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1 We have used mice with homozygously disrupted mdr1a and mdr1b genes (mdr1a/1b (7/7) mice) to
study the role of the mdr1-type P-glycoprotein (P-gp) in the elimination of cationic amphiphilic
compounds from the body. These mice lack drug-transporting P-gps, but show no physiological
abnormalities under laboratory conditions and have normal bile ¯ow.

2 3H-labelled cationic drugs were administered intravenously (i.v.) to mice as a single bolus dose and
the disposition of the studied cationic drugs was investigated by focusing on drug secretion into bile,
intestinal lumen and urine.

3 Hepatobiliary secretion of the investigated cationic drugs was profoundly reduced in mice devoid of
the mdr1-type P-gps. In fact, the cumulative biliary output, measured during 1 h, of the small type 1
compounds tri-butylmethyl ammonium (TBuMA) and azidoprocainamide methoiodide (APM), as well
as of the more bulky type 2 cationic drug vecuronium, was reduced by at least 70% in the mdr1a/1b
(7/7) mice compared to wild-type.

4 The intestinal secretion of TBuMA, APM and vecuronium was also profoundly reduced in mdr1a/1b
(7/7) mice compared to wild-type mice. The absence of the mdr1-type P-gp resulted in virtual
elimination of intestinal secretion of TBuMA and APM (490% reduced as compared to wild-type
(P=0.0001 and 0.0022, respectively)). The intestinal secretion of the type 2 cation drug vecuronium was
reduced by 58% (P=0.0004) compared to the wild-type mice.

5 Increased renal clearances of both the type 1 compounds TBuMA and APM and also of the type 2
cationic compound vecuronium in the mdr1a/1b (7/7) mice were observed. Furthermore, the balance
between hepatic, intestinal and renal clearances of small type 1 organic cations clearly shifted towards a
predominant role for renal clearance. Increased renal clearance may be explained by (over)expresion of
additional mechanisms for renal organic cation secretion, alternatively they may also point to an as yet
unde®ned role of P-glycoprotein in kidney physiology and renal secretory function.

6 We conclude that the elimination from the body of a broad spectrum of cationic amphiphilic drugs
via liver and intestine, is largely dictated by the activity of mdr1-type P-glycoproteins.
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Introduction

The mdr1-type (drug transporting), P-glycoproteins (P-gps)
are plasma membrane glycoproteins which can expel toxic
compounds from the cells cytoplasm, at the expense of

adenosine 5'-triphosphate ATP; (Higgins, 1992). As export
proteins, the mdr1-type P-gps can keep cytoplasmic drug
concentrations below cytotoxic levels resulting in tumour cell

survival. The mdr1-type P-gp can mediate transport of a
remarkably broad array of substrates, implicating P-gp
function in the resistance of tumour cells against many
therapeutic anti-cancer drugs (Endicott & Ling, 1989, Gottes-

man & Pastan, 1993).
Murine drug transporting P-gps are encoded by two genes,

the mdr1a and mdr1b which encode the mdr1a and the mdr1b

P-gp respectively, whereas in man drug transporting P-gp is
encoded by a single gene: MDR 1 (Croop et al., 1989; Dhir et
al., 1990, Gros & Buschman, 1993). Tissue distribution studies

of the mdr1a and mdr1b P-gps and the MDR1 P-gp have shed
light on the expression pattern and the cellular localization of
these proteins. P-gp is localized at the apical domain of
epithelial cells in many normal tissues, e.g. the small intestine,

liver, kidney and blood-brain barrier (Cordon-Cardo et al.,
1989; Kamimoto et al., 1989; Hsing et al., 1992; Hori et al.,
1993; Dutt et al., 1994). Such a tissue distribution of P-gp

suggests a protective and/or a secretory role of this
transmembrane protein.

Several investigators have proposed that the poor oral

absorption of certain drugs is not only due to a low
intestinal permeation, but also to counteractive drug
secretory processes (Turnheim & Lauterbach, 1997; 1980;
Neef, 1983). Recent ®ndings with mdr1a knockout mice

clearly showed that mdr1a P-gp is involved in such drug
counter¯ux phenomena at the level of the intestinal mucosa
(Schinkel et al., 1994; Mayer et al., 1996). Disruption of the

mdr1a gene largely reduced intestinal transport of the anti-
cancer drug paclitaxel and also drastically altered the bio-
distribution of paclitaxel in mice (Sparreboom et al., 1997).

Similar observations were obtained in the mdr1a (7/7)
mice with digoxin (Mayer et al., 1996) and vinblastine (Van
Asperen et al., 1996). The ®ndings with the mdr1a (7/7)
mice revealed the importance of mdr1-type P-gps in the

body with regard to the secretion of amphiphilic drugs
(Schinkel et al., 1994; Van Asperen et al., 1996; Mayer et
al., 1996). It follows that the abundant presence of mdr1-

type P-gp at the intestinal mucosa may largely hinder the
absorption rate and oral bio-availability of clinically
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important drugs (Hunter et al., 1993), while drug interac-
tions at the intestinal transport level can be expected as well
(Van Asperen et al., 1997).

In previous studies we have shown that the absence of the
mdr1a P-gp considerably decreased the hepatobiliary and
intestinal elimination of several amphiphilic drugs (Schinkel

et al., 1994; 1995; Mayer et al., 1996; Smit et al., 1996;
1998). The observed residual secretion via the liver was
hypothesized to be due to the presence of mdr1b P-gp, that
is (over)expressed in the mdr1a (7/7) mice, most likely as

a consequence of the disruption of the mdr1a gene (Schinkel
et al., 1994). Therefore, we expected that mice lacking both
the mdr1a and mdr1b P-gp would provide an even more

powerful model to investigate the role of P-gp in the body
elimination of cationic drugs.

In the present study we employed mice with homo-

zygously disrupted mdr1a and mdr1b genes (mdr1a/1b (7/7)
mice) (Schinkel et al., 1997), with the aim of investigating the
role of mdr1-type P-glycoprotein in the body elimination of
cationic model compounds more de®nitely. The excretion of

these cationic model agents into bile, urine and intestinal
lumen was simultaneously measured. Although some of the
model compounds tested, at ®rst sight, do not share the

structural features of well known P-gp substrates, our results
show that mdr1-type P-glycoproteins both at the intestinal
mucosa, as well as at the bile canalicular level, function as

excretory systems for a very broad array of amphiphilic
cationic drugs.

