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1 Studies with knockout mice lacking mdrla P-glycoprotein (P-gp) have previously shown that
blood-brain barrier P-gp is important in preventing the accumulation of several drugs in the brain.
2 Asimadoline (EMD 61753) is a peripherally selective k-opioid receptor agonist which is under
development as a therapeutic analgaesic. From the structural characteristics of this drug and its
peripheral selectivity, we hypothesized that it is transported by P-gp.

3 Using a pig-kidney polarized epithelial cell line transfected with mdr cDNAs, we demonstrate
that asimadoline is transported by the mouse mdrla P-gp and the human MDR1 P-gp.

4 Furthermore, we show that in mdrla/lb double knockout mice, the absence of P-gp leads to a 9
fold increased accumulation of asimadoline in the brain. In line with this accumulation difference,
mdrla/lb (—/—) mice are at least 8 fold more sensitive to the sedative effect of asimadoline than
wild-type mice.

5 Interestingly, the oral uptake of asimadoline was not substantially altered in mdria/lb (—/—)
mice.

6 Our results demonstrate that for some drugs, P-gp in the blood-brain barrier can have a
therapeutically beneficial effect by limiting brain penetration, whereas at the same time intestinal P-

gp is not a significant impediment to oral uptake of the drug.
Keywords: P-glycoprotein; asimadoline (EMD 61753); k-opioid receptor agonist; blood-brain barrier; drug disposition; oral

availability

Abbreviations: CID, collision induced dissociation; CNS, central nervous system; P-gp, P-glycoprotein; SRM, selected reaction

monitoring; TFA, trifluoroacetic acid

Introduction

A potential problem in the use of peripherally acting
therapeutic drugs is, in the case of opioids, the occurrence of
an unwanted central nervous system (CNS) side-effects
including sedation, respiratory depression, dependence, itch,
nausea and dysphoria (reviewed in Stein & Schifer, 1997).
Therefore, new generations of drugs are currently being
developed with limited ability to penetrate the blood-brain
barrier. One of these drugs is the peripherally-selective -
opioid receptor agonist asimadoline (EMD 61753). Asimado-
line is peripherally effective against hyperalgaesic pressure and
neurogenic inflammatory pain stimuli, probably by interfering
with peripheral opioid receptors. Asimadoline has only a
limited ability to penetrate the blood-brain barrier, and thus a
limited capacity to elicit CNS-mediated sedation, aversion,
diuresis and analgaesia (Barber et al., 1994; Gottschlich et al.,
1995). It is known that the drug-transporting P-glycoprotein
(P-gp) in the blood-brain barrier limits the entry of various
drugs into the brain (Schinkel ez al., 1994; 1995; 1996). The
hydrophobic, amphiphilic character of asimadoline and its
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peripheral pharmacological selectivity led us to hypothesize
that this drug is a P-gp substrate.

P-gps were originally discovered in cancer cells where they
confer multidrug resistance (Juliano & Ling, 1976). They are
140—-170-kDa plasma membrane proteins that actively extrude
a wide range of amphiphilic and hydrophobic drugs from the
cell (Juliano & Ling, 1976; Gros et al., 1986; Chen et al., 1986;
Endicott & Ling, 1989; Gottesman & Pastan, 1993). Humans
have one gene, MDRI, encoding a drug-transporting P-gp,
while mice have two genes, mdrla (also called mdr3) and mdr1b
(also called mdrlI). The tissue distribution of the mouse mdrla
and mdrlb P-gp suggests that together they fulfil the same
function as the MDR1 P-gp in humans (reviewed by Borst &
Schinkel, 1997). Previous studies with knockout mice lacking
mdrla P-gp and other animal models, have shown that blood-
brain barrier P-gp is important in preventing the brain from
accumulating a range of drugs (Schinkel et al., 1994; 1995;
1996; Drion et al., 1996; Huwyler et al., 1996; Mayer et al.,
1996; Kim et al., 1998). In mice, mdrla P-gp is the most
prominent, if not the only, P-gp isoform present at the blood-
brain barrier and in the intestinal epithelium (Schinkel ez al.,
1994; 1997). In addition, mdrla P-gp in the intestine
diminishes the oral bioavailability and increases the direct
intestinal excretion of several drugs (Fricker et al., 1996;
Mayer et al., 1996; Sparreboom et al., 1997; Kim et al., 1998),
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and both mdrla and (to a lesser extent) mdrlb P-gp can
contribute to the hepatobiliary excretion of a range of drugs
(Smit et al., 1998a).

