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Abstract

Mice lacking mdrl-type P-glycoproteins (mdrla/lb [—/—]
mice) display large changes in the pharmacokinetics of
digoxin and other drugs. Using the kinetics of digoxin in
mdrla/lb (—/—) mice as a model representing a complete
block of P-glycoprotein activity, we investigated the activity
and specificity of the reversal agent SDZ PSC833 in inhibit-
ing mdrl-type P-glycoproteins in vivo. Oral PSC833 was
coadministered with intravenous [*H]digoxin to wild-type
and mdrla/lb (—/—) mice. The direct excretion of [*H]di-
goxin mediated by P-glycoprotein in the intestinal mucosa of
wild-type mice was abolished by administration of PSC833.
Hepatobiliary excretion of [*H]digoxin was markedly de-
creased in both wild-type and mdrla/lb (—/—) mice by
PSCB833, the latter effect indicating that in vivo, PSC833 in-
hibits not only mdrl-type P-glycoproteins, but also other
drug transporters. Upon coadministration of PSC833, brain
levels of [*H]digoxin in wild-type mice showed a large in-
crease, approaching (but not equaling) the levels found in
brains of PSC833-treated mdrla/l1b (—/—) mice. Thus, orally
administered PSC833 can inhibit blood-brain barrier P-gly-
coprotein extensively, and intestinal P-glycoprotein com-
pletely. These profound pharmacokinetic effects of PSC833
treatment imply potential risks, but also promising pharma-
cological applications of the use of effective reversal agents.
(J. Clin. Invest. 1997. 100:2430-2436.) Key words: digoxin »
reversal agent « excretion « pharmacokinetics « drug disposition

Introduction

The mdrl-type or drug-transporting P-glycoproteins (P-gps)'
were discovered by their ability to confer multidrug resistance
(MDR) to mammalian tumor cells. These large plasma mem-
brane proteins can actively transport a wide range of structur-
ally diverse cytotoxic drugs out of the cell, rendering it resis-
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tant to the toxic action of the drugs. Compounds transported
by P-gp include many clinically important drugs such as anti-
cancer agents (e.g., Vinca alkaloids, anthracyclines, epipodo-
phyllotoxins, taxanes), but also immunosuppressive drugs
(cyclosporin A, FK506), anthelmintic agents (ivermectin), ste-
roids (aldosterone, hydrocortisone, dexamethasone) and car-
diac drugs (digoxin), to name just a few (1-5).

The potential involvement of MDR1 P-gp in the MDR fre-
quently observed during chemotherapy of human clinical tu-
mors has led to efforts to inhibit P-gp—mediated drug transport
with pharmacological inhibitors of P-gp. These compounds,
called reversal agents or P-gp modulators, appear to inhibit P-gp
activity mostly by competing with the binding and/or transport
of a transported drug. Reversal agents are as widely divergent
in structure as the known drug substrates for P-gp, and many
are themselves also transported (6, 7). Initial efforts to treat
patients with MDR tumors in a combination treatment with a
reversal agent met at best with very limited success, but the
early reversal agents were relatively inefficient, and their dos-
age was severely limited by inherent toxicity to the patient (8-
10). Recently, however, more effective and less toxic reversal
agents have become available (11-15). PSC833, a nonimmuno-
suppressive cyclosporin A analogue is one of the most effec-
tive, and clinical trials with this compound are currently ongo-
ing (see reference 10).

It can be expected that administration of effective reversal
agents will also inhibit the function of the MDR1 P-gp present
in a range of normal tissues, and the physiological and pharma-
cological consequences of this treatment cannot be predicted
in the absence of clear insight in the normal function of MDR1
P-gp. To establish the physiological and pharmacological func-
tion of the mdr1-type P-gps, we have generated mice with a ge-
netic deficiency in both the mouse mdrla and mdrib genes
(16, 17). Unlike man, mice have two highly homologous mdr1-
type genes encoding drug-transporting P-gps, but the tissue
distribution and subcellular localization of these P-gps strongly
suggest that they fulfill essentially the same role(s) as the sin-
gle human MDR1 P-gp. Typically, the mouse mdrla P-gp is
abundant in the apical membrane of epithelial cells through-
out the intestine, in biliary canalicular membranes of hepato-
cytes, and in the luminal membrane of endothelial cells in
blood capillaries in the brain, i.e., at the blood-brain barrier.
Mouse mdrlb P-gp is especially prominent in adrenal gland
plasma membranes and endometrium of pregnant uterus, and
it further occurs in kidney, liver, and the hematopoietic com-
partment (16-20). Human MDR1 P-gp has been found in intes-
tinal epithelial cells, biliary canalicular membranes, the luminal
surface of proximal tubules in the kidney, in the blood-brain
and blood-testis barriers, the adrenal gland, and in the hema-
tological compartment (21-24).