Part of this work has been published in preliminary form

(Smit et al., 1996).

Methods

Pharmacokinetic studies

Animals were housed and handled according to institutional
guidelines complying with Dutch legislation. Male wild-type
and mdr1a/1b (7/7) mice (Schinkel et al., 1997) of a mixed

genetic background (*50% FVB, *50% 129/Ola) between
12 to 16 weeks of age were used in all experiments. All
animals were fed standard chow (RHM, Hope Farms,
Woerden, The Netherlands) and given acidi®ed water ad

libitum, and were kept on a 12/12 h light/dark cycle. In all
studies, mice were anaesthetized with a mixture of Hypnorm
(fentanyl 0.2 mg ml71, ¯uanisone 10 mg ml71), diazepam

(5 mg ml71) and saline (0.9% (w/v) NaCl) (1 : 1 : 18) injected
i.p. (100 ml 5 g71 body weight (BW)). Pharmacokinetic
studies were performed with animals receiving 1 ± 2 mCi
(37 ± 74 kBq) of the radiolabelled drug per animal. Bolus
injections were administered with saline as a vehicle in a
dose from 1 to 5.2 mg kg71 BW (see ®gure legends for the

particular conditions). Injection volumes were set to 0.1 ml
size in all cases and were administered via the penal vein.
Blood samples (*20 to 25 ml) were drawn at 10, 20, 30, 40,
50 and 60 min from the tail vein, with the total volume

withdrawn never exceeding 7 ml g71 BW. Plasma was
obtained after centrifugation and was stored at 7208C until
analysis. Biliary excretion was monitored in anaesthetized

mice. Brie¯y, mice were laparotomized by a median incision.
After ligation of the common bile duct, the gall bladder was
cannulated with polyethylene tubing (Portex Limited, Hythe,

U.K.), with an internal diameter of 0.28 mm. The cannula
was ligated into the gall bladder to obtain bile samples at a
5 min interval during 1 h. The body temperature was
maintained between 37.5 and 37.98C by use of a standard

heating pad and a lamp that was connected to a rectal
temperature probe. The tissues at the open surface were kept
moist with saline at 378C. Additional anaesthetic (*250 ml)
was also given directly into the abdominal cavity, if needed.
After termination of the experiments the total urine bladder
content and small intestinal lumen content were collected

and stored at 7208C until analysis. At that time, organs
were removed and homogenized in 4 volumes of saline.
Homogenates were solubilized by putting them in a 2 : 1 (v/
v) mixture of Soluene (Packard, Groningen, The Nether-

lands) and isopropanol for 2 h at 508C. The solubilized
samples were treated with H2O2 (30%) to minimize
quenching during counting procedures. Likewise plasma

samples were treated with H2O2 before radioactivity was
determined.

Quanti®cation of drugs in the biological samples, including

the bile samples, was performed by liquid scintillation counting
with Hionic Fluor scintiliation ¯uid (Packard, Groningen, The
Netherlands) in a Beckman LS1701 counter.

Previously, the pharmacokinetic behaviour of the cationic

model compounds used here, were extensively investigated in
one of our laboratories in a rat model (Neef et al., 1984a,b).
Similar to ®ndings in the rat, no metabolites have been

detected for TBuMA and APM in the present study with
mice. In rats, it is known that vecuronium is metabolized to
17-OH vecuronium to a minor extent but that this

metabolite is excreted by liver in an identical manner to
vecuronium (Paanakker et al., 1987; Mol et al., 1988;
Bencini et al., 1988).

Pharmacokinetic analysis

MW/Pharm (Proost & Meijer, 1992) was used to calculate

the area under the plasma concentration versus time plot
(AUC), measured until the last data point. Biliary clearance
(C1BILE), renal clearance (C1RENAL) and the intestinal

clearance (C1INT) values were calculated by dividing the
cumulative amount of drug secreted via the individual
secretory organs by the AUC (calculated until the last data

point) (Rowland & Tozer, 1989).
ANOVA was used to test the signi®cance of di�erences

between plasma and biliary drug levels observed in wild-type
versus mdr1a/1b (7/7) mice and were considered sig-

ni®cant if P50.05. Di�erences in cumulative secretion
values, tissue/plasma ratios as well as clearance values
obtained in the two animal groups were tested by use of a

two-tailed Student's t test and were considered signi®cantly
di�erent if P50.05.

Chemicals

Vecuronium was a gift from Organon Teknika (Turnhout,

Belgium). [3H]-vecuronium was provided by Organon
International (Oss, The Netherlands) and characterized as
described earlier by Mol et al. (1988). Tri-n-butylmethylam-
monium (TBuMA) and [3H]-TBuMA was synthesized in our

laboratory, according to the procedures described by Neef et
al. (1984a). Azido-procainamide methoiodide was synthe-
sized according to Mol et al. (1992). Azopentyldeoxy-

ajmalinium (APDA) was obtained from Dr G. Kurz
(Freiburg, Germany) (MuÈ ller et al., 1994a). Hypnorm was
purchased from Janssen Pharmaceuticals (Tilburg, The

Netherlands) and diazepam was from Dumex B.V.
(Hilversum, The Netherlands). Deionized water was ob-
tained by use of the Milli-Q Plus System (Millipore,
Milford, MA, U.S.A.).
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Results

In the present study the fate of cationic drugs in mice that are

completely devoid of mdr1-type P-gp was investigated. These
mice have been shown to develop normally under laboratory
conditions and show no major pathology (Schinkel et al.,

1997). Furthermore, bile constituents and bile ¯ow are similar
in the wild-type and the mdr1a/1b (7/7) mice (Schinkel et al.,
1997).

Both the biliary and intestinal secretion of the small (type 1)

cationic (model) agent TBuMA was profoundly reduced
(Figures 1b and 2a) in mdr1a/1b (7/7) mice compared to
the wild-type mice. In fact, the cumulative TBuMA secretion

in the mdr1a/1b (7/7) mice via liver or the small intestine was

decreased to only*15% and*7% of the wild-type secretion,
respectively (P50.05) (see Figure 2a). In contrast, both the
total urinary output in 1 h (Figure 2a) as well as the urinary

clearance (Figure 3c) were signi®cantly increased compared to
controls.

