preventing the accumulation of several drugs in the brain. 
22 Asimadoline (EMD 61753) is a peripherally selective K-opioid receptor agonist which is under 
developmentt as a therapeutic analgaesic. From the structural characteristics of this drug and its 
peripherall  selectivity, we hypothesized that it is transported by P-gp. 
33 Using a pig-kidney polarized epithelial cell line transfected with mdr cDNAs, we demonstrate 
thatt asimadoline is transported by the mouse mdrla P-gp and the human MDR1 P-gp. 
44 Furthermore, we show that in mdrla: lb double knockout mice, the absence of P-gp leads to a 9 
foldd increased accumulation of asimadoline in the brain. In line with this accumulation difference. 
mdrlailbmdrlailb ( - / —) mice are at least 8 fold more sensitive to the sedative effect of asimadoline than 
wild-typee mice. 
55 Interestingly, the oral uptake of asimadoline was not substantially altered in mdrlujlb ( — ! — ) 
mice. . 
66 Our results demonstrate that for some drugs, P-gp in the blood-brain barrier can have a 
therapeuticallyy beneficial effect by limiting brain penetration, whereas at the same time intestinal P-
gpp is nol a significant impediment to oral uptake of the drug. 

Keywords::  P-glycoprotein; asimadoline (EMD 61753); h-opioid receptor agonist; blood-brain barrier; drug disposition; oral 
availability y 

Abbreviations::  CID, collision induced dissociation; CNS, central nervous system; P-gp, P-glycoprotein; SRM. selected reaction 
monitoring;; TFA, trifluoroacetic acid 

Introductio n n 

AA potential problem in the use of peripherally acting 
therapeuticc drugs is. in the case of opioids, the occurrence of 
ann unwanted central nervous system (CNS) side-effects 
includingg sedation, respiratory depression, dependence, itch, 
nauseaa and dysphoria (reviewed in Stein & Schafer, 1997). 
Therefore,, new generations of drugs are currently being 
developedd with limited ability to penetrate the blood-brain 
barrier.. One of these drugs is the peripherally-selective K-
opioidd receptor agonist asimadoline (EMD 61753). Asimado-
linee is peripherally effective against hyperalgaesic pressure and 
neurogenicc inflammatory pain stimuli, probably by interfering 
withh peripheral opioid receptors. Asimadoline has only a 
limitedd ability to penetrate the blood-brain barrier, and thus a 
limitedd capacity to elicit CNS-mediated sedation, aversion, 
diuresiss and analgaesia (Barber et ai, 1994; Gottschlich et ai, 
1995).. It is known that the drug-trans porting P-glycoprotein 
(P-gp)) in the blood-brain barrier limits the entry of various 
drugss into the brain (Schinkel et ai, 1994; 1995; 1996). The 
hydrophobic,, amphiphilic character of asimadoline and its 

'Authorr for correspondence; E-mail: alfredm nki nl 

peripherall  pharmacological selectivity led us to hypothesize 
thatt this drug is a P-gp substrate. 

P-gpss were originally discovered in cancer cells where they 
conferr multidrug resistance (Juliano & Ling, 1976). They are 
140-- 170-kDa plasma membrane proteins that actively extrude 
aa wide range of amphiphilic and hydrophobic drugs from the 
celll  (Juliano & Ling, 1976; Gros et al.. 1986; Chen et at., 1986: 
Endicottt & Ling, 1989; Gottesman & Pastan, 1993). Humans 
havee one gene, MDR]. encoding a drug-transporting P-gp, 
whilee mice have two genes, mdrla (also called mdr3) and mdr lb 
(alsoo called mdrl). The tissue distribution of the mouse mdrla 
andd mdrlb P-gp suggests that together they fulfi l the same 
functionn as the MDR] P-gp in humans (reviewed by Borst & 
Schinkel.. 1997). Previous studies with knockout mice lacking 
mdrlaa P-gp and other anima! models, have shown that blood-
brainn barrier P-gp is important in preventing the brain from 
accumulatingg a range of drugs (Schinkel et ai, 1994; 1995; 
1996;; Drion et ai, 1996; Huwyler et al., 1996; Mayer et al. 
1996;; Kim et ai, 1998). In mice, mdrla P-gp is the most 
prominent,, if not the only, P-gp isoform present at the blood-
brainn barrier and in the intestinal epithelium (Schinkel et al. 
1994;; 1997). In addition, mdrla P-gp in the intestine 
diminishess the oral bioavailability and increases the direct 
intestinall  excretion of several drugs (Fncker et at, 1996; 
Mayerr et al., 1996; Sparreboom et al., 1997; Kim et al., 1998), 

41 1 



ChapterChapter 2 

andd both mdrla and (to a lesser extent) mdrlb P-gp can 
contributee to the hepatobiliary excretion of a range of drugs 
(Smitt et ai. 1998a). 

Inn this study we show that the peripherally selective K-
opioidd receptor agonist asimadoline is transported by the 
mousee mdrla and human MDR1 P-gp. We further made use 
off  the mdrla: lb knockout mouse model (Schinkel et al.. 1997) 
too determine the effect of absence of the mrdla and mdrlb P-
gpss on the sedative effect, tissue distribution and excretion of 
thiss drug in vivo. 

Methods s 

Animals Animals 

Thee animals that were used in all experiments were male wild-
typee and mdr!a':lb (-..' — ) mice of a 99% FVB genetic-
background,, between 9- 14 weeks of age. Animals were kept 
underr controlled temperature with a 12 h 12 h light/dark 
cycle.. They received a standard diet (AM-II . Hope harms. 
Woerden,, The Netherlands) and acidified water ad libitum. 

Chemicals Chemicals 

(uC]-asimadolinee (5.69 mCi mmol ') and unlabclled asima-
dolinee were provided by Merck (Grafing. Germany). fH] -
inulinn (0.8 Ci mmol ') was obtained from Amersham Life 
Sciencee (Littl e Chalfont, U.K.). Hypnorm was from Janssen 
Pharmaceuticalss B.V. (Tilburg. The Netherlands). Dormicum 
wass from Roche Nederland BV. (Mijdrecht, The Nether-
lands).. Metofane (methoxyflurane) was from Mallinckrodl 
Veterinary,, Inc. (Mundelein, IL, U.S.A.). L-glutamine was 
fromm GIBCO BRL (Paisley, Scotland. U.K.), Other chemicals 
weree obtained from Sigma Chemical Co, (St. Louis, MO, 
U.S.A.). . 

CellsCells and tissue culture 

Thee pig-kidney epithelial cell line LLC-PKI was obtained from 
thee American Type Culture Collection (Rockville. MD, 
U.S.A.).. The generation of \WRl-. mdrla- and mdrlb-
transfectedd LLC-PK I subclones L-MDRI, L-mdrla and L-
mdrihmdrih was described previously (Schinkel el al., 1995; Smit et 
al.,al., 1998b). Cells were cultured in Ml 99 medium supplemented 
withh t-glutamine, penicillin (50 U ml '). streptomycin 
(500 /*g ml ') and 10% (v v ') foetal calf serum ('complete 
serum')) at 37 C in the presence of 5% CO:. Cells were 
subculturedd by trypsinization every 3-4 days. 

TrunTrun sport assays 

Transportt assays were carried out as described earlier 
(Schinkell  et al.. 1995) with minor modifications. Complete 
mediumm including i-glutamine. penicillin, streptomycin, and 
foetall  calf serum was used throughout. Cells were seeded on 
microporouss polycarbonate membrane filters (3.0 /un pore 
si/e,, 24.5-mm diameter. Transwell" 3414. Costar") at a 
densityy of 2 x 10'' cells per well. The cells were grown for 3 
dayss in complete medium with one medium replacement. 1 
22 h before the start of the experiment, medium at both the 
apicall  and the basal side of the monolayer was replaced with 
22 ml of complete medium. The experiment was started (/ : 0) 
byy replacing the medium at either the apical or the basal 
sidee of the cell layer with 2 ml of complete medium 
containingg 10/<M of [l4C]-asimadoline (3.23 Ci mol '). and 

1922 riM of l/H]-inuli n (0.8 Ci mmol '). The cells were 
incubatedd at 37 C in 5% CO:, and 50 ul aliquots were 
takenn every hour from each compartment. The appearance 
off  radioactivity in the opposite compartment was measured 
andd presented as the fraction of total radioactivity added at 
thee beginning of the experiment. Under these experimental 
conditions,, 1% translocation of asimadoline per hour 
correspondss to a permeability coefficient of 0.042 mm h' '. 
Thee tightness of the monolayer was measured by monitoring 
thee paracellular flux of ['HJ-inulin to the opposite 
compartment.. This flux was always lower than 1.5% of the 
totall  radioactivity per hour. 

Pharmacokinetics Pharmacokinetics 

Korr intravenous administration of asimadoline, 5 ;<1 drug 
solutionn (appropriate concentration in 5% (w v ') D-glueose) 
perr g body weight was injected into the tail vein of mice lightly 
anaesthetizedd with diethyl ether. For oral administration, 
100 jA drug solution (appropriate concentration in 5% D-
glucose)) per g body weight was dosed by gavage into the 
stomach.. Animals were sacrificed by cardiac puncture or 
axillaryy bleeding after anaesthesia with Metofane (methoxy-
flurane).. Organs and tissues were removed and homogenized 
inn 4% (w v '}  bovine serum albumin (BSA). Levels of 
radioactivityy in homogenales were determined as described 
(Mayerr et al.. 1996), 

SedationSedation expert men ts 

Sedationn times were determined after intravenous injection of 
asimadolinee into the tail vein of mice lightly anaesthetized 
withh diethyl ether. Mice generally recovered from diethyl 
etherr anaesthesia alone within 10-20 s. The sedation time 
duee to asimadoline was defined as the period after 
administrationn of asimadoline during which the animal 
remainedd passive and showed no spontaneous explorative 
behaviour. . 

ExcretionExcretion experiments 

Micee were anaesthetized and cannulated as described (Mayer 
etet al.. 1996) with minor adjustments. 

AnaesthesiaAnaesthesia a combination of Hypnorm (fentanyl 
0.22 mg ml ', fluanisone 10 mg ml ') and Dormicum (mid-
azolamm 5 mg ml ') was used as a mixture of two parts 0.3 M 
glucose,, one part Hypnorm and one pari Dormicum. The 
volumee of the anaesthetic solution injected intraperitoneally 
wass 7 ftl g ' body weight. 

Gail-bladderGail-bladder cammlation after opening of the abdominal 
cavityy and distal ligation of the common bile duct, a polythene 
catheterr (Portex Limited, Hythe. U.K.), with an inner diameter 
off  0.28 mm, was inserted into the incised gall-bladder. The 
catheterr was fixed to the gall-bladder with an additional 
ligation.. Bile was collected for 60 min after intravenous 
injectionn of [!4C]-asimadoline into the tail vein. At the end of 
thee experiment, blood was collected by axillary bleeding. 
Duringg the experiment the urinary bladder was allowed to fill 
withh urine. Urine was collected by ligation of the urinary 
bladderr just before sacrificing the animal. Subsequently, the 
completee bladder was removed and emptied. Organs and 
tissuess were removed and homogenized in 4% (w v ') BSA. 
Levelss of radioactivity in homogenates were determined as 
describedd (Mayer et al.. 1996), 
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DeterminationDetermination of unchanged asimadoline 

Unchangedd asimadoline (EMD 61753) was determined using 
D4-EMDD 61753 as a stable isotope internal standard in 
plasma,, brain tissue and bile by a sensitive and selective LC-
MSS MS quantitative assay. 

SampleSample work-up procedures Plasma: to a sample of 50 ft\ 
plasma,, 50 u\ of an internal standard solution (200 pg /il ' D4-
EMDD 61753. I M ammoniumacetate buffer pH 7) and 750 ul 
off  diisopropylether were added in a suitable test tube. The 
tubess were shaken for 10 min and centrifuged at approxi-
matelyy 5000 r.p.m. The aqueous layer was frozen and the 
organicc layer was transferred into a clean test tube. The 
organicc layer was evaporated to dryness and the residue was 
dissolvedd in 1 ml methanol/0.01 % trifluoroacetic acid 
(TFA)== 10/90 (v v '). An aliquot of 20 /d was injected onto 
thee HPLC column. Brain: To a sample of 50 u\ brain extract, 
500 ft]  of an internal standard solution (200 pg ul ' D4-EMD 
61753,, 1 M ammoniumacetate buffer pH 7) and 750 1̂ of tert-
butyll  methyl ether (MTBE) were added in a suitable test tube. 
Thee tubes were shaken for 10 min and centrifuged at 
approximatelyy 5000 r.p.m. The aqueous layer was frozen and 
thee organic layer was transferred into a clean test tube. The 
organicc layer was evaporated to dryness and the residue was 
dissolvedd in 1 ml methanol,0.01% TFA = 10/90 (v v ' j . An 
aliquott of 20 u\ was injected onto the HPLC column. Bile: Bile 
sampless were diluted 100 fold with methanol, 0.01% TFA= 10, 
900 (v v '). To an aliquot of 200 ^1 diluted bile sample 50 /il of 
ann internal standard solution (20 pg/dd ' Dj-EMD 61753. I M 
ammoniumcetatee buffer pH 7) was added. An aliquot of 50 /<! 
wass injected onto the HPLC column. 

Forr liquid chromatographic analysis the system consisted of 
aa Merck Hitachi Pump L-7100 and a Merck Hitachi 
Autosamplerr L-7250. As analytical HPLC column Superspher 
1000 RP-18e. 4 um. 20x2mml .D. from Merck KGaA, 
Darmstadt.. Germany was employed. As mobile phase 
methanol/0.02%% TFA ~-60 40 (v v ') at isocratic conditions 
withh a flow rate of 500 u\ min ' was used at ambient 
temperature.. Under these conditions the retention time of both 
EMDD 61753 and Dj-EMD 61753 was approximately 0.35 min. 

Forr mass-spectrometric detection a Perkin-Elmer SCIEX 
(Thornhill.. Ontario. Canada) model API 3000 triple quadru-
polee mass spectrometer equipped with a Turbo-Ion interface 
wass used. For SRM-LC-MS. the analytical column was 
coupledd directly to the Turbo-Ion interface, which was 
maintainedd at a temperature of 450 C. The ion spray and 
orificee voltages were set at 4500 and 35 V, and positive ions 
weree sampled into the quadrupole mass analyser. Ultrapure 
nitrogenn was used as the curtain and nebulizing gas flow rales 
off  1.25 and 1.04 1 min '. Prior to each analytical sequence the 
firstt separation quadrupole (Ql) was tuned using a standard 
solutionn of EMD 61753 and Dj-EMD 61753 to yield a 
resolutionn of 0.7 Da at half peak height for the precursor ion 
masss peaks of the protonated molecules at m'z 415.1 and 
419.1,, respectively. The same procedure was repeated with the 
secondd separation quadrupole (Q3) using the product ion scan 
modee to yield a resolution of 0.7 Da at half peak height for the 
correspondingg product ions at mz 328.0 and 332.0. 

EMDD 61753 and its tetradeuterium-labelled internal 
standardd were detected in the positive ion mode by selected 
reactionn monitoring (SRM), The mass transitions of m.r415.1 
too 328.0 and m.z 419.1 to 332.0. respectively were used for 
SRM.. The dwell time was 200 ms for both analytes. associated 
withh a pause time of 2 ms. For CID (collision-induced 
dissociation),, nitrogen was used at a thickness of about 

2600 x 10'' atoms cm :, the collision energy for fragmentation 
off  the precursor ions was set at 24 eV. 

Thee limit of quantitation for EMD 61753 in plasma was 
55 ng ml '. Within the concentration range of 8 
40000 ng ml ', the deviation of the quality control samples 
fromm the target concentration was 6,01 % or less. According to 
thee analysis of the calibration samples the assay was linear with 
aa correlation coefficient (r) of 0.9997. The limit of quantitation 
forr EMD 61753 in brain tissue was 1 ng ml ' brain tissue 
extract.. Within the concentration range of 8 4000 ng ml ', 
thee deviation of the quality control samples from the target 
concentrationn was 4,54% or less. According to the analysis of 
thee calibration samples the assay was linear with a correlation 
coefficientt (r) of 0.9996. The limit of quantitation of EMD 
617533 in bile was 5 ng ml '. Within the concentration range of 
16-4000 ng ml '. the deviation of the quality control samples 
fromm the target concentration was 8.51% or less. According to 
thee analysis of the calibration samples the assay was linear with 
aa correlation coefficient (r) of 0.9983. 

StatisticalStatistical analysis 

Alll  values are given as means + s.d A two-tailed Student's /-
testt was used to assess the significance of difference between 
twoo sets of data. Differences were considered to be statistically 
significantt when P<(i.i)S. 

Results s 

Inn vitro transport of ['''C J-asimadoline by mouse mdr la 
andand mdr lb, and human MDR1 P-glycoprotein 

Too test whether asimadoline can be transported by P-gp //; 
vitro,vitro, we made use of the polarized pig-kidney epithelial cell 
linee LLC-PKl. transfected with mouse mdrla or mdrib or 
humann MDR! <;DNA (Schinkel et ai.. 1995: Smit et al.. 1998b). 
Thesee transfected cell lines contain roughly similar levels of 
mdrla,, mdrlb and MDR1 P-gp. The cell lines f LLC-PKL L-
mdrla,mdrla, L-nnhib and t-MDRI) were grown to confluent 
polarizedd monolayers on porous membrane filters, and 
polarizedd trans-epithelial transport of [!4C]-asimadoline 
(100 ftM) was determined. 

Inn the parental cell line (LLC-PKl). translocation of [l4C]-
asimadolinee from the basal to the apical compartment (b-a) 
andd vice-ver.ut (a-b) was similar and amounted to about 16% 
perr h during the initial phase of the experiment, corresponding 
too a permeability coefficient of about 0.68 mm h ' (Figure 1). 
L-nulrlaL-nulrla and L-MDRt cells showed a markedly increased 
translocationn from basal to apical, and a decreased transloca-
tionn from apical to basal. In L-mdrlb cells asimadoline 
translocationn from basal to apical was only slightly higher 
thann in the parental cell line. These results show that 
asimadolinee is well transported in vitro by mouse mdrla P-gp 
andd also by human MDRl P-gp but not efficiently by mouse 
mdrlbb P-gp. 

TissueTissue distribution of ('4C'J'-asimadoline in mdrla. lb 
ff —  — ) and i + / + j mice 

Itt has been shown previously that the absence of P-gp in mice 
cann result in an altered tissue distribution and excretion of 
severall  drugs (Schinkel et al.. 1994; 1995; 1996; 1997: Mayer et 
til..til..  1996; Sparreboom et al.. 1997). We analysed the in vivo 
distributionn of radioactivity in mdrla lb ( + ••'--) and (—. —) 
micee 60 min after i.v. administration of I mg kg ! [l4C]-

43 3 



ChapterChapter 2 

asimadolinee (Table 1). The most pronounced difference 
betweenn the mdrla/Ib ( + + ) and (—.•—) mice was seen in 
thee brain: over a period of 1 h. the mdrla lb ( — : — ) mice 
accumulatedd 9 fold more radioactivity in the brain than the 
mdrla/lbmdrla/lb ( + / + ) mice. Also, a more than 3 fold higher 
accumulationn of radioactivity was observed in the testis of 
mdrlamdrla lb { — /—) mice. At the same time, plasma levels of 
radioactivityy and the levels in the other tissues measured were 
comparablee between mdrlajlb ( + / + ) and (—/—) mice. We 
alsoo carried out a [ l4C]-asimadoline tissue distribution 
experimentt in mdrla (—/ —) mice, which only lack the mdr l a 
P-gp.. As one might expect from the inefficient transport of 
asimadolinee by the m d r l b P-gp in vitro (see Figure I), the 
resultss obtained I h after intravenous asimadoline (1 mg kg ') 
administrationn were virtually indistinguishable from those 
obtainedd with mdrla/lb {—/ — ) mice (data not shown). 

CNSCNS side-effects of asimadoline in m d r l a l b ( -

andand ( +1 + } mice 

Onee of the CNS side-effects of K-opioid receptor agonists is 
sedationn (reviewed in Stein & SchSfer, 1997). To determine the 

effectt of absence of P-gp from the blood-brain barrier on 
sedativee effects of asimadoline. we measured the sedation time 
afterr various intravenous dosages of asimadoline in mdrlajlb 

Tablee I Tissue levels of radioactivity in nulrla Ih ( - 4-) 
andd ( ) mice at 60 min after intravenous injection of 
11 mg kg [ C]-asimadoline 

mdrlaa lb 
ff — - ) ratio 

IIng-eqng-eq g ~ ') I — /— ) : ' - — ) Tissue Tissue 

Brain n 
Muscle e 
Heari i 
Kidnej j 
Liver r 
Lung g 
Spleen n 
Testis s 
Plasma a 

mdrlaa lb 

(ng-eqq g ') 

655 + 7 
2100 + 45 
?533 . 4'! 

12588 + 265 
29022 + 731 
18922 + 201 
7200 + 74 
161+3 3 
211-33 3 

5866 ±4 8 
179±4 6 6 
3777 +  6 4 
9644 +  22 5 

33111 ±272 2 
16699 +  31 3 
694±I1 2 2 
5288 +  6 3 
1999 - ^  3 4 

9.1* * 
0.9 9 
1.1 1 
0.8 8 
1.1 1 
0.9 9 
1.0 0 
3.3* * 
0.9 9 

Resultss are expressed as 
equivalentt g ') + s.d., n = 4; 

eann [ C]-concentrations (ng-
*/><0.01. . 

800 -, 

c c o o 
w-- 50 -J c c 
ro o 

C C 
O O 

a a 

timee (hr) timee (hr) 

Figuree I Transepithelial transport of [l4C-]-asimadoline (10 HM) in LLC-PKI. L-indria. L-mdrlb and L-MDR1 monolayers. At 
(( = 0. the radioactive drug was applied in one compartment (basal or apical), and ihe percentage of radioactivity appearing in the 
oppositee compartment at t= I, 2, 3 and 4 h was measured and plotted. Data show a representative experiment (with n = 3) of three 
independentt experiments (each experiment performed at least in duplicate!. Results are expressed as mean values, with bars 
indicatingg the s.d. (for some values the range is smaller than the size of the symbols used). One per cent translocation per hour 
correspondss to a permeability coefficient of about 0.042 mm h 
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(( + ~ I and (— - I mice (Figure 2). Mdrla/lb (— —) mice 
weree at leasi 8 fold more sensitive to the sedative effect of 
asimadolinee than wild-type mice: clear sedation was observed 
att 0.31 mg kg in nu/r la lb ( —/—) mice, whereas wild-type 
micee needed at least 2.5 mg kg ' to show a demonstrable 
sedativee effect. Moreover, the time span of sedation was always 
farr longer in mdrla/lb (— / —) than in wild-type mice at the 
samee asimadoline dosage. 

Too determine the minimal concentration of asimadoline in 
thee brain which still elicits sedation, we measured the brain and 
plasmaa concentrations of unchanged asimadoline at 40 and 
1500 min after intravenous injection of 5 mg kg ' [MC]-
asimadoline.. We chose these time points and this dosage since 
thee sedative effect of asimadoline wears off at 40 and 1 50 min 
afterr administration of 5 nig kg ' asimadoline in wild-type and 
mdrlamdrla //>( — : — ) mice, respectively (Figure 2). Table 2 indicates 
thatt at r = 40 min, (he brain concentration of unchanged 
asimadolinee in mdrla lb { ) mice was 8 fold higher than 

inn wild-type mice, whereas plasma levels were roughly 
comparablee in both mouse strains. At /= 150 min. (he brain 
concentrationn of asimadoline in mdrla/lb ( — / — ) mice was 11 
foldd higher than in wild-type mice, whereas (he plasma levels 

wild-type e 
mdrr 1a/1b(-/-) 

i i I I 
00 16 0 31 063 125 2.5 5 10 20 

[As imado l ine ]] (mg kg ' ) 

Figuree 2 Sedative effects of asimadoline in nutria lb ( — - ) mice 
(openn columns) and nutria Ih ( + + ) mice (solid columns). Results 
aree expressed as sedation limes (means + s.d.) with H - 4 . Asimadoline 
wass administered i.v. at doses of I.-5. 2.5. 5. 10 and 20 mg kg for 
bothh nutria lb ( - - 1 and nutria lb I - - ). Doses below 
1.255 me kg ' «ere given only to nutria lb ( - - | mice. 

Tablee 2 Brain and plasma levels of unchanged asimadoline 
inn nutria lb ( + - ) and ( —/ —) mice at 40 and I 50 min after 
intravenouss injection with 5 mg kg ' [ CJ-asimadoline 

mdrlaa lb m d r l aa l b 

(nggg ') (ngg 

400 mm 
Brain n 
Plasma a 

I500 mm 
Brain n 
Plasma a 

493++ HO 
6722 - 158 

34  17 
88 -44 4 

40544 + 524 
610+156 6 

3577 + 72+ 
50+15+ + 

Ratio Ratio 

-- - ~

X.2* * 

l ' ii • • -

00 6 

weree again not significantly different between the two mouse 
strains.. The absolute level of asimadoline in nutria lb ( I 
brainn at t= 150 min was comparable to (hat in wild-type brain 
att f = 40 (357 + 72 versus 493+110 ng g ', respectively). This 
correspondss well with the respective time points at which 
sedationn wears off in both mouse strains, and it indicates that it 
iss the brain level of unchanged asimadoline that determines the 
degreee of sedation in both mouse strains. The data further show 
thatt asimadoline is quite rapidly cleared from both wild-type 
andd mdrla lb { — / — ) brain, as evidenced by an II 14 fold 
dropp in brain concentration between 40 and 150 min. 

Comparisonn with total radioactivity data (not shown) 
indicatedd that the fraction of unmetabolized asimadoline in 
brainn and plasma did not differ substantially between wild-type 
andd mdrla/lb (—/—) mice at either 40 or 150 min after 
administrationn (in brain: 75 8 5 % at / 40 min. and 2 5 - 3 0 % 
att t = 150 min; in plasma 40 4 5 % at I 40 min. and 8 14",, 
att i = 150 min). 

ExcretionExcretion off'41 j-asimadoline in m d r l a , l b < + . + / and 

(( — / — ) mice 

Wee next measured the hepatobiliary, intestinal and urinary 
excretionn of [ l4C]-asimadoline in animals in which the 
gallbladderr was cannulated. After intravenous injection of 
II mg kg ' ( ' ;C]-asimadoline. bile was collected during I h. 
Tablee 3 shows thai radioactivity was mainly excreted via the 
bilee in both mdrla/lb ( + / + ) and ( - / - ) mice ( 3 5 - 4 0 % of the 
dosee within I h) More than 99% of radioactivity in bile was 
presentt as metabolite in both wild-type and knockout mice. 
Excretionn of unmetabolized asimadoline in bile, although very 
low,, was about 2 fold higher in wild-type compared to 
knockoutt mice (0.47 3 and 0.25 + 0.04%, respectively of 
totall radioactivity in bile (P<0.0Ol)). Direct intestinal 
excretionn of radioactivity was found to be aboul 2 fold 
reducedd in knockout mice, from 5 - 6 % of the dose in ( + + ) 
micee to 3 % in (—/ —) mice. Urinary excretion was quite 
variable,, bul it remained below 1% of the dose in both mdrla 
IhIh ( - . -r ) and (—/—) mice, and was thus negligible. Plasma 

Tablee 3 Excretion and tissue levels of radioactivity in 
mdrlamdrla lb (+ +) and (— —) mice with a cannulated 
gallbladder r 

Tissue Tissue 

Brain n 
Muscle e 
Heart t 
Kidney y 
Liver r 
Lime e 
Spleen n 
Testis s 
Plasma a 
Bilee (%)+. 
Intestinall eont 
Urinee (%) 

m d r l aa l b m d r l a l b 
-- - Ratio 

(ng-eqq g '( (ng-eq g "')  • -

6.9* * 
1.0 0 
0.9 9 
ii o 
1.0 0 
0.8 8 
!! O 

(%)+ + 

114-5 5 
316-90 0 
503-123 3 

1873+179 9 
44ss | • 443 
JJ Y,4 • s') ' 

11 1 58 • 42'* 
288-tt 144 
: \ ;; - 2" 
38+16 6 

5.6+1.1 1 
0.36-0.45 5 

7866 +153 
315-106 6 
lsS!! . 1)7 

I84XX • 460 
4 s : :: . 5 9 5 

2911+647 7 
120SS • 66S 
7477 • ; : 

2644 + 63 
366 + 4 

3.00 +1.4 
0.377 + 0.46 

1.0 0 
1.0 0 
0.5* * 
1.0 0 

Resultss are expressed as mean asimadoline concentrations 
(nggg ' I rs .d . . 11 = 6. +« -5 : **P<0.0\. 

Tissuee levels of radioactivity at 60 min after intravenous 
injectionn of 1 mg kg ' [ 4C]-asimadoline. Results are 
expressedd as mean [ C]-concentrations (ng-eq g ) + s.d., 
'1 -4 :: */><0.05, **P<0.0\. For bile, intestinal contents and 
forr urine, results are expressed as percentage of the dose 
[[ C]-asimadoline; +Represents combined excretion into 
smalll intestine, cecum and colon: {The amount of bile 
producedd over 1 h was similar in nutria lb I  • I and 
(—— —) mice. 
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andd tissue levels of radioactivity at 1 = 60 min in this 
experimentt were comparable between mdrla Ih ( + .' + ) and 
(( — •' — ) mice, except for brain and testis. 

OralOral availability of asimadoline in mdrla lb t + • + ) 
andand ! —  — J mice 

Comparisonn of plasma concentrations of unmetabolized 
asimadolinee over time after i.v. iind p.o. administration 
indicatedd that asimadoline has a bioavailability of only 13% 
inn rats (Barber et at.. 1994). A low bioavailability of drugs can 
bee the result of active excretion or back-transport of the drugs 
byy P-gp in the intestinal mucosa (Sparreboom et ai. 1997; Kim m 
etet al., 1998). Although the contribution of intestinal mdrla P-
gpp to direct intestinal excretion of asimadoline was relatively 
smalll (Table 3). we decided to test whether the bioavailability 
off asimadoline is diminished by P-gp by measuring oral uptake 
off the drug in our knockout model. We compared the plasma 
andd tissue levels of radioactivity in mdrlirlb ( + : - ) and 
(( — ••'—) mice which had been given an oral dose of 1 mg kg ' 
[14C]-asimadoline.. The results are shown in Tabic 4. Plasma 
andd tissue levels of radioactivity after I h were comparable 
(withh the expected exception of brain and testis), suggesting 
thatt P-gp does not substantially influence the oral uptake of' 
asimadoline.. In all animals. 20-30% of radioactivity was still 
foundd in the stomach, whereas about 50% of the label was 
presentt in the small intestine. Negligible levels were present in 
cecumm and colon. As the remainder of the radioactivity must 
havee been absorbed, the uptake of asimadoline from the gut is 
quitee high, comprising at least 20 30% of the administered 
dosee within 1 h. 

