
B 1996 Stockton Press All rights reserved 0007-1188/96 $12.00 M

Inward transport of [3H]-1-methyl-4-phenylpyridinium in rat
isolated hepatocytes: putative involvement of a P-glycoprotein
transporter

1F. Martel, M.J. Martins, C. Hipolito-Reis & *1. Azevedo

Department of Biochemistry and *Institute of Pharmacology and Therapeutics, Faculty of Medicine, 4200 Porto, Portugal

1 The liver has an important role in the detoxification of organic cations from the circulation. [3H]-1-
methyl-4-phenylpyridinium ([3H]-MPP+), a low molecular weight organic cation, is efficiently taken up
and accumulated by rat hepatocytes through mechanisms partially unknown.
2 The aim of the present work was to characterize further the uptake of MPP+ by rat isolated
hepatocytes. The putative interactions of a wide range of drugs, including inhibitors/substrates of P-
glycoprotein, were studied.
3 The uptake of MPP+ was investigated in rat freshly isolated hepatocytes (incubated in Krebs-
Henseleit medium with 200 nM [3H]-MPP+ for 5 min) and in the rat liver in situ (perfused with Krebs-
Henseleit/BSA medium with 200 nM [3H]-MPP+ for 30 min). [3H]-MPP+ accumulation in the cells and
in tissue was determined by liquid scintillation counting.
4 Verapamil (100 gM), quinidine (100 gM), amiloride (1 mM), (+)-tubocurarine (100 gM), vecuronium
(45 gM), bilirubin (200 gM), progesterone (200 gM), daunomycin (100 gM), vinblastine (100 gM),
cyclosporin A (100 gM) and cimetidine (100 gM) had a significant inhibitory effect on the accumulation
of [3H]-MPP+ in isolated hepatocytes. Tetraethylammonium (100 gM) had no effect.
5 In the rat perfused liver, both cyclosporin A (100 gM) and verapamil (100 gM) had much less marked
inhibitory effects as compared to their effects on isolated hepatocytes (0% against 35% and 45% against
96% of inhibition, respectively).
6 Inhibition of alkaline phosphatase activity by increasing or decreasing the pH of the incubation
medium or by the presence of vanadate (1 mM) or homoarginine (500 gM) led to a significant increase in
the accumulation of [3H]-MPP+ in isolated hepatocytes.
7 It was concluded that, in addition to the type I organic cation hepatic transporter, [3H1-MPPl is
taken up by rat isolated hepatocytes through P-glycoprotein, a canalicular transport system that usually
excretes endobiotics and xenobiotics. We proposed that the reversal of transport through P-glycoprotein
may be related to the loss of efficiency of alkaline phosphatase in isolated hepatocytes.
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Introduction

As charged compounds, organic cations cannot freely diffuse
through biological membranes. To be imported into or ex-
ported from cells or organisms they use more or less specific
membrane-bound transport systems. Detoxification of organic
cations from the circulation of complex organisms is usually
accomplished by the kidney (Rennick, 1981) and the liver
(Klaassen & Watkins, 1984).

1-Methyl-4-phenylpyridinium (MPP+), a low molecular
weight organic cation and the neurotoxic metabolite of 1-me-
thyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), is efficiently
taken up and accumulated by rat hepatocytes (Di Monte et al.,
1987; Singh et al., 1988; Martel et al., 1995). However, the
mechanisms involved in the hepatic uptake of MPP+ remain
partially unknown. Recently, Martel et al. (1996b) performed a
study on the characteristics of the inward transport of [3H]-
MPP+ in rat cultured hepatocytes. It was shown that [3H]-
MPP+ is efficiently taken up by cultured hepatocytes by a
carrier-mediated mechanism with kinetic and pharmacological
characteristics similar to those of a recently cloned renal
transporter for organic cations (OCTl) (Grundemann et al.,
1994). Curiously enough, the kinetic and pharmacological
characteristics of [3H]-MPP+ uptake by rat isolated hepato-
cytes (Martel et al., 1996a) are not identical with those of
cultured hepatocytes (higher Km, lower cell:medium ratios,
lower sensitivity to cyanine863 and decynium22).

