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Abstract

Ž .The present study examined how the multidrug resistance protein MRP1 , which is an ATP-dependent anionic conjugate transporter,
Ž .also mediates the transport of reduced glutathione GSH and the co-transport of the cationic drug, daunorubicin, with GSH in living

GLC4rAdr cells. To obtain information on the affinity of GSH for the multidrug resistance protein in GLC4rAdr cells, we investigated
the GSH concentration dependence of the ATP-dependent GSH efflux. The intracellular GSH concentration was modulated by
preincubation of the cells with 25 mM buthionine sulfoximine, an inhibitor of GSH synthetase, for 0–24 h. The transport of GSH was
related to the intracellular GSH concentration up to ;5 mM and then plateaued. Fitting of the obtained data according to the
Michaelis–Menten equation revealed a K of 3.4"1.4 mM and a V of 1.5"0.2=10y18 molrcellrs. The ATP-dependent transportm max

Žw� Ž w x . 4 �Ž . 4 x .of GSH was inhibited by 3- 3- 2- 7-chloro-2-quinolinyl ethenyl phenyl - 3-dimethylamino-3-oxopropyl -thio -methyl thio propanoic
Ž .acid MK571 , with 50% inhibition being obtained with 1.4 mM MK571. We investigated the GSH concentration dependence of the

MRP1-mediated ATP-dependent transport of daunorubicin under conditions where the transport of daunorubicin became saturated. The
daunorubicin transport was related to the intracellular GSH concentration up to ;5 mM and then plateaued. We were therefore in the
situation where GSH acted as an activator: its presence was necessary for the binding and transport of daunorubicin by MRP1. However,
GSH was also transported by the multidrug resistance protein. The concentration of GSH that gave half the maximal rate of daunorubicin
efflux was 2.1"0.8 mM, very similar to the K value obtained for GSH. In conclusion, the rate of daunorubicin efflux, underm

conditions where the transport of daunorubicin became saturated, and the rate of GSH efflux determined at any intracellular concentration
of GSH were very similar, yielding a 1:1 stoichiometry with respect to GSH and daunorubicin transport. These results support a model in
which daunorubicin is co-transported with GSH. q 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The MRP1-encoded multidrug resistance protein
Ž .MRP1 and the multidrug resistance-encoded resistance

Ž .protein P-glycoprotein are both plasma membrane trans-
porters thought to be responsible in part for the resistance

Žof tumor cells to multiple chemically unrelated drugs Cole
.et al., 1992; Bradley et al., 1998 . Both proteins cause

resistance to a broad spectrum of anticancer drugs such as
anthracyclines, vinca alkaloids and epipodophyllotoxins
Ž .Grant et al., 1994; Zaman et al., 1994 , which suggests
that these drugs belong to classes of overlapping sub-
strates. However, cMOATrMRP2, which is the major
organic anion transporter in the canalicular membrane of
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hepatocytes, has been shown to be overexpressed in cancer
cell lines resistant to cisplatin, doxorubicin, vincristine and

Žetoposide Cui et al., 1999; Belinsky and Kruh, 1999;
.Kawabe et al., 1999 . The three proteins belong to the
Ž .ATP-binding cassette ABC superfamily, which are known

to be dependent on ATP hydrolysis for the translocation of
Ž .substrates across membranes Higgins, 1992 .

The ABC family of drug transporters can be divided
into two major clusters: the P-glycoprotein cluster and the
MRP cluster. The important difference between the two
classes of proteins is the role of glutathione: the depletion

Ž .of intracellular glutathione GSH has no effect on the
ŽP-glycoprotein-mediated transport of drugs Versantvoort

.et al., 1995 , but inhibits the MRP1-mediated transport of
Ž .drugs Versantvoort et al., 1995 . MRP1 is an organic

transporter able to transport glutathione conjugates, such as
dinitrophenyl glutathione. However, it was found at an
early stage that MRP1 was able to transport non-anionic
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drugs, such as anthracyclines, vinca alkaloids, epipodo-
Žphyllotoxins Zaman et al., 1995; Marbeuf-Gueye et al.,