The plasma concentrations following i.v. injection of the

drug were higher in mdr1a/1b (7/7) mice particularly during
the initial phase of the experiment (Figure 1a). Accumulation
levels of TBuMA in liver, kidney an intestine, the three major
secretory organs, in relation to the plasma concentrations of

TBuMA at the end of the 60 min period were calculated.
Figure 2b shows that the liver to plasma ratio was signi®cantly
increased compared to the controls. The kidney to plasma

ratio was unchanged whereas the intestinal tissue to plasma

a b

Figure 1 TBuMA plasma concentration curves (a, pmol TBuMA ml71 plasma versus time curve) and biliary excretion rate curves
(b, pmol min71 g71 liver versus time curve) in mdr1a/1b (7/7) mice (open symbols) and wild-type (solid symbols) mice, after i.v.
injection of 4.1 mg TBuMA kg71 body weight (BW) (13 mmol kg71). Vertical lines indicate the s.e.mean (n=3 to 6). ANOVA
statistical analysis con®rmed a signi®cant di�erence (P50.05) between genotypes.

a b

Figure 2 (a) Cumulative output of [3H]-TBuMA 60 min after i.v. injection of 4.1 mg TBuMA kg71 BW expressed as the
percentage of the administered dose. (b) [3H]-TBuMA tissue to plasma ratios 60 min after the i.v. injection of 4.1 mg TBuMA kg71

BW. Values are expressed as the mean+s.e. (n=3 to 6). *P50.05 (two-tailed Student's t test).
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ratio was increased *1.5 fold, but this was not statistically
signi®cant (P=0.06). The hepatic and small intestinal
clearances of TBuMA were signi®cantly decreased (Figure 3a

and b, respectively), whereas the renal clearance of TBuMA
was increased (Figure 3c) in mdr1a/1b (7/7) mice compared
to the wild-type.

APM, a second type 1 cationic model compound that
contains an aromatic group, behaved similarly to TBuMA
with regard to its pattern of secretion. The biliary output of
APM was reduced to about 33% (P50.05) (see Figure 4b

and 5a), whereas the intestinal secretion was even reduced to
*9% of the control values in the absence of the mdr1-type
P-gp (P50.05) (Figure 5a). The cumulative urinary output

(Figure 5a) was increased in the mdr1a/1b (7/7) mice
compared to the wild-type. Figure 5b shows tissue to plasma
ratios obtained 60 min after i.v. injection of a bolus of

APM. The intestinal tissue to plasma concentration-ratio
was signi®cantly higher in mdr1a/1b (7/7) mice compared

to the wild-type mice, whereas liver to plasma and kidney to
plasma ratios where not signi®cantly altered. The APM
clearances via liver and intestine were signi®cantly reduced

in mdr1a/1b (7/7) mice compared to the wild-type,
whereas the renal clearance was increased (P50.05) in the
mdr1a/1b (7/7) mice compared to the wild-type. The

plasma concentration in the elimination phase of APM was
signi®cantly higher in mdr1a/1b (7/7) mice compared to
wild-type mice (Figure 4a).

Finally, the pharmacokinetic behaviour of the steroidal

muscle relaxant vecuronium (a type 2 bulky cation) was
investigated in the mdr1a/1b (7/7) mouse model and
compared to the wild-type. Following an i.v. vecuronium

bolus injection, plasma vecuronium levels were higher in the
mdr1a/1b (7/7) mice compared to the wild-type only during
the elimination phase (see Figure 6a). The biliary secretion was

strongly reduced by the absence of the mdr1-type P-gps
(Figure 6b). Also the intestinal secretion was signi®cantly
reduced in mdr1a/1b (7/7) mice compared to the wild-type
(Figure 7a). Interestingly, the cumulative renal output was

increased in the mdr1a/1b (7/7) mice compared to the wild-
type (Figure 7a).

Tissue accumulation of vecuronium correlated with the

altered secretion pattern that was observed. Liver to plasma
as well as intestinal tissue to plasma ratios were signi®cantly
higher in mdr1-type P-gp de®cient mice (Figure 7b),

whereas the kidney to plasma ratios were unchanged
(Figure 7b). The vecuronium clearance values are depicted
in Figure 3. From this it can be seen that hepatic as well as

intestinal clearances were signi®cantly reduced in the mdr1a/
1b (7/7) mice compared to the wild-type. Surprisingly, the
vecuronium renal clearance was increased about 5 fold
(Figure 3c) in mdr1a/1b (7/7) mice compared to the wild-

type. This resembles the ®ndings with regard to renal
clearances of the type 1 cationic compounds, although the
renal clearance of vecuronium was smaller than both

TBuMA and APM renal clearance (see Figure 3c for
comparison).

Discussion

Biliary secretion

Cationic drugs are e�ciently removed from the blood by the
liver. Multiple transporter proteins have been identi®ed, for

small cationic compounds as well as for the more bulky
compounds, that are involved in the uptake of these
compounds into the hepatocytes (reviewed by Meijer et al.,

1997). These proteins mediate facilitated di�usion uptake
(GruÈ ndemann et al., 1994; Martel et al., 1996; Busch et al.,
1996) and operate in conjunction with the secretory proteins at

the canalicular domain of the hepatocyte plasma membranes,
among which are the drug transporting P-glycoproteins
(Thiebaut et al., 1987; Dutt et al., 1994).

The complete absence of mdr1-type Pgps in mice resulted in

a dramatically reduced biliary secretion of the cationic agents
that were investigated in the present study. Until now, mostly
indirect evidence was available to de®ne a possible role of

mdr1-type P-gp at the bile canalicular membrane in organic
cation secretion into bile; e.g. transport studies in isolated
plasma membrane vesicles with hydrophobic anti-cancer drugs

(Kamimoto et al., 1989; Watanabe et al., 1995), and less
lipophilic cationic agents (MuÈ ller et al., 1994a,b).