' Author for correspondence.

When incubated as a cell suspension, hepatocytes contact
with the medium through all their membrane extent, including
the apical (bile canalicular) membrane. As this apical mem-
brane is endowed with P-glycoprotein (Fojo et al., 1987; Smit
et al., 1993), a polyspecific transporter (Gottesman & Pastan,
1993) which also accepts organic cations (Dutt et al., 1994), the
putative involvement of P-glycoprotein in the uptake of [3H]-
MPP+ by isolated hepatocytes was considered.

The aim of the present work was thus to characterize fur-
ther the uptake of [3H]-MPP+ by rat isolated hepatocytes,
namely by investigating the putative interactions of a wide
range of drugs, including inhibitors/substrates of P-glycopro-
tein.

Methods

Isolation of rat hepatocytes

Male Wistar rats (Bioterio do Instituto Gulbenkian de Ciencia,
Oeiras) 50 - 70 days old and weighing 200- 300 g were used in
the experiments. Animals were kept two per cage under con-
trolled environmental conditions (12 h light/dark cycle and
room temperature 240C). Food and tap water were allowed ad
libitum. Hepatocytes were isolated according to a procedure
described previously (Martel et al., 1993) with a modification
in the composition of the initial liver perfusion medium (buffer
A) which contained in addition 0.6 mM EGTA. Isolated cells
were finally collected in ice-cold Krebs-Henseleit medium
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containing (in mM): NaCl 137, KCl 5.37, NaHCO3 25, (+)-
glucose 11, KH2PO4 1.18, MgSO4 0.57, CaCl2 2.51, ascorbic
acid 0.3 and Na2EDTA 0.04, pH 7.4. Cell viability was de-
termined by Trypan Blue exclusion (0.16%). Preparations with
70-75% viable cells were used.

Uptake of [3H]-MPP+ into hepatocytes

Cells were diluted in Krebs-Henseleit medium to a final con-
centration of 2-3 x 106 cells ml-'. Cell suspension (1 ml) was
incubated at 370C under continuous shaking and gassing with
95% 02 and 5% CO2. After a 5 min preincubation period,
incubation with [3H]-MPP+ was started by adding 1 ml
Krebs-Henseleit medium containing [3H]-MPP+ to the sus-
pension. The final concentration of [3H]-MPP+ in the in-
cubation medium was 200 nM. Incubation was stopped after
5 min (to measure initial rates of uptake-see Martel et al.,
1996a) by rapid filtration through Whatman cellulose nitrate
membrane filters (25 mm diameter, 0.8 ,um pore size), result-
ing in separation of the cells (retained in the filters) from the
incubation medium. The filters were washed twice with 4 ml
ice-cold Krebs-Henseleit medium, and placed in 2 ml per-
chloric acid 0.2 M. Radioactivity remaining on the filters was
determined by liquid scintillation counting. Blanks were sub-
mitted to the same conditions but contained no hepatocytes.
The final concentration of viable hepatocytes and the protein
content in one sample of the cell suspension carried through-
out the experiment were used to express the results. When the
effect of drugs was tested these compounds were present
during both the preincubation and incubation periods.

Effect of ionic composition of the incubation medium To
study the effect of sodium on [3H]-MPP+ uptake, cells
were preincubated and incubated in NaCl-free Krebs-Hen-
seleit medium. The composition of the NaCl-free Krebs-
Henseleit medium was the same as the Krebs-Henseleit
medium except that NaCl (corresponding to 137 mM) was
replaced isotonically either with lithium chloride or choline
chloride.

Inhibition of alkaline phosphatase Alkaline phosphatase was
inhibited by increasing or decreasing the pH of the incubation
medium or by the presence of homoarginine or vanadate. To
determine the effect of various pHs of the extracellular medium
on the uptake of [3H]-MPP+, cells were preincubated and in-
cubated in Krebs-Henseleit medium in which the pH was
varied by a dropwise addition of HCl 1 M or TRIS/EDTA
buffer (1.5 M, pH 9.7).