.1998 . Attempts to detect derivatives of these drugs conju-
Žgated to an anionic ligand glutathione, glucuronic acid,

.sulphate have remained unsuccessful and the consensus
now is that these drugs are transported as such. Thus, it

Ž .has been demonstrated i that etoposide is co-transported
Ž . Ž .with GSH Rappa et al., 1997 , ii that unmodified vin-

cristine is transported by MRP1 but only in the presence of
Ž .physiological concentrations of GSH Loe et al., 1996 ,

Ž .and iii that MRP1-mediated daunorubicin transport is
Ždependent on the concentration of GSH Renes et al.,

.1999 . However, these experiments did not answer the
question of whether GSH is an activator or a co-trans-
ported substrate.

In this study, using GLC4rAdr cells overexpressing
MRP1, we examined the MRP1-mediated efflux of
daunorubicin as a function of the intracellular GSH con-
centration, as well as the MRP1-mediated export of GSH
in the presence and absence of daunorubicin. Our data
show an ATP-dependent efflux of GSH which does not

Ž .depend on the presence of the drug -10 mM and an
ATP-dependent and GSH-dependent efflux of daunoru-
bicin with a 1:1 stoichiometry with respect to GSH and
daunorubicin transport. These results support a model in
which daunorubicin is co-transported with GSH.

2. Materials and methods

2.1. Cell culture

ŽGLC4 and MRP1-expressing GLC4rADR cells Zijlstra
.et al., 1987 , as well as K562 leukemia cells and P-glyco-

Žprotein expressing K562rADR cells Lozzio and Lozzio,
. Ž .1975 were cultured in RPMI 1640 Sigma, St. Louis, MO

Žmedium supplemented with 10% fetal calf serum Bio-
.media, Boussens, France at 378C in a humidified incuba-

tor with 5% CO . The resistant K562rADR and GLC4r2

ADR cells were cultured with 400 nM or 1.2 mM doxoru-
bicin, respectively, until 1–4 weeks before the experi-
ments. Cell cultures used for experiments were split 1:2 a
day before use in order to assure logarithmic growth.

2.2. Drugs and chemicals

Purified doxorubicin and daunorubicin were kindly pro-
vided by Laboratoire Pharmacia–Upjohn. Concentrations
were determined by diluting stock solutions to approxi-
mately 10y5 M with ´ s11,500 My1 cmy1. Stock480

w Žsolutions were prepared just before use. 2- 4- diphenyl-
. x Žmethyl - 1 -piperazinyl ethyl -5 - trans-4,6- dimethyl - 1,3,2-

. Ž .dioxaphosphorinan- 2 -yl -2,6 -dimethyl -4- 3-nitrophenyl -
Ž .3-pyridinecarboxylate P oxide PAK-104P was a gift from

ŽDr. Shudo, Dr. Iwasaki and Dr. Akiyama Nissan Che-
. Žw� Ž w xmical Industries, Japan . 3- 3- 2- 7-chloro-2-quinolinyl -

. 4 �Ž . 4ethenyl phenyl - 3 - dimethylamino - 3 - oxopropyl - thio -
x . Ž .methyl thio propanoic acid MK571 was provided by Dr.

ŽR.N. Young Merck–Frosst Centre for Therapeutic Re-
.search, Pointe Claire, Dorval, Quebec, Canada . Triton

X-100 was from Sigma and was dissolved in water. Re-
Ž .duced GSH, glutathione disulfide GSSG , glutathione

Ž . Ž .transferase from equine liver GSH , L-buthionine- S, RT
Ž .sulphoximine BSO , and avicin were from Sigma.