Using a direct approach, employing mice in which the
mdr1a and mdr1b genes were disrupted, we showed that the

a

b

c

Figure 3 Hepatic, intestinal and renal drug clearances after the i.v.
administration of the cationic drugs tri-n-butylmethylammonium
(TBuMA), azido-procainamidemethoiodide (APM) and vecuronium
(vec) to the wild-type (solid symbols) and the mdr1a/1b (7/7) (open
symbols) mice with a cannulated gall bladder. The parameters were
calculated from 3 to 6 independent experiments. Values are expressed
as the mean and vertical lines show s.e.mean. *P50.05 (two-tailed
Student's t test).
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secretion of both the small type 1 and more bulky type 2

organic cations into bile is greatly reduced (see Figures 1b, 4b
and 6b). The TBuMA cumulative bile secretion was reduced to
about 15%, while the APM and vecuronium bile secretion

were reduced to about 30% compared to the wild-type
cumulative biliary output (see Figure 2a, 5a and 7a,
respectively). When the biliary secretion was related to the
increased plasma levels it was also evident that the biliary

clearance of the investigated compounds was strongly reduced

(Figure 3a). These data clearly indicate that drug transporting

P-gps mediate the bulk of biliary secretion of cationic
compounds, both in the cases of small (type 1) and more
bulky (type 2) cationic drugs.

It is important to note we cannot exclude entirely the
possibility of secondary changes induced in the apical
membrane domains of epithelial cells as a consequence of the
absence of both the mdr1a and mdr1b P-gp. However,

Schinkel et al. (1997) obtained no evidence in their study that

a b

Figure 5 (a) Cumulative output of [3H]-APM 60 min after i.v. injection of 5.2 mg APM kg71 BW expressed as the percentage of
the administered dose. (b) [3H]-APM tissue to plasma ratios 60 min after the i.v. injection of 5.2 mg APM kg71 BW. Values are
expressed as the mean+s.e. (n=3 to 6). *P50.05 (two-tailed Student's t test).

a b

Figure 4 APM plasma concentration curves (a, pmol APM ml71 plasma versus time curve) and biliary excretion rate curves (b,
pmol min71 g71 liver versus time curve) in mdr1a/1b (7/7) mice and wild-type mice, after i.v. injection of 5.2 mg APM kg71 BW
(13 mmol kg71). Vertical lines indicate the s.e.mean (n=3 to 6). P50.05 between genotypes (ANOVA).
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complete absence of mdr1-type P-gps led to phenotypic
alterations in the mdr1a/1b (7/7) mice.

Intestinal secretion

A sharp reduction of the intestinal secretion (see Figure 2a, 5a

and Figure 7a) as well as of the intestinal clearance (Figure 3b)

of all tested drugs was found in the mdr1a/1b (7/7) mice as
compared to wild-type. Interestingly the magnitude of the

intestinal organic cation secretion, measured in the present
study was signi®cantly larger than that found for mdr1a
(7/7) mice (Smit et al., 1998) (P50.05, see also below).

Collectively the present data show that the mdr1-type P-gps

make an important contribution to type 1 cationic drug

a b

Figure 6 Vecuronium plasma concentration curves (a, pmol APM ml71 plasma versus time curve) and biliary excretion rate curves
(b, pmol min71 g71 liver versus time curve) in mdr1a/1b (7/7) mice (open symbols) and wild-type mice (solid symbols), after i.v.
injection of 1 mg vecuronium kg71 BW. Vertical lines indicate s.e.mean (n=3 to 6). P50.05 between genotypes (ANOVA).

a b

Figure 7 (a) Cumulative output of [3H]-vecuronium 60 min after i.v. injection of 1 mg vecuronium kg71 BW expressed as a
percentage of the administered dose. (b) [3H]-vecuronium tissue to plasma ratios 60 min after the i.v. injection of 1 mg
vecuronium kg71 BW. Values are expressed as the mean+s.e. (n=3 to 6). *P50.05 (two-tailed Student's t test).
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secretion into the gut lumen. Based on these observations it is
anticipated that MDR reversal agents like quinidine (Schenck-
Gustafsson, 1986; De Lannoy et al., 1992; Su & Huang, 1996)

and verapamil (Lehnert et al., 1991; Bauer et al., 1996), may
in¯uence the oral absorption and the bio-availability of many
cationic drugs, although these drugs have adverse e�ects like

cardiotoxicity. New MDR reversal agents or mdr1-type
inhibiting compounds have begun to be developed that have
less side e�ects and have a far higher potency of inhibiting P-gp
mediated transport or e�ux of chemotherapeutic drugs (Van

Asperen et al., 1997).
Of note, the intestinal secretion of the type 1 cationic agents

across the enterocyte involves both carrier-mediated uptake

into the enterocytes, as well as secretion processes out of these
cells into the gut lumen. Secretion into the gut lumen most
likely occurs at least in part via mdr1-type P-gp, whereas the

preceding uptake into the enterocyte probably is mediated by
the organic cation transporter OCT1, which has been detected
in the intestine by Northern blot and in situ hybridization
analysis (GruÈ ndemann et al., 1994). Hence the intestinal

clearance process may occur through a concerted action of
OCT1 at the serosal uptake level in the enterocyte and
subsequent secretion into the gut lumen mediated by P-gp.

Urinary secretion

The absence of mdr1-type P-gps in renal tissue did not result
in a reduced organic cation output in the urine. Surprisingly,

the cumulative urinary secretion as well as the renal
clearance of the drugs investigated here were signi®cantly
increased in mdr1a/1b (7/7) mice compared to the renal
clearance in wild-type mice. This seems controversial since

extensive studies on renal drug secretion revealed that the
mdr1-type P-gp both in vivo and in vitro may be involved in
such secretory processes (Okudaria et al., 1989; De Lannoy

et al., 1992; Dutt et al., 1994; Pan et al., 1994). However,
the relative contribution of P-gp can be easily obscured by
the abundant presence of other transport systems for

organic cations in the proximal tubular cells (Maegawa et
al., 1988; Kim et al., 1991; Katsura et al., 1991; Takano et
al., 1992; Pritchard & Miller, 1993). The present ®ndings
may suggest that mdr1-type P-gp is of minor importance for

renal cationic drug secretion in the mouse. Yet, observations
made by others in other species (David et al., 1995; Pietruck
& Ullrich, 1995) indicate that renal secretion of cationic