Effect of metabolic inhibitors The effect of 2,4-dinitrophenol
(500 tiM) was studied in the presence and in the absence of
glucose (glucose being isotonically replaced by sucrose).

Protein determination

Proteins were determined as described by Lowry et al. (1951),
with human serum albumin as a standard.

Uptake of [3H]-MPP+ into the rat perfused liver

Male Wistar rats weighing 200-300 g (Bioterio do Instituto
Gulbenkian de Ciencia, Oeiras) were anaesthetized with so-
dium pentobarbitone (50 mg kg-', i.p.) and given 1000 iu
heparin, i.p.. The portal vein and vena cava were cannulated,
and the liver was then perfused in situ (via the portal vein), in a
non-recirculating system at 37°C, with Krebs-Henseleit med-
ium pH 7.4 with 0.25% (w/v) bovine serum albumin. The flow
rate was kept constant at 10 ml min-' throughout the ex-
periment by means of a peristaltic pump (Cole-Parmer In-
struments Co., Niles, Illinois, U.S.A.). All areas of the liver
were perfused as verified by visual inspection.

The livers were initially equilibrated with [3H]-MPP+-free
Krebs-Henseleit/BSA medium for 10 min. [3H]-MPP+

(200 nM) was then added to the perfusion medium for 30 min.
At the end of the perfusion with [3H]-MPP+, the liver was
rapidly perfused (± 15 s) with 20 ml of Krebs-Henseleit med-
ium at 4°C and subsequently tissues samples from 4 different
regions of the liver were removed, cut into small pieces,
weighed and placed in 4 ml perchloric acid 0.2 M. Radio-
activity remaining in the tissue was measured by liquid scin-
tillation counting.
When the effect of drugs was tested, the compounds were

present throughout the experiment.

Calculations and statistics

Results are expressed as arithmetic means (+s.e.mean); n in-
dicates the number of experiments.

The cell:medium ratio (C/M) for [3H]-MPP+ at the end
of the incubation period was calculated on the basis of [3H]-
MPP+ accumulation in hepatocytes, the hepatocyte weight
(4.5 mg per 106 cells) and the concentration of [3H]-MPP+
in the incubation medium, as described by Martel et al.
(1993).

Statistical significance of the differences between various
groups was evaluated by one-way analysis of variance (AN-
OVA test) followed by the Newman-Keuls test. For compar-
ison between two groups, Student's t test was used. Differences
were considered to be significant when P< 0.05.

Drugs used

[3H]-MPP+ (N-[methyl-3H]-phenylpyridinium acetate; specific
activity 84.0 Ci mmol-1) (New England Nuclear Chemicals,
Dreieich, Germany); bilirubin, DMSO (dimethylsulphoxide)
(Merck, Darmstadt, Germany); cyclosporin A (Sandimmun,
Sandoz Farma SA, Basel, Switzerland); MPP+ (1-methyl-4-
phenylpyridinium iodide) (Research Biochemicals Interna-
tional, Natick, MA, U.S.A.); (+ )-tubocurarine chloride
(Koch-Light Laboratories Ltd., Colnbrook, Bucks, U.K.);
verapamil hydrochloride (Knoll AG, Ludwigshafen, Ger-
many); ammonium vanadate (May & Baker Ltd, Dagenham,
U.K.); vecuronium bromide (Organon Teknika B.V., Boxtel,
Holland); amiloride hydrochloride, bovine serum albumin,
cimetidine, collagenase type I, daunomycin hydrochloride, 2,4-
dinitrophenol, EGTA (ethyleneglycol-bis-(,B-amino ethyl
ether) N,N,N',N'-tetraacetic acid), homoarginine hydro-
chloride, ouabain octahydrate, progesterone, quinidine sul-
phate, sodium taurocholate, tetraethyl-ammonium bromide,
trypan blue, vinblastine sulphate (Sigma, St. Louis, MO,
U.S.A.). Amiloride, 2,4-dinitrophenol and ouabain were dis-
solved in DMSO and progesterone was dissolved in ethanol,
the final concentration of these agents in the incubation media
was 70 and 86 mmol I`, respectively. Cyclosporin A was
dissolved in olive oil. Controls for each drug were run in the
presence of its correspondent solvent.