Discussion n 

Thiss study demonstrates that in mice, blood-brain barrier 
(mdrla)) P-gp is a major determinant for the low brain 
penetrationn of asimadoline. and thus for the very limited 
sedativee CNS side-effects of this drug. Since asimadoline is also 
aa transported substrate of the human MDR1 P-gp. the same 
protectivee effect will most likely occur in human brain. It thus 
appearss that the specific therapeutic purpose for which 
asimadolinee is developed, viz. a peripherally acting analgaesic 

Tablee 4 Tissue levels of radioactivity in nutria Ih [  ) 
andd ( - —l mice at 60 min after oral administration of 
II mg kg ' [l"lC]-^simaJtlltne 

ri.v.wic c 

Brain n 
Muscle e 
Heart t 
Kidnev v 
Liver r 
Lung g 
Spleen n 
Testis s 
Plasma a 
Stomach h 
Smalll int. 
Cecumm -
Colonn (% 

Results s 

% ) t t 

<%>+ + 
«)+ + 
I t t 

aree expres 

m d r l aa l b 
11 T + , 

11 ng-eq g '} 

199 + 5 
688 + 22 

1477 + 84 
4988 - 81 

14366 + 441 
5433 - 206 
1733 - 40 
266 + 5 
944 + 21 

25.11 + l l . f i 
54.fii + 6. 0 
U.. 16+ 0.115 

o.oss + o.oi 

sedd as mean 

m d r l aa Ih 

// - - , 
(ng-eqq g ') < -

112+11 1 
544 + 14 

1300 + 23 
534+130 0 

0 0 
4911 + 54 
1899 + 34 
577 + 8 

106++ 15 
266 0 + 17.6 
5.100 + 22.4 
0.088 + 0.05 
0.077 + 0.01 

rutin rutin 
-- - i.-- -

5.K** + 

0.8 8 
0.9 9 
I I I 
0.9 9 
0.9 9 

1.1 1 
2.2** * 
1.1 1 
1.0 0 
1.0 0 
0.5** * 
0.9 9 

[[ l4C'|-concemralions (ng-
eqq g d . n = 4; "P<0.01: +Tissue - contents, results are 
expressedd as percentage of the dose [ NC]-asimadoline. 

withh very limited sedative and other adverse side-effects in the 
CNSS (Barber er at.. 1994: Gottschlich ei at., 1995) is to a 
considerablee extent determined by the presence of P-gp in the 
blood-brainn barrier. Interestingly, in spile of the prominent 
rolee of mdrla P-gp in the blood-brain barrier for this drug, we 
foundd that intestinal mdrla P-gp has relatively little effect on 
thee oral uptake of asimadoline. This indicates that, at least in 
somee cases, it is feasible to develop drugs that are kept out of 
thee brain by P-gp. with therapeutically beneficial effects, 
whereass at the same time intestinal P-gp is not an 
unsurmountablee barrier for oral administration of the drug. 

Onee characteristic in which asimadoline differs from some 
otherr drugs for which we have previously demonstrated a 
strongg effect of blood-brain barrier P-gp is the rate ofelearance 
off the drug from the brain. Whereas vinblastine is cleared very 
slowlyy from the brain of mdrla ( ) (and wild-type) mice, 
andd whereas ['Hj-digoxin even demonstrates a gradual 
accumulationn in mdrla ( — •• — ) brain over a period of more 
thann 2 days (Schinkel t>i  al.. 1994; Mayer et at.. 1996). 
asimadolinee was quite rapidly cleared from both wild-type and 
mdrla.lhmdrla.lh (— —) brain (see Table 2). These differences in 
behaviourr between the various drugs may result from the 
relativee tightness of binding to brain components, the degree to 
whichh each drug is metabolized in the brain, the presence of 
exportt systems other than P-gp for the parent drug and or 
theirr metabolites, or a combination of these properties. 
Whateverr the exact cause of these differences, it is clear that 
variouss drugs that are all clearly affected by blood-brain 
barrierr P-gp may still differ widely in their pharmacokinetic 
behaviourr in the brain. 

Nextt to the brain, the relative accumulation of asimadoline 
inn the testis was also markedly (about 3 fold) increased in 
mdrla;mdrla; Ih ( — / — ) mice (Tables 1. 3 and 4). Similar effects were 
previouslyy observed with the drugs ivermectin, cyclosporin A. 
ondansetronn and loperamide in mdrla { — ;' — ) mice, and they 
aree most likely ascribed to the presence of mdrla P-gp in the 
luminall membrane of endothelial cells at the blood-testis barrier 
(Cordon-Cardoo el al.. 1989; Schinkel et al.. 1994; 1995; 1996). 
Thesee results further support the idea that the main biological 
functionn ofmdrl-type P-gp is protection of a range of critical 
tissuess from exogenous xenobiolic toxins (Schinkel, 1997). 

Earlierr studies have shown that the excretion and oral 
uptakee of drugs transported by P-gp can be extensively 
affectedd in mdrla (—•' — } and mdrla:lb ( - ' ) mice (Mayer 
etet al.. 1996; 1997. Sparreboom et al.. 1997: Van Asperen et al.. 
1997a:: Kim et at.. 1998). The hepatobiliary excretion of a 
numberr of canonic amphiphilic compounds for example was 
foundd to be decreased 2 3 fold in mdrla ( - • — ) mice (Smit el 
al..al.. 1998al, and for several drugs (e.g. digoxin, paclitaxel) a 
decreasedd direct intestinal excretion in mdrla ( — •' — ) mice was 
reportedd (Mayer et at.. 1996; 1997: Sparreboom et id.. 1997). In 
thee case of asimadoline. the biliary excretion of radioactivity 
(355 40% of the dose over 1 hi was not noticeably altered in 
mdrlamdrla lb (— —) mice, and more than 99% of this radio
activityy in bile consisted of metabolites, indicating very efficient 
metabolismm of asimadoline in the liver. At the same time, 
excretionn of unchanged asimadoline. as a percentage of total 
radioactivityy excreted in bile, was significantly diminished from 
0.477 + 0,03% in wild-type mice to 0.25 + 0.04% in knockout 
mice.. These data suggest that unchanged asimadoline. and not 
itss metabolites, are transported by P-gp in the liver. The very 
highh and unaltered level of hepatobiliary excretion of 
asimadolinee metabolites also explains why no clear differences 
inn plasma levels were observed between wild-type and mdrla 
lblb ( — .' — ) mice up to 150 min after i.v. asimadoline 
administrationn (Table 2). 
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Thee direct intestinal excretion of [MC]-asimadoline de-
creasedd from 6 to 3% of the dose. This 2 fold reduction in 
directt intestinal excretion of asimadoline observed in knockout 
micee demonstrates that intestinal mdrla P-gp can transport the 
drug.. Nevertheless, the absence of P-gp from the intestinal 
mucosaa did not noticeably affect the oral availability of 
asimadoline.. We found that 1 h after oral administration, at 
leastt 20% of [l4C]-asimadoline (dosed at I mg kg ') had 
alreadyy been absorbed from the gastrointestinal tract in both 
wild-typee and mdrla! lb {— / —) mice, and, the plasma levels of 
thee drug were comparable in both mouse strains. Considering 
thee high hepatobiliary excretion of this drug (35-40% of the 
dosee in 1 h after i.v. administration), the total uptake of the 
drugg from the intestine over this period has probably been 
higherr than 20%. In line with this high uptake, it has been 
foundd that about 80% of an oral dose of asimadoline was 
absorbedd within 24 h in rats. In contrast to this high uptake, 
bioavailabilityy is low (13% in rats, Barber et al.. 1994), which 
suggestss a high first pass metabolism of asimadoline. However 
thiss may be. unlike for paclitaxel. for which the oral 
availabilityy is strongly limited by P-gp in the intestinal mucosa 
(Sparreboomm et al., 1997), P-gp does not seem to be important 
forr the rate of uptake of asimadoline from the intestine. 

Att this moment we do not know why the uptake of some 
drugss (such as paclitaxel) is strongly affected by mdrla P-gp in 
bothh the intestine and the blood-brain barrier (Van Asperen et 
al..al.. 1997a,b), whereas the uptake of other drugs (such as 
asimadoline)) is only affected by mdrla P-gp in the blood-brain 
barrier.. It could be that the rate of uptake of orally 
administeredd asimadoline through the intestinal wall is just 
tooo rapid for P-gp to make a substantial difference in the net 
uptakee rate by back-transport. This high uptake rate may 
resultt from rapid transmembrane diffusion, or perhaps from 
thee presence of facilitating carrier uptake systems for asimado-
linee that are present in the intestine but not in the blood-brain 
barrier.. The presence of paclitaxel metabolizing activity in the 
intestinall  epithelial cells (e.g. cytochrome P450-3A) in 
combinationn with a reduced influx of paclitaxel due to P-gp 
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mightt further boost the limiting effect of P-gp on overall 
uptakee of unchanged drug (Wacher et at., 1995). Whatever the 
mechanismss behind the differences in intestinal uptake of 
variouss drugs, it will clearly be of great interest to study them 
inn more detail, as they may be highly relevant 10 the clinical 
applicationn of many drugs. 

Wee do not know why the net renal excretion of asimadoline 
(andd its metabolites) is almost negligible in mice. Based on the 
substantiall  asimadoline transport observed in the pig-kidney 
celll  line, one might have expected a more substantia! 
contributionn of the kidney to asimadoline clearance. Perhaps 
murinee kidney epithelial cells do not efficiently take up 
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inn a distal part of the kidney tubules. Clearly, as discussed 
abovee for oral uptake of asimadoline, much more research will 
bee necessary before we wil! be able to make reliable predictions 
off  the pharmacokinetic behaviour of drugs transported by P-
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Inn summary, this study adds a new drug to the list of 

compoundss for which the (potential) clinical pharmacological 
applicationss are largely determined by the presence of blood-
brainn barrier P-gp, Other examples include ivermectin, which is 
usedd to combat onchocerciasis in humans at dosages that 
wouldd be close to neurotoxic levels in the absence of blood-
brainn barrier P-gp (Schinkel et al.. 1994). domperidone, used as 
peripherallyy acting dopamine antagonist anti-emetic, and 
loperamide,, an opiate without CNS side-effects due to P-gp 
activity,, and consequently used as an antidiarrheal drug 
(Schinkell  et al., 1996). We expect that further research will 
reveall  many more drugs that can be added to this list. 
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BCRPBCRP reduces oral availability of topotecan 

Rolee of Breast Cancer  Resistance Protein in the 
Bioavailabilit yy and Fetal Penetration of Topotecan 
JohanJohan W. Jonker, Johan IV. Smit, Remco F. Brinkhuis, Marc Maliepaard, Jos H. 

Beijtien,Beijtien, Jan H. M. Schellens, Alfred H. Schinkel 

BackgroundBackground and Methods: Breast cancer  resistance protein 
(BCKP/MXR/ABCP )) is a mult id rug-resistance protein that 
iss a member of the adenosine tr i phosphate-bind ing cassette 
familyy of drug transporters. BCRP can render  tumor cells 
resistantt  to the anticancer  drugs topotecan, mitoxantrone, 
doxorubicin,, and daunorubicin. To investigate the physi-
ologicc role of BCRP, we used polarized mammalian cell lines 
too determine the direction of BCRP drug transport. We also 
usedd the BCRP inhibito r  GF120918 to assess the role of 
BCRPP in protecting mice against xenobiotic drugs. Bcrpl . 
thee murine homologue of BCRP, was expressed in the po-
larizedd mammalian cell lines LLC-PK 1 and MDCK-II , and 
thee direction of Bcrpl-mediated transport of topotecan and 
mitoxantronee was determined. To avoid the confounding 
drugg transport provided by P-glycoprotein (P-gp). the roles 
off  Bcrpl in the bioavailabilit y of topotecan and the effect of 
GF1209188 were studied in both wild-typ e and P-gp-deficient 
micee and their  fetuses. Results: Bcrpl mediated apically di-
rectedd transport of drugs in polarized cell lines. When both 
topotecann and GF120918 were administered orally, the bio-
availabilit yy (i.e., the extent to which a drug becomes avail-
ablee to a target tissue after  administration) of topotecan in 
plasmaa was dramatically increased in P-gp-deficient mice 
(greaterr  than sixfold) and wild-typ e mice (greater  than nine-
fold),, compared with the control (i.e., vehicle-treated) mice. 
Furthermore,, treatment with GF120918 decreased plasma 
clearancee and hepatobiliary excretion of topotecan and in-
creasedd (re-)uptake by the small intestine. In pregnant 
GF120918-treated,, P-gp-deficient mice, relative fetal pen-
etrationn of topotecan was twofold higher  than that in preg-
nantt  vehicle-treated mice, suggesting a function for  BCRP in 
thee maternal-fetal barrier  of the placenta. Conclusions: 
Bcrpll  mediates apically directed drug transport, appears to 
reducee drug bioavailability , and protects fetuses against 
drugs.. We propose that strategic application of BCRP in-
hibitor ss may thus lead to more effective oral chemotherapy 
withh topotecan or  other  BCRP substrate drugs. [J Natl Can-
cerr  Inst 2000:92:1651-6] 

Afterr a period of' treatment with a single cytotoxic drug, 
cancerr cells can become resistant to multiple drugs, a phenom-
enonn known us multidrug resistance. Several mechanisms of 
multidrugg resistance have been identified, including the over-ex-
pressionn of P-glycoprotein (P-gp) and MRP1, which are mem-
berss of the adenosine tri phosphate-binding cassette (ABC) su-
perfamilyy of transport proteins thai are situated in the plasma 
membranee and can actively transport drugs out of the cell l 1-J). 
Recently,, breast cancer resistance protein (BCRP) (also known 
ass mitoxantrone resistance protein [MXR] and placenta-specific 
ABCC transporter [ABCP]). a new member of this supcrfamily 
involvedd in multidrug resistance, was identified in an MCF-7 

breastt cancer cell subline lhat was selected for resistance to 
doxorubicin.. This BCRP-overexpressing cell line was markedly 
cross-resistantt to mitoxantrone and daunorubicin (4.5). Subse-
quently,, several other groups (6-8) have shown overexpression 
off  BCRP or its murine homologue. Bcrpl. in cell lines selected 
forr resistance to the anticancer agents mitoxantrone, doxorubi-
cin,, and topotecan, BCRP-mediated drug resistance could be 
effectivelyy reversed by GF120918 (a P-gp inhibitor) in human 
19)19) and murine f7j cell lines. 

Inn this study, we investigate the direction of BCRP-mediated 
drugg transport in various polari/ed cell lines and determine the 
rolee of BCRP in protecting mice against xenobiotic drugs (10). 
byy using the efficient BCRP inhibitor GF120918. 

MATERIAL SS AND METHOD S 

Animals s 

Thee mice were housed and handled according to institutional guidelines and 

Dutchh laws. For dl ex peri me nis. the animals used were male im i r la / lh i - / - ) or 

wild-typee mice of 3 W ï KVB genetic background: they were *J—14 weeks ol age. 

Thee mice itere kept in a temperature-con I rol led environment with a 12-hour 

light-- 12-hour dark cycle and were given a standard diet (AM-ll ; Hope Farms, 

Woerden,, The Netherlands) and acidified water ud libitum. 

Reagents s 

Topotecann (HycamtinSt and [ l 4Cllopotecan (56 Ci/mnl) were from Smith-

Klin ee Beetham Pharmaceuticals (King of Prussia. PA). GF1209I8 was from 

Glaxoo Wellcome (Research Triangle Park. N O. Keiamme (Ketalar®! was from 

Parke-Daviss (Hoofddorp, The Netherlands) Xyla/.ine was from Sigma Chemical 

Coo (St. Louis. MO). MeLhoxyflurane iMetofane®) was from Mallinckrodi Vet-

erinary,, inc. (Mundelein, [Ll . Al l other compounds used were' reagent grade 

Drugg Preparation. Administration , and Analysis 

GFll  209IK was suspended al 5 mg/tllL in a mixture of hydmxyprupvl melh-
ylcellulosee (1(1 g/L)/2'v (vol/Vol) Tween 8(VH ;OK).S: 1 :98.5 [vulAol/vol ] for 
orall  administrationi. Animals, lightly anesthetized with melhovyflutane. were 
administeredd OF 1204 IS (50mg/kg: KI U.L of drug soluliun/g hody weight) or a 
correspondingg amount of vehicle hy gavage into the stomach. Topotecan (0.2 
mg/ml.ii  (freshly prepared in S't [wtAol | n-glucose: 5 u.Ug hody weight! was 
administeredd orally at a dose of 1.0 mg/kg hody weight. Fur intravenous admm-
istraiion,, topotecan or. where indicated. [' ;CL|topotecan at ,S u.L of drug sulu-
tion/gg body weight was injected into the tail vein of mice lightly anesthetized 
withh mcthmyflurane. 

Animalss were killed by cardiac puncture or axillary bleeding after bemg 
anesthetizedd with methoxyflurane. and their blood was collected. Ht-parinized 
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plasmaa was mixed with three volumes of ice-cold methanol (-20 C) Their 
organ**  were removed and subsequently homogenized in 4^ iwt/vol) bovine 
serumm albumin. Where applicable, the intestinal content was separated from the 
intestinall  tissue before homogenization Radioactivity in homogenates was de-
terminedd as described previously < I it. Because topotecan is hardly metabolized 
inn vivo, (he amounts of  ,JC reflect total unchanged levels of topotecan (12). The 
totall  topotecan levels (lactone plus carboxylale form}  in plasma were determined 
byy high-pressure liquid chromatography as described earlier I ii). The area under 
thee plasma concentration-time curve lAUC) was calculated (from 0 to 4 hours 
lorr oral administration and from I minute 10 4 hours for intravenous adminis-
tration!!  by use of the linear trapezoidal rule Plasma bioavailability l i e. the 
extentt to which a drug becomes available in plasma alter administration) of 
administeredd drug was determined its the ratio of the AUC after oral and intra-
venouss administrations. For gallbladder cannulation experiments, mice were 
anesthetizedd and cannulated as described previously (14). Anesthetics, a com-
binationn of kelamine (100 mg/kg) and xyla/ine (6.7 mg/kg), were injected in-
iraperii  lone ally into the mice at 2.33 jcUg body weight. 

Ribonucc lease Protection Analysis 

Totall  RNA was isolated from mouse tissues by use of the TRl/olW reagent 
(Lifee Technologies. Inc. [G1BCO BRL], Rockville, MD), according to the manu-
facturer'ss instructions. Rtbonuclease (RNase) protection assays were performed. 
ass described previously (15). with 10 (ig or total RNA per sample A mouse 
probee lor bcrpl was made by cloning a 405-nucleotide (nt) polymerase chain 
reactionn fragment (positions 1554-1959 relative to Ihe translation start) into the 
pGEM-TT vector (Promega Corp., Madison, Wl). After the vector was linearized 
withh restriction endonuclease fcvRI, a 280-nt anlisense RNA probe was gener-
atedd by transcription with -SP6 RNA polymerase, yielding a protected probe 
fragmentt of 205 nt. 

Expressionn of Full-Length Mouse bcrpl Complementary 
DNAA in LLC-PK 1 and MDCK-I I  Cells 

Thee full-length mouse bcrpl complementary DNA (cDNA) (7/ was excised 
fromm pBluescript KS with i'mal and iVurt and was cloned into the LZRS-MS-
IRES-GFPP expression vector between the SnuBl and Null sites (16). The result-
ingg vector was a monocistronic construe! containing bcrpl followed by se-
quencess for an internal ribosome entry site and the enhanced green fluorescent 
proteinn This construct was transfected to the amphotropie Phoenix producer cell 
linee (17) by use of the calcium phosphate precipitation method. Viral supema-
tanlss from these transfected cells were used to transduce LLC-PKl or MDCK-1J 
cells.. Transduced clones were selected first for expression of the enhanced green 
fluorescentt protein and then for the reduced accumulation of mitoxanlrone by 
floww cytometry. The expression of bcrpl cDNA in selected clones was deter-
minedd by northern hlol analysis. 

Transportt  Assay 

Transportt assays were carried out as described earlier 114). with minor modi-
fications.. M199 medium containing i-glulamine (2 mAft. penicillin (UK) Eli/ 
mLhh streptomycin (100 (ig/mL), and fetal calf serum (ID'S) was used through-
out.. Cells were seeded on microporous polycarbonate membrane filters (_V0-u.ni 
poree si_:e, 24.5-mm diameter. Transwell™ 3414. Costar®) at a density of 2 x HÏ' 
cells/well.. The cells were grown for 4 days in M199 medium with one change 
off  medium. Ninety minutes before the start of the experiment, medium on both 
thee apical and the basal sides of the monolayer was replaced with 2 ml_ of 
Oplimemm (Life Technologies Ltd., Paisley. Scotland) containing i - glut amine |2 
mAf),, penicillin (100 ILVmL). and streptomycin 1100 iig/mL. without fetal call' 
serum,, at pH 6 5 (adjusted with HCÏ). The experiment was started by replacing 
thee medium on either the apical or the basal side of the cell layer with 2 ml. of 
Optimemm IpH 6.5) containing 10 JJUW | "C]topolecan (7 Ci/miilj and 192 nM 
['HJinulinn (0.8 Ci/mmol) The cells were mcubaied al .17 C in 5'J CO,-WS air 
Afterr 0.5, 2, 4. 6, and 24 hours, 50 uL was taken from each compartment, and 
thee radioactivity in each aliquot was measured Any radioactivity crossing the 
monolayerr and appearing in the opposite compartment was noted as the fraction 
off  total radioactivity added at the beginning of the experiment. The tightness of 
thee monolayer was measured by monitoring the paracellular flux of [ 'Hlinulin to 
thee opposite compartment This flux was always lower than \'k of the lolal 
radioactivityy per hour. 

Statisticall  Analysis 

Thee two-sided unpaired Student's r lest was used throughout to assess the 
statisticall  significance of difference between Ihe Iwo sets of data Results are 
presentedd as the means + standard deviation. Differences were considered (o be 
statisticallyy significant when F<-()5. 

RESULTS S 

Polarizedd Transport of [t4C]Topotecan by Mouse Bcrpl in 
Epitheliall  Cell Lines 

Too determine the direction of Bcrpl -mediated drug transport 
inn polarized epilhelia, we transduced the pig kidney cell line 
LLC-PKll  with a retroviral expression vector containing mouse 
bcrpll  cDNA. By northern blot analysis, expression of bcrpl 
cDNAA in two independent Iransductants (L-Bcrp 1,1 and L-Bcrp-
1.2)) was 25%-50% of that found in D320 cells, a doxorubicin-
selectedd cell line that highly overexpresses bcrpl \{7): data not 
shown].. The parental and transduced cell lines were grown to 
confluentt polarized monolayers on porous membrane filters, and 
vectoriall  transpon of [' 4C]topotecan (10 jiM ) across the mono-
layerss was determined. Background transport of lopotecan by 
thee endogenous pig P-gp (IS) present in the LLC-PKl-derived 
liness was abolished by the addition of the P-gp inhibitor PSC 
8333 (10 (iM|. This compound hardly affects Bcrpl-mediated 
drugg transport (data not shown). Although lopotecan was trans-
locatedd equally well in both apical and basolaieral directions in 
thee parental line LLC-PKl. in the berp 1 -transduced lines, it was 
translocatedd more in the apical direction and less in the basolat-
erall  direction (Fig. 1. a and b; data for L-Bcrpl.2 [not shown) 
weree similar to those for L-Bcrpi.1). When the Bcrpl/P-gp in-
hibitorr GF120918 (7.9) was used, polarized lopotecan transport 
wass abolished in parental and bcrpl-transduced lines, resulting 
inn equal levels of (passive) translocation of topotecan in both 
directionss (Fig. 1, c and d). Similar results were obtained for 
[ l4C]]  topotecan and ['HJmitoxantrone when mouse bcrpl was 
expressedd in the polarized canine kidney cell line MDCK-II 
(dataa not shown). Thus, Bcrpl-mediated drug transport is api-
tallyy directed in various polarized cells, which suggests that 
Bcrpll  is located apically in polarized epithelia, and can be ef-
fectivelyy inhibited by GF120918. 

Expressionn of bcrpl Messenger  RNA in Mouse Tissues 

P-gpp mediates apically directed drug transport in polarized 
culturedd cells and the elimination of drugs by organs such as 
liverr and intestine. P-gp also reduces the uptake of drugs from 
thee intestine and prevents the accumulation of drugs in certain 
criticall  tissues and the felus (10.19-21). To assess a possible 
pharmacologicc role of Bcrpl, we first determined the tissue dis-
tributionn of mouse bcrpl by using RNase protection assays. Fig. 
2,, a. shows that mouse bcrpl is highly expressed in kidney and 
expressedd more moderately in liver, colon, heart, spleen, and 
placenta.. The moderate levels of bcrpl expression in the mouse 
placentaa contrast with the very high levels of BCRP expression 
previouslyy observed in human placenta (4.22). 

Effectt  of GF120918-Mediated Inhibitio n of Bcrpl on the 
Pharmacokineticss of Topotecan in Mice 

Wee studied the pharmacologic role of Bcrpl in vivo in liver, 
intestine,, kidney, and placenta by analyzing the effects of the 
Bcrpll  inhibitor GF12091K, which is well tolerated hy both 
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Fig.. 1. Transepithelial transport of [1'*C]topoiecan <Id 
\L.W)\L.W) in LLC-PKI (a and c) and L-Bcrpl.l (a repre-
sentativee clone) (b and di monolayers. The experi-
mentt was started with the addition of [ ; 'CJtopolecan 
too one compartment (basal or apical I of the culture 
dishh After 0.5. 2. 4. and 6 hours, the percentage of 
radioactivityy appearing in [he opposite compartment 
wass measured and plotted. The P-glycoprotein (P-gp) 
inhibitorr PSC 833 (a and b) or the breast cancer re-
sistancee protein (BCRPl/P-gp inhibitor GF120918 (c 
andd d) was present as indicated. Results arc the means; 
thee error bars indicate the standard deviations (n = 3). 
Transportt from the apical to the basal sides and from 
thee basal to the apical sides (at 6 hours) was only 
significantlyy different for L-Bcrpl.l cells treated with 
100 \iM PSC 833 (/> = .002; two-sided Student's i 
test). . 

LLC-PK1 1 
100 nM PSC 833 

apicall to basal 
:.. isal to a| i al 

LLC-PK1 1 
100 u M G F I 20918 

L-Bcrp1.1 1 
1O11MGF120SI8 8 

Fig.. 2. Expression of the murine breast cancer resis-
tancee protein ibcrpll messenger RNA in mouse tis-
sues.. Ribonuclease protection analysis was performed 
withh 10 u.g of total RNA/sample. al bcrpl expression 
inn mdr la / l b ( - / -) mouse tissues: colon (lane I) , ce-
cumm (lane 2). heart i lanc 3), lung (lane 4). skeletal 
musclee (lane 5). thymus (lane 6). stomach (lane 7i. 
epididymiss (lane 8), brain liane 9i. liver (lane 10), 
kidneyy (lane I I ) . spleen ilane 12), placenta (lane 13), 
andd uterus (lane 14). bi Comparison of bcrpl expres-
sionn between wild-type (wt) and md r l a / l b l - / -) (ko) 
mice:: wt brain (lane 15). ko brain (lane 16). wl liver 
(lanee 17). ko liver (lane 18). wl kidney (lane 19). ko 
kidneyy ilane 20). wt spleen I lane 21). ko spleen (lane 
22).. wt small intestine (lane 23). and ko small inies-
(inee ilane 24) Positions of bcrpl- and Gapdh l i e . 
glyceraldehyde-3-phosphatee dehydrogenasei-protecied RNA fragments 
off  RNA from the same tissues from mice with different genotypes. indicated.. The Gapdh expression differs betv 

micee and humans [(23); unpublished data|. on the pharmacoki-
neticss of lopotecan. Because GF120918 inhibits both P-gp 
andd Bcrpl. we used P-gp-deficient mdrla/lb(-/-) mice (10) 
too exclude any confounding effects of P-gp inhibition. Compari-
sonn of ihe expression of bcrpl in several organs between wild-
typee and mdrla/lb(-/-) mice established that expression of 
bcrpll  was not increased by the loss of P-gp (Fig. 2. b). To 
studyy topotecan bioavailability, we administered GFI20918 or 
vehiclee orally to mdrla/lb(-/-) mice 15 minutes before oral or 
intravenouss administration of lopotecan. and we determined the 
plasmaa concentration of topotecan as a function of time (Fig. 3. 
aa and c). In GF1209l8-treated animals, the bioavailability of 
topotecann given orally, as measured by the AUG. was more than 

sixfoldd higher than that in vehicle-treated animals (596  62 
versuss 96  18 hours • mg/L: /><.00k Fig. 3. a). In GF120918-
treatedd animals, the bioavailability of lopotecan given intrave
nouslyy increased about twofold (406  25 versus 200  29 
hourss • mg/L: P<.001; Fig. 3. c). Taking the bioavailability of 
intravenouslyy administered topotecan in vehicle-treated mice as 
100%,, the bioavailability of topotecan administered orally was 
48r»»  99c in vehicle-treated mice and 299r*  31% in 
GF120918-trealedd mice. Thus. Bcrpl appears to be a major de
terminantt for ihe bioavailability of topotecan that is adminis
teredd orally. 

Topotecann is a weak to moderate substrate for P-gp (24). 
Becausee the bioavailability of topotecan administered orally 10 
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Fig.. 3. Plasma lopotecan concentra-

tionn versus time curves and biliary ex-

cretionn of lopotecan in mice treated 

withh GF120918 or vehicle. Mdr ia/ 

l b ( - / - ll  (a) or wild-type ibi mice 

weree given an oral dose of GF 1209IX 

o i ll  mg/kg) or vehicle 15 minutes be-

foree an oral dose of lopotecan 11 mg/ 

kg).. Plasma levels of unchanged lopo-

tecann were determined by high-

pressuree liquid chromatography at 15. 

30.. (>(), 120. and 240 minutes. Results 

aree the means + standard deviation (n 

&&  3). c) Plasma lopotecan concentra-

tionn versus time curves for intrave-

nouslyy admin is tered lopotecan in 

m d r l a / l b ( - / -)) mice treated with 

GFI209 I88 or vehicle. Mdr la / lb mice 

receivedd an oral dose of GF 120918 

(500 mg/kg) or vehicle 15 minutes be-

foree intravenously administered lopo-

tecann (1 mg/kg». Plasma levels of lo-

potecann were determined at I. 5. 15. 

30.. 60. 120. and 240 minutes. Results 

arcc the means  standard deviation (n 

**  3). d) Cumulative biliary excretion 

off  lopotecan. Bil e was col lected 

throughh a cannula in ihe gallbladder 

o f m d r l a / l b ( - / -)) mice wilh a ligaled 

commonn bile duel. Mice received an 

orall  dose of GF120918 (50 mg/kgl or 

vehiclee 15 minutes before lopotecan 

(II  mg/kgi was administered intrave-

nously.. Levels of unchanged lopote-

cann in bile were determined ai 10. 20, 

.30.. 40. 50. and 60 minutes. Results 

arcc the means  standard deviation In 

== 31. 
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vehicle-treatedd wild-type mice (41  7 hours • mg/L) is two
foldd lower than that in vehicle-treated P-gp-deficient mdria/ 
lb(-/-)) mice (96  18 hours • mg/L) (/><.001: compare lower 
curvess in Fig. 3, a and b). P-gp also appears to have a role in 
ihee bioavailability of lopotecan. When wild-type mice, clini
callyy the most relevant model, were treated with GF120918, 
thee bioavailability of lopotecan given orally increased ninefold 
(.3811  41 versus 41  7 hours • mg/L; P<.00\). This result 
indicatess thai inhibition of both Bcrpl and P-gp by GF 120918 
hass a strong effect on uptake of lopotecan administered orally, 
althoughh the resulting availability did not quite reach the level 
observedd in GF120918-treated mdrla/lb(-/-) mice (596  62 
hourss • mg/L). 