drugs, resembling those tested in the present study, may at
least partly be mediated by the drug transporting P-gp
(Dudley & Brown, 1996). Increases in renal clearance such

as observed in the present study may be due to secondary
changes imposed by the disruption of both the mdr1a and
the mdr1b gene. Since the plasma protein binding of the

tested organic cations is rather low and consequently the
glomerular ®ltration rate of the investigated compounds is
likely to be unchanged, these ®ndings imply that the net
renal secretion is increased compared to wild-type mice. On

the other hand, the apical reabsorption of the organic
cations could be reduced at the level of the proximal tubular
cells. In principle, such reduced tubular reabsorption and/or

an increased luminal secretion process should result in an
increased renal clearance and a reduced renal tissue to
plasma concentration ratios. However, the absence of mdr1-

type P-gp did not signi®cantly reduce the renal tissue to
plasma drug ratios in the case of TBuMA and vecuronium.
At present investigations are ongoing in our laboratories to
reveal potential changes in the expression levels of other

tubular reuptake and secretion proteins as a consequence of
the mdr1a or mdr1a/1b gene disruption.

In order to con®rm that the organic cations studied here are

P-gp substrates in a renal context, we performed a preliminary
study on P-gp mediated apical directed transport in con¯uently
grown polarized pig kidney cells (LLC-PK1) transfected with

the mdr1a or mdr1b cDNA. P-gp expression enhanced the
apically directed ¯ux of TBuMA, APM and vecuronium
(J.W.S., B.W., A.H.S. & D.K.F.M., unpublished data).

The relative importance of the excretory routes of organic

cations in the mdr1a/1b (7/7) mice di�ers for the two classes
of cationic agents tested. Although biliary and intestinal
secretion was profoundly a�ected, the total clearance via the

liver, kidney and intestine of TBuMA (91 versus 100 ml h71,
respectively, in wild-type and mdr1a/1b (7/7)) and of APM
(69 versus 70 ml h71, respectively, in wild-type and mdr1a/1b

(7/7)) was quite similar in wild-type and mdr1a/1b (7/7)
mice. The total elimination rate of these drugs from the blood
was therefore basically una�ected in mdr1a/1b (7/7) mice,
due to the compensatory increase in the renal secretion. In

contrast, in the case of vecuronium, the total clearance value
via the three major secretory organs was markedly decreased
(35.5 versus 10.2 ml h71, respectively, in wild-type and mdr1a/

1b (7/7)), due to a marked reduction in hepatobiliary
secretion of vecuronium, which is the meain elimination
pathway for this substrate.

Organic cation clearance in mdr1a/1b (7/7) versus
mdr1a (7/7) mice

To highlight important pharmacological di�erences between
the mdr1a/1b (7/7) mice and the previously analysed mdr1a

(7/7) (Smit et al., 1998), we compared the drug clearances in
both mouse strains. The rationale to perform such a
comparison is that the mdr1a (7/7) mice overexpress the

mdr1b P-gp in kidney and liver (Schinkel et al., 1994).

Biliary clearance Complete absence of the mdr1-type P-gps

resulted in a more pronounced reduction in biliary clearance
of TBuMA and vecuronium: whereas TBuMA biliary
clearance in mdr1a (7/7) mice was decreased to 21% of
the wild-type value, in mdr1a/1b (7/7) mice this was down

to 9%. For vecuronium the respective biliary clerance values
were 42% and 17%. In contrast, APM biliary clearance was
comparable in mdr1a (7/7) and mdr1a/1b (7/7) mice

(24% versus 22% of the wild-type values). This suggests that
the mdr1b P-gp that is localized at the bile canaliculus
contributes to the output of at least some organic cationic

compounds into bile, although other transport proteins may
also be involved. It also appears that in mice, the mdr1b P-
gp contributes less to organic cation transport into bile than

the mdr1a P-gp.

Intestinal clearance The intestinal output of several
amphiphilic drugs in mice was shown to be severely reduced

in the absence of the mdr1a P-gp (Smit et al., 1998) and
further disruption of both the mdr1a and mdr1b genes had
at best a modest additional e�ect. This is in line with earlier

observations by Schinkel et al. (1997). Of note, in the
intestinal tissue of mdr1a (7/7) mice no increased level of
mdr1b mRNA was found (Schinkel et al., 1994), in contrast

to what was observed in liver and kidney. This observation
as well as the very low expression of mdr1b P-gp in murine
intestine may explain the moderate e�ect of mdr1b
disruption on intestinal clearance.
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Renal clearance Surprisingly, the TBuMA and APM renal
clearances in mdr1a/1b (7/7) mice were increased to 151%
and 137% of the wild-type values, whereas in the mdr1a

(7/7) mice renal clearances were decreased to 65% and
73%, respectively, of the wild-type values. This ®nding was
all the more unexpected since a further reduction in urinary

clearance was anticipated based on the decreases found in
mdr1a (7/7) mouse model (Smit et al., 1998) in which the
mdr1b P-gp is still intact and (over)expressed in kidney
(Schinkel et al., 1994). Similar to the vecuronium renal

clearance in mdr1a (7/7) mice, the vecuronium renal
clearance in mdr1a/1b (7/7) mice was increased 5 fold
compared to the wild-type. It was unclear until now what

causes the increased renal clearance of these drugs. Perhaps
transporters that di�er from mdr1-type P-gps are over-
expressed as a consequence of the disruption of the mdr1a

and mdr1b gene in the kidney. Taken together, it appears
that liver and intestinal secretion of TBuMA and APM
predominantly involves the mdr1a P-gp, whereas mdr1b P-
gp plays only a minor quantitative role for these drugs. In

the case of vecuronium, mdr1a P-gp mediated secretion in
liver and intestine is also the most important route for the
disposal of vecuronium from the body, but the relative

contribution of mdr1b P-gp is larger than for the two tested
type 1 organic cationic compounds. The renal clearance of
all these drugs can apparently be mediated by transporters

other than the mdr1-type P-gps, which may be upregulated
in the mdr1a/1b (7/7) mice.