Results

Uptake of [3H]-MPP+ by rat isolated hepatocytes

The accumulation of [3H]-MPP+ in rat hepatocytes incubated
at 37°C for 5 min with 200 nM [3H]-MPP+ amounted to
10.57 + 1.32 pmol mg- protein (n = 21). This quantity of [3H]-
MPP+ in cells corresponded to a cell/medium (C/M) ratio of
17.4 (n = 21). When cells were incubated with [3H]-MPP+
(200 nM) at 4°C, the accumulation of [3H]-MPP+ was almost
abolished (reduced to 0.55 + 0.55% of control at 37°C;
P<0.05; n= 3).

Effect of drugs The effect of several substrates/inhibitors of
hepatic transporters for cationic drugs (type I and type II) and
of P-glycoprotein on [3H]-MPP+ uptake was studied.

Verapamil, quinidine (100 gM) and amiloride (1 mM)
markedly reduced the accumulation of [3H]-MPP+ (to 4, 0 and
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0% of control, respectively). The monovalent low molecular
weight cation, tetraethylammonium (TEA) (100 gUM), had no
significant effect on [3H]-MPP+ accumulation, whereas the
bulky bivalent cations (+)-tubocurarine (100 uM) and vecur-
onium (45 gM), significantly reduced [3H]-MPP+ content in
hepatocytes (to 8 and 45% of control, respectively) (Figure 1).

Bilirubin, progesterone (200 gM) and daunomycin (100 MM)
caused a large reduction in the accumulation of [3H]-MPP+ (to
19, 7% and 1% of control, respectively). Likewise, vinblastine,
cyclosporin A and cimetidine (100 gM) reduced [3H]-MPP+
accumulation significantly (to 47, 65 and 50% of control, re-
spectively) (Figure 2). The solvent of cyclosporin A (olive oil)
had no effect on the uptake of [3H]-MPP+ (data not shown).
On the other hand, the bile salt, taurocholate (100 UM), or
ouabain (10 gM) did not affect the inward transport of [3H]-
MPP+ (Figure 2).

Effect of ionic composition of the incubation medium The ef-
fect of sodium ions in the incubation medium was studied, in
experiments where sodium chloride (in the preincubation and
incubation media) was replaced isotonically with either choline
chloride or lithium chloride. When sodium was replaced by
choline, the accumulation of [3H]-MPP+ was strongly reduced
(to 20% of control). However, when sodium was replaced by
lithium, no reduction was observed (Figure 3).

Effect of inhibition of alkaline phosphatase Alkaline phos-
phatase was inhibited by increasing or decreasing the pH of the
incubation medium. As shown in Figure 4, [3H]-MPP+ content
in the cells was significantly increased when the pH of the
preincubation and incubation media was either lower (pH 6.2)
or higher (pH 7.8 or 8.2) than in control experiments (pH 7.4).
When the hepatocytes were incubated in the presence of
homoarginine (500 gM) or vanadate (1 mM), inhibitors of al-
kaline phosphatase, [3H]-MPP+ accumulation was sig-
nificantly increased (Figure 5). The viability of hepatocytes was
not affected by pH changes.

Effect of metabolic inhibitors In order to determine the en-
ergy-dependence of the inward transport of [3H]-MPP+ into
hepatocytes, the effect of 2,4-dinitrophenol (500 gM) was stu-
died. When glucose was present in Krebs-Henseleit medium,
2,4-dinitrophenol showed no effect on the accumulation of
[3H]-MPP'. However, in glucose-free Krebs-Henseleit medium
(glucose being isotonically replaced by sucrose), 2,4-
dinitrophenol significantly reduced [3H]-MPP+ accumulation

(to 45% of control; P<0.05; n=5; control 11.22+
3.68 pmol mg'- protein, n=4).