Mice deficient for the mdrla and mdrlb P-gps (mdrla/l1b
(—=/—) mice) are viable and fertile, and so far we have not
found any physiological abnormalities in these mice under lab-



oratory conditions (17). We have, however, demonstrated pro-
found changes in the pharmacological handling of a range of
drugs by these mice and by mdrla (—/—) mice, including
highly increased brain penetration, and drastically altered
elimination, excretion, and oral bioavailability of drugs, some-
times resulting in strikingly altered toxicity (16, 17, 25-29).

In this study we have used the mdrla/Ib (—/—) mice as a
reference model to establish how effective and how specific
the P-gp-inhibiting action of the reversal agent PSC833 is in
vivo. We used [*H]digoxin as a model P-gp substrate drug in
view of its comparatively low toxicity in rodents (30), and its
highly P-gp dependent pharmacokinetics in mice (17, 25, 27).

Methods

Drugs. [*H(G)]digoxin (16.0 Ci/mmol) was obtained from DuPont-
NEN (Boston, MA). SDZ PSC833 was a kind gift from Sandoz
Pharma Nederland B.V. (Uden, The Netherlands). Hypnorm® was
from Janssen Pharmaceuticals B.V. (Tilburg, The Netherlands). Dor-
micum® was from Roche Nederland B.V. (Mijdrecht, The Nether-
lands). Digoxin was from Sigma Chemical Co. (St Louis, MO).

Drug distribution and excretion experiments. The experiments were
carried out in female mice of a mixed genetic background (on aver-
age 50% FVB, 50% 129/Ola). The mice were between 10-14 wk of
age. All animal experiments were carried out according to institu-
tional guidelines, in compliance with Dutch national law.

A stock solution of 50 mg/ml PSC833 was prepared in ethanol
(33% vol/vol) and cremophor EL (65% vol/vol), and was further di-
luted in 5% (wt/vol) glucose to a final concentration of 5 mg/ml. For
control experiments the same solution was prepared without adding
PSC833. To achieve a dosage of 50 mg/kg mouse body weight,
PSC833 or the control solution were administered at 10 pl/g body wt
by transoral intragastric injection 2 h before digoxin application, us-
ing a blunt-ended needle. The unlabeled digoxin stock (2 mg/ml in
water plus 20% [vol/vol] 1.2- propanediol, 40% [vol/vol] ethanol, and
2% [wt/vol] glucose) was diluted in 5% glucose to 0.01 mg/ml for in-
travenous administration (0.05 mg/kg). [*H]digoxin (1 n.Ci/30g body
weight) was added shortly before the experiment.

For drug distribution experiments, mice were killed 4 or 24 h after
digoxin administration (n = 4). Plasma, tissues and intestinal contents
were collected. Urine and excreted feces were collected using meta-
bolic cages. Bile cannulation experiments were carried out as de-
scribed previously (27). In brief, mice were anaesthetized using a
combination of Hypnorm (1 part), Dormicum (1 part), and 5% glu-
cose (2 parts). 4 pl/g body wt of the anaesthetic solution was adminis-
tered intraperitoneally to mice, which had received PSC833 2 h be-
fore the cannulation experiment. In control mice 6 wl/g body wt was
injected intraperitoneally After opening the abdominal cavity, the
common bile duct was ligated and a catheter was inserted into the
gallbladder. [*H]digoxin was administered intravenously and bile was
collected for 90 min. At the end of that period mice were killed, and
organs, intestinal contents, and plasma were collected.