In this study we show that the peripherally selective -
opioid receptor agonist asimadoline is transported by the
mouse mdrla and human MDR1 P-gp. We further made use
of the mdrla/1b knockout mouse model (Schinkel ez al., 1997)
to determine the effect of absence of the mrdla and mdrlb P-
gps on the sedative effect, tissue distribution and excretion of
this drug in vivo.

Methods

Animals

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

Chemicals

['*C]-asimadoline (5.69 mCi mmol~') and unlabelled asima-
doline were provided by Merck (Grafing, Germany). [*H]-
inulin (0.8 Ci mmol~") was obtained from Amersham Life
Science (Little Chalfont, U.K.). Hypnorm was from Janssen
Pharmaceuticals B.V. (Tilburg, The Netherlands). Dormicum
was from Roche Nederland B.V. (Mijdrecht, The Nether-
lands). Metofane (methoxyflurane) was from Mallinckrodt
Veterinary, Inc. (Mundelein, IL, U.S.A.). L-glutamine was
from GIBCO BRL (Paisley, Scotland, U.K.). Other chemicals
were obtained from Sigma Chemical Co. (St. Louis, MO,
US.A).

Cells and tissue culture

The pig-kidney epithelial cell line LLC-PK1 was obtained from
the American Type Culture Collection (Rockville, MD,
U.S.A.). The generation of MDRI-, mdrla- and mdrlib-
transfected LLC-PK1 subclones L-MDRI, L-mdrla and L-
mdrlb was described previously (Schinkel ez al., 1995; Smit et
al., 1998b). Cells were cultured in M 199 medium supplemented
with L-glutamine, penicillin (50 U ml™"), streptomycin
(50 ug m1~") and 10% (v v™!') foetal calf serum (‘complete
serum’) at 37°C in the presence of 5% CO,. Cells were
subcultured by trypsinization every 3—4 days.

Transport assays

Transport assays were carried out as described earlier
(Schinkel et al., 1995) with minor modifications. Complete
medium including L-glutamine, penicillin, streptomycin, and
foetal calf serum was used throughout. Cells were seeded on
microporous polycarbonate membrane filters (3.0 um pore
size, 24.5-mm diameter, Transwell® 3414, Costar®™) at a
density of 2 x 10° cells per well. The cells were grown for 3
days in complete medium with one medium replacement. 1—
2 h before the start of the experiment, medium at both the
apical and the basal side of the monolayer was replaced with
2 ml of complete medium. The experiment was started (z=0)
by replacing the medium at either the apical or the basal
side of the cell layer with 2 ml of complete medium
containing 10 uMm of ["*C]-asimadoline (3.23 Ci mol™'"), and

192 nM  of [PH]-inulin (0.8 Ci mmol~"). The cells were
incubated at 37°C in 5% CO,, and 50 ul aliquots were
taken every hour from each compartment. The appearance
of radioactivity in the opposite compartment was measured
and presented as the fraction of total radioactivity added at
the beginning of the experiment. Under these experimental
conditions, 1% translocation of asimadoline per hour
corresponds to a permeability coefficient of 0.042 mm h~'.
The tightness of the monolayer was measured by monitoring
the paracellular flux of [*H]-inulin to the opposite
compartment. This flux was always lower than 1.5% of the
total radioactivity per hour.

Pharmacokinetics

For intravenous administration of asimadoline, 5 ul drug
solution (appropriate concentration in 5% (w v~') D-glucose)
per g body weight was injected into the tail vein of mice lightly
anaesthetized with diethyl ether. For oral administration,
10 ul 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
axillary bleeding after anaesthesia with Metofane (methoxy-
flurane). Organs and tissues were removed and homogenized
in 4% (w v~') bovine serum albumin (BSA). Levels of
radioactivity in homogenates were determined as described
(Mayer et al., 1996).

Sedation experiments

Sedation times were determined after intravenous injection of
asimadoline into the tail vein of mice lightly anaesthetized
with diethyl ether. Mice generally recovered from diethyl
ether anaesthesia alone within 10—20 s. The sedation time
due to asimadoline was defined as the period after
administration of asimadoline during which the animal
remained passive and showed no spontaneous explorative
behaviour.