Uptake of [3H]-MPP+ by the rat perfused liver

The accumulation of [3H]-MPP+ in rat livers perfused at 370C
for 30 min with 200 nM [3H]-MPP+ amounted to
1122.0 + 97.9 pmol g'-l (n = 4). Verapamil (100 gM) reduced
the accumulation of [3H]-MPP+ in the liver to 55% of control.
On the other hand, cyclosporin A (100 gM) had no effect on
the accumulation of [3H]-MPP+ (Figure 6).
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the absence or presence of drugs. Results are shown as percentage of
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11.33+1.21pmolmg-1 protein for bilirubin, daunomycin, vinblas-
tine, cimetidine and sodium taurocholate, n = 5; 8.68 + 1.19 pmol
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Figure 1 Effect of verapamil I00Mm (Ver; n = 4), quinidine l00Mm
(Qui; n = 3), amiloride 1 mm (Amil; n = 4), tetraethylammonium
100M (TEA; n=5), (+)-tubocurarine 100lM (Tc; n=3) and
vecuronium 45yM (Vec, n=5) on [3H]-MPP+ accumulation in rat
hepatocytes. Cells were incubated at 370C with 200nM [3H]-MPP+
for 5min, in the absence or presence of drugs. Results are shown as
percentage of control (100%) value (arithmetic means+s.e.mean)
(control 11.33+1.21pmolmg-1 protein; n=5). *Significantly differ-
ent from control (P<0.05).
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Figure 3 The effect of sodium on [3H]-MPP+ accumulation in
rat hepatocytes. Cells were incubated at 370C with 200 nM [3H]-
MPP+ for 5min. Sodium chloride in the Krebs-Henseleit medium
was replaced by either lithium chloride (Li; n = 6) or choline chloride
(Choline; n = 4). Results are shown as percentage of control (I00%?
value (arithmetic means+s.e.mean) (control 12.60+1.69pmolmg-
protein, n=6). *Significantly different from control (P<0.05).
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Figure 5 Effect of homoarginine 500 gM (HA; n = 5) and vanadate
1 mm (Van; n =5) on [3H]-MPP + accumulation in rat hepatocytes.
Cells were incubated at 370C with 200 nm [3H]-MPP+ for 5min, at
pH 7.4, in the absence or presence of drugs. Results are shown as
percentage of control (100%) value (arithmetic means+s.e.mean)
(control 10.42 + 1.48 pmol mg-' protein, n = 5). *Significantly differ-
ent from control (P<0.05).
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Figure 6 Effect of verapamil 100yM (Ver; n=4) or cyclosporin A
O00Mm (Cyc; n =4) on [3H]-MPP+ accumulation in rat perfused liver.

Livers were perfused with 200 nm [3H]-MPP+ at 370C for 30min.
Results are shown as percentage of control (100%) value (arithmetic
means+s.e.mean) (control 1122.0+97.9pmolg-' for verapamil,
n = 4; 1038.6 + 138.6 pmol g- 1 for cyclosporin A, n = 3). *Significantly
different from control (P<0.05).

The liver plays a critical role in the elimination of a number of
cationic endobiotics and xenobiotics. A variety of recent stu-
dies on the hepatic handling of organic cations suggest that
multiple mechanisms, with overlapping substrate specificies,
are responsible for the basolateral uptake of organic cations.
Meijer et al. (1990) and Oude Elferink et al. (1995) proposed at
least 6 different mechanisms: sodium-driven choline and thia-
mine transporters, a N-methyl-nicotinamide/proton antiport,
adsorptive endocytosis and two sodium-independent carrier-
mediated processes (type I and type II). The type I uptake
system for cationic drugs accepts relatively small monovalent
organic cations, such as procainamide ethobromide and tet-
raethylammonium. The type II system accepts mostly bivalent
organic cations with bulky ring structures, such as vecuronium
and (+ )-tubocurarine. The uptake of compounds via the type
II system is greatly inhibited by K-strophanthoside and taur-
ocholate, whereas the type I uptake is not affected by such
compounds. Furthermore, the uptake into hepatocytes of type
I compounds is inhibited by type II compounds, but the re-
verse does not occur (Meijer et al., 1990).