Wee next determined how GF 120918 given orally affected the-
levelss of lopotecan excreted in the small intestine. GF120918 
wass administered orally to mdrla/1 b(-/-) mice: 15 minutes 
later,, | ' 'C]topotecan was administered intravenously: then 15 
andd 60 minutes later, the amount of [l4C]topotecan excreted into 
thee small intestine was measured. Fifteen and 60 minutes after 
[l4C]topotecann was administered to GF 120918-treated animals, 
thee percentage of total [l4C]lopotecan in the small intestinal 
lumenn was about twofold and threefold lower, respectively, and 
thee plasma levels were about 1.5-fold and 2.5-fold higher com
paredd with vehicle-treated animals (Table 1). These observations 
couldd relied diminished excretion of lopotecan into the small 
intestinee and/or increased (re-)uptake from (he small intestine. 

bothh caused by GF 120918. To analyze this effect further, we 
separatelyy determined the hepatobiliary, direct intestinal, and 
renall excretion of [l4C]topotecan. For ihe measurement of hepa
tobiliaryy excretion, anesthetized mdrla/lb(—/—) mice with a can-
nulatedd gallbladder were given GFI209I8 or vehicle orally 15 
minutess before they were given [l4C]topotecan intravenously, 
andd the amount of lopotecan excreted was determined over the 
nextt hour. Hepatobiliary excretion of unchanged lopotecan was 
substantiallyy decreased in GF120918-treated animals for ihe first 
100 minutes after lopotecan administration (5.5%  2.6%) com
paredd with that of vehicle-treated animals (14.7 %  2A%) (P = 
.011):: however, after about 20 minutes, the excretion rale in both 
graduallyy became similar (Fig. .3. d). This observation and (he-
factt that biliary lopotecan excretion was not completely blocked 
byy GF120918 suggest that hepatic Bcrpl was nol completely 
blockedd by GFI20918 or thai there are additional transporters 
forr lopotecan in (he bile canalicular membrane. In contrast to the 
hepatobiliaryy excretion of lopotecan. the effect of GF 120918 
treatmentt on direct intestinal (7.5%  2.5% with GF120918 and 
11.6%%  1.1% with vehicle) or renal (12.6%  7.9% with 
GFF 120918 and 18.0%  10.4% with vehicle) excretion of total 
radioactivityy was not statistically significant. These data suggest 
thatt the GF 120918-induced high bioavailability of topotecan ad
ministeredd orally results primarily from a combination of its 
increasedd intestinal (re-iuptake and decreased hepatobiliary ex
cretion. . 
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Tablee 1. GF1209I8 and | l4C] topotecan in mdrla/lbi-/-) mite 

['4CJTopotecan n 
Vehicle e 
treated d 

GF120918 8 
treated d 

EffectEffect ofGFI209I8on intestinal content of [' JCjtopotecan-derived 
radioactivityradioactivity t 

16.22 + 1.7 

3 3 
400 5 

8.77 5 
2055  17 

10.2*2.1 1 
1022 * 4 

57.99  11.2 
9 9 

0.54 4 
1.50 0 

.021 1 
029 9 

155 mm 
Intestinal,, % 
Plasma»» ng/iTiL 

600 min 
Intestinal,, ck 
Plasma,, ng/mL 

EffectEffect of GF120918 on fetal distribution of \'4C}topi)tecan % 

Felus.. ng/g 15.6 + 4.6 49.6 5 3-18 <.O01 
Plasma,, ng/mL 35.7  6.2 
Fetus/plasmaa 0.4,"!  (1.(17 

U..122 <(X)1 
2.555 <(X)I 

1.62 2 
2.02 2 

029 9 
.001 1 

*P*P  values f from a two-sided Student's t test) indicate statistical significance nf 
thee difference between vehicle-treated and GFI209]H-treated animals. 

tGF1209l88 (50 mg/kgi was administered orally; 15 minutes later, |IJC]topo-
tecann (I mgAg) was administered intravenously; 15 or 60 minutes after admin-
istrationn of ['JCJt»po[ecan. the intestinal content of [14C]topotecan was deter-
minedd Results are the mean percentages of dose (intestinal content) or ol 
[''Qtopotecann concentrations ing/mL, plasma) i standard deviation (n = .1). 

tAtt gestation day 15 5, GH209I8 (50 mg/kg) was administered orally to 
pregnantt dams; 2 hours later. [;4CJiopolecan (0.2 mg/kg) was administered 
intravenously,, 30 minutes later, the fetal distribution and maternal plasma con-
centrationn of ['• 'Cjlopoiecan were determined. Results are the mean | "C|topo-
tecann concentrations + standard deviation in = 3 or 4 dams, n = 30 fetuses for 
vehicle,, and n = 41 fetuses for GF12091K. 

Pharmacologicc Roie of Bcrpl in Placenta 

P-gpp has been shown lo be functionally active in the phar
macologicallyy important blood-brain, blood-testis, and mater
nal-fetall barriers ( 10,20). The high expression of BCRP mes
sengerr RNA (mRNA) in human placenta and (to a lesser extent) 
inn mouse placenta suggested to us that BCRP might also play a 
rolee in protecting fetuses against xenobiotics. So that we could 
testt this hypothesis, pregnant mdrla/3b<-/-) dams at gestation 
dayy 15.5 were administered GF120918 or vehicle orally 2 hours 
beforee intravenous administration of [l4C]topotecan; 30 minutes 
afterr receiving [MC]lopotecan, fetuses and maternal plasma 
weree collected. We found that levels of [l4C]topotecan were 
aboutt 3.2-fold higher in fetuses of GF1209l8-treatcd dams, 
whereass at the same time maternal plasma levels were only 
aboutt 1,6-fold increased (Table 1). These results indicate that 
mousee Bcrpl plays an important role in protecting the fetus from 
topotecan.. Because BCRP mRNA expression is much higher in 
humann placenta, the role of BCRP in humans could be even 
moree pronounced. In contrast, for the blood-brain and blood-
testiss barriers, we found no indication that Bcrpl has a role in 
limitingg drug penetration, as determined by the distribution of 
intravenouslyy administered [''CJlopoteean or ['HJmitoxantrone 
inn tissues of GF120918-treated and vehicle-treated mdrla/lb 
(-/-)) mice (data not shown). 

DISCUSSION N 

Ourr data show that Bcrpl mediates apically directed transport 
off its drug substrates and support the view that Bcrpl is impor
tantt in preventing intestinal (re-)uptake and in mediating hepa
tobiliaryy excretion of transported drugs. In these ways, Bcrpl 
restrictss the bioavailability of orally administered drugs. More
over,, it also protects fetuses through its presence in the mater

nal-fetall barrier. Our data strongly suggest that Bcrpl is present 
andd functional in the apical membrane of the intestinal epithe
lium,, in the bile canalicular membrane, and in the membrane of 
placentall trophoblasts that is in contact with the maternal circu
lation. . 

Thee highest levels of bcrpl mRNA were found in the kidney, 
suggestingg that Bcrpl might play an important pharmacologic 
rolee in the renal excretion of substrate drugs. Our experiments 
measuringg this renal excretion gave highly variable results be
tweenn individual mice and were essentially not influenced hy 
GFI209188 (12.6% % with GF120918 and 18.0%  10.4% 
withh vehicle). Studies in patients also have found high variability 
inn renal elimination oftopotecan (mean = 40%; range = 26%-
80%)) (25). A possible explanation for the high variability in 
renall excretion is that human and murine kidneys could have 
severall transport mechanisms for topotecan that vary extensively 
amongg individuals. 

Orall administration of drugs is highly preferred for its con
veniencee and potential use on an outpatient basis. However, the 
therapeuticc use of orally administered drugs is frequently limited 
byy the poor and (consequently) highly variable drug bioavail
ability,, factors that are largely determined by the extent to which 
thee drugs are absorbed from the gut, metabolized, and excreted. 
Thee narrow therapeutic index of most anticancer drugs implies 
thatt this variability will frequently result in excessive toxicity or, 
conversely,, in inadequate efficacy. For instance, for topotecan 
administeredd orally, the bioavailability in humans is moderate, 
withh a high inter-patient variation (30%  7.7%) (26), and cur
rentt chemotherapeutic schedules for topotecan are, therefore, 
mainlyy based on intravenous administration (27). Our findings 
suggestt that, by combining topotecan administered orally with 
ann effective BCRP (and P-gp) inhibitor, such as GF120918. the 
bioavailabilityy oftopotecan and thus its clinical usefulness might 
bee dramatically improved. We should note that, based on these 
data,, no conclusions can be made about whether the therapeutic 
indexx of topotecan (i.e.. toxicity of topotecan for a tumor as 
opposedd to its overall toxicity to the organism) is improved by 
GF120918,, However, the ability to inhibit placental Bcrpl with 
orallyy administered GF120918 suggests that a BCRP component 
off multidrug resistance in clinical tumors could also be blocked 
withh GF120918 administered orally because the systemic expo
suree to GF120918 is apparently high enough. 

Althoughh we cannot exclude the possibility that other, as yet 
unidentified,, GF120918-sensitive topotecan transporters are also 
contributingg to the in vivo pharmacologic effects that we ob
served,, the potential clinical application of GF120918 to im
provee the bioavailability of topotecan administered orally to pa
tientss should be pursued. In fact, we have started clinical trials to 
lestt whether it is feasible to increase the bioavailability of topo
tecann administered orally to patients by blocking BCRP with 
GF12Ü918.. If this procedure is successful in patients as well, it 
mayy prove to he applicable to other drugs transported by BCRP. 
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Thee breas t cancer resistanc e protei n (BCRP ABCG2) is a membe r of 
thee ATP-bindin g cassett e famil y of dru g transporter s and confer s 
resistanc ee to variou s anticance r drugs . We sho w here tha t mice 
tackin gg Bcrp l ..Abcg 2 becom e extremel y sensitiv e to the dietar y 
chlorophyll-breakdow nn produc t pheophorbid e a, resultin g in se-
vere ,, sometime s letha l phototoxi c lesion s on light-expose d skin . 
Pheophorbid ee a occur s in variou s plant-derive d food s and foo d 
supplements .. Bcrp l transport s pheophorbid e a and is highl y effi -
cien tt  in limitin g its uptak e fro m ingeste d food . Bcrpl'-  mice also 
displaye dd a previousl y unknow n typ e of protoporphyria . Erythro -
cyt ee level s of the heme precurso r and phototoxi n protoporphyri n 
IX,, whic h is structurall y relate d to pheophorbid e a, were increase d 
10-fold .. Transplantatio n wit h wild-typ e bon e marro w cured the 
protoporphyri aa and reduce d the phototoxi n sensitivit y of Bcrp1'~ 
mice .. These result s indicat e tha t human s or animal s wit h low or 
absen tt  BCRP activit y may be at increase d risk fo r developin g 
protoporphyri aa and diet-dependen t phototoxicit y and provid e a 
strikin gg illustratio n of the importanc e of dru g transporter s in 
protectio nn fro m toxicit y of norma l foo d constituents . 

M emberss of the ATP-binding cassette (ABC) family of drug 
transporterss actively export many drugs and toxins from 

cells.. Their presence at strategic sites in the body such as the 
intestine,, blood-brain barrier, and placenta protects the organ-
ismm by limiting the systemic penetration and tissue toxicity of 
xenotoxinss {1-3). The breast cancer resistance protein (BCRP/ 
ABCG2)) and its mouse homologue Bcrpl transport various 
anticancerr drugs including topotecan, mitoxantrone and doxo-
rubicin,, thus causing multidrug resistance in cancer cells (3). We 
previouslyy found that application of BCRP inhibitors to mice 
enhancedd the oral uptake and fetal penetration of topotecan, 
suggestingg that Bcrpl provides an efficient pharmacologic bar-
rierr at these sites (4). Coadministration of BCRP inhibitors has 
alsoo been tested in patients for its ability to improve anticancer 
chemotherapyy by enhancing oral uptake and possibly tumor 
penetrationn of BCRP substrate drugs. The first results are 
promising,, but they also revealed unanticipated toxicity (5). It 
thuss is important to establish the risks associated with chronic 
inhibitionn of BCRP. 

Too study the physiological and pharmacological functions of 
BCRP,, we generated Bcrpl knockout mice. Absence of Bcrpl 
resultedd in a striking sensitivity to the dietary chlorophyll 
catabolitee pheophorbide a, which made these mice extremely 
photosensitive.. Moreover, Bcrpl knockout mice displayed a 
previouslyy uncharacterized type of protoporphyria, a group of 
metabolicc disorders frequently associated with skin photosensi-
tivityy in patients (6). Pheophorbide a and protoporphyrin are 
structurallyy related and belong to the porphyrins, a broad class 
off  molecules that include the "pigments of life": chlorophyll, 
heme,, and cobalamin (6). Our data show that BCRP is physio-

logicallyy important in processes involving handling of porphy-
rins,, and we expect that a partial or complete deficiency for 
BCRPP may contribute to several porphyrin-related phototoxici-
tiess in humans and animals. 

Material ss  and Method s 
Animals.. Mice were housed and handled according to institu-
tionall  guidelines complying with Dutch legislation. Animals used 
inn this study were Bcrpl " and wild-type mice of a comparable 
geneticc background (FVB or mixed 129/Ola and FVB) between 
99 and 14 weeks of age. Animals were kept in a temperature-
controlledd environment with a 12-h light/12-h dark cycle. They 
receivedd a standard (AM-II ) or semisynthetic (reference 
4068.02)) diet (Hope Farms, Woerden, The Netherlands) and 
acidifiedd water ad libitum. 

Materials.. Topotecan and [14C]topotecan [56 Ci/mol (1 Ci = 37 
GBq))) were from GlaxoSmith Kline (King of Prussia, PA). 
Pheophorbidee a was from Frontier Scientific/Porphyrin Prod-
uctss (Logan, UT). 

Generationn of Bcrpl -' - Mice. By using Bcrpl cDNA probes, a 
129/Olaa mouse genomic sequence containing exons 1-8 of 
BcrplBcrpl was identified. A 5.1-kb fragment containing exons 3-6, 
encodingg most of the ATP-binding domain, was deleted and 
replacedd with a 1.8-kb pgk-hygnt cassette in reverse-transcrip-
tionall  orientation. Electroporation and selection for recombi-
nantt E14 embryonic stem cells was done as described (7), Of 161 
hygromycin-resistantt clones, 18 were targeted correctly as con-
firmedd by Southern analysis of .Sea I-digested genomic DNA with 
3'' and 5' Bcrpl probes (Fig. \a). The absence of additional 
pgk-hy^ropgk-hy^ro cassettes inserted elsewhere in the genome was con-
firmedd by hybridization with a hygro-specific probe. Chimeric 
micee were generated by microinjection of two independently 
targetedd embryonic stem cell clones into blastocysts. Chimeric 
offspringg were backcrossed to FVB mice. By using this approach, 
twoo independent Bcrpl' mouse lines were established. 

Clinicall  Chemical Analysis of Plasma. Standard clinical chemistry 
analysess on plasma were performed on a Hitachi 911 analyzer to 
determinee levels of bilirubin, alkaline phosphatase, aspartate 
aminotransferase,, alanine aminotransferase, lactate dehydroge-
nase,, creatinine, urea, Na'. K' , Ca: ' , Ci , phosphate, total 
protein,, and albumin. 

Abbreviat ions.. ABC, ATP-t.,nding cassette. BCRP ABCC2. breast cancer resistance protein. 

Bcrpll A b t g i . murine BCRP; PPIX. p ro toporphyr in IX 

** *To whom correspondence should be addressed at. Division of Experimental Therapy. The 

Netherlandss Cancer Institute. Presmanlaan 121. 10*6 CX Amsterdam. The Netherlands 

E-mail:: i K h i n k e i e n k i n l . 
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Fig.. 1. Generation and analysis of Bcrpl mice, (a) A 5.1 -kb fragment 
containingg exons 3-6 (exons are indicated by filled boxes) was replaced with 
ann invertedpgk-hygro cassette. Restriction sites: S. Seal; A, Asp718; N, Nhel. For 
Southernn analysis. 5 and 3 probes were used on Seal-digested genomic DNA. 
Diagnosticc restriction fragments are indicated by double-headed arrows, (b) 
Westernn analysis on crude membrane fractions from liver, kidney, and small 
intestinee (20 j ig per lane), (c) Bile from wild-type and Bcrpl mice, (d-g) 
Immunohistochemieall detection (  40) of Bcrpl in small intestine (d). liver (e), 
kidneyy (f), and placenta (g). 

Hematologicall  Analysis. I lemoglobin, mean corpuscular volume, 
redd and white blood cells, and platelets were determined in 
peripherall  blood on a Cell Dyn 1200 analyzer (Abbott). 

HPLCC Analysis, levels of topotecan. pheophorbide a. and proto-
porphyrinn IX (PPIX) were determined by HPLC analysis as 
describedd (4. 8. 9). The method described for the determination 
off  pheophorbide a was modified slightly. A Luna CI8(2) column 
(2500 x 4.6-mm i.d.. 5-/xm particle size, Phenomenex. Torrance, 
CA)) protected with a guard column (10 x 3-mm i.d.) packed 
withh reversed-phase material (Varian Chrompack) was used for 
thee separation. 

Generationn of mAbs. A fusion gene consisting of the gene for the 
EscherichiaEscherichia colt maltose-binding protein and a fragment en-
codingg amino acids 221-394 of the mouse Bcrpl gene was 
constructedd in the pMAL-c vector. Production and purifica-

tionn of the fusion protein, immunization of rats, and fusion 
protocolss were as described (10, 11). Results are shown for 
mAbb BXP-9 or BXP-53. which worked well on immunoblots 
andd in immunohistochemistry. 

Westernn Analysis. Crude membrane fractions from tissues were 
preparedd as described (12). Western blotting was performed as 
describedd (7). Blots were probed with mAb BXP-9 (1:10). mAb 
bindingg was detected by using peroxidase-conjugated rabbit 
anti-ratt IgG (1:1.000. DAKO). 

Histologicall  Analysis and Immunohistochemistry. Tissues were fixed 
inn 4% phosphate-buffered formalin, embedded in paraffin, 
sectionedd at 4 p.m, and stained with hematoxylin and eosin 
accordingg to standard procedures. For immunohistochemistry. 
tissuess were deparaffinized in xylene and rehydrated. Endoge-
nouss peroxidase activity was blocked by using 3% (vol/vol) H2O2 
inn methanol for 10 min. Before staining, paraffin sections were 
pretreatedd by heat-induced epitope retrieval. Slides were incu-
batedd with 5T normal goat serum/PBS for 30 min, and subse-
quentlyy sections were incubated overnight with a 1:400 dilution 
off  BXP-53 at 4°C. mAb immunoreactivity was detected with the 
streptavidin-biotinn immunoperoxidase (sABC) method by using 
biotinylatedd goat anti-rat IgG (Dako. 1:100) as secondary anti-
body,, and diaminobenzidine substrate for visualization. After 
counterstainingg with hematoxylin, slides were mounted. For 
negativee control, the primary mAb was omitted. 

InIn Vitro Pheophorbide a Accumulation Assay. Exponentially growing 
cellss were incubated for 1 h at 37°C in normal medium in the 
presencee of 10 p.M pheophorbide a with or without 10 p:M 
Kol43.. Cells were trypsinized. washed, and suspended in Hanks' 
solutionn with \ri FCS. Light exposure was minimized, and after 
trypsinizationn all procedures were done at 4°C. Relative cellular 
accumulationn of pheophorbide a was determined by flow cy-
tometryy using a FACScan (Becton Dickinson) with excitation at 
4888 nm and emission detection at 650 nm. 

Pharmacokineticc Experiments. Pharmacokinetic experiments were 
performedd as described (4. 7). For fetal accumulation studies, 
Bcrpl'Bcrpl' /Mdrla/b mice were obtained by appropriate back-
crossingg of Bcrpl mice to mice deficient for the drug trans-
portingg /'-glycoproteins Mdrla and Mdrlb (Mdrla/b mice). 
Subsequently,, Bcrpl' I Mdrla lb mice were crossed to gen-
eratee Bcrpl' . Bcrpl' . and Bcrpl fetuses in a Mdrla/b 
background. . 

Photosensitivityy Experiments. Mice were exposed to standard 
fluorescentt light (Philips TLD50W/84HF) with a 12-h light/12-h 
darkk cycle. The distance from the light source was 130 cm. 
resultingg in an exposure of = 1.000 lux. These light conditions are 
comparablee to those in an artificially well lit indoor office space. 

Bonee Marrow Transplantation. Bone marrow was harvested from 
femurss and suspended in Hanks' solution with \'i FCS. Bone 
marroww cells (3 x 10'') were transplanted via the lateral tail vein 
too recipient mice that had received 9 Gy of whole-body irradi-
ation.. After transplantation mice were kept for 8 weeks in 
filter-topp cages. The genotype of peripheral blood was confirmed 
byy PCR analysis. 

Results s 
Generationn and Analysis of Bcrpl ~ Mice. To study the in vivo roles 
off  Bcrpl. we generated constitutive Bcrpl knockout mice (Fig. 
la).. Northern and Western blots confirmed the absence of Bcrpl 
mRNAA (not shown) and protein in Bcrpl mice (Fig. \b). 
Immunohistochemically.. Bcrpl was detected in apical mem-
braness of epithelial cells of small intestinal vill i and renal 
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proximall  tubules, hepatic bile canalicular membranes, and pla-
centall  labyrinth cells of wild-type (Fig. 1 d-g) but not Bcrpl 
(nott shown) mice. 

BcrplBcrpl mice were fertile, their life spans and body weights 
weree not different from wild-type, they were born at the ex-
pectedd Mendelian ratio, and they did not demonstrate pheno-
typicc aberrations under standard housing conditions. Unlike 
somee other members of the ABCG subfamily (13), Bcrpl 
seemedd not to be critically involved in lipid metabolism, because 
wee did not observe changes in plasma levels of cholesterol and 
phospholipids.. Hematological and plasma clinical chemical anal-
ysiss revealed no abnormalities except that unconjugated biliru-
binn was increased in Bcrpl mice (1.50  0.55 pM in wild type 
versusversus 6.50  1.05 pM in Bcrpl ). Surprisingly, the bile of 
Bcrpl'Bcrpl' mice was red instead of yellow (Fig. i<). Both the 
increasedd levels of unconjugated bilirubin and red-colored bile 
weree diet-dependent, because they disappeared in mice that 
receivedd a semisynthetic diet consisting of purified nutrients. 
However.. HPLC analysis indicated that the red bile color was not 
causedd by bilirubin or its conjugates. As will be described below, 
itt is likely to be caused by a chlorophyll catabolite. 

Rolee of Bcrpl in Oral Availability and Fetal Accumulation of Topotecan. 
Wee studied the pharmacologic role of Bcrpl by determination 
off  the oral availability and fetal accumulation of topotecan 
(Fig.. 2). The oral availability of topotecan was increased 
=6-foldd in Bcrpl mice, indicating that intestinal Bcrpl 
limitss the uptake of topotecan. Fetal accumulation of topote-
cann was measured in fetuses from a cross between Bcrpl 
andd Mdrla/b mice to avoid confounding effects of Mdrla/b 
/'-glycoproteinn (4). Fig. 2b shows that the ratio of fetal 
topotecann concentration to maternal plasma concentration 
wass «2-fold higher for Bcrpl fetuses compared with 
BcrplBcrpl fetuses, whereas Bcrpl' fetuses showed an inter-
mediatee accumulation. These results show that Bcrpl in the 
placentaa can limit the penetration of substrate drugs from the 
maternall  plasma into the fetus. 

Diet-Dependentt Phototoxicity in Bcrpl ' Mice. The Bcrpl mice 
hadd not displayed any visible phenotypical aberration until a few 
BcrplBcrpl mice suddenly developed severe necrotic ear lesions 
(Fig.. 3 a-e). Only mice housed on the top shelf, closest to the 
lightt source, developed these lesions, suggesting some form of 
phototoxicity.. Further analysis showed that all Bcrpl mice 
developedd ear lesions when exposed to standard fluorescent light 

butt only when fed with one particular batch of food. Phototoxic 
earr lesions developed 1 week after feeding with this "phototoxic" 
batch,, and in some cases lesions also appeared on the tail, snout. 
andd rims of the eyes. Phototoxicity was never observed in 
wild-typee mice. 

Diet-dependentt photosensitization is common and can be 
causedd by a variety of chemicals including drugs and pesticides 
butt also by natural toxins derived from plants and fungi. The 
primaryy plant component present in our standard mouse diet 
wass alfalfa (Medicago saliva) leaf concentrate. Outbreaks of 
photosensitizationn in cattle are reported frequently and are often 
associatedd with the ingestion of alfalfa. This phototoxicity has 
beenn attributed to biochemical conversion products or myco-
toxinss generated in humidly stored alfalfa (14). To investigate 
whetherr alfalfa was the source of the phototoxicity in Bcrpl 
mice,, we fed them diets containing increased amounts of alfalfa. 
Whereass no phototoxicity was observed at normal (59?) levels of 
alfalfa,, all Bcrpl ' (but not wild-type) mice progressively 
developedd phototoxic lesions at higher (10% and 20%) alfalfa 
dosagess (Fig. 3/). Thus, twice the normal amount of this batch 
off  alfalfa already induced phototoxicity in Bcrpl mice. 

Bcrpl-'""  Mice Are Extremely Sensitive to the Phototoxin Pheophor-
bidee a. It has been shown that high levels of pheophorbide a. a 
phototoxicc porphyrin catabolite of chlorophyll, can be formed by 
alfalfaa chlorophyllase depending on the treatment of the alfalfa 
duringg storage and processing (refs. 15 and 16; Fig. 3g). To test 
whetherr Bcrpl mice were sensitive to pheophorbide a. we 
determinedd its phototoxicity after oral administration (Table 1). 
Whereass phototoxicity (or other toxicity) was never observed in 
wild-typee mice up to 200 mg/kg/day. the Bcrpl mice dis-
playedd a dramatic hypersensitivity. The lowest dose at which 
phototoxicityy occurred in Bcrpl mice was 2 mg/kg/day. 
indicatingg that Bcrpl mice are at least 100-fold more sensitive 
too pheophorbide a. At 16 mg/kg/day. ear lesions developed 
alreadyy after 2 days, and after 3 days mice developed severe 
edemaa of the head and became moribund. The hypersensitivity 
off  the Bcrpl mice to pheophorbide a corresponded with 
highlyy increased plasma levels. Plasma levels of pheophorbide a 
weree 17-fold (10.40  2.74 ug/ml) and 24-fold (14.54  2.50 
ug/ml)) higher, respectively, in Bcrpl mice fed with photo-
toxicc or 209? alfalfa food compared with a "normal" food batch 
(0.611  0.47 u.g/ml). In wild-type mice, plasma levels of pheo-
phorbidee a were undetectable on any of these diets. 

61 1 



ChapterChapter 4 

g g Chlorophylll a 

II H 

• • 

timee (days) 

CC : 3H -

:.... . . . . 

' ' 

Pii ' : irphynn IX 

CHCHH CH 

;;

Fig.. 3. Phototoxicity and transport of pheophorbide a. (a) Normal ear. (b-e) Progression of phototoxic ear lesions in a period of 3-5 days in Bcrpl ' mice, (f) 
Incidencee of phototoxic ear lesions on diet containing 10% and 20% alfalfa (n 10 mice). (g> Chlorophyll breakdown in plants, reactions, and enzymes are 
indicatedd wi th an arrow. Also shown is the structure of PPIX. (h) Pheophorbide a accumulation in cells exposed to pheophorbide a {10 ,M) for 1 h at C in the 
presencee or absence of Bcrpl BCRP-inhibitor Ko143 (10 ,iM) (mean fluorescence  SD, n n 3; »*, P 0.01, Student's t test). 

Pheophorbidee a Is Transported by Bcrpl BCRP. To determine 
whetherr pheophorbide a is transported by Bcrpl/BCRP, we 
measuredd its accumulation in cell lines by flow cytometry (Fig. 
3/i).. We used the mouse fibroblast line MEF3.8 and its deriva-
tivess T6400 and A2 that overexpress Bcrpl by drug selection or 
transductionn with Bcrpl cDNA. respectively (17. 18). Accumu-
lationn of pheophorbide a was reduced 18-fold in Tt>400 cells 
comparedd with MEF3.8. This effect could be largely reversed by 
thee specific Bcrpl/BCRP inhibitor Kol43 (19). We obtained 
similarr results for the A2 cell line and the human IGROV1 
ovariann cancer cell line and its ZJCW-overexpressing derivative 
T88 (20). indicating that pheophorbide a is transported efficiently 
byy both murine Bcrpl and human BCRP. Thus. Bcrpl efficiently 
reducess the bioavailability of dietary pheophorbide a by pre-
ventingg its uptake from the intestine and possibly by mediating 
itss elimination via liver and kidney. Without this efficient barrier, 
(natural)) fluctuations of pheophorbide a in the diet can lead to 
phototoxicity.. The phototoxic food batch must have contained 
relativelyy high pheophorbide a levels, most likely resulting from 
variationss in treatment of the alfalfa ingredient. 

Interestingly,, in plants, degradation of pheophorbide a by 
cleavagee of the porphyrin ring yields a red chlorophyll catabolite 
(ref.. 21: Fig. 3g). In Bcrpl mice that received a semisynthetic 
diett and thus had yellow bile, the red bile color reappeared after 
orall  administration of (dark-green) pheophorbide a. suggesting 
thatt the red compound excreted in the bile of Bcrpl mice (Fig. 
1<)) is red chlorophyll catabolite or a related pheophorbide a 
metabolite. . 

Noo Abnormalities in Differentiation of Bone Marrow Cells in BcrpJ 
Mice.. It has been shown that Bcrpl is also expressed in hema-
topoieticc stem cells and erythroid precursor cells in (he bone 
marroww and that it is responsible for the "side-population" (SP) 
phenotype,, associated with primitive slem cells and caused by 
activee extrusion of the fluorescent dye Hoechst 33342 (22). We 
alsoo detected Bcrpl in mature murine erythrocytes (not shown). 
Althoughh the physiologic function of Bcrpl in hematopoietic 
(stem)) cells is still unknown. Zhou el ill.  (22) speculated that it 
mightt be involved in hematopoietic differentiation. However, by 

62 2 



RCRPRCRP protects against a dietary plwtoto.xin 

Tabl ee 1. Pheophorbid e a phototoxicit y in mic e 

Dosage,, mg kg day Wi ld- type Bcrpl Bcrpl 

22 na + " 
44 na + 8 

88 - + 5 

166 —
322 — na 

644 — na 
1000 — na 

2000 — na 

Pheophorbidee a was administered orally for up to 12 days to mice fed wi th 
"normal "" food (n 3 per group), na, Not analyzed; —, no phototoxicity 
observed;; , phototoxicity observed; superscript numbers, average number of 
dayss until phototoxicity was first observed. 

dd mice were killed after 3 days. Light conditions are specified in 
MaterialsMaterials and Methods. 

floww cytometry we found no abnormalities in the relative 
numberss of erythroid precursors ( T e r l l 9 ). granulocytes 
(Grll  ). macrophages ( M a d ), or B cells (B220) in bone 
marroww of Bcrpl mice. In addition, no significant hemato-
logicc differences were observed in peripheral blood (not shown). 

Bcrp ll  ' Mic e Displa y a Previousl y Unknow n Typ e of Protoporphyria . 

Inn humans, well known causes of phototoxicity are genetic 
defectss in the heme biosynthetic pathway that result in the 
accumulationn of photosensitizing porphyrins in the skin. These 
porphyrinss are structurally highly related to pheophorbide a. We 
thereforee determined levels of various endogenous porphyrins, 
includingg PFIX (Fig. 3g), the immediate precursor of heme, in 
erythrocytes,, plasma, liver, bile, and urine. We found that 
erythrocytee levels of PPIX were increased 10-fold in Bcrpl 
mice.. This increase was seen in mice kept on all diets (Fig. Ati) 
includingg the semisynthetic diet, with which the mice do not 
displayy obvious photosensitivity. This result implies that the 
increasedd level of PPIX was independent of the diet, and that this 
levell  in itself was not sufficient to cause marked photosensitivity. 
Plasmaa PPIX was also increased, but no significant differences 
inn levels of PPIX in liver or bile were observed between the 
groupss (not shown). Bcrpl expressed in erythrocytes and their 

precursorss apparently protects these cells from excessive accu-
mulationn of PPIX. possibly by extrusion of this compound. 