ŽMonochlorobimane was from Molecular Probes Eugene,
.OR . Before the experiments, the cells were counted,

centrifuged and resuspended in HEPES buffer solutions
containing 20 mM HEPES plus 132 mM NaCl, 3.5 mM
KCl, 1 mM CaCl , 0.5 mM MgCl at pHs7.3, with or2 2

without 5 mM glucose. All other reagents were of the
highest quality available. Deionized double-distilled water
was used throughout the experiments.

2.3. Free GSH measurement

In order to quantify free GSH, either inside the cells or
the amount released in the extracellular medium, an enzy-
matic method was used. Several fluorescent probes have
been used for GSH measurements and especially for flow
cytometric GSH measurements, but in recent years,
monochlorobimane has become the reagent of choice.
Monochlorobimane, itself non-fluorescent, is conjugated to
GSH by glutathione S-transferase to yield a fluorescent

Ž .adduct Fernandez-Checa and Kaplowitz, 1990 . We have
used this property to develop a very rapid and sensitive
fluorometric method for GSH measurement. A 10-mM
stock solution of monochlorobimane was prepared in
ethanol, and aliquots were stored at y808C in the dark.

Ž .Fig. 1 A shows the variation of the fluorescence signal
Ž .l s380, l s480 nm as a function of time when 5ex em

mM GSH was mixed with 100 mM monochlorobimane in
HEPES buffer at pH 7.3 and 378C. The non-enzymatic
reaction which occurred between GSH and monochlorobi-
mane was very slow. However, when glutathione S-trans-
ferase was added, the increase in the fluorescent signal
characteristic of monochlorobimane-GSH derivative for-
mation was very fast. According to the manufacturer, the
enzymatic activity is optimum in phosphate buffer. How-
ever, as most of our experiments were performed in HEPES
buffer, we used this buffer after having checked that the
activity was only slightly lower than that observed in
phosphate buffer. The initial rate of monochlorobimane-
GSH formation was determined as the increase in the

Ž .fluorescence signal between 100 and 150 s DF after the
addition of glutathione S-transferase to monochlorobimane

Ž Ž ..plus GSH Fig. 1 A . The variation in the initial rate of
monochlorobimane-GSH formation as a function of the
glutathione S-transferase concentration was linear up to

Ž .;1 urml data not shown . In the following experiments,
the monochlorobimane and glutathione S-transferase con-
centrations were kept constant, equal to 100 mM and 0.5
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Ž .Fig. 1. Determination of the GSH-monochlorobimane adduct. A The change in fluorescence intensity at 480 nm was followed as a function of time when
Ž .100 mM monochlorobimane was added to 5 mM GSH, before and after the addition arrow of 0.5 urml glutathione S-transferase. DF is the change in

Ž .fluorescence intensity over 50 s. B The rate of change in the fluorescence intensity has been plotted as a function of the GSH concentration added to 100
mM monochlorobimane and 0.5 urml glutathione S-transferase.

Ž Ž ..urml, respectively. Then, we checked Fig. 1 B that the
Ž .fluorescence signal recorded over a short time 50 s ,

which was used as a measure of the initial rate of
monochlorobimane-GSH formation, was directly propor-
tional to the concentration of GSH at least within the range

Ž0–20 mM corresponding to the concentrations expected
when 106 cellsrml were lysed, the intracellular GSH

.concentrations being within the 0–20 mM range . The
Ž .curve shown in Fig. 1 B was used as the calibration

curve.

2.4. Intracellular GSH content

Cells, 2=106 suspended in 2 ml of buffer, were dis-
Ž .rupted by sonication on ice 3=10 s, power 2 . The rate

of monochlorobimane-GSH formation was monitored after
the addition of monochlorobimane, 100 mM and GSH T

0.5 urml, as described above. In the absence of glu-
tathione S-transferase, the rate of formation of the fluores-
cent derivative was very slow. We checked that GSSG did
not give rise to any modification of the fluorescence
signal.

2.5. GSH depletion

In order to examine the effect of glutathione depletion
by L-buthionine sulphoximine on daunorubicin efflux, and
the relation between GSH efflux and GSH content, cells
were cultured in the presence of 25 mM L-buthionine-
sulphoximine for various times ranging from 0 to 24.