In conclusion, mdr1-type P-gps in the liver as well as in

the intestinal mucosa accommodate secretion of a broad

spectrum of cationic amphiphilic drugs from the body. The
fact that intestinal secretion as well as biliary output of the
organic cations was not completely abolished in mice with

disrupted mdr1a and mdr1b genes indicates that other
transport processes may be involved in the overall
elimination process, acting in concert with P-gp. Potential

candidates are the multidrug resistance related proteins
(mrp) of which various isoforms have been identi®ed. As
yet, only the cmoat (mrp2) gene product has been found to
be abundantly expressed at the apical domain of the

hepatocyte (Paulusma et al., 1996). In addition, a protein
closely related to P-gp, the so-called `sister of P-glycopro-
tein' (Childs et al., 1995) that was identi®ed in porcine liver,

is a potential candidate for active organic cation export. The
observation that in the mdr1a/1b (7/7) mice the absence of
P-gp in the urinary tract results in a markedly increased

urinary clearance requires further investigation.
On the basis of this study, we conclude that drug

transporting P-glycoprotein enables mammals to remove
toxic organic agents from the body through active secretion

of such compounds via the liver and the small intestine.
These secretory processes provide a protective mechanism
through an active contra absorptive ¯ux, limiting the

absoprtion and bio-availability of orally ingested organic
compounds.

This work was supported in part by grant NKI 92-41 of the Dutch
Cancer Society to P. Borst and A. Berns.

References

BAUER, L.A., HORN, J.R. & PETTIT, H. (1996). Mixed-e�ect
modelling for detection and evaluation of drug interactions:
Digoxin-quinidine and digoxin-verapamil combinations. Ther.
Drug Monit., 18, 46 ± 52.

BENCINI, A.F., MOL, W.E.M., SCAF, A.H.J., KERSTEN, U.W.,

WOLTERS, K.T., AGOSTON, S. & MEIJER, D.K.F. (1988). Uptake
and excretion of vecuronium bromide and pancuronium bromide
in the isolated perfused rat liver. Anethesiology, 69, 487 ± 492.

BUSCH, A.E., QUESTER, S., ULZHEIMER, J., WALDEGGER, S.,

GORBOULEV, V., LANG, F. & KOEPSELL, H. (1996). Electrogenic
properties and substrate speci®city of the polyspeci®c rat cation
transporter OCT1. J. Biol. Chem., 271, 32599 ± 32604.

CHILDS, S., YEH, R.L., GEORGES, E. & LING, V. (1995). Identi®cation
of a sister gene to P-glycoprotein. Cancer Res., 55, 2029 ± 2034.

CORDON-CARDO, C., O'BRIEN, J.P., CASALS, D., RITTMAN-

GRAUER, L., BIEDLER, J.L., MELAMED, M.R. & BERTINO, J.R.

(1989). Multidrug-resistance gene (P-glycoprotein) is expressed
by endothelial cells at the blood-brain barrier sites. Proc. Natl.
Acad. Sci. U.S.A., 86, 695 ± 698.

CROOP, J.M., RAYMOND, M., HABER, D., DEVAULT, A., ARCECI,

R.J., GROS, P. & HOUSMAN, D.E. (1989). The three mouse
multidrug resistance (mdr) genes are expressed in a tissue-speci®c
manner in normal mouse tissues. Mol. Cell. Biol., 9, 1346 ± 1350.

DAVID, C., RUMRICH, G. & ULLRICH, K.J. (1995). Luminal
transport system for H+/organic cations in the rat proximal
tubule. Kinetics, dependence on pH; speci®city as compared with
the contraluminal organic cation-transport system. P¯ugers
Arch.-Eur. J. Physiol., 430, 477 ± 492.

DE LANNOY, I.A.M., KOREN, G., KLEIN, J., CHARUK, J.H.M. &

SILVERMAN, M. (1992). Cyclosporin and quinidine inhibition of
renal digoxin excretion: evidence for luminal secretion of
digoxin. Am. J. Physiol., 263, F613 ± F622.

DHIR, R., BUSHMAN, E. & GROS, P. (1990). Structural and functional
characterization of the mouse multidrug resistance gene family.
Bull. Cancer Paris, 77, 1125 ± 1129.

DUDLEY, A.J. & BROWN, C.D. (1996). Mediation of cimetidine
secretion by P-glycoprotein and a novel H(+)-coupled mechan-
ism in cultured renal epithelial monolayers of LLC-PK1 cells. Br.
J. Pharmacol., 117, 1139 ± 1144.

DUTT, A., HEATH, L.A. & NELSON, J.A. (1994). P-glycoprotein and
organic cation secretion by the mammalian kidney. J. Pharmacol.
Exp. Ther., 269, 1254 ± 1260.

ENDICOTT, J.A. & LING, V. (1989). The biochemistry of P-
glycoprotein-mediated multidrug resistance. Annu. Rev. Bio-
chem., 58, 137 ± 171.

GOTTESMAN, M.M. & PASTAN, I. (1993). Biochemistry of multidrug
resistance mediated by the multidrug transporter. Annu. Rev.
Biochem., 62, 385 ± 427.

GROS, P. & BUSCHMAN, E. (1993). The mouse multidrug resistance
gene family: structural and functional analysis. Int. Rev. Cytol.,
137C, 169 ± 197.

GRUÈ NDEMANN, D., GORBOULEV, V., GAMBARYAN, S., VEYHL, M.

& KOEPSELL, H. (1994). Drug excretion mediated by a new
prototype of polyspeci®c transporter. Nature, 372, 549 ± 552.

HIGGINS, C.F. (1992). ABC Transporters±from microorganisms tto
man. Annu. Rev. Cell Biol., 8, 67 ± 113.

HORI, R., OKAMURA, N., AIBA, T. & TANIGAWARA, Y. (1993). Role
of P-glycoprotein in renal tubular secretion of digoxin in the
isolated perfused rat kidney. J. Pharmacol. Exp. Ther., 266,
1620 ± 1625.

HSING, S., GATMAITAN, Z. & ARIAS, I.M. (1992). The function of
GP170, the multidrug resistance gene product, in the brush
border of rat intestinal mucosa. Gastroenterology, 102, 879 ± 885.