Protoporphyri aa Can Be Cure d by Bon e Marro w Transplantation . W e 

nextt transplanted lethally irradiated wild-type and Bcrpl 
micee with bone marrow from either genotype and determined 
thee effects on protoporphyria and photosensitivity. (light weeks 
afterr transplantation, erythrocyte levels of PPIX in Bcrpl 
micee with wild-type transplants were comparable with those of 
wild-typee mice, whereas wild-type mice with Bcrpl trans-
plantss were comparable with Bcrpl mice (Fig. 4/)). The 
BcrplBcrpl protoporphyria is thus a bone marrow-autonomous 
phenotypee that can be cured by transplantation with wild-type 
bonee marrow, and that does not depend on Bcrpl activity 
elsewheree in the body. Wild-type mice transplanted with 
BcrplBcrpl (or wild-type) bone marrow were not photosensitive 
whenn fed a 20% alfalfa diet, whereas Bcrpl recipients of 
eitherr bone marrow: genotype did display photosensitivity (Fig. 
Ac).Ac). However. Bcrpl mice with Bcrpl transplants (with 
protoporphyria)) were more photosensitive than Bcrpl mice 
withh w ild-typt' transplants (no protoporphyria: Fig. 4c). suggest-
ingg that PPIX may have contributed to the photosensitivity in 
BcrplBcrpl mice. 

Discussion n 
Ourr data provide a striking illustration of the importance of the 
ABCC transporter Bcrpl in protection from a normal food 
constituentt such as pheophorbide a and at the same time 
emphasizee the unpredictability of exposure to such constituents. 
Givenn the amount of chlorophyll ingested by most omnivoresand 
herbivores,, it is not surprising that they are normally well 
protectedd from its toxic breakdown products. In humans, pheo-
phorbidee a-induced phototoxicity has been reported after inges-
tionn of chlorella tablets (23). a dried algae preparation taken as 
""naturall  health supplement" by millions of people. Several 
pickledd vegetables also contain substantial amounts of pheo-
phorbidee a and have been shown to cause phototoxicity in rats 
(23).. In the human population there are many incompletely 
understoodd incidences of idiosyncratic food and drug hypersen-
sitivitiess including phototoxicity (24-26). In light of our data it 
willl  be of great interest to investigate whether part of these 
hypersensitivitiess could be explained by partial or complete 
deficienciess in the activity of BCRP. /'-glycoprotein, or related 
ABCC transporters. 
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Fig.. 4. Effect of bone marrow transplantation on protoporphyria and phototoxicity, (a) Erythrocyte levels of PPIX in Bcrpl ' and wild-type mice receiving 
normal,, phototoxic (Phototox.), or semisynthetic (Synth.) diet (n = 5). (M Erythrocyte levels of PPIX after bone marrow transplantation (*, P  0.05. Student's 
ttest).. KO, knockout, (c) Incidence of phototoxic ear lesions in wild-type and Bcrpl mice (recipients) transplanted with Bcrpl or wild-type (donors) bone 
marrow.. To induce phototoxicity, mice were fed a 20% alfalfa diet (n 3-5; P  0.01 for difference between knockout knockout and knockout wi ld type. 
Student'ss ttest). 
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Ourr results demonstrate unequivocally that Bcrp! affects the 
pharmacologicc behavior of the anticancer drug topotecan, po-
tentiallyy limiting the therapeutic efficacy of it and related 
clinicallyy used drugs, for instance by restricting their oral avail-
ability.. Our current and previously obtained data indicate that 
thiss problem can be circumvented by strategic application of 
effectivee BCRP inhibitors (4. 5). However, this study also 
indicatess that prolonged inhibition of BCRP activity might reveal 
unexpectedd sensitivities to compounds that are commonly 
presentt in the diet. Ongoing clinical trials with BCRP inhibitors 
shouldd therefore be monitored carefully for such unexpected 
toxicityy events. 

Ourr study further shows that BCRP is important for the 
handlingg of endogenous porphyrins. The Bcrp] ' mice display 
aa previously unknown type of genetic porphyria characterized by 
increasedd levels of PPIX in erythrocytes. This porphyria is 
uniquee because it is not caused by a defect in one of the enzymes 
off  the heme biosynthetic pathway, in contrast to all previously 
identifiedd genetic porphyrias (6). Erythropoietic protoporphyria 
forr instance also leads to accumulation of PPIX in erythrocytes 
butt is caused by a deficiency of ferrochelatase, the enzyme that 
mediatess the conversion of PPIX into heme. Severe erythro-
poieticc protoporphyria results in marked photosensitivity. We do 
nott understand the exact mechanism behind the protoporphyria 
causedd by Bcrpl deficiency yet, but the structural similarity with 
pheophorbidee a suggests that excess PPIX (or perhaps another 
porphyrin)) may be cleared from erythroid cells by BCRP. Low 
orr absent BCRP activity may exacerbate the consequences of 
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otherr genetic or drug-induced protoporphyrias and thus could 
explainn some of the highly variable penetrance seen in these 
syndromess (6). 

Afterr completion of this study, Zhou et at. (27) published an 
analysiss of an independently generated Bcrpl knockout mouse. 
Inn line with our findings, no abnormalities were observed in the 
hematopoiesiss of these mice. No mention was made of other 
physiologicall  abnormalities except that hematopoietic cells were 
unablee to extrude the dye Hoechst 33342 and displayed an 
increasedd sensitivity to the drug mitoxantrone (27). We note that 
thee phenotypeswc observed in our Bcrpl' ~ mice may well have 
beenn missed unless specifically looked for or were only apparent 
underr specific (dietary and light) conditions. 

Inn conclusion, we have shown that BCRP is involved in 
physiologicallyy important processes involving the handling of 
exogenouss and endogenous porphyrins. Reduced BCRP activity 
ass a consequence of mutation, inhibition, or down-regulation 
thuss might contribute to diet-induced phototoxicity, protopor-
phyria,, and possibly other porphyrin-related toxicities and 
disorders. . 
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Forr  the elimination of environmental toxins and metabolic waste products, the body 
iss equipped with a range of broad-specificity transporters, that are generally 
presentt  in the liver, kidney and intestine. The polyspecific organic cation 
transporters,, OCT1, 2 and 3 (SLC22A1-3), mediate the facilitated transport of a 
widee variety of structurall y diverse organic cations, including many drugs, toxins 
andd endogenous compounds. OCT1 and OCT2 are found in the basolateral 
membranee of hepatocytes, enterocytes and renal proximal tubular  cells. OCT3 has a 
moree widespread tissue distributio n and is also known as the extraneuronal 
monoaminee transporter  (EMT ) or  uptake-2, which is responsible for  the peripheral 
eliminationn of monoamine neurotransmitters. Studies with knockout mouse models 
havee directly demonstrated that these transporters can have a major  impact on the 
pharmacologicall  behavior  of various substrate organic cations. The recent 
identificationn of polymorphic genetic variants of human OCT1 and OCT2 that 
severelyy affect the transport activity, thus suggests that some of the interpatient 
differencess in response and sensitivity to cationic drugs may be caused by variable 
activityy of these transporters. 

Thee body is continuously exposed to a wide 
varietyy of environmental toxins and metabolic 
wastee products. To rid itself of these compounds, 
itt is equipped with various detoxification 
mechanismss such as metabolizing enzymes and 
transportt proteins mediating their inactivation and 
excretion.. For excretion, a plethora of 
transmembranee transport proteins is present in the 
majorr excretory organs, i.e. liver, kidney and 
intestine.. The Solute Carrier (SLC) family is by 
farr the largest family of transporters, consisting of 
aboutt 225 members in humans {for reference: 
Humann Genome Organization (HUGO) at 
http://www.gene.ucl.ac.uk/nomenctature). . 

Whereass most of these transporters are highly 
specializedd and mediate facilitated transport of 
essentiall  nutrients (e.g. glucose, amino acids, 
nucleosidess and fatty acids), some members are 
moree generalized transporters. Due to their broad 
substratee specificity, the latter are also termed 

polyspecificc transporters. They play a major role 
inn the elimination of, and protection against, 
noxiouss compounds. 

Amongg the SLC family, two subfamilies 
(SLC211 and 22) with polyspecific members have 
beenn identified, mediating the transport of a wide 
varietyy of structurally diverse organic anions, 
cationss and uncharged compounds. The SLC21 
familyy of organic anion transporting polypeptides 
(OATPs)) currently consists of 9 members in 
humans,, transporting a range of in general 
relativelyy large (>450 Da), mostly anionic 
amphipathicc compounds including bile salts, 
eicosanoids,, steroid hormones and their 
conjugatess (reviewed by Hagenbuch and Meier, 
2003).. The SLC22 family currently consists of 12 
memberss in humans and contains organic cation 
transporterss (OCTs), the carnitine transporter 
(OCTN2/SLC22A5)) (Wu et al., 1998), the urate 
anion-exchangerr (URAT1/SLC22A12) (Enomoto 
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ett al., 2002) and several organic anion 
transporterss (OATs. reviewed by Sweet et al., 
2001).. In this review we focus on the polyspecific 
organicc cation transporters (OCT1. 2 and 3) that 
belongg to the subfamily SLC22. 

Cloningg and functional characteristics 
Thee first member of the organic cation 

transporterr family, designated OCT1 (SLC22A1), 
wass isolated by expression cloning from rat 
kidneyy (Griindemann et al., 1994). In the initial 
studyy it was shown that rOCTl had functional 
characteristicss similar to the previously described 
organicc cation transport process in the basolatcral 
membranee of renal proximal tubules and 
hepatocytes.. rOCTl encodes a 556 amino acid 
proteinn and has a proposed secondary structure of 
122 transmembrane domains (TMD). It contains a 
largee extracellular loop, located between the first 
andd second TMD, with three predicted yV-linked 
glycosylationn sites (Meyer-Wentrup et al., 1998) 
thatt may be involved in protein stability, 
intracellularr routing or in protection from 
extracellularr proteases (Figure 1). Currently, 

mammaliann orthologs of OCT 1 have been cloned 
fromm mouse (Schweifer and Barlow, 1996), 
humann (Gorboulev et al., 1997; Zhang ct al.. 
1997),, and rabbit (Terashita ct al., 1998). 

Byy homology screening, a second member of 
thee organic cation transporter family, designated 
OCT22 (SLC22A2), was isolated from rat kidney 
(Okudaa et al. 1996) and later also cloned from 
humann (Gorboulev et al., 1997), pig (Griindemann 
ett al., 1997) and mouse (Mooslehner et al., 1999). 
rOCT22 encodes a 593 amino acid protein with a 
calculatedd molecular mass of 66 kDa and 67% 
identityy with rOCTl. The third member of the 
organicc cation transporter family, designated 
OCT33 (EMT/SLC22A3), was independently 
clonedd and identified as the extrancuronal 
monoaminee transporter (EMT, see section 
catecholaminee transport) by two different groups 
(Kckudaa et al., 1998: Wu et al., ~1998: 
Griindemannn et al., 1998) and later also cloned 
fromm mouse (Verhaagh ct al., 1999). rOCT3 
encodess a 551 amino acid protein with a predicted 
molecularr mass of 61 kDa and 48% identity with 
rOCTll  (Kekuda et al., 1998). 

Figuree 1. Predicted secondary structure of OCT1. The protein is thought to consist of 12 transmembrane domains with the 
N-- and C-terminus located intracellular])/. The first large extracellular loop contains three putative A'-linked glycosylation 
sitess (indicated by branches). Cytoplasmic (IN) and extracellular (OUT) orientation are indicated. 
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Thee functional characteristics of these 
transporterss have been extensively investigated 
usingg cRNA injected Xenopus laevis oocytes and 
transfectedd mammalian cell lines. OCT1, 2 and 3 
alll  mediate the facilitated diffusion of a broad 
rangee of structurally diverse organic cations and 
theyy have extensively overlapping substrate 
specificities.. In general, the OCTs mediate the 
(bidirectional)) transport of small hydrophilic 
compounds,, ranging in size from about 60-350 
Da,, with at least one positively charged amine 
moietyy at physiological pH. Although many 
compoundss have been shown to inhibit or 
modulatee transport activity of the OCTs, not all of 
themm are transported substrates. Substrates for 
whichh transport has been directly demonstrated 
includee the model substrate tetraethylammonium 
(TEA),, the parkinsonian neurotoxin I-methyl-4-
phenylpyridiniumm (MPP4), clinically used drugs 
suchh as antiparkinsonians (amantadine and 
memantine),, antidiabetics (biguanides) and the 
H2-receptorr agonist cimetidine, biogenic amines 
(dopamine,, norepinephrine) and several other 
endogenouss compounds (choline and creatinine). 
Inn addition to organic cations, it has also been 
demonstratedd that hOCTl and hOCT2 mediate 
thee transport of some anionic prostaglandins 
(Kimuraa et al., 2002), indicating that a positive 
chargee is no absolute prerequisite for being an 
OCTT substrate (Table 1). 

Expressionn and subcellular  localization 
Northernn analysis and RNA in situ 

hybridizationn demonstrated that in rats, rOCTl 
mRNAA is expressed in liver, kidney and intestine 
(Griindemannn et al., 1994). In humans, hOCTl is 
primarilyy expressed in the liver, indicating a 
differencee in tissue distribution of OCT 1 between 
humanss and rodents (Gorboulev et al., 1997; 
Zhangg et al„  1997). OCT2 mRNA was detected 
predominantlyy in the kidney in rats and humans 
(Okudaa et al., 1996; Gorboulev et al., 1997). The 
tissuee distribution and subcellular localization of 
OCTT I and OCT2 have been analyzed by 
immunohistochemistryy in rats and humans 
(Meyer-Wentrupp et al., 1998; Karbach et al., 
2000;; Motohashi ct al.. 2002). In the liver, rOCTl 
wass detected in sinusoidal membranes of 
hepatocytess around the central veins of the 
hepaticc lobuli. In the kidney, rOCTl was mainly 

observedd in the pars convoluta (SI) and cortical 
parss recta (S2) of the proximal tubules, with 
lowerr expression in the medullary pars recta (S3), 
whereass rOCT2 was mainly expressed in the S2 
andd S3 segments (Meyer-Wentrup et al., 1998; 
Karbachh et al., 2000). By Western analysis, using 
isolatedd renal basolateral and brush-border 
(apical)) membranes of proximal tubules, it was 
shownn that both rOCTl and rOCT2 are localized 
basolaterallyy (Urakami et al., 1998; Karbach et 
al.,, 2000) (Figure 2). 

Inn addition to the kidney, OCT2 is also 
expressedd in various regions of the brain. By RT-
PCR,, rOCT2 was detected in dopamine-rich areas 
off  the brain: substantia nigra, nucleus accumbens 
andd striatum (Griindemann et al., 1997). In 
humans,, hOCT2 was detected by in situ 
hybridizationn and immunohistochemistry in the 
pyramidall  cells of the cerebral cortex and 
hippocamus.. In the brain, OCT2 might represent a 
"background""  transporter for the removal of 
monoaminee neurotransmitters that have escaped 
re-uptakee by the high-affinity transporters, which 
aree not members of the OCT family (Busch et al., 
1998).. In contrast to what has been reported by 
Griindemannn et al. (1997), rOCT2 (and rOCT3) 
waswas also detected by RT-PCR in the choroid 
plexuss {Sweet et al., 2001). Transfection of intact 
choroidd plexus with an rOCT2-GFP fusion 
proteinn construct resulted in strong apical 
membranee fluorescence with no detectable signal 
inn the basal and lateral membranes, suggesting 
thatt rOCT2 mediates transport across the 
ventricularr membrane of the choroid plexus 
(Sweett etal., 2001). 

Expressionn of OCT2 in the kidney is gender-
dependentt (Urakami et al., 1999; 2000; Slitt et al., 
2002).. Starting from the observation that the 
uptakee of TEA by renal cortical slices of male rats 
iss greater than that by females, Urakami et al. 
(1999)) found significantly higher levels of rOCT2 
mRNAA and protein in the kidney of males 
comparedd to females. Moreover, the expression of 
OCT22 in the kidney was demonstrated to be age-
dependent.. Whereas in young rats, levels of 
OCT22 mRNA between males and females were 
similar,, they increased dramatically in males at 
thee age of 30 days (Slitt et al., 2002). Treatment 
off  male and female rats with testosterone 
significantlyy increased the expression of rOCT2 
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Tablee 1. Transported substrates of the rat and human OCTs. 

Substrate e 
Modell  compounds 
Tetraethylammoniumm (TEA) 
1-methyl-4-phenylpyrii  din mm (MPP) 
N-N- methyl -nicotinamide (NMN) 
Guanidine e 
Tributylmethylammoniumm (TBuMA) 
jV-methyl-quinine e 
N-metN-met hy 1- q u i n i di ne 
Azidoprocainamidee methoiodide 
Drugs s 
Amantadine e 
Memantine e 
Cimetidine e 
Metformin n 
Buformin n 
Phenformin n 
Biogenicc amines 
Agmatine e 
Dopamine e 
Epinephrine e 
Histamine e 
Norepinephrine e 
Serotoninn (5-hydroxytryptamine) 
Tyramine e 
Otherr  endogenous compounds 
Choline e 
Prostaglandinn E2 
Prostaglandinn F2a 
Creatinine e 
Nucleosides s 
2-deoxytubercidinn (dTub) 
Cytosinee arabinoside 
22 - ch 1 orodeo x y aden os i ne 
Azidothymidinee (AZT) 

rOCTl rOCTl 

+ + 
+ + 
+ + 

+/--

+ + 

+/--
+ + 
+ + 
+ + 

+/--
+ + 
+ + 
--
+ + 
+ + 
+ + 

+ + 

+/--

+ + 
+ + 

+/--
+/--

hOCTl l 

+ + 
+ + 
+ + 

+ + 
+ + 
+ + 
+ + 

--

+/--

+ + 
+ + 

rOCT 2 2 

+ + 
+ + 

+ + 

+ + 

+ + 

+ + 
+ + 
+ + 
+ + 
+ + 
+ + 

? ? 

+ + 

--
--
--
--

hOCT2 2 

+ + 
+ + 
+ + 

+ + 
+ + 

+ + 
+ + 

+ + 
+ + 
+ + 

+ + 
+ + 
+ + 

rOCT 3 3 

•y •y 

+ + 

+ + 
+ + 

+ + 

--

hOCT3 3 

+ + 

--

+ + 

+ + 
--
+ + 

+ + 
+ + 
+ + 

--

References s 

10.. 12. 15, 16,25.48 
5.. 10. 15, 16 
5.. 10 
15,25 5 
44 4 
44 4 
44 4 
44 4 

3,9 9 
3 3 
15,52 2 
46 6 
46 6 
46 6 

13 3 
3.5.. 14, 16,48 
I,, 14, 16 
3.. 14, 15 
1,3,, 14, 16 
1,3,, 14, 16 
1,, 16 

5,, 10, 16,40 
27 7 
27 7 
15 5 

6 6 
6 6 
6 6 
6 6 

Onlyy substrates arc listed for which transport has been directly demonstrated in cRNA injected Xenopus laevis oocytes or 
transfectedd cell tines. +, transported; +/-, poorly transported; -, no transport detected; ?. controversial. 

inn the kidney and stimulated the uptake of TEA in 
renall  slices. Estradiol treatment on the other hand 
causedd a decrease in the expression of rOCT2 and 
thee uptake of TEA in renal slices, but only in 
malee rats (Urakami et al., 2000), The roles of 
thesee steroid hormones were confirmed in 
gonadectomizedd rats, where the levels of rOCT2 
inn the kidney became similar between males and 
femaless (Slitt et al., 2002). Together, these studies 
suggestt that rOCT2 is responsible for the gender 
differencess in the renal elimination of organic 
cations.. Although the physiological function of 
thiss sexual dimorphism is unknown, it might be 

responsiblee for some of the gender-based 
differencess in drug response and sensitivity in 
patients. . 

Inn contrast to OCT1 and OCT2, which are 
predominantlyy expressed in the major excretory 
organs,, OCT3 has a much more widespread tissue 
distribution.. Initially, in a limited study, hOCT3 
wass detected by RT-PCR analysis in brain cortex, 
heartt and liver (Grundemann et al., 1998). In a 
moree extensive study, hOCT3 mRNA was 
detectedd at high levels in aorta, skeletal muscle, 
prostate,, adrenal gland, salivary gland, liver, term 
placentaa and fetal lung (Verhaagh et al., 1999). In 
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rats,, expression of rOCT3 as analyzed by 
Northernn analysis was highest in intestine and 
placenta,, intermediate in brain and heart, low in 
kidneyy and lung but undetectable in liver (Kekuda 
ett al., 1998). By in situ hybridization rOCT3 was 
detectedd in different regions of the brain, 
especiallyy in the cerebellum, hippocampus, 
pontinee nucleus and cerebral cortex, whereas by 
immunocytochemicall  staining, hOCT3 was 
detectedd in normal human astrocytes (Wu et al., 
1998;; Inazu et al., 2003). Rajan et al. (2000) 
foundd that in mice mOCT3 mRNA is also 
expressedd in the retinal pigment epithelium of the 
eye,, suggesting involvement of OCT3 in the 
clearancee of dopamine and histamine from the 
subretinall  spaces and possibly in the disposition 
off  neurotoxins such as MPP+. 

Catecholaminee transport 
Besidess a possible role of the OCT transporters 

inn the clearance of xenobiotics and drugs, they 
havee also been implicated in the elimination of 
endogenouss cationic compounds such as the 
biogenicc amine neurotransmitters. The biogenic 
aminess are a class of neurotransmitters including 
thee tyrosine-derived catecholamines (dopamine, 
epinephrinee and norepinephrine), serotonin (5-
hydroxytryptamine,, 5-HT) and histamine. They 
aree released by sympathetic neurons via 
exocytosiss into the synaptic cleft where they have 
theirr action as a neurotransmitter. Efficient 
removall  of the neurotransmitters after release is 
criticall  to well-regulated synaptic transmission 
andd is mediated by re-uptake, enzymatic 
degradationn and diffusion. The re-uptake of 
releasedd catecholamines is mediated by high-
affinity,, Na+- and Cl~-dependent transporters 
presentt in the outer membrane of the presynaptic 
nervee endings. This transport system is also 
knownn as uptake-1 and consists of the 
norepinephrinee transporter (NET, SLC6A2) and 
thee dopamine transporter (DAT, SLC6A3), both 
memberss of the Solute Carrier Family of 
transporters.. In addition to uptake-1, a second 
transportt system is present in the peripheral non-
neuronall  tissues, designated uptake-2 or 
extraneuronall  monoamine transport system 
(EMT).. EMT was first identified by Iversen 
(1965)) as a low-affinity uptake system for 
catecholaminess in isolated rat heart. It was 

independentlyy cloned by two different groups and 
wass designated EMT/OCT3 (Kekuda et al., 1998; 
Wuu et al., 1998; Grundemann et al., 1998). In 
additionn to EMT/OCT3, OCT1 and OCT2 have 
alsoo been shown to mediate the transport of 
catecholaminess and other biogenic amines 
(Breidertt et al., 1998; Grundemann et al., 1998). 
Neuronall  re-uptake by uptake-1 is quantitatively 
mostt important for the clearance of released 
catecholamines,, accounting for about 90% of 
theirr removal at the nerve endings. Although 
OCT33 has been proposed to be the classical EMT, 
thee three OCTs together are thought to be 
responsiblee for the (predominantly) extraneuronal 
clearancee of catecholamines that have escaped 
fromm re-uptake by uptake-1 (reviewed by 
Eisenhofer,, 2001). 

Alternativ ee splicing of OCTs 
Eukaryoticc cells have the capability to increase 

thee coding capacity of their genes via alternative 
splicing,, which is predicted to occur in more than 
halff  of the human genes (Kan et al., 2001). 
Alternativee splicing allows a single gene to 
producee a variety of proteins with altered tissue 
distribution,, localization, regulation or function. 
Zhangg et al. (1997) identified an alternatively 
splicedd isoform of OCT1 in rat kidney, named 
rOCTIA,, that is generated by skipping of exon 2. 
Ass a consequence of this deletion, the rOCTIA 
transcriptt encodes a truncated protein of 430 
residuess (rOCTl has 556 residues) lacking the 
firstfirst two N-terminal TMDs and the large 
extracellularr loop. Surprisingly, the absence of the 
firstfirst two TMDs has no significant effect on the 
transportt of TEA as tested in RNA-injected 
oocytes,, indicating that they are not essential, at 
leastt for the transport of this compound. The 
tissuee distribution of rOCTIA RNA was similar 
too that of rOCTl, but the physiological function 
off  this splice variant, if any, is as yet unknown 
(Zhangg etal., 1997). 

Hayerr et al. (1999) identified several 
alternativelyy spliced isoforms of OCT 1 in human 
cells.. By RT-PCR, four different transcripts 
representingg variants of hOCTl were identified in 
thee human glioma cell line SK-MG-1 and two of 
thesee were found in human liver. Further analysis 
showedd that these transcripts represented the full 
lengthh hOCTl and three shorter alternatively 
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Figuree 2. Localization of the OCTs in kidney and liver. In the kidney, OCT1 (in rodents but not in humans) and OCT2 are 
presentt in the basolateral membrane of the proximal tubule. In a schematic representation of a cross section of a proximal 
tubule,, the localization of OCT1 and OCT2 is indicated by a ball with arrows. In the liver. OCT1 is present in the 
basolaterall  (sinusoidal) membrane of hepatocytes. Partly reprinted from Junqueira et al., Basic Histology, copyright 1998, 
withh permission from The McGraw-Hill Companies. Partly reprinted from Bloom and Fawcett. A textbook of histology, 
copyrightt 1994. Chapman & Hall. 

splicedd isoforms, two of which are lacking the last 
twoo C-terminal TMDs and one the last 6 TMDs. 
Functionall  analysis by measuring the uptake of 
MPPP in transfected HEK293 cells indicated that 
neitherr one of the hOCTl splice variants 
exhibitedd significant decynium-22 sensitive 
uptakee of MPP". Whether the transport of other 
substratess is affected in these isoforms is not 
known. . 

Forr OCT2, an alternatively spliced variant was 
isolatedd from human kidney (Urakami el al.. 
2002).. This variant, named hOCT2-A, contains a 
prematuree stop codon due to an intron splicing 
error,, failing to remove the intron between exon 7 
andd 8. The open reading frame of this transcript 
encodess a 483-amino acid protein with 81% 
aminoo acid identity with hOCT2 (which consists 
off  555 amino acids). As a consequence of the 
prematuree termination of translation, hOCT2-A 
consistss of only 9 TMDs instead of 12. lacking 
thee last three C-terminal TMDs. The tissue 
distributionn of hOCT2 and hOCT2-A RNAs were 
somewhatt different: hOCT2-A was expressed 
primarily'' in kidney, but mRNA was also detected 
inn brain, liver, colon, skeletal muscle, testis and 
placenta.. In contrast, hOCT2 was detected in 
kidney,, brain, testis and placenta. Functional 

analysiss using transfected HEK293 cells 
demonstratedd that hOCT2-A still exhibited 
transportt activity of TEA similar to that of 
h()CT2,, but transport of MPP and cimctidine 
weree decreased and that of guanidine was 
completelyy abolished. Whether the distinct 
substratee specificity and tissue distribution of 
hOCT2-AA have any physiological or 
pharmacologicall  relevance is unclear. 

Geneticc variations in OCTs 
AA major complication in drug therapy is the 

highh interindividual variability in response and 
sensitivityy to drugs. With the development of 
high-throughputt screening methods for the 
detectionn of polymorphisms, it is now becoming 
increasinglyy clear that genetic variations in 
proteinss affecting the pharmacokinetics of drugs 
aree important determinants in this variability. 
Recently,, several groups have reported 
polymorphicc genetic variations in members of the 
organicc cation transporter family (Kerb et al.. 
2002;; Saito et al.. 2002; Leabman et al., 2002; 
2003;; Shu et al., 2003). For OCT1. Kerb et al. 
(2002)) identified among a population of 57 
healthyy Caucasians, 25 genetic variants, 8 of 
whichh resulted in amino acid substitutions. 
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Functionall  characterization, by measuring the 
uptakeuptake of various OCT1 substrates in RNA-
injectedd oocytes, demonstrated reduced transport 
activityy in three of these variants (ArgólCys, 
Cys88Argg and Gly401Ser). Among 247 subjects 
off  diverse ethnic backgrounds, Leabman et al. 
(2003)) identified 15 nonsynonymous 
polymorphismss in OCT1, four (ArgólCys, 
Gly220Val,, Gly401Ser, Gly465Arg) resulting in 
reduced,, and one (Serl4Phe) in increased uptake 
ofMPP+(Shuetal„„  2003). 

Withinn the same population, 28 
polymorphismss were detected in OCT2, 8 of 
whichh resulted in nonsynonymous amino acid 
substitutionss (Leabman et al., 2002). Two of these 
variants,, each with an allelic frequency of more 
thann 1% in the African-American population 
(Metl65Ilee and Arg400Cys), displayed a 
significantlyy reduced transport activity. The 
variantt with the highest allelic frequency 
(Ala270Ser),, had a prevalence of about 12.7% 
amongg all different ethnic groups but had a more 
subtlee effect on hOCT2 function. Overall, the 
frequencyy of synonymous changes was higher 
thann that of non-synonymous changes, suggesting 
ann important evolutionarily preserved function of 
hOCT22 (Leabman et al., 2002). 

Thee positions of the mutations and their effects 
onn transport activity and specificity may provide 
insightt into the molecular mechanism by which 
substratess are recognized and transported by the 
organicc cation transporters. Arg61, Cys88 
(hOCTl)) and Metl65 (hOCT2) are localized in 
thee first large extracellular loop and TMD-2 
respectively.. The severe effect of these mutations 
onn transport activity is surprising, since complete 
absencee of TMD-1 and -2 has previously been 
shownn to have no significant consequences for the 
transportt of TEA by rOCTl (Zhang et al., 1997). 
Possibly,, this part of the protein plays a role in the 
substratee selectivity but is not essential for basic 
transportt activity. Giy401 (hOCTl) and Arg400 
(hOCT2)) belong to a stretch of five amino acids 
thatt is highly conserved within the superfamily of 
facilitatedd transporters, indicating that this 
sequencee might be essential for transport activity 
(Gorboulevetal.,, 1997). 

Basedd on the allelic frequencies of the above-
mentionedd variants with (severe) effect on OCT 
functionn (about 1%), one would expect that 

homozygotess for these alleles would arise in the 
humann population with a frequency of about 1 per 
10.0000 individuals. Interestingly, OCT2 and 
OCT33 in mice are only expressed from the 
maternall  allele. Together with the Igf2r gene, they 
formm a gene cluster that has been shown to be 
paternallyy imprinted in mice (Zwart et al., 2001). 
Itt is not known whether OCT2 and OCT3 are also 
imprintedd in humans, but if so, this implicates that 
thee actual frequency of humans with a partial or 
completee deficiency in OCT2 might be much 
higher.. The possible clinical and physiological 
consequencess of a genetic deficiency in the 
organicc cation transporters are discussed in the 
nextt section. 

Knockoutt  mouse models 
Givenn the broad substrate specificity and 

possiblee physiological and pharmacological 
relevance,, a clear understanding of the in vivo 
functionss of the OCT transporters obviously wil l 
bee of great importance. For that purpose, 
knockoutt mouse models have been generated for 
alll  three organic cation transporters (Jonker et al., 
2001;; 2003; Zwart et al., 2001). 