2.6. GSH released by the cells

In order to distinguish between GSH released into the
medium and that retained within the cells, the cells were

Ž 6 .resuspended in HEPES buffer 10 rml . At various times,
2-ml aliquots containing 2=106 cells were centrifuged,
and the GSH concentration present in the extracellular
medium, and therefore released from the cells, and the
GSH concentration present in the pellet were determined.
The extracellular concentration of GSH was not affected
by 250 mM acivicin, indicating negligible activity of g-
glutamyltransferase in the membrane of GLC4rAdr cells.

2.7. Cellular anthracycline accumulation

The rationale and validation of our experimental set-up
for measuring the kinetics of the active transport of anthra-
cyclines by tumor cells has been extensively described and

Ždiscussed before Mankhetkorn et al., 1996; Frezard and´
.Garnier-Suillerot, 1991a,b; Borrel et al., 1994a,b . It is

based on the continuous spectrofluorometric monitoring
Ž .Perkin Elmer LS50B spectrofluorometer of the decrease
in the fluorescence signal of anthracycline at 590 nm
Ž .l s480 nm after incubation with the cells in a 1-cmex

quartz cuvette. The decrease in fluorescence occurring
during incubation with cells is due to the quenching of
fluorescence after intercalation of anthracycline between
the base pairs of DNA. We have previously shown that
this methodology allows the accurate measurement of the
free cytosolic concentration of anthracyclines under steady
state conditions, their initial rates of uptake and kinetics of

Žactive efflux Mankhetkorn et al., 1996; Frezard and Gar-´
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nier-Suillerot, 1991a,b; Borrel et al., 1994a,b; Pereira et
.al., 1994 .

2.8. Determination of the MRP1-mediated efflux of anthra-
cycline deriÕatiÕes

Ž 6 .Cells 1=10 rml; 2 ml per cuvette were preincubated
for 30 min in HEPES buffer with sodium azide, but

Ž .without glucose energy-deprived cells . Depletion of ATP
in these cells was 90%, as checked with the luciferin–

Ž .luciferase test Kimmich et al., 1975 . The cells remained
viable throughout the experiment, as checked with Trypan

Ž .blue and calcein vital stain not shown . After addition of
anthracycline, the decrease in the signal was monitored
until steady state was reached. Since the pH of the medium
was chosen to equal the intracellular pH, at steady state the

Ž .extracellular free drug concentration C was equal to thee
Ž .cytosolic free drug concentration CC . Then glucose wasi

added, which led to the restoration of control ATP levels
within 2 min. and to an increase in the fluorescence signal
due to the efflux of anthracycline. ATP-dependent anthra-
cycline efflux was determined from the slope of the tan-

Ž .gent of the curve Fs f t , where F is the fluorescence
intensity at the time of addition of glucose. Since under
these conditions at the moment of addition of glucose
CC sC , the passive influx and efflux were equal, the neti e

initial efflux represents the MRP1-mediated active efflux
Žonly Mankhetkorn et al., 1996; Marbeuf-Gueye et al.,
.1999 .

3. Results

3.1. Intracellular and extracellular GSH concentrations as
a function of time

The amount of GSH released into the extracellular
medium was determined as a function of the time of
incubation of cells in HEPES buffer at pH 7.3 and 378C.
Intracellular GSH was determined simultaneously. Such
determinations were performed for GLC4, GLC4rADR

Žand, as a control, for K562 and K562rADR data not
. Ž .shown as well as in energy-deprived cells Fig. 2 . Clearly,

there was an energy-dependent efflux of GSH from
GLC4rADR cells, because the small amount of GSH
recovered in the extracellular medium of energy-deprived
GLC4rAdr cells was the same as that observed for GLC4,
K562 and K562rADR cells and did not depend on time.
The level of GSH in ATP-depleted cells was similar to that