HUNTER, J., HIRST, B.H. & SIMMONS, N.L. (1993). Drug absorption
limited by P-glycoprotein-mediated secretory drug transport in
human intestinal epithelial Caco-2 cell layers. Pharmacol. Res.,
10, 743 ± 749.

KAMIMOTO, Y., GATMAITAN, Z., HSU, J. & ARIAS, I.M. (1989). The
function of GP170, the multidrug resistance gene product, in rat
liver canalicular membrane vesicles. J. Biol. Chem., 264, 11693 ±
11698.

KATSURA, T., MAEGAWA, H., TOMITA, Y., TAKANO, M., INUI, K.-I.

& HORI, R. (1991). Trans-stimulation e�ect on H+-organic
cation antiport system in rat renal brush-border membranes. Am.
J. Physiol., 261, F774 ± F778.

KIM, J.W., CLOSS, E.I., ALBRITTON, L.M. & CUNNINGHAM, J.M.

(1991). Transport of cationic amino acids by the mouse ecotropic
retrovirus receptor. Nature, 352, 725 ± 728.

Drug clearance in mdr1a/1b gene `knockout' mice 423J.W. Smit et al



LEHNERT, M., DALTON, W.S., ROE, D., EMERSON, S. & SALMON,

S.E. (1991). Synergistic inhibition by verapamil and quinine of P-
glycoprotein-mediated multidrug resistance in a human myeloma
cell line model. Blood, 77, 348 ± 354.

MAEGAWA, H., KATO, M., INUI, K.-I. & HORI, R. (1988). pH
Sensitivity of H+/organic cation antiport system in rat renal
brush-border membranes. J. Biol. Chem., 263, 11150 ± 11154.

MARTEL, F., VETTER, T., RUSS, H., GRUÈ NDEMANN, D., AZEVEDO,

I., KOEPSELL, H. & SCHOÈ MIG, E. (1996). Transport of small
organic cations in the rat liver. The role of the organic cation
transporter OCT1. Naunyn-Schmiedeberg's Arch. Pharmacol.,
354, 320 ± 326.

MAYER, U., WAGENAAR, E., BEIJNEN, J.H., SMIT, J.W., MEIJER,

D.K.F., VAN ASPEREN, J., BORST, P. & SCHINKEL, A.H. (1996).
Substantial excretion of digoxin via the intestinal mucosa and
prevention of long-term digoxin accumulation in the brain by the
mdr1a P-glycoprotein. Br. J. Pharmacol., 119, 1038 ± 1044.

MEIJER, D.K.F., SMIT, J.W. & MULLER, M. (1997). Hepatobiliary
elimination of cationic drugs: the role of P-glycoproteins and
other ATP-dependent transporters. Adv. Drug Deliv. Rev., 25,
159 ± 200.

MOL, W.E.M., FOKKEMA, G.N., WEERT, B. & MEIJER, D.K.F. (1988).
Mechanisms for the hepatic uptake of organic cations. Studies
with the muscle relaxant vecuronium in isolated rat hepatocytes.
J. Pharmacol. Exp. Ther., 244, 268 ± 275.

MOL, W.E.M., MULLER, M., KURZ, G. & MEIJER, D.K.F. (1992).
Investigations on the hepatic uptake systems for organic cations
with a photoa�nity probe of procainamide ethobromide.
Biochem. Pharmacol., 28, 2217 ± 2226.

MUÈ LLER, M., MAYER, R., HERO, U. & KEPPLER, D. (1994a). ATP-
dependent transport of amphiphilic cations across the hepatocyte
canalicular membrane mediated by mdr1 P-glycoprotein. FEBS
Lett., 343, 168 ± 172.

MUÈ LLER, M., MITTENBUÈ HLER, K., MAYER, R., WALLSTAB, A.,

SILVERMAN, J.A. & THORGEIRSSON, S.S. (1994b). ATP-
dependent transport of amphiphilic cations across the canalicular
membrane mediated by P-glycoprotein. In Transport in the Liver.
ed Keppler, D. & Jungermann, K. pp. 156 ± 165 Dordrecht,
Boston, London: Kluwer Academic Publishers.

NEEF, C. (1983). Structure-pharmacokinetics relationship of quar-
ternary ammonium compounds. Thesis, University of Groningen,
The Netherlands.

NEEF, C., KEULEMANS, K.T.P. & MEIJER, D.K.F. (1984a). Hepatic
uptake and biliary excretion of organic cations. I. Characteriza-
tion of three new model compounds. Biochem. Pharmacol., 33,
3977 ± 3990.

NEEF, C., OOSTING, R. & MEIJER, D.K.F. (1984b). Structure-
pharmacokinetics relationship of quaternary ammonium com-
pounds. Elimination and distribution characterstics. Naunyn-
Schmiedeberg's Arch. Pharmacol., 328, 103 ± 110.

OKUDAIRA, N.-T., SAWADA, Y., SUGIYAMA, Y., IGA, T. &

HANANO, M. (1989). E�ect of procainamide on renal tubular
transport transport of cimetidine in the isolated perfused rat
kidney. Biochim. Biophys. Acta, 981, 1 ± 7.

PAANAKKER, J.E., THIO, J.S.L.M., VAN DE WILDENBERG, H.M. &

KASPERSEN, F.M. (1987). Assay of vecuronium in plasma using
solid-phase extraction, HPLC and post-column ion-pair extrac-
tion with ¯uorimetric detection. J. Chromatogr., 421, 327 ± 335.

PAN, B.F., DUTT, A. & NELSON, J.A. (1994). Enhanced transepithelial
¯ux of cimetidine by Madin-Darby canine kidney cells over-
expressing human P-glycoprotein. J. Pharmacol. Exp. Ther., 270,
1 ± 7.

PAULUSMA, C.C., BOSMA, P.J., ZAMAN, G.J.R., BAKKER, C.T.M.,

OTTER, M., SCHEFFER, G.L., SCHEPER, R.J., BORST, P. & OUDE

ELFERINK, R.P.J. (1996). Congenital jaundice in rats with a
mutation in a multidrug resistance-associated protein gene.
Science, 271, 1126 ± 1128.

PIETRUCK, F. & ULLRICH, K.J. (1995). Transport interactions of
di�erent organic cations during their excretion by the intact rat
kidney. Kidney Int., 47, 1647 ± 1657.