Octll  deficient mice are viable and healthy, and 
displayy no obvious phenotypical abnormalities, 
indicatingg that Octl is not essential for normal 
physiologicall  functioning in mice. However, 
absencee of Octl does have a pronounced effect on 
thee pharmacokinetics of substrate organic cations. 
Inn OctV' mice, the accumulation in liver of 
intravenouslyy administered TEA was dramatically 
reducedd (by 85% and 77% after 20 and 60 min, 
respectively)) compared to wild-type mice, 
indicatingg that Octl is the main sinusoidal uptake 
systemm for TEA in the liver. In addition, direct 
smalll  intestinal excretion of TEA in Oct!'1' mice 
wass reduced by about 50%. This indicated that 
Octt 1 also mediates the basolateral uptake of TEA 
intoo enterocytes which is necessary for 
subsequentt excretion into the gut lumen (Jonker 
ett al., 2001). Together, these findings may be of 
clinicall  importance as they might help predicting 
andd analyzing the consequences of a deficiency in 
OCT11 in humans. A genetic deficiency in OCT1 
couldd have both positive and negative 
consequencess for drug therapy. On the one hand, 
reducedd hepatic uptake of drugs may result in a 
decreasedd therapeutic efficacy of drugs that have 

73 3 



ChapterChapter 5 

theirr desired pharmacodynamic action (or 
metabolicc activation) in the liver. On the other 
hand,, reduced hepatic uptake of drugs could be 
beneficiall  for drugs that have adverse side effects 
inn the liver. The latter is exemplified by the 
biguanidee metformin, an antidiabetic drug which 
displayss reduced hepatic uptake and toxicity in 
Oct!'Oct!' mice (Wang et ah, 2002; 2003). 
Biguanidess form a class of drugs widely used for 
thee treatment of hyperglycemia in patients with 
typee 2 diabetes mellitus. The biguanides 
metformin,, buformin and phenformin are 
excellentt substrates of OCT1 as demonstrated in 
vitrovitro in rOCTl-transfected CHO cells (Wang et 
al.,, 2002). A severe, sometimes lethal toxic side 
effectt of the biguanides is lactic acidosis (i.e. 
accumulationn of lactate in plasma), which is 
thoughtt to result from interference with processes 
inn the liver. For this reason phenformin was 
withdrawnn from clinical use in many countries in 
thee late 1970s. In Octl1' mice the accumulation of 
metforminn into the liver was more than 30-fold 
reducedd as compared to wild-type mice (Wang et 
al.,, 2002). Coincident with this decreased hepatic 
accumulation,, metformin-induced levels of blood 
lactatee were significantly decreased in Octl'1' 
mice,, indicating the involvement of Octl in 
processess leading to lactic acidosis (Wang et al., 
2003). . 

Thee absence of Octl from the liver also 
resultedd in a shift in the elimination of transported 
drugss from hepatobiliary towards renal 
elimination.. Consequently, the urinary excretion 
off  drugs in Octl'" mice was increased instead of 
decreased,, contrary to what was initially expected 
(Jonkerr et al., 2001; Wang et al., 2002). The 
analysiss of the role of Octl in renal drug secretion 
inn mice was also complicated by its functional 
redundancyy with Oct2. Therefore, to further 
analyzee the role of these transporters in the renal 
secretion,, we generated Oct2 single knockout and 
Octl/2Octl/2 double knockout mice (Jonker et al., 
2003).. Like for Octl, a deficiency in Oct2 and a 
combinedd deficiency in Octl and Oct2 had no 
obviouss effect on the physiology of mice. 
Absencee of Oct2 in itself had littl e effect on the 
pharmacokineticss of TEA, but in Octl/2'' mice, 
thee renal secretion of this compound was 
completelyy abolished, leaving only glomerular 
filtrationfiltration as an excretion mechanism for TEA. As 

aa consequence, plasma levels of TEA were 
substantiallyy elevated in Octl/2" mice (Jonker et 
al.,, 2003). Unlike rodents that express both Octl 
andd Oct2 in the kidney, humans express only 
OCT22 in kidney (Grundemann et al., 1998). 
Therefore,, it is likely that the Octl/21' mouse 
modelmodel better reflects the effect of an OCT2 
deficiencyy on kidney function in humans than the 
Oct2''"Oct2''" mouse model. Thus, based on our findings, 
wee expect that humans with a deficiency in OCT2 
wil ll  have an impaired renal secretion of some 
drugs,, which may result in increased exposure to 
thesee drugs. 

Oct33 deficient mice have been generated by 
Zwartt et al. (2001). Oct3~" mice are viable and 
fertilee and show no apparent neural or 
physiologicall  defect or imbalance of the 
monoaminee neurotransmitters norepinephrine and 
dopamine.. A clear effect, however, was observed 
onn the uptake of MPP+ into the heart. The heart 
wass originally identified as one of the main 
uptake-22 sites and expresses high levels of OCT3 
(Iversen,, 1965; Grundemann et al., 1998). After 
intravenouss administration, accumulation of 
MPP++ into the heart was reduced by 72% in 
Oct3~Oct3~;;~~ mice compared to wild-type mice. In 
addition,, the placenta was identified as a novel 
uptake-22 site. In pregnant females of an Oct3 
heterozygouss cross, the accumulation of 
intravenouslyy administered MPP+ into Oct3~' 
fetusess was three-fold reduced compared to wild-
typee fetuses. In the placenta, Oct3 co-localizes 
withh the monoamine degrading enzyme 
monoaminee oxidase A (MAO-A) suggesting that 
togetherr they might form a functional elimination 
pathwayy for monoamines produced in the embryo 
(Zwartt et al., 2001). The lack of effect of absence 
off  OCT3 from other sites, such as the kidney, is 
mostt likely due to the functional redundancy 
betweenn the different OCTs and might be further 
analyzedd in combined knockouts of these 
transporters. . 

Conclusionss and perspectives 
Sincee the identification of the first member of 

thee OCT family, almost a decade ago, our 
knowledgee of the organic cation transporters has 
considerablyy improved. Functional expression of 
thee cloned transporters in oocytes and mammalian 
celll  lines has allowed a detailed analysis of their 
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transportt properties and substrate specificities in 
vitro.vitro. The recent development of mouse models 
withh deficiencies in each of these transporters has 
addedd an extra dimension to their functional 
characterization.. Although the studies with the 
recentlyy generated Oct knockout mice are still 
limited,, they have already clearly demonstrated 
thatt the organic cation transporters play an 
importantt role in the pharmacokinetics of 
substratee drugs, mediating hepatic uptake and 
directt intestinal secretion (OCT1), renal secretion 
(OCT11 and OCT2) and uptake into the heart and 
transportt across the placenta (OCT3). 

Thee relevance of these transporters for the 
transportt and elimination of endogenous 
compoundss on the other hand is still unclear. It 
shouldd be realized, however, that the homeostasis 
off  endogenous compounds such as the 
monoaminee neurotransmitters and other hormones 
iss strictly regulated at the levels of production, 
degradationn and clearance, and an imbalance at 
onee of these levels is likely to be readily 
compensated. . 

Inn addition, as we observed for OCT1 and 
OCT22 in the mouse kidney, considerable 
functionall  redundancies may exist between the 
differentt transporters. For this reason, it would be 
off  interest to study the effects of a combined 
deficiencyy in OCT1, OCT2 and OCT3 in mice as 
welll  as that of complementary apical transporters. 
Wee would like to add that the relatively safe and 
sanitizedd conditions under which laboratory mice 
aree usually housed may not be optimal for 
identifyingg physiological and toxicological 
functions.. Physiological aberrations can be subtle 
orr become only apparent under specific 
conditionss and might be easily missed unless 
specificallyy looked for. 

Withh the identification of functionally 
importantt genetic polymorphic variants in the 
humann OCT1 and OCT2 genes, it will be of great 
interestt to determine whether these 
polymorphismss also correlate with altered drug 
responsee and sensitivity in patients. If indeed the 
findingss in the knockout mice can be extrapolated 
too humans, these mouse models will provide 
powerfull  tools for predicting and explaining 
differencess in drug (hyper-)sensitivity and 
toxicityy between patients. We foresee that in the 
nearr future, the increased understanding of the 

functionn of the organic cation transporters may 
leadd to improvement of the design and use of 
drugss and drug therapies. 
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Thee pol} specific organic cation transporter  1 (OCTI  [SLC22A1]) mediates facilitated transport of small 
(hydrophilic )) organic cations. OCTI  is localized at the basolateral membrane or  epithelial cells in the liver, 
kidney,, and intestine and could therefore be involved in the elimination of endogenous amines and xenobiotics 
viaa these organs. To investigate the pharmacologic and physiologic role of this transport protein, we generated 
OctlOctl knockout {Octl~~) mice. Octl~'~ mice appeared to be viable, healthy, and fertil e and displayed no ob-
viouss phenotypic abnormalities. The role of Octl in the pharmacology of substrate drugs was studied by com-
paringg the distributio n and excretion of the model substrate tetraethylammonium (TEA) after  intravenous 
administrationn to wild-type and Octl~" mice. In Octl~'~ mice, accumulation of TEA in liver  was four  to sixfold 
lowerr  than in wild-type mice, whereas direct intestinal excretion of TEA was reduced about twofold. Excretion 
off  TEA into urine over  I h was 53% of the dose in wild-type mice, compared to 80% in knockout mice, probably 
becausee in Octl~'~ mice less TEA accumulates in the liver  and thus more is available for  rapid excretion by 
thee kidney. In addition, we found that absence of Octl leads to decreased liver  accumulation of the anticancer 
drugg metaiodobenzylguanidine and the neurotoxin 1-methyl-4-phenylpyridium. In conclusion, our  data show 
thatt  Octl plays an important role in the uptake of organic cations into the liver  and in their  direct excretion 
intoo the lumen of the small intestine. 

Thee facilitated transport of organic cations, which include 
manyy clinically used drugs and endogenous compounds, is me-
diatedd by the family of organic cation transport proteins (OCT 
[SLC22A]).. This family currently consists of five members: 
OCTI,, OCT2, and OCT3 (6, 7. 21, 23. 33) and the more 
distantlyy related OCTN1 (26) and OCTN2 {34). The organic 
cationn transporters are localized in the plasma membrane of 
epitheliall  cells and are characterized by a predicted 12-trans-
membrane-domainn (TMD) structure and a large extracellular 
hydrophilicc loop between TMD1 and TMD2 (reviewed in ref-
erencess 4 and 13). In rodents, Octl (Slc22al) is highly ex-
pressedd in the liver, kidney, and small intestine (7, 23), whereas 
inn humans it is expressed primarily in the liver (6). In vitro, 
Octll  mediates the facilitated diffusion of small, relatively hy-
drophilicc cations, including the model compounds tetraethyl-
ammoniumm (TEA) and /V'-methylnicotinamide, the neurotoxin 
l-methyl-4-phenyipyridiniumm {MPP'), and also monoamine 
transmitterss such as adrenaline and dopamine (1. 35). Larger, 
moree hydrophobic cations like the antiarrhythmics quinine and 
quinidinee are inhibitors of Octl-mediated transport but are not 
transportedd by Octl (18). Oct2 has a substrate specificity sim-
ilarr to that of Octl, but its expression is limited to the kidney 
andd specific regions in the brain (8). The distribution of Octl 
andd Oct2 in tissues has been studied by immunohistochemistry 
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inn the rat. Octl is localized at the sinusoidal (basolateral) 
membranee of hepatocytes in the liver, whereas in the kidney 
bothh Octl and Oct2 are localized at the basolateral membrane 
off  epithelial cells lining the proximal tubules (12, 16, 29). This 
strategicc localization of Octl and Oct2 in excretory organs 
suggestss that they play a crucial role in the elimination of 
cationicc drugs and other compounds from the body by medi-
atingg entry of these compounds from the blood into the excre-
toryy epithelial cells. Due to the absence of good in vivo models, 
however,, the exact biological functions of Octl and Oct2 are 
stilll  not well understood. 

Too study these functions, we generated a knockout mouse 
linee that lacks functional Octl. Octl " mice are healthy and 
fertilee but display an impaired liver uptake and direct intestinal 
excretionn of substrate organic cations, indicating that Octl 
playss an essential role in the disposition of organic cations to 
liverr and intestine. 

MATERIALSS AND METHODS 

Animals.. Mice were housed and handled according to institutional guidelines 
complyingg with Dutch legislation. Unless staled otherwise, the animals used in all 
experimentss were Octl or wild-type mice, of comparable mixed genetic back-
groundd (on average 5!5rli 129.0LA and 50'r FVB). between 9 and 14 weeks of 
age.. Animals were kept in a temperature-controlled environment with a 12-h 
light/12-hh dark cycle. They received a standard diet (AM-I1: Hope Farms. Woer-
den,, The Netherlands) and acidified water ad libitum. 

Materials.. [I4C]TEA (55 Ci'tnol) was from American Radiolabeled Chemi-
cals.. Inc (St. Louis. Mo.): ['HJMPP* (82 Ci.mmol) and [14C'lcholine (54 Ci/mol) 
weree from NEN Life Science Products, tnc. (Boston. Mass.): ['HJcimetidine 
(15.55 Cïmmol) was from Amersham Life Science I Little Chalfbnt. United King-
dom);; MPP L iodide was from Research Biochemicals International (Natick. 
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11 kb 

gg k b wild-type allele 

— •• 7.8 kb 

exonn 4 5 6 7 8 

rr  £ i i L J , i , r i £ 
BB $ ^ 6 

ii '• targeting construct 

exonn 4 5 6 \ 8 

,2—11 1 — U £ — h ^ j  B ,_LJ-

ii mutant allele 

exonn 4 5 6 ^_^ 8 

VV ? I I l _E p ^ a  B — —— E RH R B ^ ™ 
5'' probe 3' probe 

7.77 kb 5.8 ko 

F I G .. 1. T a r g e t e d d i s rup t ion of the Ocll g e n e by homo logou s re
c o m b i n a t i o n .. In s t r uc tu r e s of the wi ld- type and mu t an t a l le les and the 
t a rge t ingg cons t ruc t , exons a r c i nd ica t ed by c losed boxes (exact posi
t ionss a n d sizes of exons a r e not d r awn to sca le ) . In the t a rge t ing con
s t ruc t ,, exon 7 was rep laced with an inve r t ed ( a s ind ica ted with an 
a r row)pgk-hygroo c a s se t t e . On ly re levant res t r ic t ion s i tes a r e ind ica ted : 
H .. Hindll;  R. E c o R V ; B . BamKl; N. Motl. For Sou t h e r n analysis. 5 ' 
a n dd 3 ' p r ob e s w e r e used on Hindll ( 5 ' ) and E c o R V ( 3 ' ) d iges ted ge
n o m i cc D N A . Sizes of d iagnos t ic res t r ic t ion f ragments for wild-type and 
ta rge tedd alleles are indicated by doub le -headed arrows (drawn to scale). 

Mass.):: ketamine (Ketalar) was from Parke-Davis (Hoofddorp, The Nether
lands);; choline [(2-hydroxyethyl)trimethylammonium chloride] and xylazine 
weree from Sigma Chemical Co. (St. Louis, Mo.); methoxyflurane (Mctofane) was 
fromm Medical Developments Australia Ply. Ltd. (Springvale, Victoria. Australia): 
l2SI-labeledd metaiodobenzylguanidinc (M1BG: 7 Ci/mmol) was synthesized as 
describedd elsewhere (32): anti-rat cytochrome P45II 3al (monoclonal) was from 
Oxfordd Biomedical Research. Inc. (Oxford. Mich.): donkey anti-rabbit immuno
globulinn (Ig). F(ab')2 fragment, was from Amersliam Pharmacia Biotech: goat 
anti-mousee Ig was from DAKO (Glostrup, Denmark); TEA was from Fluka 
Chemiee AG (Buehs. Switzerland). All other compounds were reagent grade. 

Cloningg of 129/OLA Octl genomic DNA and construction of the targeting 
vector.. Mouse Ocll genomic DNA sequences were cloned from a 129.0LA-
derivedd genomic library constructed in bacteriophage M3EM12. By screening 
withh Oc/7-specific cDNA probes, a genomic sequence containing exons 4 to X 
homologouss to human OCT1 was identified and cloned into the pGEM5 vector 
(Promega),, using Noll digestion. From this construct, a 5-kb flfi/II fragment was 
subcloncdd inlo the pSI'72 vector (Promega). By parlial digestion with BamHl, a 
0.8-kbb fragment containing exon 7 was deleted from this construct and replaced 
withh a l.8-kb Bgill-Bgill  pgk-hygro cassette in reverse transcriptional orientation. 
Deletionn of exon 7 introduces a frameshift. In case of alternative splicing from 
exonn 6 to exon S. this frameshift would change the last codon of exon 6 to a stop 
codon.. leading to premature termination of the protein. Finally, the modified 
subcloncdd 6-kb Bglll fragment was reinserted into the pGEM5 genomic con
struct. . 

Eiectroporationn and selection for recombinant ES cells. 129 OU-Vderived E14 
embryonicc stem (ES) cells were cultured as described elsewhere (25) except that 
ESS cells were cultured on irradiated mouse embryo fibroblast feeder cells. For 
eiectroporation.. 4 X 10' cells were mixed with 1(10 ng of Awl-linearized target
ingg DNA in 600 JJLI of phosphate-buffered saline. Eiectroporation was done in a 
0.4-cmm cuvette using a Bio-Rad gene pulser (model 1652078) at 3 u.F and 0.N kV 
perr 0.4 cm. The cells were then seeded on ltl-cm-diameter tissue culture dishes 
withoutt feeder cells. After 1 day. selection was started with hygromycin B (150 
rugg •ml: Calbiochem). After selection, resistant clones were picked and seeded 
ontoo feeder cells. 

Southernn analysis of ES cells and generation of chimeric mice. Out of 87 
hygromycin-rcsistanll clones. 11 were correctly targeted, as confirmed by South
ernn analysis with a 3 ' Ocll probe (Fig. I). Hybridization of EroRV-digested 
genomicc DNA with the 3' probe resulted in a wild-type band of 7.S kb and a 
mutatedd band of 5.8 kb. Hybridization ol ///ndll-digcsted genomic DNA with a 
5 '' probe resulted in a wild-type band of 9 kb and a mutated band of 7.7 kb. 
Absencee of additional pgk-hygro cassettes inserted elsewhere in the genome was 

confirmedd by hybridization with a /agro-specific probe (data not shown). Chi

mericc mice were generated by microinjection of two independently targeted ES 

celll clones into blastocysts. Using this approach, two independent Ocll 

mousee lines were established. 

Clinical-chemicall analysis of plasma. Standard clinical chemistry analyses on 

plasmaa were performed on a Hitachi 911 analyzer to determine levels of biliru

bin,, alkaline phosphatase, aspartate aminotransferase, alanine aminotransferase, 

lactatee dehydrogenase, creatinine, urea. Na ' . K.'. C V ' . CI . phosphate, total 

protein,, and albumin. For analysis, male 999! FVB wild-type and Octl mice 

weree used (n = 6). 

Histopathologicall analysis. Histological and anatomical analyses were per

formedd as described previously (25). 

RPA.. Total RNA was isolated from mouse tissues by use of TRTzol reagent 

(Lifee Technologies. Inc. [GIBCO BRL|. Rockville. Md.) according to the man

ufacturer'ss instructions. RNasc protection analysis (RPA) was performed as 

describedd previously (22) with 10 p.g of total RNA per sample. A mouse probe 

forr Ocll was made by cloning a 609-nucleotide (nt) PCR fragment (positions 83 

too 691 relative to the translation start) into the pGEM-T vector (Promega Corp.. 

Madison,, Wis.). After linearization with Avail, a 317-nt antisense RNA probe-

wass generated by transcription with SP6 RNA polymerase, yielding a protected 

probee fragment of 241 nt. A mouse probe for Oci2 was made by cloning a 

1.147-ntt PCR fragment (positions 457 to 1603 relative to the translation start) 

intoo the pGEM-T vector. After linearization with EcoRI, a 24fi-nt antisense 

RNAA probe was generated by transcription with SPh RNA polymerase, yielding 

aa protected probe fragment of 197 nt. A mouse probe for Ocli was made by 

cloningg a 1-kb PCR fragment into the pGEM-T Easy vector. After linearization 

withh Xcol. a 300-nt antisense RNA probe was generated by transcription with 

SP66 RNA polymerase, yielding a protected probe fragment of 225 nt (positions 

17055 to 1929 relative to the translation start). The mouse Gapdh probe was 

describedd previously (22). 

Northernn analysis. Northern blotting was performed according to standard 

proceduress with 20 p.g of total RNA per sample. Blots were hybridized with a 

609-nii probe for mouse Ocll (positions 83 to f>9| relative to the translation start). 

Westernn analysis. Crude membrane fractions were prepared as described 

elsewheree (20). Protein concentrations were determined using the Bradford 

proteinn assay (Bio-Rad Laboratories. Munich. Germany). Proteins were sub

jectedd to sodium dodccyl sullate-polyacrylamide gel electrophoresis and trans

ferredd to nitrocellulose (Hybond ECL; Amersham Pharmacia Biotech). The 

lilterss were blocked lor 1 h at room temperature with TBST (100 mM Tris [pH 

7.6].. 150 mM NaCI. 0 .1% |wt/vol] Tween 20) with 5% skim milk powder. Incu

bationn with an affinity-purified polyclonal antibody (16) against rat Octl (ab l ; 

dilutionn of 1:5,000) or with an anti-rat cytochrome P450 3al (Cyp3al) monoclonal 

antibodyy (dilution 1:1,000) was performed at 4 ;C overnight (in TBST containing 

5%% skim milk powder). Antibodies were detected by incubating the blot with 

horseradishh peroxidase-conjugated donkey anti-rabbit (for Octl detection) or 

goatt anti-mouse (for Cyp3a detection) IgG for I h at room temperature in TBST 

containingg $% skim milk powder. Antibody binding was visualized with the ECL 

Westernn blotting detection system (Amersham Pharmacia Biotech). 

Pharmacokineticc experiments. For intravenous (i.v.) drug administration. 5 |il 

off drug solution per g of body weight was injected into the tail veins of mice 

lightlyy anesthetized with methoxyflurane. Animals were sacrificed at indicated 

timee points by axillary bleeding alter anesthesia with methoxyflurane. Gallblad

derr cannulation experiments were performed as described elsewhere (11), with 

minorr adjustments. For anesthesia, a combination of ketamine (1(10 mgkg) and 

xylazinee ('>." mgkg) was injected intrapentoneally in a volume of 2.33 |tl per g 

off body weight. For gallbladder cannulation. after opening of the abdominal 

cavityy and distal ligation of the common bile duct, a polythene catheter (Porlcx 

Limited.. Hythe. United Kindgom), with an inner diameter of 0.28 mm. was 

insertedd into the incised gallbladder. The catheter was fixed to the gallbladder 

withh an additional ligation Bile was collected for dO min after i.v. injection of 

radiolabeledd drug into the tail vein. At the end of the experiment, blood was 

collectedd by axillary bleeding. Urine was collected Irom the bladder, and organs 

andd tissues were removed and homogenized in a 4'v (wt vol) bovine serum 

albuminn solution. Where applicable, intestinal content was separated from in

testinall tissue before homogenization. Levels of radioactivity in homogenates 

weree determined as described elsewhere (15). 

Statisticall analysis. All values are given as means • standard deviations (SD). 

Thee two-tailed unpaired Student / test was used to assess the significance of 

differencee between two sets of data. Differences were considered to be statisti

cal!;; significant when / ' was <0.05. 
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LiverLiver Kidney 

Targetedd disrupt ion of Octl and phenotypic analysis. The 
mousee Octl gene was disrupted by replacing exon 7 with an 
invertedd pgk-hygro cassette via homologous recombination in 
ESS cells (Fig. 1). Exon 7 corresponds to the putative T M D 7 to 
- 99 in the protein. Correct targeting of the Octl allele in ES 
celll  clones was determined by Southern analysis (data not 
shown).. Using s tandard blastocyst injection techniques, mice 
heterozygouss and homozygous for the Octl disruption were 
generatedd from two independent ES clones. Analysis of a few-
litterss from heterozygous crosses showed that distribution of 
thee three genotypes is according to Mendel ian inheritance 
(16**  ", 28" . 14 ). indicating that there is no reduced em-
bryonall  viability. Octl mice are healthy and fertile. No 
differencess were found in the chemical composit ion of plasma. 
andd histological analysis of Octl males and females, with an 
emphasiss on liver, kidney, and intestine, revealed no morpho-
logicall  abnormali t ies. The Octl mice live as long as their 
wild-typee l i t lermates. and no indications have been found for 
abnormall  causes of death. 

OctlOctl mRNA and protein analysis. In the Octl mice, the 
promoterr and exons 1 to 6 of the Octl gene are still intact, 
potentiallyy allowing transcript ion and translation of a trun-
catedd m R NA upstream of the disruption. Alternative splicing 
fromm exon 6 to exon 8 would result in a frameshift. leading to 
prematuree terminat ion of the protein. By Northern analysis we 
couldd not detect ei ther full-length or truncated Octl m R NA in 
thee liver or kidney of Octl mice, whereas it was readily 
detectablee in wild-type mice (results not shown). To further 
investigatee possible residual transcript ion of a truncated 
m R N A.. we used RPA. which is more sensitive than Northern 
analysis,, with an R PA probe that recognizes a sequence up-
streamm of the disruption (corresponding to nt 447 to 691 rel-
ativee to the translat ion start). An extremely low level of RNA 
wass detected in liver of Octl' mice (Fig. 2a), suggesting the 
presencee of a t runcated transcript that is far less transcribed or 
lesss stable than the full-length mRNA. Translation of this 
low-abundancee t runcated m R NA might generate a truncated 
Oc tll  protein, lacking T M D 7 to - 1 2, which is unlikely to be 
functional,, stable or properly routed to the plasma membrane. 
Westernn analysis, using a polyclonal antibody (16) recognizing 
thee C-terminal part of rat and mouse O c t l. demonstrated that 
Oc tll  protein is undetectable in liver and kidney of Octl 

micee (Fig. 2b). 

Wee also investigated whether in Octl mice, Oci2 and 
Oct3Oct3 are upregulated to compensate for the loss of Octl. With 
RPA.. no differences in expression oiOct2 and Oct3 mRNA in 
thee brain, liver, kidney, small intestine, and spleen were ob-
servedd between Octl ' and wild-type mice (Fig. 2c). This 
indicatess that the loss of Octl is not compensated for by up-
regulationn of ei ther Octl or Oct3 at the m R NA level. 

Distr ibut ionn of [ 1 4C]TEA in Octl~'~ and wild-type mice. 
Wee first investigated the pharmacologic role of Octl by com-
paringg the distr ibution characterist ics of the model substrate 
T EAA in Octl and wild-type mice. T EA is not substantially 
metabolizedd in mice, and so radioactivity values give a good 
representat ionn of unchanged T EA levels (27). Mice received 
i.v.. [ 1 4C]TEA (0.2 mg/kg); after 20 min. levels of radioactivity 
weree measured in plasma, organs, and feces (Table 1). The 

40*''*£È> 40*''*£È>  • 4 P * * » » »» * r 

FIO.. 2. Octl mRNA and protein analysis. (A) Expression of Octl 
RNAA in livers of wild-type and Octl mice. RPA was performed with 
100 jig of total RNA per sample. Octl- and Gaprf/i-protected RNA 
fragmentss originate from the same gel. and their positions are indi-
cated.. Note that the specific activity of the Gapdh probe was 100-fold 
lowerr than that of the Octl probe. (B) Immunodetection of Octl in 
liverss and kidneys of wild-type and Ocll mice. A polyclonal anti-
bodyy raised against rat Octl (which cross-reacts with mouse Oct I) was 
usedd on crude membrane fractions of liver (20 p.g per lane) and kidney 
(100 |xg per lane). The same blot was incubated with a monoclonal 
antibodyy raised against rat cytochrome P450 3a (Cyp3a; expressed only 
inn the liver), used as a protein loading control. Molecular weight 
markerr bands are indicated in kilodaltons. (C) RPA of Octl and Oct3 
RNAA in brains, livers, and kidneys of wild-type and Octl mice. 
Experimentall  details are as described for panel A. Arrows indicate 
protectedd fragments of Octl (left) and Ocl3 (right). 

accumulat ionn of [ 1 4C]TEA in the liver was reduced more than 
sixfoldd in Octl mice and was 2.8%  0.7% of the admin-
isteredd dose, compared to 18.1%  3.3% in wild-type mice. 
Similarly,, levels of excretion of TEA into the lumen of the 
smalll  intestine, cecum, and colon were all decreased 6- to 
10-foldd in Octl ' mice. The contribution of intestinal excre-
tionn to the total el imination of T E A, however, was small even 
inn wild-type mice. No significant differences in levels of T EA 
weree found in the brain and spleen, which do not express Octl. 

Plasmaa levels of T EA varied considerably but were not signif-
icantlyy different between Octl mice and wild-type mice. 

Thee main route for T EA excretion was via the kidney. The 
amountt of | ' " 'C]TEA found in urine was 1.5-fold higher in 
OctlOctl mice and was 70.3%  12.4% of the administered 
dose,, compared to 45.7%  3.4%- in wild-type mice. It should 
bee noted that since these mice were not anesthetized during 
thee exper iment, the percentage of T EA recovered from urine 
mightt not represent the total amount of TEA excreted via 
urine,, due to urination. Similar effects on TEA distribution and 
excretionn were found in Octl mice derived from an inde-
pendent lyy targeted ES clone (results not shown). 

Excretionn of [ M C]TEA in Octl~'~ and wild-type mice. Ex-
cretionn of T EA was more extensively analyzed in fully anes-
thetizedd mice with a cannulated gallbladder, allowing accurate 
measurementss of biliary, direct intestinal, and urinary excre-
tion.. In these mice, after i.v. administrat ion of [ " C j T E A (0.2 

££ « - § ? 
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TABL EE 1. Levels of radioactivity in female wild-type and Octl mice at 20 min after i,v. injection of [14C]TEA (0.2 mg/kg)" 

Tissue e 

P lasma a 
Bra in n 
Sp leen n 

K idnev v 
Liver r 
Smalll  i n tes t ine 

C e e um m 

Co lon n 
U r i n e e 

Meann ' 

Wt t 

777 0 
2.33  1.5 
422 + 6 

4188  63 
8922 1 

*C *C eoncnn (ng-eq g ' or ml ') ~ 

3.3 3 

SDD (n = 4) 

OalOal ~ 

411  35 

2.99 i 2.8 
422  12 

5844  483 

")) 100 * (2.8 ) 

Ralio, , 
OalOal  \vt 

0.53 3 
1.24 4 
1.02 2 
1.40 0 
0.111 (0.15) 

2.41 1 
0.30 0 
0.10 0 
45.7 7 

Meann exere 
SDD (n 

WI I 

ii  1.00 
0 0 

6 6 
4 4 

ionn  ) -
== 4)r 

« t (J J 

0.211 * 
0.055  0.04* 
0.011 * 
70.33  12.4** 

Ratio, , 

0.09 9 
0.16 6 
0.13 3 
1.54 4 

''' wt. wild type; *. /*  < (1,05: *". P < 0.U1. 
ff'' Mean percentage of administered dose  SD (n = 4). 
'' Total TEA found in the contents of small intestine, ceeum. and colon. Urine was collected from the bladder. 

mg/kg),, bile was collected every 10 min for 1 h and organs, 
feces,, and urine were collected after 1 h (Table 2). The differ-
encee in accumulation of [14C]TEA in the liver was about four-
foldd and was 5.8%  1.0% of the administered dose \x\Octl~ " 
mice,, compared to 25.3% i 0.8% in wild-type mice. In the 
previouss 20-min distribution experiment, the more than 10-
fold-diminishedd excretion into the small intestine could have 
resultedd from both decreased biliary and direct intestinal ex-
cretionn in the Oal~ ~ mice. In the gallhladder cannulation 
experiment,, we separately measured direct intestinal and bili-
aryy excretion. Over a 1-h period, direct small intestinal excre-
tionn was decreased twofold and was 0.67%  0.09% in Oal ~' 
mice,, compared to 1.31%  0.19% in wild-type mice. Levels of 
[[  14C]TEA in cecum and colon contents were about the same in 
OalOal '" and wild-type mice. 