Excretion experiments

Mice were anaesthetized and cannulated as described (Mayer
et al., 1996) with minor adjustments.

Anaesthesia a  combination of Hypnorm (fentanyl
0.2 mg ml~', fluanisone 10 mg ml~') and Dormicum (mid-
azolam 5 mg ml~') was used as a mixture of two parts 0.3 M
glucose, one part Hypnorm and one part Dormicum. The
volume of the anaesthetic solution injected intraperitoneally
was 7 ul g~! body weight.

Gall-bladder cannulation after opening of the abdominal
cavity and distal ligation of the common bile duct, a polythene
catheter (Portex Limited, Hythe, U.K.), with an inner diameter
of 0.28 mm, was inserted into the incised gall-bladder. The
catheter was fixed to the gall-bladder with an additional
ligation. Bile was collected for 60 min after intravenous
injection of ['*C]-asimadoline into the tail vein. At the end of
the experiment, blood was collected by axillary bleeding.
During the experiment the urinary bladder was allowed to fill
with urine. Urine was collected by ligation of the urinary
bladder just before sacrificing the animal. Subsequently, the
complete bladder was removed and emptied. Organs and
tissues were removed and homogenized in 4% (w v~') BSA.
Levels of radioactivity in homogenates were determined as
described (Mayer et al., 1996).
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Determination of unchanged asimadoline

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

Sample work-up procedures Plasma: to a sample of 50 ul
plasma, 50 ul of an internal standard solution (200 pg ul~' D,-
EMD 61753, 1 M ammoniumacetate buffer pH 7) and 750 ul
of diisopropylether were added in a suitable test tube. The
tubes were shaken for 10 min and centrifuged at approxi-
mately 5000 r.p.m. The aqueous layer was frozen and the
organic layer was transferred into a clean test tube. The
organic layer was evaporated to dryness and the residue was
dissolved in 1 ml methanol/0.01% trifluoroacetic acid
(TFA)=10/90 (v v~ '). An aliquot of 20 ul was injected onto
the HPLC column. Brain: To a sample of 50 ul brain extract,
50 ul of an internal standard solution (200 pg ul~' D,-EMD
61753, 1 M ammoniumacetate buffer pH 7) and 750 ul of tert-
butyl methyl ether (MTBE) were added in a suitable test tube.
The tubes were shaken for 10 min and centrifuged at
approximately 5000 r.p.m. The aqueous layer was frozen and
the organic layer was transferred into a clean test tube. The
organic layer was evaporated to dryness and the residue was
dissolved in 1 ml methanol/0.01% TFA=10/90 (v v™'). An
aliquot of 20 ul was injected onto the HPLC column. Bile: Bile
samples were diluted 100 fold with methanol/0.01% TFA =10/
90 (v v™"). To an aliquot of 200 ul diluted bile sample 50 ul of
an internal standard solution (20 pg ul~' D,~-EMD 61753, 1 M
ammoniumcetate buffer pH 7) was added. An aliquot of 50 ul
was injected onto the HPLC column.

For liquid chromatographic analysis the system consisted of
a Merck Hitachi Pump L-7100 and a Merck Hitachi
Autosampler L-7250. As analytical HPLC column Superspher
100 RP-18e, 4 um, 20x2 mm [.D. from Merck KGaA,
Darmstadt, Germany was employed. As mobile phase
methanol/0.02% TFA =60/40 (v v~') at isocratic conditions
with a flow rate of 500 ul min~' was used at ambient
temperature. Under these conditions the retention time of both
EMD 61753 and D4,-EMD 61753 was approximately 0.35 min.

For mass-spectrometric detection a Perkin-Elmer SCIEX
(Thornhill, Ontario, Canada) model API 3000 triple quadru-
pole mass spectrometer equipped with a Turbo-Ion interface
was used. For SRM-LC-MS, the analytical column was
coupled directly to the Turbo-lon interface, which was
maintained at a temperature of 450°C. The ion spray and
orifice voltages were set at 4500 and 35 V, and positive ions
were sampled into the quadrupole mass analyser. Ultrapure
nitrogen was used as the curtain and nebulizing gas flow rates
of 1.25 and 1.04 1 min~". Prior to each analytical sequence the
first separation quadrupole (Q1) was tuned using a standard
solution of EMD 61753 and D,EMD 61753 to yield a
resolution of 0.7 Da at half peak height for the precursor ion
mass peaks of the protonated molecules at m/z 415.1 and
419.1, respectively. The same procedure was repeated with the
second separation quadrupole (Q3) using the product ion scan
mode to yield a resolution of 0.7 Da at half peak height for the
corresponding product ions at m/z 328.0 and 332.0.