Acute side effects of PSC833 at a dose of 50 mg/kg were not ob-
served. In bile cannulation experiments, however, both wild-type and
mdrla/lb (—/—) mice appeared significantly more sensitive to the
anaesthesia (midazolam-fluanisone-fentanyl) when pretreated with
PSC833. Hence, a 40% reduction of the dose of the anaesthetics in
comparison to control mice was necessary. A small-scale toxicity ex-
periment, giving the anaesthetic components as a single drug, showed
that this was due to an increased sensitivity to fentanyl after PSC833
administration (data not shown). A very similar effect was previously
demonstrated with cyclosporin A in combination with fentanyl (31),
and it seems likely that a comparable mechanism is involved.

For scintillation counting, tissues and intestinal contents were ho-
mogenized in 4% (wt/vol) BSA, before a fixed amount of each homog-
enate, urine, bile or plasma were transferred to Ultima Gold Scintilla-

tion Fluid (100 pl for plasma, 25 pl for bile and urine, 200 pl for
homogenates).

Measurement of bile acids and phosphatidylcholine in bile sam-
ples. Female wild-type mice (50% FVB, 50% 129/Ola, between 10—
14 wk of age) were used. Mice received oral PSC833 (50 mg/kg) or
cremophor-containing vehicle alone (n = 8). 2 h later the gallbladder
of the anaesthetized mice was cannulated, and bile was collected over
90 min. Determination of bile acids in bile was performed using
3-hydroxysteroid dehydrogenase (32). Phosphatidylcholine excretion
into bile was determined by using the choline oxidase method (33).

For determination of PSC833 levels in brain and plasma, 100 .l of
the sample was extracted with 1000 wl of methanol by vigorous vor-
texing for 1 min. After centrifugation (4,000 g, 5 min, 4°C) the super-
natant was decanted and evaporated to dryness under a vacuum at
50°C. Each extract was then reconstituted in an appropriate volume
of phosphate buffer (containing human plasma, monoclonal antibody
against cyclosporin A, dihydro-[G-*H]SDZ PSC833 tracer, and char-
coal), and PSC833 concentration was determined by specific radioim-
munoassay according to an internal standard operating procedure.

Statistical analysis. Student’s unpaired ¢ test was used to test the
statistical significance of a difference between two sets of data. P <
0.05 was considered statistically significant.

Results

To study the in vivo efficacy and specificity of PSC833 in inhib-
iting P-gp-mediated transport of [*H]digoxin in various or-
gans, the reversal agent was administered orally at a dose of 50
mg/kg 2 h before intravenous administration of [PH]digoxin (at
0.05 mg/kg) to wild-type and mdrla/Ib (—/—) mice. As a con-
trol, groups of both strains received the vehicle cremophor
alone instead of PSCS833. Unless indicated otherwise, this
treatment schedule was used in all experiments. Acute toxic
side effects of PSC833 at a dose of 50 mg/kg were not observed
(for further details see Methods). We focused on the effects of
the reversal agent on the excretion pattern and the brain distri-
bution of [*H]digoxin, as in previous experiments these param-
eters were most profoundly influenced by the absence of P-gp
(from intestinal mucosa and brain endothelial cells, respec-
tively) in mdrla (—/—) and mdrla/1b (—/—) mice (17, 27).

Fig. 1 shows the fecal and urinary excretion of [*H]digoxin
over 24 h in wild-type and mdrla/l1b (—/—) mice with or with-
out PSC833. The predominantly fecal excretion of PH]digoxin
occurring in wild-type mice was clearly shifted towards pre-
dominantly urinary excretion upon PSC833 treatment. In fact,
the excretion pattern became very similar to that in mdrla/1b
(—=/—) mice without PSC833, which likewise showed a pre-
dominantly urinary excretion (Fig. 1). PSC833 treatment of
mdrla/Ib (—/—) mice increased the urinary excretion compo-
nent even further (P < 0.02). Similar effects of PSC833 treat-
ment were observed when digoxin (at 0.05 mg/kg) was admin-
istered orally to wild-type or mdrla/1b (—/—) mice (data not
shown).