Žin ATP-rich cells at least for 2 h, which is the time
required to make the incubation with Ny, leading to3

ATP-depletion, and then GSH or daunorubicin efflux mea-
.surements . The amount of GSH measured in the extracel-

lular medium, even at ts0, was due to the release of
GSH by some cells that were permeabilised during cen-

Ž . Ž .Fig. 2. Intracellular A and extracellular B GSH concentrations as a
function of the time of incubation of cells in HEPES buffer. GLC4 cells
Ž . Ž . Ž) .I , GLC4rADR cells B , energy-deprived GLC4rADR cells .

trifugation. Using Trypan blue, we found that about 5% of
the cells were permeabilised, which could account for the
0.05"0.01 mM of GSH recovered in the extracellular
medium. In all efflux experiments, net ATP-dependent
transport was calculated by subtracting values at ts0
from those at t.

3.2. Rate of GSH efflux from GLC4rADR cells as a
function of the intracellular GSH concentration

To obtain information on the affinity of GSH for the
MRP1 protein in GLC4rADR cells, we investigated the
GSH concentration dependence of the ATP-dependent GSH
efflux. The intracellular GSH concentration was modulated
by preincubation of the cells with 25 mM L-buthionine-
sulphoximine, an inhibitor of GSH synthetase, for 0–24 h
Ž .Table 1 . Every 2 h, an aliquot of the cell preparation was
taken and suspended in a GSH-free buffer for 30 min. The
GSH released in the extracellular medium and those pre-
sent in the cells were then determined. The relationship
between intracellular GSH levels and GSH efflux is de-

Žpicted in Fig. 3 the volume of the cell was estimated as
y12 .10 l . The transport of GSH was related to the intra-

cellular GSH concentration up to ;5 mM and then
plateaued. Fitting of the obtained data according to the
Michaelis–Menten equation revealed a K of 3.4"1.4m

mM and a V of 1.5"0.2=10y18 molrcellrs.max

3.3. Rate of GSH efflux from GLC4rADR cells in the
presence of MK571, PAK-104P, Õinblastine or daunoru-
bicin

The amounts of GSH released into the extracellular
medium in the presence of various MK571 concentrations
Ž . Ž1–5 mM , or various PAK-104P concentrations 10–100

.mM , 5 mM vinblastine or 10 mM daunorubicin were
determined.
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Table 1
Comparison of the rates of MRP1-mediated efflux of GSH and DNR at different intracellular GSH concentrations in GLC4rAdr cells

aw xGSH 2.5 mM 5 mM 6.1 mM 7.7 mM 10 mMi

Ž .D t h 7 4 3 2 0
y1 8Ž .V 10 molrcellrs 0.61"0.06 0.88"0.08 0.96"0.09 1.05"0.10 1.12"0.11GSH

b y18Ž .V 10 molrcellrs 0.65"0.06 0.80"0.08 0.96"0.10 1.03"0.1 1.06"0.1DNR

V rV 0.94"0.19 1.10"0.2 1.00"0.2 1.02"0.2 1.06"0.21GSH DNR

a The intracellular GSH concentration was modulated by incubation of the cells with 25 mM L-buthionine-sulphoximine, an inhibitor of GSH
synthetase, for 0–24 h.

bCells, 106rml were incubated with DNR 8 mM and the rate of daunorubicin efflux was determined as described under Section 2. The values represent
means"SD of triplicate determinations.

A dose-dependent inhibition of GSH efflux was ob-
served with MK571, with a half-maximum inhibition at

Ž .1.4"0.3 mM data not shown . Because MK571 is a
specific inhibitor of MRP1, this showed that the kinetic
data obtained were MRP1-specific. It has recently been
shown that PAK-104P is able to inhibit the MRP1-media-

Žted efflux of several compounds Sumizawa et al., 1997;
.Marbeuf-Gueye et al., 2000 . A dose-dependent inhibition

of GSH efflux was observed with PAK-104P, with a
Ž .half-maximum inhibition at 25"5 mM data not shown .