EMD 61753 and its tetradeuterium-labelled internal
standard were detected in the positive ion mode by selected
reaction monitoring (SRM). The mass transitions of m/z 415.1
to 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
with a pause time of 2 ms. For CID (collision-induced
dissociation), nitrogen was used at a thickness of about

260 x 10" atoms cm 2, the collision energy for fragmentation
of the precursor ions was set at 24 eV.

The limit of quantitation for EMD 61753 in plasma was
5ngml~'. Within the concentration range of 8-
4000 ng ml~', the deviation of the quality control samples
from the target concentration was 6.01% or less. According to
the analysis of the calibration samples the assay was linear with
a correlation coefficient () of 0.9997. The limit of quantitation
for EMD 61753 in brain tissue was 1 ng ml~! brain tissue
extract. Within the concentration range of 8—4000 ng ml~',
the deviation of the quality control samples from the target
concentration was 4.54% or less. According to the analysis of
the calibration samples the assay was linear with a correlation
coefficient (r) of 0.9996. The limit of quantitation of EMD
61753 in bile was 5 ng ml~'. Within the concentration range of
16—400 ng ml~", the deviation of the quality control samples
from the target concentration was 8.51% or less. According to
the analysis of the calibration samples the assay was linear with
a correlation coefficient (r) of 0.9983.

Statistical analysis

All values are given as means+s.d. A two-tailed Student’s z-
test was used to assess the significance of difference between
two sets of data. Differences were considered to be statistically
significant when P <0.05.

Results

In vitro transport of [**C J-asimadoline by mouse mdrla
and mdrlb, and human MDR1 P-glycoprotein

To test whether asimadoline can be transported by P-gp in
vitro, we made use of the polarized pig-kidney epithelial cell
line LLC-PK1, transfected with mouse mdrla or mdrlb or
human M DRI cDNA (Schinkel et al., 1995; Smit et al., 1998b).
These transfected cell lines contain roughly similar levels of
mdrla, mdrlb and MDRI1 P-gp. The cell lines (LLC-PK1, L-
mdrla, L-mdrlb and L-MDRI) were grown to confluent
polarized monolayers on porous membrane filters, and
polarized trans-epithelial transport of ["“*CJ-asimadoline
(10 um) was determined.

In the parental cell line (LLC-PK1), translocation of [**C]-
asimadoline from the basal to the apical compartment (b-a)
and vice-versa (a-b) was similar and amounted to about 16%
per h during the initial phase of the experiment, corresponding
to a permeability coefficient of about 0.68 mm h~! (Figure 1).
L-mdria and L-MDRI cells showed a markedly increased
translocation from basal to apical, and a decreased transloca-
tion from apical to basal. In L-mdrib cells asimadoline
translocation from basal to apical was only slightly higher
than in the parental cell line. These results show that
asimadoline is well transported in vitro by mouse mdrla P-gp
and also by human MDRI1 P-gp but not efficiently by mouse
mdrlb P-gp.

Tissue distribution of ['*C J-asimadoline in mdrla/1b
(—/—) and (+ ]+ ) mice

It has been shown previously that the absence of P-gp in mice
can result in an altered tissue distribution and excretion of
several drugs (Schinkel et al., 1994; 1995; 1996; 1997; Mayer et
al., 1996; Sparreboom et al., 1997). We analysed the in vivo
distribution of radioactivity in mdrla/lb (+/+) and (—/—)
mice 60 min after i.v. administration of 1 mgkg~' ["*C]-
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asimadoline (Table 1). The most pronounced difference
between the mdrla/lb (+/+) and (—/—) mice was seen in
the brain: over a period of 1h, the mdria/lb (—/—) mice
accumulated 9 fold more radioactivity in the brain than the
mdrla/lb (+/+) mice. Also, a more than 3 fold higher
accumulation of radioactivity was observed in the testis of
mdrla/lb (—/—) mice. At the same time, plasma levels of
radioactivity and the levels in the other tissues measured were
comparable between mdrla/lb (+/+) and (—/—) mice. We
also carried out a ["“CJ-asimadoline tissue distribution
experiment in mdrla (—/—) mice, which only lack the mdrla
P-gp. As one might expect from the inefficient transport of
asimadoline by the mdrlb P-gp in vitro (see Figure 1), the
results obtained 1 h after intravenous asimadoline (1 mg kg™')
administration were virtually indistinguishable from those
obtained with mdrla/lb (—/—) mice (data not shown).