We have previously shown that the main cause for the re-
duced fecal excretion of digoxin and paclitaxel (Taxol®) in
P-gp—deficient mice is the strongly reduced excretion of these
drugs directly across the intestinal mucosa (17,27, 29). Fig. 2A
shows that in wild-type mice with a ligated common bile duct
and a cannulated gallbladder (thus allowing separate measure-
ment of hepatobiliary and intestinal excretion), pretreatment
with oral PSC833 indeed reduced the direct intestinal excre-
tion of [*H]digoxin from 16% of the administered dose (over
90 min) to only 1%. In contrast, the very low level of
[*H]digoxin excretion occurring in mdrla/lb (—/—) intestine
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Figure 1. Effect of PSC833 on fecal and urinary [*H]digoxin excre-
tion. Fecal (black bars) and urinary (hatched bars) excretion of
[*H]digoxin was measured in wild-type (wt) and mdrla/Ib (—/—)
mice pretreated with PSC833 or vehicle alone over 24 h after an intra-
venous bolus of [*H]digoxin (0.05 mg/kg). PSC833 (or vehicle) was
administered orally at 50 mg/kg 2 h before the digoxin injection.
Levels are expressed as a percentage of the administered dose
(mean=SD, n = 4). Significance of differences with values for vehi-
cle-treated wild-type mice is indicated: *P < 0.01; **P < 0.001.

was not significantly altered by PSC833 treatment (Fig. 2 A). It
thus appears that oral PSC833 can completely inhibit excretory
P-gp-mediated [*H]digoxin transport in the intestine of wild-
type mice.

In previous gallbladder cannulation experiments we found
that the excretion of [*H]digoxin into bile over 90 min was only
moderately, albeit significantly, decreased in mdrla/Ib (—/—)
mice when compared with wild-type mice (17). Therefore,
transporters other than the mdrl-type P-gps must also be in-
volved in the biliary excretion of digoxin. Interestingly, when
PSC833 was coadministered with [PH]digoxin, biliary excretion
of the drug substantially dropped in both wild-type and mdrla/

1b (—/—) mice from 14-21% to < 5% of the initially given dose
(Fig. 2 B). In each case, an immunoassay demonstrated that at
least 80% of the radioactivity recovered in bile represented
digoxin or closely related, pharmacologically active metabo-
lites (not shown). The results indicate that, in addition to the
mdrl-type P-gps, PSC833 must also inhibit another hepatic
transporter (or transporters) of [PH]digoxin. The remaining
level of biliary [*H]digoxin excretion (3.54.1% of adminis-
tered dose) could result either from incomplete inhibition of
these other transporters by PSC833, or from the presence of a
PSC833-resistant digoxin transporter. In this cannulation ex-
periment, plasma levels of [*H|digoxin in mdrla/Ib (—/—)
mice and in PSC833-treated mice were about twofold higher
after 90 min when compared with vehicle-treated wild-type
mice, in accordance with the diminished PH]digoxin excretion
capacity of these mice (Table I).

In rats, high-dose oral cyclosporin A (CsA) substantially
decreases bile salt and phospholipid output into bile as well as
the bile flow (F. Kuipers, personal communication; 34). As
PSC833 is a CsA analogue, we also tested these parameters in
the PSC833-treated mice. The parameters were not altered in
untreated mdrla/Ib (—/—) mice (17), indicating that direct in-
volvement of the mdr1-type P-gps in the measured processes is
unlikely. We determined bile salt and phospholipid excretion
as well as bile flow in wild-type mice pretreated with PSC833
or with cremophor alone. As shown in Table II, the PSC833
treatment did not significantly affect any of the measured pa-
rameters (P = 0.10), indicating that oral PSC833 treatment at
this dosage does not affect bile flow, bile salt transport, or
phospholipid excretion mediated by the mdr2 P-gp. Thus, it is
unlikely that alterations in bile composition or bile flow could
explain the observed decrease in hepatobiliary PH]digoxin ex-
cretion caused by PSC833.

To investigate to what extent orally administered PSC833
can also block P-gp activity in the blood-brain barrier, we de-
termined the brain distribution of [PH]digoxin 4 and 24 h after
intravenous administration to wild-type or mdrla/lb (—/—)
mice with or without pretreatment with PSC833. Table III
shows the plasma and brain concentrations obtained in this ex-
periment. Two factors complicate the interpretation of these
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Figure 2. Effect of PSC833 on intes-
B tinal and biliary [*H]digoxin excre-
tion in wild-type and mdrla/l1b