PRITCHARD, J.B. & MILLER, D.S. (1993). Mechanisms mediating
renal secretion of organic anions and cations. Physiol. Rev., 73,
765 ± 796.

PROOST, J.H. & MEIJER, D.K.F. (1992). MW/Pharm, an integrated
software package for drug dosage regimen calculation and
therapeutic drug monitoring. Comput. Biol. Med., 22, 155 ± 163.

ROWLAND, M. & TOZER, T.N. (1989). Clinical Pharmacokinetics.
Concepts and Applications. Philadelphia. London: Lea and
Febiger.

SCHENCK-GUSTAFSSON, K. (1986). Quinidine-induced reduction of
the biliary excretion of digoxin in patients. In Cardiac Glycosides
1785-1985: Biochemistry, Pharmacology, Clinical Relevance. ed.
Erdmann, E., Greef, K. & Skou, J.C. pp. 293 ± 296. New York:
Springer Verlag.

SCHINKEL, A.H., MAYER, U., WAGENAAR, E., MOL, C.A.A.M., VAN

DEEMTER, L., SMIT, J.J.M., VAN DER VALK, M.A., VOORDOUW,

A.C., SPITS, H., VAN TELLINGEN, O., ZIJLMAN, J.M.J.M., FIBBE,

W.E. & BORST, P. (1997). Normal viability and altered
pharmacokinetics in mice lacking mdr1-type (drug transporting)
P-glycoproteins. Proc. Natl. Acad. Sci. U.S.A., 94, 4028 ± 4033.

SCHINKEL, A.H., SMIT, J.J.M., VAN TELLINGEN, O., BEIJNEN, J.H.,

WAGENAAR, E., VAN DEEMTER, L., MOL, C.A.A.M., VAN DER

VALK, M.A., ROBANUS-MAANDAG, E.C., TE RIELE, H.P.J.,

BERNS, A.J.M. & BORST, P. (1994). Disruption of the mouse
mdr1a P-glycoprotein gene leads to a de®ciency in the blood-
brain barrier and to increased sensitivity to drugs. Cell, 77, 491 ±
502.

SCHINKEL, A.H., WAGENAAR, E., VAN DEEMTER, L., MOL,

C.A.A.M. & BORST, P. (1995). Absence of the mdr1a P-
glycoprotein in mice a�ects tissue distribution and pharmacoki-
netics of dexamethasone, digoxin, and cyclosporin A. J. Clin.
Invest., 96, 1698 ± 1705.

SMIT, J.W., SCHINKEL, A.H., BORST, P. & MEIJER, D.K.F. (1996).
Involvement of P-glycoprotein in the biliary and intestinal
excretion of amphiphilic drugs: mdr gene knock out studies.
Hepatology, 24, 351a(Abstract).

SMIT, J.W., SCHINKEL, A.H., MUÈ LLER, M., WEERT, B. & MEIJER,

D.K.F. (1988). Contribution of the murine mdr1a P-glycoprotein
to hepatobiliary and intestinal elimination of cationic drugs as
measured in mice with a mdr1a gene disruption. Hepatology (in
press).

SPARREBOOM, A., VAN ASPEREN, J., MAYER, U., SCHINKEL, A.H.,

SMIT, J.W., MEIJER, D.K.F., BORST, P., NOOIJEN, W.J., BEIJNEN,

J.H. & VAN TELLINGEN, O. (1997). Limited oral bio-availability
and active epithelial excretion of paclitaxel (taxol*) caused by P-
glycoprotein in the intestine. Proc. Natl. Acad. Sci. U.S.A., 94,
2031 ± 2035.

SU, S.F. & HUANG, J.D. (1996). Inhibition of the intestinal digoxin
absorption and exsorption by quinidine. Drug Metab. Dispos.,
24, 142 ± 147.

TAKANO, M., KATO, M., TAKAYAMA, A., YASUHARA, M., INUI, K.-

I. & HORI, R. (1992). Transport of procainamide in a kidney
epithelial cell line LLC-PK1. Biochim. Biophys. Acta, 1108, 133 ±
139.

THIEBAUT, F., TSURUO, T., HAMADA, H., GOTTESMAN, M.M.,

PASTAN, I. &WILLINGHAM,M.C. (1987). Cellular localization of
the multidrug-resistance gene product P-glycoprotein in normal
human tissues. Proc. Natl. Acad. Sci. U.S.A., 84, 7735 ± 7738.

TURNHEIM, K. & LAUTERBACH, F. (1977). Absorption and
secretion of monoquaternary ammonium compounds in the
isolated intestinal mucosa. Biochem. Pharmacol., 26, 99 ± 108.

TURNHEIM, K. & LAUTERBACH, F. (1980). Interaction between
intestinal absorption and secretion of monoquaternary ammo-
nium compounds in guinea pigs ± a concept for the absorption
kinetics of organic cations. J. Pharmacol. Exp. Ther., 212, 418 ±
424.

VAN ASPEREN, J., SCHINKEL, A.H., BEIJNEN, J.H., NOOIJEN, W.J.,

BORST, P. & VAN TELLINGEN, O. (1996). Altered pharmacoliki-
netics of vinblastine in Mdr1a P-glycoprotein-de®cient Mice. J.
Natl. Cancer Inst., 88, 994 ± 999.

VAN ASPEREN, J., VAN TELLINGEN, O., SPARREBOOM, A., SCHIN-

KEL, A.H., BORST, P., NOOIJEN, W.J. & BEIJNEN, J.H. (1997).
Enhanced oral bioavailability of paclitaxel in mice treated with
P-glycoprotein blocker SDZ PSC 833. Br. J. Cancer, 76, 1181 ±
1183.

WATANABE, T., SUZUKI, H., SAWADA, Y., NAITO, M., TSURUO, T.,

INABA, M., HANANO, M. & SUGIYAMA, Y. (1995). Induction of
hepatic P-glycoprotein enhances biliary excretion of vincristine
in rats. J. Hepatol., 23, 440 ± 448.

(Received June 25, 1997
Revised January 14, 1998

Accepted February 19, 1998)

Drug clearance in mdr1a/1b gene `knockout' mice424 J.W. Smit et al