Rat hepatocytes are known to take up and accumulate
[3H]-MPP+ through a system which transports small organic
cations, identical with the renal basolateral transporter for
organic cations (OCTI) (GrUndemann et al., 1994; Martel et
al., 1996b). This system seems to be identical with the
transport mechanism that has been referred to as the type I
hepatic transport system for cationic drugs (Martel et al.,
1996b).

The results presented here show that [3H]-MPP+ uptake by
rat isolated hepatocytes is sodium-independent and inhibited
by a quantity of other cations, such as cimetidine, verapamil,
quinidine, amiloride, including bulky ring molecules as (+)-
tubocurarine and vecuronium. These large organic cations
((+)-tubocurarine and vecuronium) are not taken up by the
type I hepatic transporter, but are substrates of the hepatic
transporter type II, and are known to inhibit the type I
transporter of organic cations (Meijer, 1989; Meijer et al.,
1990). Moreover, taurocholate and ouabain, inhibitors of the
hepatic type II system (Meijer et al., 1990), had no significant
effect on the uptake of [3H]-MPP+ by rat isolated hepatocytes.
Furthermore, [3H]-MPP+ was inhibited by a rather high con-
centration (137 mM) of the endogenous cation, choline. The
hepatic uptake of procainamide ethobromide (type I) was also
inhibited by choline (Eaton & Klaassen, 1978), whereas that of
vecuronium (type II) was not affected by choline (Mola et al.,
1988). Together, these results support the hypothesis of [3H]-
MPP+ being taken up by rat hepatocytes through the type I
system.
An energy requirement for transport of [3H]-MPP+ into

hepatocytes is likely as we have shown that the combination of
an uncoupler of oxidative phosphorylation with glucose re-
moval from the incubation medium significantly decreased the
uptake of [3H]-MPP+.
On the other hand, a variety of drugs which are known to be

inhibitors or substrates of P-glycoprotein, such as bilirubin,
progesterone, cyclosporin A, daunomycin and vinblastine
(Gottesman & Pastan, 1993; Sikic et al., 1994), significantly
reduced the accumulation of [3H]-MPP+ by isolated hepato-
cytes. Furthermore, verapamil and quinidine, which are also
inhibitors of P-glycoprotein (Gottesman & Pastan, 1993; Sikic
et al., 1994) inhibited [3H]-MPP+ accumulation in isolated
hepatocytes more potently than some other cations (see Figure
1) and taurocholate, known to be devoid of effects on P-gly-
coprotein (Hsing et al., 1992; Mazzanti et al., 1994), had no
effect.

P-glycoprotein, or the multi-drug resistance gene (MDR)
product, was first described as a transmembrane protein in
tumour cells conferring on them resistance to a broad range of
cytotoxic compounds (Gottesman & Pastan, 1993). Sub-
sequent investigation showed that P-glycoprotein is not a un-

ique entity but instead a family of related transporters, existing
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also in normal tissues such as the kidney, intestine and liver
(Fojo et al., 1987; Buschman et al., 1994). In the liver, the P-
glycoprotein is confined to the apical (bile canalicular) mem-
brane, where it is known to excrete phospholipids into the bile
(Smit et al., 1993).

Our results, showing a reduction in the accumulation of
[3H]-MPP+ by such a wide variety of drugs which have in
common their ability to inhibit or to be transported by P-
glycoprotein, are strongly suggestive of the involvement of this
transport protein in the uptake of [3H]-MPP+ by isolated he-
patocytes. Indeed, inhibition of transport by verapamil, cy-
closporin A, daunomycin and vinblastine, is usually considered
to indicate the participation of P-glycoprotein in that transport
(Horio et al., 1989; Kamimoto et al., 1989; Karlsson et al.,
1993; Thalhammer et al., 1994; Pan et al., 1994). Furthermore,
secretion of vincristine, daunomyin and acridine orange into
the bile through P-glycoprotein has been demonstrated pre-
viously (Kamimoto et al., 1989; Watanabe et al., 1992; Thal-
hammer et al., 1994).