Whereass the biie flow was not different between wild-type 
andd OaI~'~ mice (data not shown), the amount of [J4C]TEA 
excretedd in bile over 1 h was 2.5-fold lower in Oct!" mice, 
probablyy reflecting the difference in liver accumulation of TEA 
betweenn the two genotypes (Fig. 3). The total percentage of 
[14C]TEAA excreted via bile in both genotypes, however, was 
lesss than 1% of the administered dose, indicating that like 
intestinall  excretion, biiiary excretion does not contribute 
greatlyy to the elimination of TEA from the body. Thus, despite 

thee efficient uptake of TEA by Octl, the liver seems to lack 
efficientt mechanisms to excrete TEA into the bile. Alterna-
tively,, liver cells may sequester TEA intracellular '̂ (30). Cu-
mulativee excretion of [l_tC]TEA in urine was. as in the 20-min 
distributionn experiment, increased 1.5-fold in the Oal mice 
andd represented 80% i 15.6% of the administered dose, com-
paredd to 53.3%  16.8% in wild-type mice. 

Distributio nn of other  organic cations in Octl~'~ and wild-
typee mice. The effect of absence of Octl on pharmacokinetics 
wass also investigated for several other organic cations of tox-
icological,, clinical, and physiological interest (Table 3). We 
comparedd the distribution characteristics of wild-type and 
Oal~'~Oal~'~ mice at 30 min after i.v. administration of [3H]MPP+, 
[ ,2<;I]MiBG ,, [-'HJcimetidine, and [14C]choline, each at 1 mg/kg. 
Thee neurotoxin MPP~ has previously been shown to be trans-
portedd in vitro by rat Octl (7, 14). The drug MIBG is used in 
diagnosiss and treatment of tumors of neuroadrenergic origin, 
suchh as neuroblastoma (28). MIBG is a metabolically stable 
analoguee of norepinephrine, a known Oct! substrate (1), sug-
gestingg that it might also be transported by Octl. The hepatic 
uptakee of l/HJMPP* and [ ,ÏSI]MIB G in Oal '~ mice was 
reducedd about 60 and 75%, respectively. At the same time, no 
significantt differences were found in plasma, spleen, or small 
intestinall  excretion of these compounds (Table 3). Both com-

TABL EE 2. Levels of radioactivity in female wild-type and Octl mite with a cannulated gallhladder at 60 min 
afterr i.v. injection of [14C]TEA (0.2 mg/kg)" 

Tissue e 

P lasma a 

Bra in n 
Sp leen n 
K idnev v 
L iver r 

Bil e e 
Smalll  in tes t ine 
C e e um m 

Co lon n 
U r i n e e 

Mean n 

wt t 

23.88  4.9 
1.66  0.3 
355  5 

4411  152 
1,2255  26(25.3 

JC C eonenn (ng-eq g ' or ml ') r 

0.8 8 

SDD (n = 4) 

Octl Octl 

17.11 * 
1.99  0.4 

422  2* 

2366 i 20* 

')) 283 *  (5.8 1 . 0 ") ) 

Raho. . 
OctlOctl wt 

0.72 2 
1.22 2 
1.21 1 
0.53 3 
0.233 (0.23) 

0.35 5 
1.31 1 
0.12 2 
0.03 3 
53.3 3 

Meann excretion ( f r )
SDD () 

wt t 

9 9 
 11. J 9 

 0.02 
 0.01 
 16.8 

,, = 4)< 

Oal Oal 

0.144 * 
0.677 " 

0.099  0,04* 
0.044 i 0.01 

80.00  15.fi* 

Ratio, , 

0.41 1 
0.51 1 
0.72 2 
1.23 3 
1.50 0 

**  wt. wild type. ', 1' < 0.05, *" . P < 0.01. 
111 Mean pereentage of adminislered close ~ SD in - 4). 
Totall  TEA fnund in the cunlt-nts of small intestine, eteum. and colon. L'rine iillettedd fmm the Madder. 
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t imee (min) t imee (min) 

FIG.. 3. Biliary excretion of TEA in wild-type and Oct I mice with a cannulated gallbladder. (A) Concentration of j UC]TEA in collected bile 
fractions.. (B) Cumulative excretion of [ l 4C]tEA in bile. Bile was collected at 10-min intervals for 1 h after i.v. administration of [14C]TEA (0.2 
mgkg)) to wild-type and Ocll mice. Results are means  SD (w = 4). 

poundss were primarily excreted in the urine (data not shown), 
andd both are, at least in humans, metabolized to only a minor 
degree,, and so total radioactivity wil l likely give a good repre-
sentat ionn of unchanged drug levels (9, 31). 

Thee antihistamine cimetidine has been used as a model 
compoundd in organic cation transport studies. In humans, ci-
met idinee is excreted primarily in the ur ine without being me-
tabolizedd (17). In vitro studies with transfected cells suggest 
thatt cimetidine can inhibit Octl but is not t ransported by it 
(35).. Chol ine is an essential nutr ient, being required, for ex-
ample,, for the synthesis of phosphatidylchol ine in the liver and 
acetylcholinee in neuronal cells. In vitro transport of choline has 
beenn demonstrated in rat Octl-microinjected Xenopus oocytes 
(2)) and in murine O a M r a n s f e c t ed BALB/3T3 cells (24). For 

bothh [ 'Hlcimetidine and [ l 4C]chol ine. we observed no signifi-
cantt differences in the distr ibution to liver or other organs 
betweenn wild-type and Octl mice (Table 3). 

DISCUSSION N 

Ourr results show that Octl in itself is not essential for nor-
mall  health and fertilit y of mice, but that it has an important 
rolee in the pharmacokinet ics of several organic cationic drugs 
andd toxins. In rodents, Octl is expressed in the three major 
excretoryy organs, i.e.. liver, kidney, and small intestine, and 
absencee of this protein might thus result in decreased excretion 
off  substrates via these organs. The pharmacologic role of Oc tl 
iss clearly i l lustrated by compar ing the pharmacokinet ics of the 

TABL EE 3. Levels of radioactivity in wild-type and Ocll ' mice 30 min after i.v. injection of ['H|cimelidinc. 
[125I]MIBG .. |-'H]MPP . or [MC]choline (1 mg/kg)" 

Drug g 

|l H]MPP P 

[12SI)MIB G G 

[[  Hjcimetidine 

[ ,4C]choline e 

Tissue e 

Liver r 
Sm.. int. 
Kidnev v 
Spleen n 
Plasma a 
Liver r 
Sm.. int. 
Kidnev v 
Spleen n 
Plasma a 
Liver r 
Sm.. int. 
Kidnev v 
Spleen n 
Plasma a 
Liver r 
Sm.. int. 
Kidnev v 
Spleen n 
Plasma a 

Meann |'H]. [,4C], or [l25I] c 

wt t 

1,9899 + 752 (7.9 = 3.1") 
5.77  2.0-

2.2922  1.341 
2.7366  537 
94.99 i 18.7 

2,6000  680(10.4  1.49) 
2.099  0.94f 

1,3333  236 
1.0655  136 

2299  54.7 
6555  10.7 (2.87  0.08) 
2.033  0.91' 

1.5844 = 412 
2022  16.0 
3333  39.7 

13.2488 7 = 16.9) 
4.88  2.K 

11.7777  1.531 
3.804== 1.166 

6199 i 80.0 

menn (ng-eq g ' or ml ')  SD 

Octl Octl 

7577 * (3.1 ) 
3.00  I.V 

2.2199  1.992 
3.2100  939 

1266  40.5 
6077  135**  (2.80 ) 
0.977  0.33c 

1.1455 6 
1,1755  223 

2144 7 
5288  85.4 (2.32  0.50) 
3.111 ' 

1,1944  473 
2099  26.8 
3177 1 

14.0000  1.445(69.3 = 7.8) 
6.55  4.0r 

10.0666  251 
3.7377  968 

54(11 = 50.4 

Ratio. . 
OctlOctl wt 

0.388 (0.39) 
0.52 2 
1.0? ? 
1.17 7 
1.32 2 
0.233 (0.27) 
0.46 6 
0.86 6 
1.10 0 
0.93 3 
0.811 (0.81) 
1.53 3 
0.75 5 
1.03 3 
0.95 5 
1.06(1.18) ) 
1.35 5 
0.85 5 
0.98 8 
0.87 7 

-- wt, wild type: Sm ml., small intestine; •, / ' < 0.05; ",P< 0.01. Experiments with 
MP1'' and choline were performed in males (n = 4). 

''' Mean percentage ot administered dose = SD. 
'' Mean percentage of dose in small intestinal contents. 

etidmcc and M1BG were performed in females (« = 3); experiments with 
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modell  substrate TEA in wild-type and Octl mice. The 
accumulationn of i.v.-administered TEA in liver of Octl 
micee -was dramatically reduced (to 15 and 23% of levels in 
wild-typee mice after 20 and 60 min. respectively), indicating 
thatt for TEA. Octl is the main uptake system in the liver. In 
addition,, direct small intestinal excretion in Octl mice was 
reducedd to about 50% of wild-type levels, showing that Octl 
alsoo mediates basolateral uptake of TEA into enterocytes. 

Thee main excretory route for TEA is via the kidney, and 
aboutt 5 3^ was excreted renally after 60 min in wild-type mice. 
Inn Oct! ~ mice, the amount of TEA in urine was significantly 
increased,, to about 80% of the dose. These findings seem to 
contradictt a direct role for Octl in renal secretion, but they can 
bee explained by the altered pharmacokinetics due to the ab-
sencee of Oct 1 in the liver. In wild-type mice, about 20% of the 
totall  TEA administered rapidly accumulates in the liver, com-
paredd to only about Wc in Octl'! mice. Shortly after i.v. 
injection,, this may lead to higher drug availability in plasma of 
OctlOctl ~ ~ mice, resulting in rapid excretion by the kidney. Thus, 
wee think that the increase in renal excretion of TEA can be 
explainedd as a secondary effect of the absence of Octl in the 
liver.. The exact role of Octl in the kidney is still to be estab-
lished,, but from these data, Octl alone does not seem to play 
aa crucial role in the renal elimination of TEA. Renal clearance 
off  compounds is dependent on their rate of filtration, secre-
tion,, and re absorption. For TEA it has been shown that renal 
clearancee is mediated mainly by secretion (19). Besides Octl, 
Oct22 is also highly expressed in kidney. Since these two trans-
porterss have overlapping substrate specificities and are both 
localizedd at the basolateral membrane of proximal tubule cells 
inn the kidney, loss of one might well be compensated for by the 
other.. Therefore, to further investigate the role of the polyspe-
ciflcc cation transporters in kidney, we are generating Oct2 
knockoutt mice as well as OctJ/2 double-knockout mice. 

Wee further found that the neurotoxin MPP* and the nor-
epinephrinee analogue M1BG are efficiently transported in vivo 
byy Octl, as indicated by the ~4-fo!d-reduced liver accumula-
tionn in Octl~ mice. No significant differences were found 
forr these compounds in intestinal excretion, which may be 
explainedd by the presence of alternative uptake transporters 
forr these compounds in intestine. Clinically, [!11I]MIB G is 
usedd in detection and treatment of tumors of neuroadrenergic 
origin,, such as neuroblastoma and pheochromocytoma (28). 
MIBGG is selectively taken up by these tumors due to expression 
off  the norepinephrine transporter, which is part of the neuro-
nall  uptake system referred to as uptake, (5). In addition to 
transportt by the norepinephrine transporter, it has been sug-
gestedd that MIBG is also transported by the extraneurona] 
uptake,, system as well as by another, yet unidentified, sodium-
andd energy-independent transport system (3, 10). Our findings 
suggestt that this latter sodium- and energy-independent trans-
portt of MIBG is mediated, at least in part, by Octl. 

Wee did not find a significant involvement of Oct] in the 
distributionn of pH]cimetidine and f,4C]cholinc. For cimeti-
dine,, this result is in line with studies with Oai-transfected 
cellss that suggest that cimetidine can inhibit Octl but is not 
transportedd by it (35). In previous in vitro studies, transport of 
cholinee has been demonstrated in rat (7cr/-microinjected Xe-
uopitsuopits oocytes (2) and in murine Oc(/-transfected BALB/3T3 
cellss (24). Here, we found that 30 min after i.v. administration 

off  l I4C]choline. about 60 to 70% of radioactivity was present in 
liverss of both wild-type and Octl mice, suggesting the pres-
encee of efficient uptake systems for choline other than Octl in 
thee liver. This redundancy in choline uptake may partly ex-
plainn why we did not observe an effect of the absence of Octl 
onn its pharmacokinetics. Alternatively, rapid metabolism of 
[14C]cholinee into labeled compounds that arc not transported 
byy Octl, but still accumulate efficiently in liver, might also 
maskk a possible effect. The homeostasis of endogenous organic 
cations,, such as choline and catecholamines, is strictly regu-
latedd at the level of production, transport, and metabolism, and 
absencee of one of these functions is likely to be compensated 
for.. Oct2 and, to a lesser extent, Oct3 have overlapping sub-
stratee specificities with Octl and therefore may be partly re-
dundantt in tissues where they are present together with Octl. 
However,, we did not find increased levels of Oct2 or Oa3 
mRNAA in Oct! mice, indicating that loss of Octl is not 
compensatedd for by upregulation of one of these genes. 

Inn conclusion, we have generated an Octl knockout mouse 
linee which exhibits greatly reduced hepatic uptake and direct 
intestinall  excretion of substrate organic cations. Since Octl is 
aa polyspecific transporter, it might be of importance in the 
pharmacokineticss of many endogenous compounds as well 
ass toxins and clinically used drugs. Also, it will be of great in-
terestt to investigate the physiological and/or pharmacological 
complementarityy between Octl and various other basolateral 
andd apical drug transporters, by breeding with suitable knock-
outt strains lacking these transporters. Knowledge of the mech-
anismss that contribute to the transport and elimination of drugs 
wil !!  possibly allow prediction and rational manipulation of 
theirr pharmacokinetics and prevention of possible side effects. 
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Thee polyspecific organic cation transporters 1 and 2 transport a broad range of 
substrates,, including drugs, toxins and endogenous compounds. Their  strategic 
localizationn in the basolateral membrane of epithelial cells in the liver, intestine 
(Octl )) and kidney (Octl and Oct2) suggests that they play an essential role in 
removingg noxious compounds from the body. We previously showed that in OctVf' 
mice,, the hepatic uptake and intestinal excretion of organic cations is greatly 
reduced.. Since Octl and Oct2 have extensively overlapping substrate specificities 
theyy might be functionally redundant. To investigate the pharmacologic and 
physiologicc roles of these proteins we generated Oct! single and OctI/2 double 
knockoutt  mice. Octl*' and Octl/I^ mice are viable and fertile, and display no 
obviouss phenotypic abnormalities. Absence of Oct2 in itself had littl e effect on the 
pharmacokineticss of tetraethylammonium (TEA), but in Octl/I;' mice the renal 
secretionn of this compound was completely abolished, leaving only glomerular 
filtratio nn as a TEA clearance mechanism. As a consequence, plasma levels of TEA 
weree substantially increased in Octl/2v~ mice. This study shows that Octl and Oct2 
aree together  essential for  renal secretion of (small) organic cations. A deficiency in 
thesee proteins may thus result in increased drug sensitivity and toxicity. 

Thee elimination of drugs, xenobiotics and 
endogenouss compounds is mediated by a variety 
off  transporters primarily expressed in the liver, 
kidneyy and intestine. Among these transporters, 
thee polyspecific organic cation transporters 1 and 
22 (OCT1 and 2) have been shown in vitro to 
mediatee the electrogenic transport of a broad 
rangee of structurally diverse cationic compounds. 
Thesee include the prototypic organic cation 
tetraethylammoniumm (TEA). antidiabetics, 
neurotoxinss and a variety of endogenous 
compoundss such as choline and monoamine 
neurotransmitterss (1, 2, II , 33). OCT1 and 2 
(SLC22A11 and 2) belong to the Solute Carrier 
Familyy 22 (SLC22) of organic ion transporters 
whichh now consists of 12 members and includes 
thee extraneuronal monoamine transporter 
(EMT/OCT3/SLC22A3)) (8, 35, 36), the carnitine 
transporterr (OCTN2/SLC22A5) (34), the urate 

anion-exchangerr (URAT1/SLC22A12) (5) and 
severall  polyspecific organic anion transporters 
(OATs).. The members of this family are 
characterizedd by a predicted 12-transmembrane-
domainn (TMD) structure and are generally 
localizedd in the plasma membrane of epithelial 
cellss (3. 8). 

Inn rodents, Octl (Slc22al) is expressed in the 
liver,, kidney and small intestine (11, 13, 26), 
whereass in humans OCT1 is primarily expressed 
inn liver (6). Oct2 (Slc22a2) has a substrate 
specificityy similar to that of Octl but is 
predominantlyy expressed in the kidney in both 
rodentss and humans (10). Immunohistochemical 
studiess in rats have demonstrated that Octl is 
localizedd at the sinusoidal (basolateral) membrane 
off  hepatocytes in the liver, whereas in the kidney 
Octll  and Oct2 are both localized at the 
basolaterall  membrane of epithelial cells of the 
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proximall  tubules (15, 21, 30). The broad substrate 
specificityy and strategic localization of Octl and 
Oct22 in the major excretory organs suggest that 
thesee proteins are essential in the removal of 
cationicc toxins and waste products from the body 
viaa liver, kidney and intestine. 

Previously,, we generated Octl" mice and 
showedd that absence of Octl resulted in greatly 
reducedd hepatic uptake and direct intestinal 
excretionn of substrate organic cations, indicating 
thatt Octl plays an essential role in the disposition 
off  organic cations by the liver and intestine (13, 
33).. Despite its high expression in the kidney, the 
exactt role of Octl in the renal elimination of 
organicc cations remained unclear. In Octl 
knockoutt mice, loss of Octl from the liver and 
intestinee resulted in increased excretion of drugs 
viaa the kidney. Loss of Octl from the kidney did 
notnot appear to affect the renal elimination of 
organicc cations. This might be due to 
compensationn by redundant transporters such as 
Oct2(13). . 

Inn this study we generated Oct2 knockout mice 
andd Oct 1/2 double knockout mice to study the 
respectivee and possibly overlapping roles of Oct2 
andd Octl in physiology and pharmacology. We 
showw here that the renal secretion of the model 
organicc cation tetraethylammonium (TEA) was 
completelyy abolished in the Octl/2" mice, 
resultingg in substantially increased plasma levels. 
Thesee findings indicate that Octl and Oct2 
togetherr play an essential role in the renal 
secretionn of organic cations and that a deficiency 
inn these transporters may result in increased drug 
sensitivityy and/or toxicity. 

Materialss and methods 

Animals.Animals. Mice were housed and handled 
accordingg to institutional guidelines complying 
withh Dutch legislation. The animals used were 
Octl"Octl" (13), Octl'. Octl/2". and wild-type mice. 
Al ll  genotypes were of a comparable mixed 
geneticc background (on average 50% 129/OLA, 
50%% FVB), between 9-14 weeks of age. Animals 
weree kept in a temperature-controlled 
environmentt with a 12-hour light'12-hour dark 
cycle.. They received a standard diet (AM-II , 

Hopee Farms, Woerden, The Netherlands) and 
acidifiedd water ad libitum. 

Materials.Materials. [,4C]TEA (55 Ci/mol) was from 
Americann Radiolabeled Chemicals, Inc. (St. 
Louis,, MO, U.S.A.); TEA (tetraethylammonium 
chloride)) was from Fluka Chemie AG (Buchs, 
Switzerland);; [3H]MPP+ (l-Methyl-4-
phenylpyridiniumm acetate, N-[Methyl- H]-) (82 
Ci/mmol)) was from NEN Life Science Products, 
Inc.. (Boston, MA, U.S.A.); MPP+ iodide was 
fromfrom Research Biochemicals International 
(Natick,, MA, U.S.A.); Methoxyflurane 
(Metofane*)) was from Medical Developments 
Australiaa Pty Ltd (Springvale, Victoria, 
Australia);; [l C]inulin (6.7 Ci/mol) was from 
Amershamm Life Science; Anti-Rat Cytochrome 
P4500 3al (monoclonal) was from Oxford 
Biomedicall  Research, Inc. (Oxford, MI, U.S.A.); 
DonkeyDonkey anti-rabbit Ig, F(ab')2 fragment was from 
Amershamm Pharmacia Biotech; Goat anti-mouse 
Igg was from DAK.0 (Glostrup, Denmark); All 
otherr compounds were reagent grade. 

CloningCloning of 129/OLA Oct2 genomic DNA and 
constructionconstruction of the targeting vector. Mouse Octl 
genomicc DNA sequences were cloned from a 
129/OLA-derivedd genomic library constructed in 
bacteriophagee ^.GEM12. A genomic sequence 
containingg exon 1 was identified and cloned into 
thee pGEM5 vector (Promega). From this 
construct,, fragments were subcloned into the 
pGEM33 vector (Promega), resulting in 
replacementt of a 2.3 kb Sml-/fs/?718-fragment 
containingg exon 1 with a 1.9 kb pgk-neo cassette 
inn reverse transcriptional orientation (Fig. la). 
Deletionn of exon 1 resulted in removal of the start 
codon,, and of sequences encoding the putative 
TMD11 and the large extracellular loop located 
betweenn the putative TMD1 and -2. 

ElectroporationElectroporation and selection for recombinant 
ESES cells. 129/OLA-derived E14 ES cells were 
culturedd as described (13). For the generation of 
Octl/2Octl/2 double knockout mice, ES cells were used 
inn which Octl had previously been disrupted (13). 
Forr electroporation, 4 x 10 cells were mixed with 
1000 ug of ///w/111-linearized targeting DNA in 
6000 p.1 of phosphate buffered saline. 
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Figuree 1. Targeted disruption of the Oct2 gene by 
homologouss recombination. (A) In structures of the wild-
typee and mutant alleles exons arc indicated by closed boxes 
(exactt sizes of exons arc not drawn to scale). In the 
targetingg construct, exon 1 was replaced with an inverted 
(ass indicated with an arrow)pgk-neo cassette. Only relevant 
restrictionn sites arc indicated. For Southern analysis, 5' and 
3""  probes were used on Sea] (5") and Hind]]  (3') digested 
genomicc DNA. Sizes of diagnostic restriction fragments for 
wild-typee and targeted alleles are indicated by double-
headedd arrows (drawn to scale). (B) Schematic 
representationn (drawn to scale) of the OctI-3 (Slc22al-3) 
genee cluster localized on mouse chromosome 17. Based on 
thee physical map of the mouse genome (7). 

Electroporationn was done in a 0.4 cm cuvette 
usingg the Biorad gene pulser (model 1652078) at 
33 JJ.F and 0.8 kV per 0.4 cm. The cells were then 
seededd on 10 cm tissue culture dishes without 
feederr cells. After 1 day. selection was started 
withh 200 ug/ml G418 Sulphate (Gibco). G418-
resistantt clones were picked and seeded onto 
feederr cells. 

SouthernSouthern analysis of ES cells and generation of 
chimericchimeric mice. Correct targeting in G418-
rcsistantt clones was verified by Southern analysis 
usingg 5' and 3' Oe/2-specific probes. 
Hybridizationn of Hindi I -digested genomic DNA 
withh the 3' probe resulted in a wild-type band of 
9.99 kb and a mutant band of 6.6 kb (probes and 
fragmentt sizes are indicated in Fig. la). 
Hybridizationn of Seal-digested genomic DNA 
withh a 5" probe resulted in a wild-type band of 

16.11 kb and a mutant band of 5.9 kb. Absence of 
additionall  pgk-neo cassettes inserted elsewhere in 
thee genome was confirmed by hybridization with 
aa neo specific probe (data not shown). Chimeric 
micee were generated by microinjection of two 
independentlyy targeted ES cell clones into 
blastocysts.. Using this approach, two independent 
Oct2"Oct2" and Octl/2" mouse lines were established. 

Clinical-chemicalClinical-chemical analysis of plasma. Standard 
clinicall  chemistry analyses on plasma were 
performedd on a Hitachi 911 analyzer to determine 
levelss of bilirubin, alkaline phosphatase, aspartate 
aminotransferase.. alanine aminotransferase, 
lactatee dehydrogenase, creatinine, urea. Na", K+, 
Caa , CI", phosphate, total protein and albumin. 

HistopathologicalHistopathological analysis. Complete necropsy 
waswas performed on adult and aged mice of both 
sexes.. For microscopic examination, tissues were 
fixedfixed in 4% phosphate-buffered formalin, 
embeddedd in paraffin, sectioned at 4 |im, and 
stainedd with hematoxylin and eosin according to 
standardd procedures. 

RNaseRNase Protection Analysis. Total RNA was 
isolatedd from mouse tissues by use of TRIzol 
reagentt (Life Technologies, Inc. [GIBCO BRL], 
Rockville,, MD. U.S.A.) according to the 
manufacturer'ss instructions. Ribonuclease 
(RNase)) protection assays were performed as 
describedd previously (13. 25) with 10 u.g of total 
RNAA per sample. A mouse probe for Oct2 was 
madee by cloning a 1147 nt PCR fragment 
(positionss 457-1603 relative to the translation 
start)) into the pGEM-T vector. After linearization 
withh EcoRI, a 246 nt antisense RNA probe was 
generatedd by transcription with SP6 RNA 
polymerase,, yielding a protected probe fragment 
off  197 nt. The mouse Gapdh probe was described 
previouslyy (25). 

NorthernNorthern analysis. Northern blots were 
performedd according to standard procedures. 
Blotss were hybridized with a 617 nt probe for 
mousee Oct! (positions 989-1605 relative to the 
translationn start). The same blot was re-hybridized 
withh an Igflr probe (cDNA covering exons 3-6) 
too check the amount and integrity of RNA loaded. 
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WesternWestern analysis. Crude membrane fractions 
weree prepared as described (23). Protein 
concentrationss were determined using the 
BradfordBradford protein assay (Bio-Rad Laboratories. 
Munich,, Germany). Proteins were subjected to 
SDS-PAGEE and transferred to nitrocellulose 
(Hybond™ECL™,, Amersham Pharmacia 
Biotech).. The filters were blocked for 1 h at RT 
withh TBS-T (100 mM Tris, pH 7.6, 150 mM 
NaCl,, 0.1% (w/v) Tween 20) with 5% skim milk 
powder.. Incubation with the affinity purified 
polyclonall  antibody (abl) (Meyer-Wentrup et al., 
1998)) against rat Octl (dilution of 1:5000) or with 
ann anti-Rat Cytochrome P450 3al (Cyp3al) 
monoclonall  antibody (dilution 1:1000) was 
performedd at 4°C o/n (in TBS-T containing 5% 
skimm milk powder). Antibodies were detected by 
incubatingg the blot with horseradish peroxidase-
conjugatedd donkey anti-rabbit (for Octl 
detection)) or goat anti-mouse (for Cyp3a 
detection)) IgG for lh at RT in TBS-T containing 
5%% skim milk powder. Antibody binding was 
visualizedd with the ECL western blotting 
detectionn system (Amersham Pharmacia Biotech). 

PharmacokineticPharmacokinetic experiments. For intravenous 
drugg administration, 5 \i\ drug solution per g body 
weightt was injected into the tail vein of mice 
lightlyy anesthetized with methoxyflurane. 
Animalss were sacrificed at indicated time points 
byy axillary bleeding after anesthesia with 
methoxyflurane.. Urine was collected from the 
bladder,, and organs and tissues were removed and 
homogenizedd in a 4% (w/v) bovine serum 
albuminn (BSA) solution. Where applicable, 
intestinall  content was separated from intestinal 
tissuee before homogenization. Levels of 
radioactivityy in homogenates were determined by 
liquidd scintillation counting. Continuous infusion 
experimentss were performed using 
intraperitoneallyy implanted micro-osmotic pumps 
withh a pumping rate of 1 ^l/h, a capacity of 100 
pj.11 and a duration of 3 days (Alzet 1003D, Alza 
Corporation.. Palo Alto, CA, U.S.A.). For 
implantation,, mice were first anesthetized with 
methoxyflurane,, a median incision was made in 
thee abdomen and pumps were intraperitoneally 
inserted.. Subsequently, the musculoperitoneal 
layerr and skin were closed with a silk suture (size 

5/0.. Perma-hand silk, Ethicon, Norderstedt, 
Germany).. Finally, mice received an intravenous 
boluss injection (5 |il per g body weight) of the 
samee drug solution in order to accelerate the 
pointt at which the distribution equilibrium was 
achieved.. In all cases, a steady state was achieved 
withinn 1 day as determined by repeated sampling 
off  plasma radioactivity. Two days after 
implantation,, mice were sacrificed and steady-
statee drug levels were determined in plasma, 
tissuess and urine. 

DeterminationDetermination of the renal clearance of TEA. 
Mice,, anesthetized with a combination of 
ketaminee (100 mg/kg) and xylazine (6.7 mg/kg), 
receivedd intravenous [14C]TEA (0.2 mg/kg) and 
bloodd samples (of about 40 (il) were taken from 
thee tail at 2.5, 5, 10, 20, 30, 40, 50 and 60 min. 
Urinee was collected from the bladder after 60 
min.. The renal clearance (CLrctiai) was determined 
usingg the following equation: CLrena| = TEAuniie <o-
mm I AUC(o-60). Where TEAumc «wo, and AUC(0-60) 
aree the cumulative urinary excretion of TEA up to 
600 min and the area under the plasma 
concentration-timee curve as calculated from 0 to 
600 min by use of the linear trapezoidal rule, 
respectively. . 

DeterminationDetermination of the glomerular filtration rate. 
Thee glomerular filtration rate (GFR) was 
determinedd by measuring the clearance of inulin. 
Mice,, anesthetized with a combination of 
ketaminee (100 mg/kg) and xylazine (6.7 mg/kg), 
receivedd intravenous [ C]inulin (25 mg/kg) and 
bloodd samples (of about 40 (il) were taken from 
thee tail at 5, 10, 20, 30. 40. 50 and 60 min. The 
GFRR was determined using the following 
equation:: GFR = CLinuijnL. = Dose / AUC(o.,.,. 
Wheree AUQo-*) is the area under the plasma 
concentration-timee curve, extrapolated to infinity 
usingg the MW/Pharm software package (24). For 
calculationn of the estimated GFR, the following 
equationn was used: GFR = 0.036-BŴ  " 
mL/hr,, where BW is body weight (12). 

StatisticalStatistical analysis. Alt values are given as means 
 SD. The two-tailed unpaired Student's t-test 

waswas used to assess the significance of difference 
betweenn two sets of data. Differences were 
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consideredd to be statistically significant when P < 
0.05. . 

Results s 

Generationn and analysis of OctT' and Octl/2''' 
mice.. The mouse Oct2 gene was disrupted by 
replacingg exon 1 with an inverted pgk-neo 
cassettee via homologous recombination in ES 
cellss (Fig. I A). By deletion of exon I and 
upstreamm sequences, the start codon and 
sequencess encoding the putative TMD1 and the 
largee extracellular loop located between the 
putativee TMD1 and -2 were removed, and 
presumablyy the transcription start site as well. 
Becausee the Oct! and Oct2 genes are closely 
linkedd within a cluster on mouse chromosome 17 
(Fig.. IB), we had to sequentially inactivate both 
geness in one chromosome in order to generate 
Octl/2Octl/2 double knockout mice. To do this, we 
disruptedd the Oc/2 gene in Oct I*'  ES cells in 
whichh Oct I had previously been disrupted (13). 
Correctt targeting of the Oct2 allele in ES cell 
clonesclones was verified by Southern analysis (data not 
shown).. Using standard blastocyst injection 
techniques,, mice heterozygous and homozygous 
forr the Oct2 and Octl/2 disruption were generated 
fromm two independent ES clones each. Absence of 
Oct2Oct2 mRNA in Oct2" and Octl/2'1' mice was 
confirmedd by northern blot and RNasc protection 
analysiss (Fig. 2A and not shown). Western 
analysiss using a polyclonal antibody (21) 
recognizingg the C-terminal part of rat and mouse 
Octll  confirmed that Octl protein was 
undetectablee in liver and kidney of Octl/2 " mice 
(Fig.. 2B). OctT' and Octl/2'' mice were fertile, 
hadd a normal life span and were born at the 
expectedd Mendelian ratio, indicating that there 
waswas no reduced embryonic viability. Standard 
plasmaa clinical chemical analysis and histological 
analysiss with an emphasis on liver, kidney, and 
intestine,, revealed no abnormalities. Absence of 
Oct22 and of Octl and Oct2 together therefore 
appearss to be compatible with normal physiologic 
functioningg of mice. 

