
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Pharmacological and physiological functions of polyspecific drug transporters

Jonker, J.W.

Publication date
2003

Link to publication

Citation for published version (APA):
Jonker, J. W. (2003). Pharmacological and physiological functions of polyspecific drug
transporters. [Thesis, externally prepared, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:26 May 2023

https://dare.uva.nl/personal/pure/en/publications/pharmacological-and-physiological-functions-of-polyspecific-drug-transporters(3128c532-afc7-4dca-b30f-ab33e5c9f739).html


Chapterr  2 

Rolee of blood-brain barrier  P-glycoprotein in limitin g brain 
accumulationn and sedative side-effects of asimadoline, 

aa peripherally acting analgaesic drug 

Johann W. Jonker. Els Wagenaar. Liesbeth van Decmter, Rudolf Gottschlich, 
Hanss Markus Bender. Johannes Dasenbrock and Alfred H. Schinkel 

Br.Br. J. Pharmacol. (1999) 127: 43-50 



i ë i ï f i H k i M u i > M i ^ ^ 



P-gpP-gp prevents accumulation of asimadoline in brain 

Rolee of blood-brain barrier  P-glycoprotein in limitin g brain 
accumulationn and sedative side-effects of asimadoline, a 
peripherallyy acting analgaesic drug 

'J.W.. Jonker, 'E. Wagenaar, *L . van Deemter, 3R. Gottschlich, "H.M . Bender, 4J. Dasenbrock & 
**  'A.H . Schinkel 
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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), 
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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), 

42 2 

file:///WRl


P-gpP-gp prevents accumulation of asimadoline in brain 

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]-
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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 la 
P-gp.. As one might expect from the inefficient transport of 
asimadolinee by the m d r lb 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 la 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 dur ing 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 littl e 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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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 
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