CNS side-effects of asimadoline in mdrla/lb (—/—)
and (+/+ ) mice

One of the CNS side-effects of k-opioid receptor agonists is
sedation (reviewed in Stein & Schéfer, 1997). To determine the
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effect of absence of P-gp from the blood-brain barrier on
sedative effects of asimadoline, we measured the sedation time
after various intravenous dosages of asimadoline in mdrla/lb

Table 1 Tissue levels of radioactivity in mdrla/lb (+/+)
and (—/—) mice at 60 min after intravenous injection of
1 mg kg~ [**CJ-asimadoline

mdrla/lb mdrla/lb

(+/+) —/— ratio
Tissue (ngeq g ") (ngeqg ) (—/=):(+/+)
Brain 65+7 586448 9.1%*
Muscle 210445 179446 0.9
Heart 353449 377+ 64 1.1
Kidney 1258 +265 964 +225 0.8
Liver 29024731 331142722 1.1
Lung 18924201 1669 +313 0.9
Spleen 720+ 74 694+ 112 1.0
Testis 161+3 528463 3.3%*
Plasma 211433 199434 0.9

Results are expressed as mean ['“C]-concentrations (ng-
equivalent g~ ") +s.d., n=4; **P<0.01.
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Figure 1 Transepithelial transport of ['*C-]-asimadoline (10 um) in LLC-PK1, L-mdrla, L-mdrlb and L-MDRI monolayers. At
t=0, the radioactive drug was applied in one compartment (basal or apical), and the percentage of radioactivity appearing in the
opposite compartment at /=1, 2, 3 and 4 h was measured and plotted. Data show a representative experiment (with n=3) of three
independent experiments (each experiment performed at least in duplicate). Results are expressed as mean values, with bars
indicating the s.d. (for some values the range is smaller than the size of the symbols used). One per cent translocation per hour

corresponds to a permeability coefficient of about 0.042 mm h~'.
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(+/+) and (—/—) mice (Figure 2). Mdrla/lb (—/—) mice
were at least 8 fold more sensitive to the sedative effect of
asimadoline than wild-type mice: clear sedation was observed
at 0.31 mg kg~" in mdrla/l1b (—/—) mice, whereas wild-type
mice needed at least 2.5 mg kg™' to show a demonstrable
sedative effect. Moreover, the time span of sedation was always
far longer in mdrla/lb (—/—) than in wild-type mice at the
same asimadoline dosage.

To determine the minimal concentration of asimadoline in
the brain which still elicits sedation, we measured the brain and
plasma concentrations of unchanged asimadoline at 40 and
150 min after intravenous injection of 5mgkg! [**C]-
asimadoline. We chose these time points and this dosage since
the sedative effect of asimadoline wears off at 40 and 150 min
after administration of 5 mg kg~ ' asimadoline in wild-type and
mdrla/lb (— | —) mice, respectively (Figure 2). Table 2 indicates
that at r=40 min, the brain concentration of unchanged
asimadoline in mdrla/lb (—/—) mice was 8 fold higher than
in wild-type mice, whereas plasma levels were roughly
comparable in both mouse strains. At #=150 min, the brain
concentration of asimadoline in mdria/l1b (—/—) mice was 11
fold higher than in wild-type mice, whereas the plasma levels

250 - H wild-type
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Figure 2 Sedative effects of asimadoline in mdrla/lb (—/—) mice
(open columns) and mdrla/lb (+/+) mice (solid columns). Results
are expressed as sedation times (means+s.d.) with n=4. Asimadoline
was administered i.v. at doses of 1.25, 2.5, 5, 10 and 20 mg kg~ ! for
both mdria/lb (—/—) and mdrla/lb (+/+). Doses below
1.25 mg kg ~' were given only to mdrla/lb (—/—) mice.