* (—/—) mice. (A) P-gp mediated in-
testinal excretion of [*H]digoxin in
anaesthetized mice with a ligated
common bile duct and a cannulated
gallbladder. 90 min after intrave-
nous injection of [*H]digoxin (0.05
mg/kg), intestinal contents were col-
lected. Black bars indicate the intes-
tinal excretion of vehicle-treated
mice; hatched bars show the excre-
tion in mice pretreated with oral

wild-type

PSC833 (50 mg/kg). Levels are ex-
pressed as percentage of the admin-

1a/1b (-})

istered dose (means=SD, n = 4). **P < 0.001 for each pair of columns. (B) Biliary excretion of [*H]digoxin. In the mice described in A4, bile was
collected over 90 min after the intravenous bolus injection of [*H]digoxin (0.05 mg/kg). Black bars indicate biliary excretion in vehicle-treated
mice, hatched bars show excretion in mice pretreated with oral PSC833 (50 mg/kg). Levels are expressed as percentage of the administered dose

(means*SD, n = 4). *P < 0.005; **P < 0.001 for each pair of columns.
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Table I. Plasma and Brain Levels of Radioactivity 90 min
After Intravenous Administration of [PH]digoxin to Mice with
a Cannulated Gallbladder

Table I11. Plasma and Brain Levels of Radioactivity 4 and 24 h
After intravenous Administration of [3H]digoxin to Mice
Pretreated with PSC833 or Vehicle Alone

Plasma Brain Ratio brain/plasma Plasma Brain Ratio brain/plasma
ng/ml ng/g ng/ml ng/g
Wild-type 21.2+3.8 1.1+04  0.052+0.021 4 h after injection
Wild-type + PSC833 479+13.0 10.6%3.3 0.22+0.09* Wild-type 11.7£5.0 0.7x04  0.060=0.043
mdrla/lb (—/-) 39.6+x51  21.1%7.1 0.53+0.19* Wild-type + PSC833 28.4+8.1 13.3%5.9 0.47+0.25*%
mdrla/lb (—/—) + PSC833 454*+11.2 14.7+2.6 0.32+0.10% mdrla/lb (—/—) 28.6+x1.4 47.8%7.8 1.67+0.28¢
mdrla/lb (—/—) + PSC833 353+4.6 264*14 0.75+0.11*
Results are means=SD (n = 4) in ng [*H]digoxin equivalent per ml or 24h .after injection
gram. Wild-type or mdrla/Ib (—/—) mice received oral PSC833 (50 mg/ W}ld—type 03+01  0.6*03 2.0x12
kg) or vehicle alone 2 h before intravenous injection of [*H]digoxin Wild-type + PSC833 34x29  95%11 2.8+2.4
(0.05 mg/kg). Statistical significance of difference from vehicle-treated mdrla/lb (—/—) 51%3.7 101.5+486  19.9x173
wild-type mice: *P < 0.02; P < 0.005; *P < 0.002. mdrla/lb (—/—) + PSC833 3.0+23 41.8+x11.2 13.9%113

data somewhat: PSC833 treatment or the absence of mdrl-
type P-gps in mdrla/Ib (—/—) mice resulted in higher plasma
concentrations of [*H]digoxin, about three-fold after 4 h, and
about ten-fold after 24 h relative to untreated wild-type mice.
This result is likely caused by the delayed elimination of
[*H]digoxin in mice without functioning mdrl-type P-gps. We
corrected for this effect by comparing brain/plasma ratios of
[*H]digoxin rather than absolute concentrations. The second
complication is evident from a comparison of the brain/plasma
ratios in mdrla/Ib (—/—) mice with or without PSC833 pre-
treatment (Table III): the presence of PSC833 decreased the
distribution of [*H]digoxin to the brain by about two-fold after
4h (P <0.001).