Actually, we observed that PAK-104P also modulated the
GSH intracellular level: at low PAK-104P concentrations,
the GSH level was not affected, but at high PAK-104P

Ž .concentrations )50 mM a slight decrease in the intra-
cellular GSH concentration was observed after a 30-min
incubation. However, under our experimental conditions,
this could not account for the decrease in GSH efflux
when the intracellular GSH concentration was higher than
6 mM.

ŽThe rate of GSH efflux at ;12 mM intracellular
.concentration was not affected by either daunorubicin or

vinblastine at the concentrations used.

Fig. 3. Kinetics of the MRP1-mediated efflux of GSH, plotted as a
w xfunction of the intracellular GSH concentration. V and GSH werei

determined as described. Data points are from a representative experi-
w x Žw xment. The data were fitted using the equation VsV GSH r GSHmax i i

.qK .m

3.4. Rate of daunorubicin efflux from GLC4rADR cells as
a function of the GSH intracellular concentration

We investigated the GSH concentration dependence of
MRP1-mediated ATP-dependent daunorubicin transport.
Cells were split into two batches. L-buthionine-sulphoxi-
mine, 25 mM, was added to batch 1, whereas batch 2 was
not treated. After specified time intervals, ranging from 2
to 24 h, aliquots from both batches were withdrawn, and
the ability of cells to efflux daunorubicin and their GSH
content were determined. We checked that, after short
incubations, 25 mM buthionine sulphoximine was unable
to inhibit daunorubicin transport. A typical example of an
experiment aimed at determining the rate of daunorubicin
efflux is shown in Fig. 4. Two sets of experiments were
performed with 1 and 8 mM daunorubicin, respectively.
Previously, we have shown that, under the experimental
conditions used for daunorubicin transport measurement in
GLC4rADR cells, daunorubicin transport is saturated at

Ž .concentrations in the medium higher than 7 mM
Ž .Marbeuf-Gueye et al., 1998 . The relationship between
intracellular GSH levels and daunorubicin efflux is de-
picted in Fig. 5. For both drug concentrations, daunoru-

Ž .Fig. 4. Incorporation of daunorubicin 1 mM in GLC4rADR cells after
Ž .ATP depletion with azide and determination of the active efflux rate Va

after restoration of ATP synthesis by the addition of glucose. The cells
Ž .were without L-buthionine sulphoximine A , or incubated with 25 mM

Ž . Ž .L-buthionine sulphoximine for 6 h B , 24 h C . The intracellular GSH
Ž . Ž . Ž .concentration was 12 mM A , 2 mM B , 0.2 mM C .
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Fig. 5. Kinetics of the MRP1-mediated efflux of daunorubicin plotted as a
w xfunction of the intracellular GSH concentration. V and GSH werea i

Ždetermined as described. The daunorubicin concentration was 8 mM A,
. Ž .B or 1 mM B, ` Data points are from three to five independent

experiments performed on different days. The data were fitted using Eq.
Ž .1 .

bicin transport was related to the intracellular GSH con-
centration and then plateaued.

The MRP1-mediated efflux of non-negatively charged
drugs requires the presence of GSH. We are therefore in a
situation where GSH acts as an activator: its presence is
necessary for the binding and transport of daunorubicin by
MRP1. However, GSH is also transported by MRP1.