In the perfused liver [3H]-MPP+ is offered to the hepato-
cytes only through the baso-lateral membrane. It is interesting
that under these conditions (liver perfusion) verapamil was
much less efficient in reducing [3H]-MPP+ uptake (to 55% of
control) than in the isolated hepatocytes (where it reduced
uptake to 4% of control). On the other hand, cyclosporin A
which significantly reduced uptake in the isolated hepatocytes
(to 65% of control) had no effect in the perfused liver. These
results add strong support to our hypothesis of P-glycoprotein
activity in the apical membrane of isolated hepatocytes. Then,
how can it be explained that a transport protein which usually
exports drugs from cells is actually taking up [3H]-MPP'?

Although some published results with cultured cells could
be interpreted as indicating bidirectional transport through P-
glycoprotein (Horio et al., 1989; Karlsson et al., 1993), that
fact has not been discussed by the authors.

As P-glycoprotein activity can be regulated through phos-
phorylation (Mellado & Horwitz, 1987; Chambers et al., 1990;
Staats et al., 1990; Ma et al., 1991; Bates et al., 1992), and liver
alkaline phosphatase has been shown to dephosphorylate
phosphoproteins of the liver plasma membranes (Chan &
Stinson, 1986), the hypothesis that the alkaline phosphatase,
for dephosphorylating P-glycoprotein in isolated hepatocytes,
is impaired has been raised.

Alkaline phosphatase is an enzyme anchored in the apical
membrane of cells that possess P-glycoprotein (Moss, 1982;
1992; Robinson & Karnovsky, 1983; Fojo et al., 1987; Vor-
brodt & Trowbridge, 1991). All these cells - intestinal epi-

thelium, kidney proximal tubules, hepatocytes, blood-brain
barrier, placenta - are lining surfaces endowed with intense
transport activities (secretion and absorption). Alkaline
phosphatase could thus impart directionality to the transport
activity of P-glycoprotein. Isolated hepatocytes obviously lose
their polarity, and it seems plausible that diffusion of proteins
along a larger membrane extent could lead to a decrease of
efficiency of alkaline phosphatase toward dephosphorylation
of P-glycoprotein. In agreement with our hypothesis, we
verified that uptake of [3H]-MPP+ was significantly increased
in the presence of inhibitors of alkaline phosphatase, homo-
arginine (Lin & Fishman, 1972) and vanadate (Chan &
Stinson, 1986; Becq et al., 1994; Bonet et al., 1994). More-
over, increasing or decreasing the pH of the incubation
medium resulted also in an increase in the cellular accumu-
lation of [3H]-MPP'. It is known that P-glycoprotein-medi-
ated transport is not dependent on extracellular pH
(Altenberg et al., 1993; Dutt et al, 1994; Zacherl et al., 1994),
the same applying to OCTI (type I)-mediated transport
(GrUndemann et al., 1994). On the other hand, the activity of
alkaline phosphatase is pH-dependent, with optimal activity
of human purified liver alkaline phosphatase having been
observed at a pH of 7.8 (Chan & Stinson, 1986). It seems
possible that in isolated hepatocytes alkaline phosphatase
may dephosphorylate P-glycoprotein with lesser efficiency
than in in vivo conditions. In line with this hypothesis, the
results obtained with increased or decreased pH would be due
to further impairment of alkaline phosphatase activity, re-
inforcing the inward direction of [3HJ-MPP+ transport
through P-glycoprotein.

Hence, we propose that [3H]-MPP+ is taken up by isolated
hepatocytes through P-glycoprotein as well as the type I ca-
tion hepatic transporter. That canalicular transport system
usually excretes endobiotics and xenobiotics but may, under
pathological circumstances, take up the same type of sub-
stances.
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