Nevertheless, it is clear from Table III that PSC833 treat-
ment increased the relative distribution of [PH]digoxin from
plasma to brain about eight-fold in wild-type mice, from 0.06
to 0.47 (4 h after [’H]digoxin injection). The absolute brain
concentration of [*H]digoxin was increased 19-fold. The result-
ing brain to plasma ratio (0.47) was 63% of that found in
PSC833-treated mdrla/Ib (—/—) mice (0.75), whereas the
plasma levels in these groups were comparable (28.4=8.1 vs.
35.3+4.6 ng/ml; see Table IIT). These data indicate that orally
administered PSC833 can extensively, albeit not completely,
inhibit P-gp-mediated [*H]digoxin transport in the blood-
brain barrier. Similar phenomena with respect to brain/plasma
distribution behavior were observed in the bile cannulation ex-

Table I1. Influence of PSC833 on Bile Flow and on Bile Acid
and Phospholipid Excretion Into Bile in Wild-type Mice

Vehicle PSC833
Bile acids (nmol/min/100 g) 415%+126 517+132
Phospholipids (nmol/min/100 g) 6813 73+31
Bile acid/phospholipid ratio 6.1*x1.1 7.7%£2.6
Bile flow (ul/min/100 g) 7.0=0.9 6.1x1.0

PSC833 was administered orally at 50 mg/kg 2 h before cannulation of
the gallbladder. As a control, mice received vehicle (cremophor EL)
alone at the same time schedule. Values given are means*SD (n = 8),
and expressed as units per min per 100 g of liver tissue.

Results are means*SD (n = 4) in ng [*H]digoxin equivalent per ml or g.
Wild-type or mdrla/lb (—/—) mice received oral PSC833 (50 mg/kg) or
vehicle alone 2 h before intravenous injection of [PH]digoxin (0.05 mg/
kg). Statistical significance of difference from vehicle-treated wild-type
mice: ¥*P < 0.02; P < 0.001.

periments, i.e., 90 min after intravenous [PH]digoxin adminis-
tration (Table 1).

The 24-h distribution data (Table III) indicate that, even
though the brain concentration of [*H]digoxin was about 16-
fold higher in PSC833-treated compared to vehicle-treated
wild-type mice (with an 11-fold higher plasma concentration),
this difference resulted in only a 1.4-fold increase in brain/
plasma ratio. At this time point, [*H]digoxin brain levels and
brain/plasma ratios were substantially higher in mdria/I1b (—/—)
mice with or without PSC833 treatment, and plasma or brain
levels did not differ significantly between vehicle- and PSC833-
treated mdrla/Ib (—/—) mice.

An obvious explanation for the strongly diminished effect
of PSC833 on the brain/plasma distribution ratio in wild-type
mice 24 h after [PH]digoxin administration could be that the
PSC833 plasma concentration had dropped below levels suffi-
cient to effectively inhibit P-gp activity in the blood-brain bar-
rier. Measurement of plasma PSC833 levels yielded concentra-
tions of 6-8 pwg/ml, 34 pg/ml, and 0.5-0.7 wg/ml at 0, 4, and 24 h,
respectively, after [*H]digoxin administration (i.e., 2, 6, and 26 h
after PSC833 administration; Fig. 3). Plasma PSC833 concen-
trations did not differ significantly between wild-type and
mdrla/lb (—/—) mice at these time points. If the optimal inhi-
bition of blood-brain barrier P-gp requires plasma PSC833
levels of at least 3 pwg/ml, this could well explain the results ob-
tained in Table III.

Interestingly, 6 h after PSC833 administration, brain/
plasma ratios for PSC833 itself did not differ significantly be-
tween wild-type and mdrla/Ib (—/—) mice, but 26 h after ad-
ministration PSC833 was nearly completely eliminated from
wild-type brain but not from mdrla/Ib (—/—) brain (Fig. 4).
Since the plasma levels at this time point were roughly compa-
rable, this suggests that mouse mdrl-type P-gp can transport
PSC833 to some extent, although probably not efficiently. This
is in line with the recent finding that in vitro, MDR1-trans-
fected polarized pig kidney cells transport PSC833, but only
with a low V. (Smith et al., manuscript submitted for publi-
cation).
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Figure 3. Plasma levels of PSC833 in wild-type and mdrla/lb (—/-)
mice. PSC833 plasma levels were determined by immunodetection at
2,6, and 26 h after oral PSC833 administration at 50 mg/kg (i.e., 0, 4,
and 24 h after intravenous [*H]digoxin administration at 0.05 mg/kg).
Black bars represent levels in wild-type mice, hatched bars represent
levels in mdrla/l1b (—/—) mice. Values depicted are means=SD
(n=4).