Table 2 Brain and plasma levels of unchanged asimadoline
in mdrla/l1b (+/+) and (—/—) mice at 40 and 150 min after
intravenous injection with 5 mg kg~! ['*C]-asimadoline

mdrla/lb mdrla/lb

(+/+) (—/—) Ratio

(ngg™ " (mgg™ ) (=/=):(+]+)
40 min
Brain 4934110 4054+ 524 8.2%*
Plasma 6724158 610+ 156 0.9
150 min
Brain 34417 3574+ 72% 10.6%*
Plasma 88+44 50+ 15F 0.6

Results are expressed as mean asimadoline concentrations
(ng g~ H+s.d., n=6, tTn=>5; **P<0.01.

were again not significantly different between the two mouse
strains. The absolute level of asimadoline in mdrla/lb (—/—)
brain at #=150 min was comparable to that in wild-type brain
at t=40 (357472 versus 493+ 110 ng g~', respectively). This
corresponds well with the respective time points at which
sedation wears off in both mouse strains, and it indicates that it
is the brain level of unchanged asimadoline that determines the
degree of sedation in both mouse strains. The data further show
that asimadoline is quite rapidly cleared from both wild-type
and mdrla/lb (—/—) brain, as evidenced by an 11-14 fold
drop in brain concentration between 40 and 150 min.

Comparison with total radioactivity data (not shown)
indicated that the fraction of unmetabolized asimadoline in
brain and plasma did not differ substantially between wild-type
and mdrla/lb (—/—) mice at either 40 or 150 min after
administration (in brain: 75—85% at =40 min, and 25-30%
at 1= 150 min; in plasma 40-45% at =40 min, and 8—14%
at =150 min).

Excretion of ['*€ J-asimadoline in mdrla/1b (+/+ ) and
(—/—) mice

We next measured the hepatobiliary, intestinal and urinary
excretion of ["“CJ-asimadoline in animals in which the
gallbladder was cannulated. After intravenous injection of
1 mg kg~' ["*C]-asimadoline, bile was collected during 1 h.
Table 3 shows that radioactivity was mainly excreted via the
bile in both mdrla/1b (+/+)and (—/—) mice (35—40% of the
dose within 1 h). More than 99% of radioactivity in bile was
present as metabolite in both wild-type and knockout mice.
Excretion of unmetabolized asimadoline in bile, although very
low, was about 2 fold higher in wild-type compared to
knockout mice (0.4740.03 and 0.25+0.04%, respectively of
total radioactivity in bile (P<0.001)). Direct intestinal
excretion of radioactivity was found to be about 2 fold
reduced in knockout mice, from 5—-6% of the dose in (+/+)
mice to 3% in (—/—) mice. Urinary excretion was quite
variable, but it remained below 1% of the dose in both mdria/
1b (+/+) and (—/—) mice, and was thus negligible. Plasma

Table 3 Excretion and tissue levels of radioactivity in
mdrla/lb (+/+) and (—/—) mice with a cannulated
gallbladder

mdrla/lb mdrla/lb
(+/+) (—/—) Ratio

Tissue (ngeqg ') (mgeqg™ ") (—/—):(+/+)
Brain 11445 786+ 153 6.9%*
Muscle 316+90 3154106 1.0
Heart 5034123 458 +97 0.9
Kidney 18734179 18484460 1.0
Liver 4481+443 45234595 1.0
Lung 37644597 29114647 0.8
Spleen 1158+429 12084668 1.0
Testis 288+ 144 797451 2.8%*
Plasma 275427 264 +63 1.0
Bile (%)t 38+16 36+4 1.0
Intestinal cont. (%)f 5.6+1.1 30+1.4 0.5%
Urine (%) 0.364+0.45 0.374+0.46 1.0

Tissue levels of radioactivity at 60 min after intravenous
injection of 1 mgk ["*Cl-asimadoline. Results are
expressed as mean [*ClJ-concentrations (ng-eq g~ ')+s.d.,
n=4; *P<0.05, **P<0.01. For bile, intestinal contents and
for urine, results are expressed as percentage of the dose
['*CJ-asimadoline; tRepresents combined excretion into
small intestine, cecum and colon; }The amount of bile
produced over 1h was similar in mdria/lb (+/+) and
(—/—) mice.

i
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and tissue levels of radioactivity at =60 min in this
experiment were comparable between mdria/lb (+/+) and
(—/—) mice, except for brain and testis.