Pharmacokineticss of |14C|TEA in Octl'' and 
wild-typee mice. To study the pharmacologic role 
off  Oct2. we compared the pharmacokinetics of 

22 ö Ö 
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Oct2 Oct2 
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.. » . 

Cyp3n Cyp3n 

Figuree 2. Octl and Oct2 RNA and protein analysis. (A) 
Northernn analysis of total RNA from kidney of wild-type 
andd Oci2" mice. Octl- and /g/2/-bands originate from the 
samee gel, and their sizes are indicated. (B) 
Immunodetectionn of Octl in liver and kidney of wild-type 
andd Oct 1/2' mice. A polyclonal antibody raised against 
ratt Octl (which cross-reacts with mouse Octl) was used 
onn crude membrane fractions of liver (20 ug per lane) and 
kidneyy (10 ug per lane). The same blot was incubated 
withh a monoclonal antibody raised against rat cytochrome 
P4500 3a (Cyp3a; expressed only in the liver), used as a 
proteinn loading control. Molecular weight markers are 
indicatedd in kilodaltons. Part of these data was published 
(13). . 

thee prototypic organic cation tetraethylammonium 
(TEA)) in Octl' and wild-type mice. TEA is an 
excellentt transported substrate for OCT1 and 
OCT22 but not for OCT3 (6, 9. II) . The renal 
clearancee of TEA is substantially greater than the 
glomerularr filtration rate (GFR), indicating that 
thee renal clearance occurs mainly via tubular 
secretionn (4, 22). TEA is not significantly bound 
too plasma proteins and it is not substantially 
metabolizedd in mice, so radioactivity values give 
aa good representation of unchanged TEA levels 
(4,, 28). 

Micee received intravenous [ CJTEA (0.2 mg/kg) 
andd after 20 min, levels of radioactivity were 
measuredd in plasma, organs, feces and urine 
(Tablee 1). No significant differences were 
observedd in the distribution and excretion of TEA 
betweenn OctT' and wild-type mice, except for the 
brain,, in which levels were reduced with 
borderlinee significance in the OctT' mice (P = 
0.046).. The excretion of TEA in both the OctT' 
andd wild-type mice was mainly via renal 
clearancee (nearly 40 % of the dose in 20 min) and 
aa substantial amount accumulated in the liver 
(aboutt 10 % of the dose in 20 min) which 
correspondedd well with our previous findings in 
wild-typee mice (13). From these results it can be 
concludedd that absence of Oct2 in itself has littl e 
effectt on the pharmacokinetics of TEA, 
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Tablee 1. Levels of radioactivity in female wild-type and Oct2" mice at 20 min 
afterr intravenous injection of 0.2 mg kg [ C]TEA". 

Tissue e 

Plasma a 

Brain n 

Spleen n 

Kidney y 
Liver r 

Liverr Co) 

Excretionn (%)h 

Smalll  intestine 

Cecum m 

Colon n 
11 rine 

wild-type wild-type 

34.2 2 

1.8 8 

33.1 1 

552 2 

482 2 

11.8 8 

5.1 1 

0.2 2 

0.2 2 

37 7 

9 9 

4 4 

 3.3 

 150 

2 2 

5 5 

 1.3 

1 1 

•• 0.1 

 22 

Octl Octl 

38.3 3 

1.3 3 

32.7 7 

548 8 

435 5 

10.3 3 

3.2 2 

0.2 2 

0.12 2 

39 9 

6 6 

* * 

5 5 

0 0 

9 9 

8 8 

 1.6 

 0.06 

 0.08 

8 8 

ratioo - -:wt 

1.1 1 

0.7 7 

1.0 0 

1.0 0 

0.9 9 

0.9 9 

0.6 6 

0.8 8 

0.5 5 

1.1 1 

'Resultss are expressed as [l4C|TEA concentrations ng-equivalent (g ' or ml"1) 
orr as percentage of administered dose  SD, n = 3-4: *P < 0.05. 'Excretion 
representss total [ C]TF.A found in the contents of small intestine, cecum and 
colon.. Urine was collected from the bladder. 

suggestingg that its absence can be compensated 
forr by other transporters in the kidney. 

Decreasedd renal excretion of TEA in Octl/2" 
micee versus Octl ' mice. To further investigate 
thee roles of Octl and Oct2 in renal secretion, we 
comparedd the pharmacokinetics of TEA in Octl" 
andd Octl/2'' mice. By directly comparing Octl" 
micee with Octl/2" mice, the pharmacologic 
effectt of Octl on the hepatic accumulation and 

intestinall secretion was eliminated (13). Octl' 
andd Octl/2 " mice received intravenous 0.2 mg/kg 
[l4C]TEAA and after 60 min. levels of radioactivity 
weree measured in plasma, various organs, and 
urinee (Fig. 3). The plasma concentration of TEA 
wass 4-fold increased in Octl/2" mice, whereas 
urinaryy excretion was significantly decreased as 
comparedd with Octl" mice (79.5  8.4 % of the 
dosee in Octl" mice versus 56.3  13.3 % in 
Octl/2Octl/2 " mice: P < 0.05). These results show that 
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Figuree 3. Plasma concentrations and renal excretion of TF.A in Octl" versus Octl/2' 
mice.. Levels of radioactivity in Octl' and Octl/2' mice at 60 min after i.v. injection ol 
[l4C]TEAA (0.2 mgkg). (A) Plasma levels of [MC]TF.A. (B) Percentage of dose of [14C]TEA 
excretedd into the urine. Urine was collected from the bladder: * P < 0.05: ** P < 0.01. 
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Figuree 4. Steady slate pharmacokinetics of TEA. Steady state levels of [MC]TEA in wild-
type.. Oct I . Oct-'' Oct-'' and Oct 1-2" mice. [I4C]T1£A was continuously infused at a rate of 37 ng/hr, 
usingg i.p. implanted micro-osmotic pumps. (A) Steady state plasma levels of [ ("]TEA. (B) 
Urinee plasma ratios of [MC]TEA concentrations. (C) Liver plasma ratios of [ "CJ'I'KA 
concentrations.. (D) Kidney plasma ratios of [IJC]TEA concentrations. Results are means  SD 
(nn = 4); * P<0.05; **  P< 0.01, compared to wild-type values. 

whenn both Octl and Oct2 are absent, the renal 
eliminationn of TEA is impaired and that this 
resultss in substantially increased plasma levels of 
TEA. . 

Steadyy state pharmacokinetics of TEA and 
\1PP~.. To better study the effect of the absence of 
Octll  and Oct2 on the renal elimination, we 
determinedd the pharmacokinetics of TEA under 
steadyy state infusion conditions. This has the 
advantagee that the plasma concentration of a drug 
att steady state is determined only by the rate of 

infusionn and the rate of elimination. For constant 
infusionn of TEA, we intraperitoneally implanted 
micro-osmoticc pumps into wild-type. Octl", 
Octl'Octl' and Oct 1/2" mice. After implantation, an 
intravenouss bolus of the same drug solution was 
givenn to accelerate the point at which the 
distributionn equilibrium was achieved. A steady 
statee was reached within 1 day. and maintained 
forr at least 3 days, as determined by repeated 
samplingg of plasma radioactivity. Two days after 
implantation,, levels of radioactivity were 
measuredd in plasma, organs, and urine (Fig. 4). 
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Figuree 5. Clearance of inulin and TEA in wild-type versus Octl/2' mice. (A) Plasma [MC"]inulin concentration versus 
timee curves in wild-type and Oct 1/2' mice. Plasma levels of radioactivity were determined at 5, 10. 20. 30. 40, 50 and 60 
minutess after intravenous administration of 25 mg/kg [l4C]inulin. Results are the means  SD (n = 5). (B) Plasma 
[[  'C]TEA concentration versus time curves in wild-type and Octl/2''' mice. Plasma levels of radioactivity were 
determinedd at 2.5. 5, 10. 20. 30. 40, 50 and 60 minutes after intravenous administration of 0.2 mg/kg [14C]TEA. Results 
aree the means  SD (n = 5-7). (C) Renal clearance (CLrena|) of TEA in wild-type and Oct 1/2 mice. CLrena| was calculated 
byy dividing the amount of TEA excreted in the urine over 60 minutes by the plasma AUC,o.hlll. The estimated GFR was 
approximatelyy 21 ml/h for both genotypes and is indicated with a dashed line: **  P < 0.01. 

Thee steady state plasma concentration of TEA 
wass about 6-fold higher in Octl/2 " mice as 
comparedd to wild-type. Oct I' and Oct!' mice, 
indicatingg that under these conditions the 
eliminationn of TEA was substantially impaired 
onlyy in the Octl/2" mice (Fig. 4A). Despite the 6-
foldd increased plasma levels in the Octl/2" mice, 
thee urinary steady state TEA concentration was 
notnot different from wild-type mice. The 
liver/plasmaa ratios for TEA in the Octl" and 
Octl/2"Octl/2" mice were significantly reduced, 
confirmingg that absence of Octl results in 
decreasedd hepatic accumulation (Fig. 4C. ref. 13). 
Surprisingly,, absence of either Octl or Oct2 also 
resultedd in an about 2-fold reduction in the 
accumulationn of TEA in kidney, whereas at the 
samee time plasma and urine levels of TEA in 
thesee mice were not different from those in wild-
typee mice. When both transporters were absent, 
thiss ratio was drastically decreased to about 10% 
off  that in wild-type mice (Fig. 4D). Apparently, 
whereass both Octl and Oct2 contribute to the 
accumulationn of TEA in the kidney, only when 
bothh transporters are absent this has a pronounced 
effectt on the renal secretion of this compound. 
Wee also investigated the effect of absence of Octl 
andd Oct2 on plasma levels and renal secretion of 

thee neurotoxin MPP'. using the same steady state 
infusionn approach. Previously it has been shown 
thatt MPP" is transported in vitro and in vivo by 
Octll  (13, 20) and in vitro by Oct2 (6). However, 
inn contrast to TEA, we did not find significantly 
differentt steady state plasma levels of MPP+ when 
wee compared Octl/2" and wild-type mice (3.4
0.44 ng/ml in wild-type mice versus 4.7  1.1 
ng/mll  in Octl/2 " mice, at a continuous infusion 
ratee of 37 ng/hr). Possibly. MPP~ is not efficiently 
secretedd by Octl and Oct2 or alternatively there 
mayy be other functionally redundant transporters 
suchh as Oct3 which is expressed at low to 
moderatee levels in the kidney and which has been 
shownn to transport MPP̂  (8. 16). 

Renall  secretion of TEA is abolished in Octl/2 " 
mice.. The renal clearance (CLrenai) of a drug is the 
resultantt of glomerular filtration, and tubular 
secretionn and reabsorption. This means that when 
theree is net tubular secretion of a drug, the CLrenai 
off  that drug is higher than the glomerular 
filtrationfiltration rate (GFR). As the renal clearance of 
TEAA is primarily mediated via secretion, it is an 
excellentt substrate to study this process (4. 22. 
29).. To establish the contribution of Octl and 
Oct22 to the secretion of TEA. we determined the 
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Tablee 2. Pharmacokinetic parameters for the clearance of [14C]inulin and 
[l4C]TEAA in male wiid-type and Oct 1/2"' mice. 

CL,nulin
J J 

AUQo-x, , 
GFRR measured'' 

GFRR estimated' 

CU.„„ l 0 fTEA J J 

A U C M I , , 

CLCL i 

GFRR estimated 

C L ^ i / G FR R 

wild-type wild-type 

25.00 2 

27.77 8 

25.00 6 

51.677 +4.6 

51.88 +5.3 

21.22 4 

2.4 4 

OctOct 1/2 

25.66 3 

27.77 9 

25.33 6 

1344 ' 

19.22 + t .0' 

20.77 4 

0.93 3 

hug 'mL L 

mL/hr r 

mL/hr r 

h-ng/'mL L 

mL/hr r 

mL/hr r 

"Pharmacokineticc parameters for the clearance of inulin after intravenous 
administrationn of 25 mg/kg [l4C]inulin. data are shown as mean  SD, n = 5. 
''GFRR measured was calculated from: DOSC/AUCHJ.,,. 'GFR estimated was 
calculatedd from the mean body weights as described (12). '̂ Pharmacokinetic 
parameterss for the clearance of TEA after intravenous administration of 0.2 
mg/kgg [l4C]TEA, data are shown as mean + SD, n = 5-7; 'P< 0.01. 

CLrcnaii  of TEA in Oct 1/2" and wild-type mice and 
comparedd them with the GFR. First, we 
determinedd the GFR in Octl/2~'~ and wild-type 
micee by measuring the clearance of inulin. 
[14C]inuIinn was administered intravenously at a 
dosee of 25 mg/kg and plasma concentration 
profiless were determined (Fig. 5A). The GFR (see 
methods)) was not significantly different between 
OctOct 1/2'" and wild-type mice and corresponded 
welll  with the estimated GFR as calculated from 
thee mean body weights (12) (Table 2). Next, we 
determinedd the CLrenai of TEA after intravenous 
administrationn of 0.2 mg/kg [' C]TEA. The 
eliminationn of TEA from the plasma and CLTCnai of 
TEAA (see methods) were substantially decreased 
inn the Oct 1/2"" mice as compared to wild-type 
micee (Fig. 5B and C). The ratio of CLrenai of TEA 
overr the GFR was about 2.4 for wild-type mice, 
whichh is comparable to what has been found by 
otherss (4. 22, 29). In Octl/f' mice CLrcna| of 
TEA// GFR was reduced to about 1. indicating 
thatt the net tubular secretion of TEA was 
completelyy abolished in these mice. 

Discussion n 

Inn this study we examined the in vivo functions 
off  the polyspecific organic cation transporters 
Octll  and Oct2 by analyzing Octl, Oct2 and 
OctOct 1/2 knockout mouse models. We show here 
thatt Octl and Oct2 are together essential for the 
renall  tubular secretion of the prototypic organic 
cationn TEA. Moreover, we found a pronounced 
mutuall  redundancy between Octl and Oct2 in this 
function.. The decreased renal secretion in 
OctOct 1/2"" mice resulted in substantially increased 
plasmaa levels of TEA, indicating that these 
proteinss can potentially reduce the systemic and 
tissuee toxicity of noxious compounds and drugs 
thatt are Octl and Oct2 substrates. This study 
provides,, to our knowledge, the first direct in vivo 
demonstrationn that molecularly defined 
basolaterall  drug transporters are essential for the 
renall  tubular secretion of a substrate. 

Manyy of the polyspecific drug transporters that 
havee been identified and characterized to date are 
expressedd in the liver and kidney. In the past 
decade,, for several of these transporters knockout 
mousee models have been generated to elucidate 
theirr respective physiologic and pharmacologic 
functions.. Whereas often a clear pharmacologic 
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functionn of these transporters could be 
demonstratedd in the liver, their exact in vivo role 
inn the renal excretion of compounds remained 
essentiallyy unclear (13, 14, 25, 27). The 
complexityy of renal drug elimination, which 
involvess passive filtration at the glomerulus, 
tubularr secretion and reabsorption, makes it 
intrinsicallyy difficult to study this process in vivo. 
Inn contrast, hepatobiliary elimination is a 
relativelyy simple process, just involving the 
uptakee of a compound from the bloodstream at 
thee sinusoidal membrane of hepatocytes and its 
subsequentt excretion at the canalicular membrane 
intoo the bile. 

Inn our previous study, we showed that mice 
withh a deficiency in Octl displayed a greatly 
reducedd hepatic uptake and direct intestinal 
excretionn of substrate organic cations, 
demonstratingg that Octl plays art essential role in 
thee disposition of organic cations by the liver and 
intestinee (13, 33). Based on our current study, it 
appearss that absence of Oct2 in itself has no 
immediatelyy apparent physiologic or 
pharmacologicc consequences. This is consistent 
withh the possibility that Octl and Oct2 are 
mutuallyy redundant in the kidney, the primary 
organn where both transporters are co-expressed. 
However,, although Octl and Oct2 have similar 
substratee specificities, they are not identical (30, 
31),, and a deficiency in either Octl or Oct2 may 
alreadyy be sufficient to impair the renal secretion 
off  some substrates. Moreover, in contrast to 
rodents,, that express both Octl and Oct2 in the 
kidney,, humans only express OCT2 (10). 
Therefore,, a deficiency in OCT2 in humans might 
havee similar effects on the renal elimination as a 
deficiencyy in both Octl and Oct2 in mice. 

Unexpectedly,, we found that at steady state 
plasmaa levels, the relative accumulation of TEA 
inn the kidney was about two-fold decreased in 
bothh Octl and Oct2 knockout mice as compared 
withh wild-type mice, whereas at the same time the 
plasmaa and urinary concentrations of TEA were 
nott different (Fig. 4). This can be explained if the 
transcellularr transport rate of TEA through 
proximall  tubular cells is primarily limited by the 
effluxx processes across the apical membrane in 
wild-type.. Octl' and Oct?' mice. In that case, 
losss of either Octl or Oct2 from the basolateral 
membranee of proximal tubular cells will reduce 

thee accumulation of TEA in tubular cells but wil l 
nott necessarily reduce the net transcellular 
transportt rate and secretion. That the effect is 
almostt exactly two-fold is probably determined 
byy a fortuitous combination of infusion rate and 
transportt characteristics of Octl and Oct2. The 
similarr effects of either Oct 1 or Oct2 deficiency 
indicatee that under the conditions applied, the 
TEAA transport capacity of renal tubular Octl and 
Oct22 is virtually identical. In Oct 1/2'" mice, the 
relativee accumulation of TEA in the kidney was 
reducedd even more, to about 10% of that in wild-
typee mice, and TEA secretion was (virtually) 
abolished.. Apparently, when both Octl and 2 are 
absent,, the transcellular transport of TEA across 
thee proximal tubular cells is primarily limited by 
passagee over the basolateral membrane, resulting 
inn drastically decreased accumulation and net 
secretion. . 

Thee organic cation transporters may also be 
importantt for the transport of natural toxins or 
endogenouss compounds. Many studies in vitro 
havee shown that OCT1 and OCT2 can transport 
physiologicallyy relevant endogenous compounds 
suchh as monoamine neurotransmitters (e.g. 
adrenaline,, noradrenaline, dopamine), choline and 
guanidine,, suggesting that absence of these 
transporterss might have physiologic consequences 
(1,, 9, 10). The fact that our knockout mice are 
apparentlyy healthy and show no signs of abnormal 
physiologyy indicates that these transporters are 
nott absolutely essential and may possibly be 
compensatedd for by redundant transporters. It 
shouldd be noted, however, that many physiologic 
aberrationss only become apparent under specific 
orr extreme conditions that may not occur under 
thee relatively controlled conditions of our animal 
facility.. For example, we have shown previously 
thatt mice with a deficiency in another 
polyspecificc drug transporter, the breast cancer 
resistancee protein (Bcrpl/Abcg2), are 
hypersensitivee to a dietary phototoxin which is 
onlyy sporadically present at toxic levels in the 
mousee diet (14). 

Recently,, several groups have reported the 
occurrencee of polymorphisms in the human OCT! 
andd OCT2 genes, some of which have been shown 
too result in severely reduced transport activity 
(17.. 19). Genetic deficiencies for these genes may 
havee both positive and negative consequences for 
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drugg therapy. In the case of an 0CT1 deficiency, 
reducedd uptake of drugs into the liver may result 
inn a decreased efficacy of drugs that have their 
therapeuticc action in the liver. On the other hand, 
reducedd uptake of drugs into the liver could be 
beneficiall  for drugs that have adverse effects in 
thee liver, or need hepatic metabolic activation. 
Thee latter is exemplified by the antidiabetic drug 
metformin,, which has been shown to have 
reducedd toxicity in Octl'"'' mice (32, 33). Unlike 
rodentss that express both Octl and Oct2 in the 
kidney,, humans express only OCT2 (10). 
Therefore,, it is likely that the Oct1/2"' mouse 
modell  better reflects the effect on renal function 
off  an OCT2 deficiency in humans than the Oct2''" 
mousee model. Based on our findings, we expect 
thatt humans with a deficiency in OCT2 will have 
ann impaired renal elimination of some drugs and 
thatt this may result in increased exposure to these 
drugs.. It will therefore be of interest to determine 
whetherr polymorphisms in the human OCT1 and 
OCT2OCT2 genes also correlate with altered drug 
pharmacokineticss in patients. If indeed our 
findingsfindings can be extrapolated to humans, these 
knockoutt mouse models wil l provide powerful 
toolss for predicting and explaining drug 
sensitivityy and toxicity, which may ultimately 
resultt in improved drug therapy. 

Acknowledgments s 

Wee thank our colleagues for critical reading of the 
manuscript.. Dr. Frank Sleutels for help with the 
northernn analysis, Annemieke Otten for help with 
experiments,, Martin van der Valk for histological 
analysiss and Dr. Hermann Koepsell for kindly 
providingg the Octl antibody. This work was 
supportedd in part by grant NK1 97-1434 (to A.H. 
Schinkel)) from the Dutch Cancer Society. 

References s 

1.. Breidert, T„  F. Spitzenberger, D. Griindemann, 
andd E. Schömig. 1998. Catecholamine transpon by 
thee organic cation transporter type 1 (OCT1). Br, J. 
Pharmacol.. 125:218-224. 

2.. Busch, A.E., S. Quester, J.C. llzheimer. S. 
Waldegger,, V. Gorboulev. P. Arndt , F. Lang, and 
H.. Koepsell. 1996. Elecirogenic properties and 
substratee specificity of the polyspecific rat cation 
transporterr rOCT 1. J. Biol. C'hem. 271:32599-32604. 

3.. Dresser, M.J., L. Zhang, and K.M. Giacomini. 
1999.. Molecular and functional characteristics of 
clonedd human organic cation transporters. Pharm, 
Biotech.. 12:441-469. 

4.. Elbourne I., E.R. Lumbers, and K.J. Hill . 1990. The 
secretionn of organic acids and bases by the ovine fetal 
kidney.. Exp. Physiol. 75:211-221. 

5.. E no moto, A., H. Kimura , A. Chairoungdua, V. 
Shigeta,, P. Jutabha, S.H. Cha, M. Hosoyamada, M. 
Takeda,, T. Sekine, T. Igarashi, H. Matsuo, Y. 
Kikuchi ,, T. Oda, K. Ichida, T. Ho soy a, K. 
Shimm o kat a, T. Niwa, Y. Kanai, and H. End oil. 
2002.. Molecular identification of a renal urate-anion 
exchangerr that regulates blood urate levels. Nature 
417:447-452. . 

6.. Gorboulev, V., J.C. Ulzheimer, A. Akhoundova, I. 
Ulzheimer-Teuber,, V. Karbach, S. Quester, C. 
Baumann,, F. Lang, A.E. Busch, and H. Koepsell. 
1997.. Cloning and characterization of two human 
polyspecificc organic cation transporters. DNA and 
Celll  Biology 16:871-881. 

7.. Gregory, S.G. et al„  2002. A physical map of the 
mousee genome. Nature 418:743-750. 

8.. Griindemann, D., B. Schechinger, G.A. Rappold, 
andd E. Schömig. 1998. Molecular identification of the 
cc ort i cos te rone -sensitive extraneuronal catecholamine 
transporter.. Nat. Neurosci. 1:349-351. 

9.. Griindemann, D., G. Lie bic h, N. Kiefer, S. Koster, 
andd E. Schömig. 1999. Selective substrates for non-
neuronall  monoamine transporters. Mol. Pharmacol. 
56:1-10. . 

10.. Griindemann, D., S. Koster, N. Kiefer, T. Breidert, 
M.. Engelhardt, F. Spitzenberger, N. Obermiiller , 
andd E. Schömig. 1998. Transport of monoamine 
transmitterss by the organic cation transporter type 2, 
OCT2.. J. Biol. Chem. 273:30915-30920. 

11.. Griindemann, D„  V. Gorboulev, S. Gambaryan, M. 
Veyhl,, and H, Koepsell. 1994. Drug excretion 
mediatedd by a new prototype of polyspecific 
transporter.. Nature 372:549-552. 

12.. Hackbarth, H., D., Buttner, and K. Gartner  1982. 
Intraspeciess aliometry: correlation between kidney 
weightt and glomerular filtration rate vs. body weight. 
Am.. J. Physiol. 242:R3O3-R305. 

13.. Jonker, J.W., E. Wagenaar, CA. Mol, M. 
Buitelaar,, H. Koepsell, J.W. Smit, and A.H. 
Schinkel.. 2001. Reduced hepatic uptake and intestinal 
excretionn of organic cations in mice with a targeted 
disruptionn of the organic cation transporter 1 
('Octt l[SIc22al]) gene. Moi. Cell. Biol. 21:5471-5477. 

14.. Jonker, J.W., M. Buitelaar, E. Wagenaar, M.A. 
vann der  Valk, G.L. Scheffer, R.J. Scheper, T. 
Plösch,, F. Kuipers, R.P. Oude Elferink , H. Rosing, 
J.H.. Beijnen, and A.H. Schinkel. 2002. The breast 
cancerr resistance protein protects against a major 
chlorophyll-derivedd dietary photoloxin and 
protoporphyria.. Proc. Natl. Acad. Sci, USA 99:15649-
15654, , 

101 1 



ChapterChapter 7 

15.. Karbach, L\, J. Kricke, F. Meyer-Wentrup, V. 
Gorboulev,, C. Volk, D. Loffing-Cueni, B. Kaissh'ng, 
S.. Bachmann, and H. Koepsell. 2000. Localization 
off  organic cation transporters OCT! and OCT2 in rat 
kidney.. Am. J. Physiol. Renal. Physiol. 279:F679-
F687. . 

16.. Kekuda, R.. P.D. Prasad, X. Wu, H. Wang, Y.J. 
Fei,, F.H. Leibach, and V. Ganapathy 1998. Cloning 
andd functional characterization of a potential-sensitive, 
polyspecificc organic cation transporter (OCT3) most 
abundantlyy expressed in placenta. J. Biol. Chem, 
273:15971-15979. . 

17.. Kerb, R., U. Brinkmann, N. Chatskaia, D. 
Gorbunov,, V. Gorboulev, E, Mornhinweg, A. Keil, 
M.. Eichelbaum, and H. Koepsell. 2002 
Identificationn of genetic variations of the human 
organicc cation transponer hOCTl and their functional 
consequences.. Pharmacogenetics 12:591-595. 

18.. Koepsell, H. 1998. Organic cation transporters in 
intestine,, kidney, liver, and brain. Annu. Rev. Physiol. 
60:243-266. . 

19.. Leabman, M.K., C.C. Huang, M. Kawamoto, S.J, 
Johns,, D. Slryke, T.E. Ferrin , J. DeYoung, T. 
Taylor,, A.G. Clark , I. Herskowitz, and K.M. 
Giacotnini,, 2002. Polymorphisms in a human kidney 
xenobiotiee transporter, OCT2, exhibit altered function. 
Pharmacogeneticss 12:395-405. 

20.. Martel , F., T. Vetter, H. Russ, D. Griindemann, I. 
Azevedo,, H. Koepsell, and E. Schomig. 1996. 
Transportt of small organic cations in the rat liver. The 
rolee of the organic cation transporter OCT1. Naunyn 
Schmiedebergss Arch. Pharmacol. 354:320-326. 

21.. Meyer-Wentrup, F., U. Karbach, V. Gorboulev, P. 
Arndt ,, and H. Koepsell. 1998. Membrane 
localizationn of the electrogenic cation transporter 
rOCTll  in rat liver. Biochem. Biophys. Res. Commun. 
248:673-678. . 

22.. Nelson, J.A., J.F. Kuttesch, and B.H. Herbert. 
1983.. Renal secretion of nucleosides and their analogs 
inn mice. Biochem. Pharmacol, 32:2323-2327, 

23.. Ogihara, H., H. Saito, B. Shin, T. Terada, S. 
Takenoshita,, Y. Naga mac hi, K. Inui , and K. Takata. 
1996.. I mm uno-localization of H'/peptide cotransporter 
inn rat digestive tract, Biochem. Biophys. Res. Commun. 
220:848-852. . 

24.. Proost, J.H., and Meijer , D.K. 1992. MW/Pharm. an 
integratedd software package for drug dosage regimen 
calculationn and therapeutic drug monitoring. Comput. 
Biol.. Med. 22:155-163. 

25.. Schinkel, A.H., J.J. Smit, O. van Tellingen, J.H. 
Beijnen,, E. Wagenaar, L. van Deemter, CA. Mol, 
M.A.. van der  Valk, E.C. Robanus-Maandag, H.P. 
Tee Riele, A.J. Berns, and P. Borst. 1994. Disruption 
off  the mouse mdrla P-glycoprotein gene leads to a 
deficiencyy in the blood-brain barrier and to increased 
sensitivityy to drugs. Cell 77:491-502. 

26.. Schweifer, N., and D.P. Barlow. 1996 The Lxl gene 
mapss to mouse Chromosome 17 and codes for a 
proteinn that is homologous to glucose and polyspecific 

transmembranee transporters. Mamm. Genome 7:735-
740. . 

27.. Sweet D.H., D.S. Miller , J.B. Pritchard, Y. 
Fujiwara ,, D.R. Beier, and S.K. Nigam. 2002. 
Impairedd organic anion transport in kidney and 
choroidd plexus of organic anion transporter 3 (Oat3 
(Slc22a8))) knockout mice. J. Biol. Chem. 277:26934-
26943. . 

28.. Taylor, P. 1992. in The pharmacological basis of 
therapeutics,, eds. Goodman Gilman, A., Rail, T.W., 
Nies,, A.S., and Taylor, P. (McGraw-Hill), pp. 166-
185. . 

29.. Toretti J., I.M . Weiner, and G.H. Mudge. 1962. 
Renall  tubular secretion and rcabsorption of organic 
basess in the dog. J. Clin. Invest. 41:793-804. 

30.. II rak a mi, Y., M. Okuda, S. Masuda, H. Saito, and 
K.. Inui . 1998. Functional characteristics and 
membranee localization of rat multispecific organic 
cationn transporters, OCT1 and OCT2, mediating 
tubularr secretion of cationic drugs. J. Pharm. Exp. 
Ther.. 287: 800-805. 

31.. Urakami, Y„  M. Okuda, S. Masuda, M. Akazawa, 
H.. Saito, and K. Inui . 2001. Distinct characteristics 
off  organic cation transporters. OCT! and OCT2, in the 
basolaterall  membrane of renal tubules. Pharmaceutical 
Res,, 18:1528-1534. 

32.. Wang, D., H. Kusuhara, Y. Kato, J.W. Jonker, 
A.H.. Schinkel, and Y. Sugiyama. 2003. Involvement 
off  organic cation transporter 1 in the lactic acidosis 
causedd by metformin. Mol. Pharmacol. 63:844-848. 

33.. Wang D„  J. W. Jonker, Y. Kato, H. Kusuhara, A. 
H.. Schinkel, and Y. Sugiyama. 2002. Involvement of 
organicc cation transporter 1 in the hepatic and 
intestinall  distribution of metformin. J. Pharmacol. 
Exp.. Ther. 302:510-515. 

34.. Wu, X„  P.D. Prasad, F.H. Leibach, and V. 
Ganapathy.. 1998. cDNA sequence, transport 
function,, and genomic organization of human OCTN2, 
aa new member of the organic cation transporter 
family.. Biochem. Biophys. Res. Commun. 246:589-
595.. ' 

35.. Wu, X„  R. Kekuda, W. Huang, Y. Fei, F.H. 
Leibach,, J. Chen, S.J. Conway, and V. Ganapathy. 
1998.. Identity of the organic cation tranporter OCT3 
ass the extraneuronal monoamine transporter (uptake2) 
andd evidence for the expression of the transporter in 
thee brain. J. Biol. Chem. 273:32776-32786. 