The rate V of daunorubicin transport should follow the
equation

w x w xVs V A r K q A 1Ž . Ž .Ž .M AA

w xwhere A is the intracellular GSH concentration, V isM

the maximum rate of daunorubicin efflux in the presence
of an excess of intracellular GSH, K is the concentrationA

of GSH that gives half the maximal rate of daunorubicin
efflux and should be equal to the affinity constant of GSH
for the transporter. Fitting of the obtained data for 1 mM

Ž .daunorubicin, according to Eq. 1 , yielded K s2.3"0.6A
Ž . y18mM and V s0.27"0.2=10 molrcellrs. WhenM A

the daunorubicin concentration was 8 mM, K s1.6"0.8A
Ž . y18mM and V s1.2"0.2=10 molrcellrs. For theM A

two daunorubicin concentrations used, the K and KA m

values determined for GSH transport were comparable.
Table 1 shows the rate of daunorubicin efflux, under

conditions in which the transport of the drug was saturated,
and the rate of GSH efflux. These rates were determined at
various intracellular GSH concentrations obtained by incu-
bation of the cells with L-buthionine sulphoximine, as
explained in Section 2. As can be seen, at any intracellular
GSH concentration, the rates of GSH and daunorubicin
efflux were very similar, which strongly suggests that the
stoichiometry between GSH and daunorubicin transport is

1:1. It must be noticed that in the case of a subsaturating
concentration of daunorubicin, the ratio of the rate of GSH
efflux to the rate of daunorubicin efflux was higher than 1
Žfor instance, it was about 5 in the case of Fig. 5, curve b,

.when 1 mM daunorubicin was used .

4. Discussion

The purpose of this study was to get some insight into
the mechanism by which MRP1 mediates the ATP-depen-
dent transport of the cationic drug daunorubicin. For this
purpose, using living GLC4rADR cells, we studied the
MRP1-mediated efflux of GSH, measured the efflux of
daunorubicin as a function of the intracellular GSH con-
centration and determined the stoichiometry of the
GSHrdaunorubicin efflux. According to previous reports,
our data show that MRP1 co-transports GSH and daunoru-
bicin. In addition, we demonstrate that the stoichiometry of
this transport is 1:1.

It has been said that GSH is an MRP1 substrate.
However, reports are contradictory. Several attempts failed
to demonstrate MRP1-mediated, as well as cMOAT-medi-

w3 xated H GSH transport in membrane vesicles. This was
most likely due of the low affinity of GSH for the trans-
porter, which led to relatively low transport rates at the

Ž . Žrelatively low concentrations mM used Paulusma et al.,
.1999; Leier et al., 1996 . Based on these data, it was

Žconcluded that GSH is not transported by MRP1 Leier et
.al., 1996 . However, using living cells, in which the

Ž .intracellular GSH concentration is high mM , an increase
in GSH excretion from non-small-cell lung carcinoma cells

Ž .transfected with MRP1 cDNA Zaman et al., 1995 , from
Ž .GLC4rADR cells Versantvoort et al., 1995; this study ,

and from polarized MDCKII cells stably expressing the
Ž .human cMOAT or human MRP1 Paulusma et al., 1999

has been observed. These data strongly suggest that MRP1,
as well as cMOAT, mediate the low-affinity transport of
GSH and that this transport is ATP-dependent. Our results,
showing an ATP-dependent transport of GSH by MRP1

Ž .with low affinity K ;4 mM , are in line with thesem

data.
Several attempts have been made to connect intra-

cellular GSH concentration and GSH efflux. Actually, in
some cell lines, overexpression of MRP1 is associated with

Ž .a significant two- to six-fold decrease in intracellular
Ž .GSH levels Lautier et al., 1996; Schneider et al., 1995 .

However, in other cell lines, such as the GLC4 cell line
used in this study, just the opposite is observed
Ž .Versantvoort et al., 1995; this study . Therefore, compari-
son of the intracellular GSH concentration of resistant cells
with that of sensitive cells cannot provide additional sup-
port for either the MRP1-mediated transport of GSH alone
or the MRP1-mediated co-transport of GSH with drug or
with some currently unknown cellular metabolite.
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Let us now consider the MRP1-mediated transport of
other molecules and especially that of drugs such as
anthracyclines, vinca alkaloids and etoposide. MRP1 has
been demonstrated to be the main active transporter of
structurally diverse conjugated organic anions. In contrast,
it has not been possible to detect the direct active transport
of chemotherapeutic agents by MRP1-enriched membrane