Oral availability of asimadoline in mdrla/1b (+/+)
and (—|—) mice

Comparison of plasma concentrations of unmetabolized
asimadoline over time after i.v. and p.o. administration
indicated that asimadoline has a bioavailability of only 13%
in rats (Barber et al., 1994). A low bioavailability of drugs can
be the result of active excretion or back-transport of the drugs
by P-gp in the intestinal mucosa (Sparreboom et al., 1997; Kim
et al., 1998). Although the contribution of intestinal mdrla P-
gp to direct intestinal excretion of asimadoline was relatively
small (Table 3), we decided to test whether the bioavailability
of asimadoline is diminished by P-gp by measuring oral uptake
of the drug in our knockout model. We compared the plasma
and tissue levels of radioactivity in mdria/lb (+/+) and
(—/—) mice which had been given an oral dose of 1 mg kg '
['*C]-asimadoline. The results are shown in Table 4. Plasma
and tissue levels of radioactivity after 1 h were comparable
(with the expected exception of brain and testis), suggesting
that P-gp does not substantially influence the oral uptake of
asimadoline. In all animals, 20—30% of radioactivity was still
found in the stomach, whereas about 50% of the label was
present in the small intestine. Negligible levels were present in
cecum and colon. As the remainder of the radioactivity must
have been absorbed, the uptake of asimadoline from the gut is
quite high, comprising at least 20—30% of the administered
dose within 1 h.

Discussion

This study demonstrates that in mice, blood-brain barrier
(mdrla) P-gp is a major determinant for the low brain
penetration of asimadoline, and thus for the very limited
sedative CNS side-effects of this drug. Since asimadoline is also
a transported substrate of the human MDRI1 P-gp, the same
protective effect will most likely occur in human brain. It thus
appears that the specific therapeutic purpose for which
asimadoline is developed, viz. a peripherally acting analgaesic

Table 4 Tissue levels of radioactivity in mdrla/lb (+/+)

and (—/—) mice at 60 min after oral administration of
1

1 mg kg~ ' ['*C]-asimadoline
mdrla/lb mdrla/lb

(+/+) (—=/—) ratio
Tissue (ngeqg ) (ngeqg ) (—/—):(+/+)
Brain 1945 112411 5.8%*
Muscle 68 +22 54+14 0.8
Heart 147484 130423 0.9
Kidney 498 +81 5344130 1.1
Liver 1436 +443 12284370 0.9
Lung 5434206 491+ 54 0.9
Spleen 173 +40 189+34 1.1
Testis 2645 5748 2.2%*
Plasma 94421 106+ 15 1.1
Stomach (%)} 25.1+11.6  26.0+17.6 1.0
Small int. (%) 54.6+6.0 53.0+22.4 1.0
Cecum (%)t 0.164+0.05  0.08+0.05 0.5%%*
Colon (%)f 0.0840.01  0.07+0.01 0.9

Results are expressed as mean [~ 14CJ-concentrations (ng-
eq g~ ") +s.d., n=4; **P <0.01; tTissue + contents, results are
expressed as percentage of the dose [~ '*CJ-asimadoline.

with very limited sedative and other adverse side-effects in the
CNS (Barber et al., 1994; Gottschlich et al., 1995) is to a
considerable extent determined by the presence of P-gp in the
blood-brain barrier. Interestingly, in spite of the prominent
role of mdrla P-gp in the blood-brain barrier for this drug, we
found that intestinal mdrla P-gp has relatively little effect on
the oral uptake of asimadoline. This indicates that, at least in
some cases, it is feasible to develop drugs that are kept out of
the brain by P-gp, with therapeutically beneficial effects,
whereas at the same time intestinal P-gp is not an
unsurmountable barrier for oral administration of the drug.

One characteristic in which asimadoline differs from some
other drugs for which we have previously demonstrated a
strong effect of blood-brain barrier P-gp is the rate of clearance
of the drug from the brain. Whereas vinblastine is cleared very
slowly from the brain of mdria (—/—) (and wild-type) mice,
and whereas [*H]-digoxin even demonstrates a gradual
accumulation in mdrla (—/—) brain over a period of more
than 2 days (Schinkel et al., 1994; Mayer et al., 1996),
asimadoline was quite rapidly cleared from both wild-type and
mdrla/lb (—/—) brain (see Table 2). These differences in
behaviour between the various drugs may result from the
relative tightness of binding to brain components, the degree to
which each drug is metabolized in the brain, the presence of
export systems other than P-gp for the parent drug and/or
their metabolites, or a combination of these properties.
Whatever the exact cause of these differences, it is clear that
various drugs that are all clearly affected by blood-brain
barrier P-gp may still differ widely in their pharmacokinetic
behaviour in the brain.