36.. Zwart , R., S. Verhaagh, M. Buitelaar, C. Popp-
Snijders,, and D.P. Barlow. 2001. Impaired activity 
off  the extraneuronal monoamine transporter system 
knownn as uptakc-2 in Orct3Slc22a3-deficiei]t mice. 
Moll.. Cell, Biol. 21:4188-4196. 

102 2 



IJLl.-1-"-^;; '-1 lUL!-^-^ . 

Summaryy Sc Samenvatting 





Summon' Summon' 

Summary y 

Thee body is continuously exposed to a wide 
varietyy of environmental toxins, metabolic 
wastee products and, during pharmacotherapy, 
too drugs. To rid itself of these potentially 
harmfull  compounds, the body is equipped 
withh an array of detoxification mechanisms 
suchh as metabolizing enzymes and transport 
proteinss mediating inactivation and excretion 
off  these compounds. In addition, cancer cells 
frequentlyy (over)express certain transport 
proteins,, mediating the efflux of drugs from 
thee cell, thus becoming resistant against 
anticancerr drugs. This phenomenon is called 
multidrugg resistance (MDR) and is a major 
obstaclee in the treatment of tumors with 
chemotherapy. . 

Thiss thesis describes the analyses of the 
functionss of several transporters that are 
involvedd in multidrug resistance and/or 
detoxification.. For these studies, we relied 
heavilyy on the use of "knockout" mice in 
whichh one or more of these transporters were 
inactivatedd by genetic modification. 

Ann important class of transporters are the 
activee drug efflux transporters of the ATP 
bindingg cassette (ABC) family which consists 
off  about 50 members in humans. This family 
includess several polyspecific or multidrug 
transporterss such as P-glycoprotein (MDR1/ 
ABCB1),, Breast Cancer Resistance Protein 
(BCRP/ABCG2),, and the Multidrug Resis-
tancee (associated) Proteins (MRP/ABCCs) 
(reviewedd in Chapter 1). In general, these 
transporterss are localized in the plasma 
membranee of epithelial cells where they 
mediatee active, ATP-dependent efflux of their 
substrates.. Besides conferring drug resistance 
inn (cancer) cells, they have a major impact on 

thee pharmacological behavior of drugs. 
Pharmacologicall  properties affected by ABC 
transporterss include the oral bioavailability, 
hepatobiliary,, direct intestinal, and renal 
excretionn of drugs and drug metabolites and -
conjugates.. Moreover, the penetration of drugs 
intoo a range of important pharmacological 
sanctuaries,, such as brain, testis, and fetus, 
andd the penetration into specific cell- and 
tissuee compartments can be profoundly 
restrictedd by ABC transporters. Interactions 
withh ABC transporters therefore determine to 
aa large extent the clinical usefulness, side 
effectss and toxicity risks of many drugs. Many 
otherr xenotoxins, (pre-)carcinogens and 
endogenouss compounds are also influenced 
byy the ABC transporters, with corresponding 
consequencess for the well-being of the 
individual. . 

Ann important site where P-glycoprotein 
(P-gp)) is present is the blood-brain barrier, 
wheree it prevents the entry of substrate 
compoundss into the brain. For the use of 
peripherallyy acting therapeutic drugs, the 
occurrencee of unwanted central nervous 
systemm (CNS) side effects, as a result of brain 
penetration,, is a potential problem. Therefore, 
neww generations of drugs are currently being 
developedd with limited ability to penetrate the 
blood-brainn barrier. One of these drugs is the 
peripherally-selectivee K-opioid receptor 
agonistt asimadoline (EMD 61753) which is 
underr development as a therapeutic analgesic. 
Fromm the structural characteristics of this drug 
andd its peripheral selectivity, we hypothesized 
thatt it is transported by P-gp. Using a pig-
kidneyy polarized epithelial cell line 
transfectedd with Mdr cDNAs, we demon-
stratedd that asimadoline is transported by the 
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mousee Mdrla P-gp and the human MDR1 P-
gpp (Chapter 2). Furthermore, we showed that 
inn Mdrla/lh double knockout mice, the 
absencee of P-gp leads to a 9-fold increased 
accumulationn of asimadoline in the brain. In 
linee with this accumulation difference, 
Mdrla/lb'Mdrla/lb' mice are at least 8-fold more 
sensitivee to the sedative effect of asimadoline 
thann wild-type mice. Interestingly, the oral 
uptakee of asimadoline was not substantially 
alteredd in Mdrla/lb' mice. These results 
demonstratedd that P-gp in the blood-brain 
barrierr can have a therapeutically beneficial 
effectt by limiting brain penetration, and 
consequentlyy the CNS side effects of drugs. 

Inn the course of this thesis project, a 
neww MDR protein of the ABC family was 
identifiedd by another research group in a 
doxorubicin-resistantt breast cancer cell line, 
andd hence designated Breast Cancer 
ResistanceResistance Protein (BCRP). BCRP can render 
tumorr cells resistant to several anticancer 
drugss including topotecan, mitoxantrone, 
doxorubicin,, and daunorubicin. In Chapter 3, 
wee analyzed some of the properties of BCRP 
inin vitro and in vivo. First, we determined the 
directionn of BCRP-mediated transport, using 
thee polarized mammalian cell lines LLC-PK1 
andd MDCK-II . After expression of Bcrpl, the 
murinee homologue of BCRP, in these cell lines 
wee found apically directed transport of drugs, 
indicatingg that Bcrpl is localized in the apical 
membrane.. We also used the BCRP/P-gp 
inhibitorr GF120918 to assess the role of Bcrpl 
inn protecting mice against xenobiotic drugs. 
Too avoid the confounding drug transport by P-
gp,, which also transports topotecan, the role of 
Bcrpll  in the bioavailability of topotecan was 
studiedd in both wild-type and P-gp-deficient 
mice.. When both topotecan and GF120918 
weree administered orally, the bioavailability 
{i.e.{i.e. the extent to which a drug becomes 

availablee in plasma after administration) of 
topotecann was dramatically increased in both 
P-gp-deficientt mice (greater than 6-fold) and 
wild-typee mice (greater than 9-fold). The 
treatmentt with GF120918 also decreased the 
plasmaa clearance and hepatobiliary excretion 
off  topotecan and increased (re-)uptake by the 
smalll  intestine. Moreover, in pregnant 
GF120918-treatedd P-gp-deficient mice, 
receivingg i.v. topotecan, relative fetal 
penetrationn of topotecan was 2-fold higher 
thann in pregnant vehicle-treated mice, sug-
gestingg a function for Bcrpl in the maternal-
fetall  barrier of the placenta. Together, these 
dataa suggested that Bcrpl mediates apically 
directedd transport of its drug substrates and 
supportedd the view that Bcrpl is important in 
preventingg intestinal (re-)uptake and in 
mediatingg hepatobiliary excretion of 
transportedd drugs. In these ways, Bcrpl 
restrictss the bioavailability of orally 
administeredd drugs and protects fetuses by its 
presencee in the maternal-fetal barrier. 
Strategicc application of BCRP inhibitors may 
thuss lead to more effective oral chemotherapy 
withh topotecan or other BCRP substrate drugs. 
Inn fact, based on these findings, clinical trials 
weree initiated in the Netherlands Cancer 
Institutee / Antoni van Leeuwenhoek Hospital 
too improve the oral availability of topotecan in 
patients. . 

Too further study the physiological and 
pharmacologicall  roles of Bcrpl in vivo, we 
generatedd mice with a deficiency in Bcrpl 
(Chapterr 4). Bcrpl knockout mice were viable 
andd healthy but displayed an extreme 
sensitivityy to the dietary chlorophyll break-
downn product pheophorbide a, resulting in 
severe,, sometimes lethal phototoxic lesions on 
light-exposedd skin. Pheophorbide a occurs in 
variouss plant-derived foods and food sup-
plements.. We found that Bcrpl transports 
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pheophorbidee a and is highly efficient in 
limitingg its uptake from ingested food. In 
addition,, we found that Bcrpl mice also 
displayedd a novel type of protoporphyria. 
Erythrocytee levels of the heme precursor and 
phototoxinn protoporphyrin IX, which is 
structurallyy related to pheophorbide a, were 
10-foldd increased. Transplantation with wild-
typee bone marrow cured the protoporphyria, 
andd reduced the phototoxin sensitivity of 
Bcrpl'Bcrpl' mice. These results indicated that 
humanss or animals with low or absent BCRP 
activityy may be at increased risk for 
developingg protoporphyria and diet-dependent 
phototoxicity,, and provided a striking 
illustrationn of the importance of drug 
transporterss in protection from toxicity of 
normall  food constituents. 

Beforee a compound can be excreted by 
apicall  membrane transporters such as P-gp 
andd BCRP, a compound first has to be taken up 
byy the epithelial cell. For many compounds 
thiss uptake is mediated by transporters 
localizedd at the basolateral membrane facing 
thee blood. Together, basolateral uptake and 
apicall  efflux transporters thus form a 
complementaryy system, mediating the 
transportt of compounds from the blood, via 
thee epithelial cell, into the lumen. Many 
basolaterall  transporters are found among the 
Solutee Carrier (SLC) family of facilitated 
transporters.. This family is by far the largest 
familyy of transporters, consisting of about 225 
memberss in humans. Whereas most members 
off  this family are highly specialized, 
mediatingg facilitated transport of essential 
nutrientss (e.g. glucose, amino acids, 
nucleosidess and fatty acids), some members 
aree more generalized transporters. Due to their 
broadd substrate specificity, the latter are also 
termedd polyspecific transporters. Among these 
transporters,, the polyspecific organic cation 

transporterss 1 and 2 (OCT1 and 2; reviewed in 
Chapterr 5), both members of the SLC22 
subfamily,, have been shown in vitro to 
mediatee the facilitated transport of a broad 
rangee of structurally diverse cationic 
compounds.. These include the prototypic 
organicc cation tetraethylammonium (TEA), 
manyy drugs (e.g. antidiabetics, antiparkin-
sonians,, cimetidine), neurotoxins and a variety 
off  endogenous compounds such as choline 
andd monoamine neurotransmitters. The 
memberss of this family are characterized by a 
predictedd 12-transmembrane-domain (TMD) 
structuree and are generally localized in the 
plasmaa membrane of epithelial cells. In 
rodents,, Octl (Slc22al) is expressed in the 
liver,, kidney and small intestine, whereas in 
humanss OCT1 is primarily expressed in liver. 
Oct22 (Slc22a2) has a substrate specificity 
similarr to that of Octl but is predominantly 
expressedd in the kidney in both rodents and 
humans.. Immunohistochemical studies in rats 
demonstratedd that Octl is localized at the 
sinusoidall  (basolateral) membrane of 
hepatocytess in the liver, whereas in the kidney 
Octll  and Oct2 are both localized at the 
basolaterall  membrane of epithelial cells of the 
proximall  tubules. The broad substrate 
specificityy and strategic localization of Octl 
andd Oct2 in the major excretory organs 
suggestedd that these proteins could be 
essentiall  in the removal of cationic toxins and 
wastee products from the body via liver, kidney 
andd intestine. 

Too investigate the pharmacological and 
physiologicall  role of Octl, we generated Octl 
knockoutt mice (Chapter 6). Octl mice 
appearedd to be viable and healthy and they 
displayedd no obvious phenotypic abnor-
malities.. The role of Oct! in the pharmacology 
off  substrate drugs was studied by comparing 
thee tissue distribution and excretion of the 
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modell  substrate TEA after intravenous 
administrationn to wild-type and Octl' mice. 
Inn Octl' mice, accumulation of TEA in liver 
wass 4- to 6-fold lower than in wild-type mice, 
whereass direct intestinal excretion of TEA 
wass reduced about 2-fold. Excretion of TEA 
intoo urine over 1 hour was 53% of the dose in 
wild-typee compared to 80% in knockout mice, 
probablyy because in Octl' mice less TEA 
distributess to liver and thus more is available 
forr rapid excretion by the kidney. In addition, 
wee found that absence of Octl leads to a 
decreasedd liver accumulation of the anticancer 
drugg MIBG and the neurotoxin MPP\ In 
conclusion,, these data showed that Octl plays 
ann important role in the uptake of organic 
cationss into the liver and in their direct 
excretionn into the lumen of the small intestine. 

Sincee Octl and Oct2 have extensively 
overlappingg substrate specificities, they might 
bee mutually redundant. To investigate the 
(overlapping)) pharmacological and physio-
logicall  roles of these proteins we generated 
OctlOctl single and Octl/2 double knockout mice 
(Chapterr 7). Oct2A and Octl/2' mice are 
viablee and healthy, and they display no 
obviousobvious phenotypic abnormalities. Absence of 
Oct22 in itself had littl e effect on the 
pharmacokineticss of TEA, but in Octl/2' 

micee the renal secretion of this compound was 
completelyy abolished, leaving only glomerular 
filtrationn as a TEA clearance mechanism. 
Together,, Octl and Oct2 are thus essential for 
thee renal tubular secretion of the prototypic 
organicc cation TEA. The decreased renal 
secretionn in Octl/2' mice also resulted in 
substantiallyy increased plasma levels of TEA, 
indicatingg that these proteins can potentially 
reducee the systemic and tissue toxicity of 
noxiouss compounds and drugs that are Octl 
andd Oct2 substrates. A deficiency in these 
proteinss may thus result in increased drug 
sensitivityy and toxicity in patients. This study 
provided,, to our knowledge, the first direct in 
vivovivo demonstration that molecularly defined 
basolaterall  drug transporters are essential for 
thee renal tubular secretion of a substrate. 

Inn conclusion, the work described in this 
thesiss shows that the studied polyspecific 
transporterss have a variety of important 
pharmacologicall  and physiological functions. 
Knowledgee of these functions may lead to 
improvedd drug design, improved drug therapy 
byy strategic application of inhibitors, and to a 
betterr understanding of the possible side 
effectss of a genetic or pharmacologic 
deficiencyy in one of these transporters. 
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Onss lichaam wordt voortdurend blootgesteld 
aann een grote verscheidenheid aan toxines uit 
hett milieu, door het lichaam geproduceerde 
afvalstoffenn en, tijdens farmacotherapeutische 
behandeling,, aan geneesmiddelen. Om zich 
vann deze potentieel schadelijke stoffen te 
ontdoen,, is het lichaam uitgerust met een 
arsenaall  aan ontgiftingsmechanismen zoals 
metaboliserendee enzymen en transport-
eiwittenn die de inactivatie en uitscheiding van 
dezee stoffen bewerkstelligen. Daarnaast 
brengenn kankercellen regelmatig bepaalde 
transporteiwittenn tot (over)expressie, waar-
doorr ze resistent worden tegen antikanker 
geneesmiddelen.. Dit fenomeen wordt 
(multi)drugg resistentie (MDR) genoemd en is 
eenn groot probleem bij de behandeling van 
tumorenn met chemotherapie. 

Ditt proefschrift beschrijft de analyse van de 
functiess van enkele transporteiwitten die 
betrokkenn zijn bij multidrug resistentie en/of 
ontgifting.. Voor deze studie hebben we 
gebruikk gemaakt van "knockout" muizen 
waarinn een of meerdere van deze transporters 
zijnn uitgeschakeld door middel van genetische 
modificatie. . 

Eenn belangrijke groep van transporters wordt 
gevormdd door de geneesmiddeltransporters 
vann de ATP Bindings Cassette (ABC) familie 
diee in totaal uit zo'n 50 leden bestaat bij 
mensen.. Deze familie bevat verscheidene 
multii  specifieke of multidrug transporters 
zoalss P-glycoproteïne (MDR1/ABCB1), 
Breastt Cancer Resistance Protein (BCRP/ 
ABCG2),, en Multidrug Resistance (asso-
ciated)) Proteins (MRP/ABCC's) (hiervan 
wordtt een overzicht gegeven in Hoofdstuk 1). 
Inn het algemeen bevinden deze transporters 

zichh in de plasmamembraan van epitheelcellen 
waarr ze actieve, ATP-afhankelijke uitschei-
dingg van hun substraten bewerkstelligen. 
Naastt het veroorzaken van geneesmiddel-
resistentiee in (kanker) cellen, hebben ze ook 
eenn belangrijk effect op het farmacologische 
gedragg (wat er met een stof gebeurt in het 
lichaam)) van geneesmiddelen. Farmacolo-
gischee eigenschappen die door ABC 
transporterss worden beinvloed zijn orale 
opname,, hepatobiliaire-, darm-, en renale 
uitscheidingg van geneesmiddelen, genees-
middell  metabolieten en -conjugaten. Boven-
dienn wordt de penetratie van geneesmiddelen 
inn een aantal belangrijke weefsels zoals de 
hersenen,, testis en foetus sterk beperkt door 
ABCC transporters. Interacties met ABC 
transporterss bepalen daarom in belangrijke 
matee de klinische toepassing, bijeffecten en 
toxiciteitsrisico'ss van veel geneesmiddelen. 
Veell  andere lichaamsvreemde en -eigen 
stoffenn worden ook beïnvloed door ABC 
transporters,, wat doorgaans bijdraagt aan het 
welzijnn van het individu. 

Eenn belangrijke plek waar P-glycoproteïne 
(P-gp)) aanwezig is is de bloed-hersen barrière, 
waarr het voorkomt dat stoffen de hersenen 
binnendringen.. Bij perifeer-werkende genees-
middelenn zijn bijwerkingen op het centrale 
zenuwstelsell  (CZS) een mogelijk probleem. 
Daaromm worden er tegenwoordig nieuwe 
geneesmiddelenn ontwikkeld die niet of 
nauwelijkss de hersenen binnenkomen. Een 
vann deze geneesmiddelen is de perifeer-
werkendee K-opiaat receptor agonist asima-
dolinee (EMD 61753), welke in ontwikkeling 
iss als perifeer-werkende pijnstiller. Op basis 
vann de structuur van dit geneesmiddel en 
vanwegee het feit dat het de hersenen moeilijk 
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binnenkomt,, vermoedden we dat het door P-
gpp getransporteerd zou kunnen worden. In 
gepolariseerdee epitheliale cellijnen getrans-
fecteerdd met Mdr cDNA's hebben we laten 
zienn dat asimadoline inderdaad getranspor-
teerdd wordt door muis Mdrla P-gp en humaan 
MDR11 P-gp (Hoofdstuk 2). Bovendien 
hebbenn we laten zien dat in P-gp-deficiënte 
muizenn de afwezigheid van P-gp leidt tot een 
9-voudigg verhoogde accumulatie van asima-
dolinee in de hersenen. In overeenkomst met dit 
verschill  in accumulatie zijn P-gp-deficiënte 
muizenn op z'n minst 8-voudig gevoeliger voor 
hett kalmerende CZS-effect van asimadoline 
dann wild-type muizen. Interessant was dat de 
oralee opname van asimadoline niet sub-
stantieell  veranderd was in P-gp-deficiënte 
muizen.. De resultaten van dit onderzoek 
hebbenn aangetoond dat P-gp in de bloed-
hersenn barrière een therapeutisch voordelig 
effectt kan hebben door de hersenpenetratie en 
dee bijkomstige effecten op het centrale 
zenuwstelsell  van geneesmiddelen te vermin-
deren. . 

Inn de loop van dit promotie-onderzoek 
werdd er door een andere onderzoeksgroep een 
nieuwee MDR ABC transporter ontdekt in een 
doxorubicine-resistentee borstkanker cellijn, en 
dezee transporter werd daarom Breast Cancer 
ResistanceResistance Protein (BCRP) genoemd. BCRP 
kann in kankercellen resistentie veroorzaken 
tegenn een aantal antikanker geneesmiddelen 
zoalss topotecan, mitoxantron, doxorubicine en 
daunorubicine.. In Hoofdstuk 3 hebben we 
enkelee eigenschappen van BCRP in vitro en in 
vivovivo bepaald. Ten eerste hebben we de richting 
vann transport door BCRP bepaald door 
gebruikk te maken van de gepolariseerde 
cellijnenn LLC-PK1 en MDCK-II . Nadat we 
Bcrpl,, het eiwit dat in muizen homoloog is 
aann humaan BCRP, in deze cellijnen tot 
expressiee gebracht hadden, vonden we apicaal 

gerichtt transport van geneesmiddelen, wat 
eropp duidde dat Bcrpl in de apicale membraan 
aanwezigg is. We hebben ook gebruik gemaakt 
vann de BCRP/P-gp remmer GF120918 om te 
bepalenn wat voor rol Bcrpl speelt in het 
beschermenn van muizen tegen lichaams-
vreemdee stoffen. Om te voorkomen dat we 
tegelijkk naar P-gp gemediëerde effecten 
zoudenn kijken (topotecan wordt namelijk ook 
doorr P-gp getransporteerd) hebben we de rol 
vann Bcrpl in de biologische beschikbaarheid 
vann topotecan bestudeerd in zowel wild-type 
alss P-gp-deficiënte muizen. Na orale 
toedieningg van topotecan en GF120918 
vondenn we dat de biologische beschikbaarheid 
(d.i.. de mate waarin een geneesmiddel in het 
bloedd terechtkomt na toediening) van topo-
tecann dramatisch was toegenomen, zowel in P-
gpp deficiënte muizen (meer dan 6-voudig) als 
inn wild-type muizen (meer dan 9-voudig). De 
behandelingg met GF120918 leidde ook tot een 
verlagingg van de verwijdering van topotecan 
uitt het bloed en uit de lever, en tot een 
verhoogdee (her)opname in de dunne darm. 
Bovendienn vonden we dat in zwangere, met 
GF1209188 behandelde P-gp- deficiënte 
muizen,, na intraveneuze toediening van topo-
tecan,, de relatieve foetale penetratie van 
topotecann 2-voudig hoger was dan in 
zwangeree onbehandelde muizen. Dit duidde 
eropp dat Bcrpl ook een rol speelt in de barrière 
inn de placenta tussen de moeder en de foetus. 
Dee bevindingen van dit onderzoek laten zien 
datt Bcrpl apicaal gericht transport van 
substratenn mediëert en dat Bcrpl belangrijk is 
bijj  de uitscheiding uit de lever en het 
tegengaann van de (her)opname van stoffen uit 
dee darm. Op deze wijze vermindert Bcrpl de 
biologischee beschikbaarheid van genees-
middelenn na orale toediening en beschermt het 
dee foetus door zijn aanwezigheid in de 
placenta.. Het strategisch gebruik van BCRP 
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remmerss zou dus kunnen leiden tot een 
effectieveree orale chemotherapie met topo-
tecann en andere BCRP substraat genees-
middelen.. Naar aanleiding van dit onderzoek 
zijnn er in het Nederlands Kanker Instituut / 
Antonii  van Leeuwenhoek Ziekenhuis 
klinischee trials gestart om de orale beschik-
baarheidd van topotecan in patiënten te 
verbeteren. . 

Omm de fysiologische en farmacologische 
functiess van Bcrpl in vivo verder te 
onderzoeken,, hebben we muizen gemaakt met 
eenn deficiëntie in Bcrpl (Hoofdstuk 4). Bcrpl 
knockoutt muizen bleken levensvatbaar en 
gezondd te zijn maar ze vertoonden een 
extremee gevoeligheid voor het chlorofyl 
afbraakk product en fototoxine pheophorbide a. 
Dezee gevoeligheid leidde tot ernstige, soms 
dodelijkee fototoxische beschadigingen van de 
aann licht blootgestelde huid, met name de 
oren.. Pheophorbide a kan voorkomen in 
plantaardigg voedsel en voedselsupplementen. 
Naa verdere analyse bleek dat pheophorbide a 
getransporteerdd wordt door Bcrp 1 en dat 
Bcrpll  in de darm de opname van dit toxine 
vanuitt het voedsel verhindert. Daarnaast 
vertoondenn de Bcrpl' muizen een nieuwe 
vormm van protoporfyrie. Dit werd gekenmerkt 
doorr 10-voudig verhoogde niveau's van 
protoporfyrinee IX, een voorloper van heem, in 
dee rode bloedcellen. Protoporfyrine IX is ook 
eenn fototoxine en lijk t qua structuur sterk op 
pheophorbidee a. Door de Bcrpl' muizen te 
transplanterenn met beenmerg van normale 
muizenn konden we de protoporfyrie genezen 
enn werd de lichtgevoeligheid van deze muizen 
tevenss verminderd. Op basis van deze 
bevindingenn is het mogelijk dat mensen of 
dierenn met een verlaagde of afwezige BCRP 
activiteitt een verhoogd risico lopen om 
protoporfyriee en voedsel-afhankelijke foto-
toxiciteitt te ontwikkelen. Dit onderzoek laat 

zienn hoe belangrijk transport- eiwitten kunnen 
zijnn bij het beschermen tegen toxiciteit van 
normalee voedselcomponenten. 

Voordatt een stof kan worden uitgescheiden 
doorr apicale membraantransporters zoals P-gp 
enn BCRP, moet deze eerst worden opgenomen 
doorr de epitheelcel. Voor veel stoffen gebeurt 
ditt door transporteiwitten die zich in de 
basolaterale,, naar het bloed gerichte mem-
braann bevinden. Samen vormen de basola-
teralee opname- en de apicale uitscheidings-
transporterss een complementair systeem, dat 
hett transport van stoffen vanuit het bloed, via 
dee epitheelcel, naar het lumen bewerkstelligt. 
Veell  basolaterale transporters maken deel uit 
vann de Solute Carrier (SLC) familie van 
gefaciliteerdee transporters. Deze familie is 
verrewegg de grootste familie van transport-
eiwittenn en bestaat uit zo'n 225 leden bij 
mensen.. Hoewel de meeste transporters uit 
dezee familie sterk gespecialiseerd zijn in het 
transporterenn van essentiële nutriënten (b.v. 
suikers,, aminozuren, nucleosiden en 
vetzuren),, is er ook een aantal meer algemene 
transporters.. Door hun brede substraat-
specificiteitt worden deze laatsten ook wel 
poly-- of multispecifiek genoemd. Onder deze 
familiee van transporters vallen de organische 
kationn transporters 1 en 2 (OCT1 en 2; een 
overzichtt van de OCT's wordt gegeven in 
Hoofdstukk 5), beide afkomstig uit de 
subfamiliee SLC22, betrokken bij het transport 
vann een groot aantal, qua structuur sterk 
uiteenlopende,, kationische (= positief gela-
den)) stoffen. Onder deze kationische 
substratenn bevinden zich model substraten 
zoalss tetraethyl ammonium (TEA), veel 
geneesmiddelenn (b.v. geneesmiddelen voor 
diabetess en de ziekte van Parkinson), 
neurotoxiness en verscheidene lichaamseigen 
stoffenn zoals choline en monoamine 
neurotransmitters.. De leden van deze familie 
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wordenn gekenmerkt door een structuur die 
vermoedelijkk bestaat uit 12 transmembraan 
domeinenn en ze zijn in het algemeen aanwezig 
inn de plasmamembraan van epitheelcellen. In 
knaagdierenn is Octl <Slc22al) aanwezig in de 
lever,, nier en dunne darm, terwijl in mensen 
OCT11 voornamelijk aanwezig is in de lever. 
Oct22 (Slc22a2) heeft een substraatspecificiteit 
diee zeer sterk overeenkomt met die van Octl 
maarr komt voornamelijk voor in de nier, zowel 
inn knaagdieren als in mensen. Immunohisto-
chemischee studies in ratten hebben aan-
getoondd dat Octl in de sinusoïdale (baso-
laterale)) membraan van hepatocyten zit in de 
lever,, terwijl in de nier Octl en Oct2 beiden in 
dee basolaterale membraan van epitheelcellen 
vann de proximale tubulus zitten. De brede 
substraatspecificiteitt en strategische locali-
satiee van Octl en Oct2 in de belangrijkste 
uitscheidingsorganenn duidt erop dat deze 
eiwittenn betrokken zijn bij de verwijdering van 
kationischee toxines en afvalproducten uit het 
lichaamm via de lever, nier en darm. 

Omm de farmacologische en fysiologische 
functiee van Octl te bestuderen hebben we 
Octll  knockout muizen gemaakt (Hoofdstuk 
6).. Octl' muizen bleken levensvatbaar en 
gezondd te zijn en ze hadden geen zichtbare 
afwijkingen.. De rol van Octl in de 
farmacologiee hebben we bestudeerd door de 
verdelingg over het lichaam en de uitscheiding 
vann intraveneus toegediende TEA te 
vergelijkenn tussen wild-type en Octl' muizen. 
Inn Octl' muizen was de opname van TEA in 
dee lever 4- tot 6-voudig lager in vergelijking 
tott de wild-type muizen, terwijl de recht-
streeksee darmuitscheiding van TEA zo'n 2-
voudigg verlaagd was. De uitscheiding van 
TEAA in de urine na 1 uur was 53% van de 
toegediendee hoeveelheid in wild-type muizen 
enn 80% in de Octl' muizen. Deze verhoogde 
uitscheidingg van TEA in de urine in Octl' 

muizenn komt waarschijnlijk doordat er in deze 
muizenn aanzienlijk minder TEA wordt 
opgenomenn in de lever waardoor er dus meer 
viaa de nier wordt uitgescheiden. Tevens 
vondenn we dat afwezigheid van Octl leidde 
tott een verlaagde opname in de lever van het 
antikankerr geneesmiddel MIBG en het 
neurotoxinee MPP\ Concluderend toont dit 
onderzoekk aan dat Octl een farmacologisch 
belangrijkee rol speelt bij de opname van 
organischee kationen in de lever en bij de 
rechtstreeksee uitscheiding in de dunne darm. 

Aangezienn Octl en Oct2 een sterk 
overlappendee substraatspecificiteit hebben, 
zijnn ze onderling functioneel waarschijnlijk 
grotendeelss overlappend. Om deze (over-
lappende)) farmacologische en fysiologische 
functiess van deze transporteiwitten verder te 
onderzoekenn hebben we enkelvoudige Oct2 en 
gecombineerdee Oct 1/2 knockout muizen 
gemaaktt (Hoofdstuk 7). Oct2' en Octl/2' 
muizenn bleken levensvatbaar en gezond te zijn 
enn vertoonden geen zichtbare afwijkingen. De 
afwezigheidd van Oct2 had op zichzelf weinig 
effectt op de farmacokinetiek van TEA, maar 
inn Octl/2' muizen was de renale secretie van 
dezee stof volledig afwezig, met als gevolg dat 
TEAA alleen via glomerulaire filtratie kon 
wordenn uitgescheiden. Samen zijn Octl en 
Oct22 dus essentieel voor de renale tubulaire 
secretiee van het model organische kation TEA. 
Dee verlaagde renale uitscheiding in Octl/2' 
muizenn leidde tevens tot een substantieel 
verhoogdd niveau van TEA in het bloed. Dit 
duidtt erop dat deze transporters de syste-
mische-- en weefseltoxiciteit van schadelijke 
stoffenn kunnen verlagen. De afwezigheid van 
dezee transporters in patiënten, bijvoorbeeld 
doorr een mutatie in het gen, zou dus kunnen 
leidenn tot een verhoogde gevoeligheid voor 
geneesmiddelen.. Voor zover wij weten is dit 
hett eerste onderzoek dat in vivo aantoont dat 
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moleculairr gedefinieerde basolaterale 
transport-eiwittenn essentieel zijn voor de 
renalee tubulaire secretie van een substraat. 

Concluderendd laat het in dit proefschrift 
beschrevenn onderzoek zien dat de onderzochte 
poll  y specifieke transporteiwitten een aantal 
farmacologischh en fysiologisch belangrijke 
functiess hebben in het lichaam. Kennis van 

dezee functies kan leiden tot een verbetering 
vann nieuw te ontwikkelen geneesmiddelen, 
verbeteringg van de behandeling van patiënten 
mett geneesmiddelen (door strategische 
toedieningg van remmers), en tot een beter 
begripp van de mogelijke consequenties van 
eenn genetische of farmacologische deficiëntie 
inn één van deze transporteiwitten. 
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