Discussion

This study documents two potentially important pharmacolog-
ical effects of an effective reversal agent: it shows that orally
administered PSC833 can completely inhibit the intestinal
P-gp-mediated excretion of [*H]digoxin, and it demonstrates
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Figure 4. Brain levels of PSC833 in wild-type and mdrla/lb (—/—)
mice. PSC833 plasma levels were determined by immunodetection at
2,6, and 26 h after oral PSC833 administration at 50 mg/kg (i.e., 0, 4,
and 24 h after intravenous [*H]digoxin administration at 0.05 mg/kg).
Black bars represent levels in wild-type mice, hatched bars represent
levels in mdrla/1b (—/—) mice. Levels are expressed in ng/g
tissue=SD (n = 4). *P < 0.02; **P < 0.001 for each pair of columns.
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that orally administered PSC833 can extensively inhibit P-gp
activity in the blood-brain barrier. In view of the significance
of P-gp activity in these prominent pharmacological barriers
for many different drugs, these findings may lead to several
pharmacological applications as discussed below. Our data fur-
ther indicate that oral PSC833 treatment can substantially in-
hibit the hepatobiliary [*H]digoxin excretion activity in the
liver that is probably partly mediated by mdr1-type P-gps, but
also by at least one other hepatic digoxin transporter (and pos-
sibly more).

Our previous work with mdria knockout mice has demon-
strated that the intestinal P-gp activity has a profound effect on
the efficiency and pattern of excretion of [*H]digoxin and pa-
clitaxel (27, 29); absence of intestinal (i.e., mdrla) P-gp sub-
stantially delays the elimination of PH]digoxin and paclitaxel
from the circulation, and it results in a major shift of
[*H]digoxin excretion from a predominantly fecal, to a pre-
dominantly urinary route. The fecal excretion of paclitaxel
dropped from 40% (intravenous administration) or 87% (oral
administration) in wild-type mice to < 3% in mdrla (—/—)
mice (29). Moreover, the oral bioavailability of paclitaxel in-
creased more than three-fold, from 11 to 35%, even after cor-
rection for the slower elimination of paclitaxel in mdria (—/—)
mice.

As the range of drugs that are substrates for P-gp is nearly
endless (2, 35), the phenomena observed for digoxin and pacli-
taxel will probably extend to a large number of other drugs, al-
beit to varying extents depending on the specific properties of
each drug and its handling by the organism. Given the domi-
nant pharmacological role of intestinal P-gp, we expect that
the possibility to inhibit its activity completely with an orally
administered reversal agent as demonstrated in this study will
have several pharmacological applications.

One of the most obvious applications is to increase the oral
bioavailability of drugs that are poorly or variably absorbed
because of P-gp activity in itself, or because of P-gp activity in
combination with intestinal cytochrome P450 activity. This
may resolve a major problem in pharmacology (36-39). In-
deed, recent experiments have shown that co-administration
of oral PSC833 increased the oral area under the plasma-time
curve (AUC) for paclitaxel in wild-type mice more than 10-
fold (40). In addition, Leu and Huang (41) demonstrated that
intravenous administration of the P-gp inhibitor quinidine
could increase absorption of the P-gp substrate drug etoposide
in a rat intestinal perfusion model. Clearly, further experi-
ments are needed to establish the relevance and applicability
of this principle in humans, and to determine for what drugs it
will apply.

The extensive inhibition of P-gp activity in the blood-brain
barrier by oral PSC833 treatment may also have consequences
for the pharmacological application of many drugs. In addition
to our [*H]digoxin results, Drion et al. (42) recently showed
that intravenous administration of PSC833 (at 10 mg/kg) could
increase the brain uptake of the P-gp substrates colchicine and
vinblastine about eight- to nine-fold in rats. Although the ab-
sence of P-gp negative control animals in this case did not al-
low an assessment of how effectively blood-brain barrier P-gp
was inhibited, the findings indicate that the effects we found
for [*H]digoxin also apply to other P-gp substrates. We have
previously demonstrated that P-gp activity in the blood-brain
barrier dramatically affects the toxic and behavioral effects of
at least three drugs in the central nervous system (CNS): iver-



mectin, domperidone, and loperamide (16, 26). In addition, we
found increased brain accumulation of many other drugs in
mdrla (—/—) mice, without extensively pursuing the potential
changes in CNS toxicity or pharmacodynamic effects (16, 25,
26). For the drug loperamide we demonstrated a qualitative
change in pharmacological effects, as its increased brain accu-
mulation in mdrla (—/—) mice turned it from a peripherally
active antidiarrheal drug into an opiate with strong morphine-
like activity in the CNS.