Next to the brain, the relative accumulation of asimadoline
in the testis was also markedly (about 3 fold) increased in
mdrla/lb (—/—) mice (Tables 1, 3 and 4). Similar effects were
previously observed with the drugs ivermectin, cyclosporin A,
ondansetron and loperamide in mdria (—/—) mice, and they
are most likely ascribed to the presence of mdrla P-gp in the
luminal membrane of endothelial cells at the blood-testis barrier
(Cordon-Cardo et al., 1989; Schinkel et al., 1994; 1995; 1996).
These results further support the idea that the main biological
function of mdrl-type P-gp is protection of a range of critical
tissues from exogenous xenobiotic toxins (Schinkel, 1997).

Earlier studies have shown that the excretion and oral
uptake of drugs transported by P-gp can be extensively
affected in mdrla (—/—) and mdria/l1b (—/—) mice (Mayer
et al., 1996; 1997; Sparreboom et al., 1997; Van Asperen et al.,
1997a; Kim et al., 1998). The hepatobiliary excretion of a
number of cationic amphiphilic compounds for example was
found to be decreased 23 fold in mdrla (—/—) mice (Smit et
al., 1998a), and for several drugs (e.g. digoxin, paclitaxel) a
decreased direct intestinal excretion in mdrla (—/—) mice was
reported (Mayer et al., 1996; 1997; Sparreboom et al., 1997). In
the case of asimadoline, the biliary excretion of radioactivity
(35-40% of the dose over 1 h) was not noticeably altered in
mdrla/lb (—/—) mice, and more than 99% of this radio-
activity in bile consisted of metabolites, indicating very efficient
metabolism of asimadoline in the liver. At the same time,
excretion of unchanged asimadoline, as a percentage of total
radioactivity excreted in bile, was significantly diminished from
0.474+0.03% in wild-type mice to 0.254+0.04% in knockout
mice. These data suggest that unchanged asimadoline, and not
its metabolites, are transported by P-gp in the liver. The very
high and unaltered level of hepatobiliary excretion of
asimadoline metabolites also explains why no clear differences
in plasma levels were observed between wild-type and mdrla/
Ib (—/—) mice up to 150 min after i.v. asimadoline
administration (Table 2).
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The direct intestinal excretion of ['*CJ-asimadoline de-
creased from 6 to 3% of the dose. This 2 fold reduction in
direct intestinal excretion of asimadoline observed in knockout
mice demonstrates that intestinal mdrla P-gp can transport the
drug. Nevertheless, the absence of P-gp from the intestinal
mucosa did not noticeably affect the oral availability of
asimadoline. We found that 1 h after oral administration, at
least 20% of ["“C]-asimadoline (dosed at 1 mgkg~') had
already been absorbed from the gastrointestinal tract in both
wild-type and mdrla/lb (—/—) mice, and, the plasma levels of
the drug were comparable in both mouse strains. Considering
the high hepatobiliary excretion of this drug (35-40% of the
dose in 1 h after i.v. administration), the total uptake of the
drug from the intestine over this period has probably been
higher than 20%. In line with this high uptake, it has been
found that about 80% of an oral dose of asimadoline was
absorbed within 24 h in rats. In contrast to this high uptake,
bioavailability is low (13% in rats, Barber et al., 1994), which
suggests a high first pass metabolism of asimadoline. However
this may be, unlike for paclitaxel, for which the oral
availability is strongly limited by P-gp in the intestinal mucosa
(Sparreboom et al., 1997), P-gp does not seem to be important
for the rate of uptake of asimadoline from the intestine.

At this moment we do not know why the uptake of some
drugs (such as paclitaxel) is strongly affected by mdrla P-gp in
both the intestine and the blood-brain barrier (Van Asperen et
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
administered asimadoline through the intestinal wall is just
too rapid for P-gp to make a substantial difference in the net
uptake rate by back-transport. This high uptake rate may
result from rapid transmembrane diffusion, or perhaps from
the presence of facilitating carrier uptake systems for asimado-
line that are present in the intestine but not in the blood-brain
barrier. The presence of paclitaxel metabolizing activity in the
intestinal epithelial cells (e.g. cytochrome P450-3A) in
combination with a reduced influx of paclitaxel due to P-gp
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