Thus, the feasibility of extensively inhibiting blood-brain
barrier P-gp activity by administering a reversal agent poses
both a potential risk and a window of pharmacological oppor-
tunity. The risk is clear: increased CNS toxicity of many differ-
ent drugs that normally hardly enter the brain owing to P-gp
activity. This risk may be further compounded by an increase
in plasma levels of the drug, as was already demonstrated in
many clinical trials (10). Current clinical trials aimed at treat-
ing multidrug resistant cancer using effective P-gp inhibitors
should thus be cautiously monitored for inadvertant CNS tox-
icity of any of the drugs concomitantly administered to the pa-
tients. For example, Didier and Loor (43) found that oral
coadministration of PSC833 increased the sensitivity of mice to
ivermectin more than tenfold, although this study did not mea-
sure directly whether the increase in toxicity was mainly due to
increased plasma levels, or increased brain/plasma ratios for
ivermectin.

The window of opportunity may be less obvious, as its real
potential still has to be investigated. A conceptually simple ap-
plication may be to improve chemotherapy of tumors in the
CNS that are effectively protected from cytotoxic agents in the
bloodstream by P-gp in the blood-brain barrier. Clearly, in this
application one should take great care to avoid drugs that are
intrinsically toxic to normal brain cells. Of perhaps more inter-
est, however, is the possibility to open the CNS to the thera-
peutic potential of drugs that normally do not enter the brain
because of efficient back-transport by P-gp, as was the case
with loperamide. In view of the amazing number and struc-
tural diversity of P-gp substrates (likely also including many
derivatized peptide and peptidomimetic drugs), we expect that
there will be many more compounds with potential therapeu-
tic properties in the brain that now cannot be applied clinically
as they do not enter the CNS because of P-gp (44). Using
proper precautions, coadministration of PSC833 or other ef-
fective P-gp inhibitors may circumvent this stumbling block,
and thus free an entire new range of drugs useful for combat-
ting CNS disorders.

It is as yet unclear by what mechanism PSC833 affects the
brain/plasma distribution of [*H]digoxin in mdria/Ib (—/—)
mice. It may increase the relative affinity of PH]digoxin for
components in plasma or blood, or it may decrease the relative
affinity of [*H]digoxin for the brain compartment (e.g., by
competing for [*H]digoxin-binding sites in the brain). It may
also affect the efficiency of uptake of PH]digoxin into brain
cells, for instance by changing the physical behavior of the
membranes, potentially resulting in a decreased capacity to al-
low permeation of the drug. Since PSC833 treatment also de-
creased the liver/plasma distribution ratio about two-fold in
mdrla/lb (—/—) mice (data not shown), the effect does not ap-
pear to be specific for the brain.

The inhibition of hepatobiliary [*H]digoxin excretion in
PSC833-treated mdrla/Ib (—/—) mice demonstrates that
PSC833, in addition to blocking the mdrl-type P-gps, also in-

hibits another [*H]digoxin transporter (or transporters) in
vivo. The identity of this transporter is as yet unknown, nor is
it clear whether it will transport other drugs, although we ex-
pect that it will. It is unlikely to be the canalicular multispecific
organic anion transporter, since this transporter is not effec-
tively inhibited by PSC833 (45). Whatever the nature of this
transporter, its inhibition by PSC833 may be useful for some
pharmacological purposes (e.g., increasing area under the
plasma-time curve for drugs), but it may also complicate phar-
macological interventions aimed at specifically inhibiting
mdrl-type P-gp activity. Moreover, oral PSC833 could not
completely inhibit blood-brain barrier P-gp activity, and it de-
creased the relative brain/plasma distribution of [PH]digoxin in
mdrla/Ib (—/—) mice. Depending on the specific pharmaco-
logical aims one has for the use of a reversal agent, we think
therefore that it will be useful to develop even better P-gp in-
hibitors with higher effectivity and/or specificity towards the
mdrl-type P-gps. The mdrla/1b knockout mice will provide a
helpful tool in the further characterization of such improved
P-gp inhibitors, and in the exploration of their pharmacologi-
cal application possibilities.
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