Žvesicles under similar conditions. Loe et al., 1996, 1998;
.Leier et al., 1996 . However, the MRP1-dependent active

transport of certain unconjugated xenobiotics such as vin-
cristine, daunorubicin and aflatoxin B is observed if1

vesicle preparations are supplemented with physiological
concentrations of GSH, which strongly suggests that MRP1
actively co-transports some unmodified substrate with GSH
Ž . Ž .Renes et al., 1999; Loe et al., 1998 . Rappa et al. 1997
have provided evidence that MRP1 exports GSH physio-
logically, presumably in association with an endogenous

Ž .compound s , that baseline MRP1 expression protects cells
from the toxic effects of xenobiotics by effluxing the
xenobiotics and GSH by a co-transport mechanism, and
that disruption of the gene encoding MRP prevents the
co-transport of xenobiotics and GSH. In addition, Renes et

Ž .al. 1999 have shown that MRP1-mediated daunorubicin
transport rates are dependent on the concentration of GSH,
being maximal at concentrations equal or higher than 10
mM; the apparent K value for GSH was 2.7 mM.m

Previous studies have already established that drug trans-
port in MRP1-overexpressing tumor cells can be regulated
by the intracellular GSH level: depletion of cellular GSH
levels, in MRP1-overexpressing cell lines, following expo-
sure of the cells to L-buthionine-sulphoximine, results in an

Žincrease in drug accumulation Versantvoort et al., 1995;
.Zaman et al., 1995; Marbeuf-Gueye et al., 1998 . How-

ever, up to now, the role of GSH on the MRP1-mediated
transport of drugs in living cells has not been quantita-
tively addressed. Our data clearly corroborates the depen-
dence on the intracellular GSH concentration of the
MRP1-mediated efflux of daunorubicin, showing in addi-

Ž .tion i that the efflux of daunorubicin parallels that of
Ž .GSH, and that ii under conditions where the drug trans-

port is saturated, there is a 1:1 stoichiometry with respect
to GSH and daunorubicin transport.

Let us now consider the modulation of GSH transport
by drugs. It has been shown that vincristine stimulates the
ATP-dependent transport of GSH in a concentration-de-
pendent fashion. In the absence of vincristine, no ATP-de-

Žpendent GSH transport was detected Leier et al., 1996;
.Loe et al., 1998 . These authors suggest that there is a 1:1

stoichiometry with respect to GSH and vincristine trans-
port; however, as they emphasised, this was based on
determinations at only one concentration of vincristine and
GSH. Nevertheless, their data indicate that the transport
rates of both compounds are not vastly different, and that a
true co-transport mechanism may be involved. Surpris-
ingly, the stimulation was observed at high vincristine

Ž .concentrations only 10–100 mM , whereas the Michaelis

constant for vincristine transport by MRP1 is close to 1
ŽmM. Our data and a previous report Versantvoort et al.,

.1995 show that MRP1 transports GSH independently of
Ždaunorubicin and of vinblastine as well at least at the low

concentrations that can be used when working with living
.cells . It should be noticed that a similar result was ob-

Ž .tained for cMOAT by Van Aubel et al. 1999 , they
observed that the initial uptake rate of GSH at 0.1 or 5 mM
into Sf9-MRP2 membranes vesicles was not affected by
either 0.2, 10 mM or 0.1 mM vinblastine and concluded
that MRP2 transported GSH independently of vinblastine.
However, we observed that the transport of GSH was
inhibited by the LTD4 receptor antagonist MK571, with
50% inhibition being obtained with 1.4 mM. This value is
comparable to that obtained for the inhibition of the

Ž .MRP1-mediated transport of S- 2,4-dinitrophenyl glutath-
Ž . Ž .ione by MK572 K s1 mM Leier et al., 1996 . Alsoi

PAK-104P, which can be used at higher concentrations
than daunorubicin, is able to inhibit the MRP1-mediated
efflux of GSH. Recently, we have shown that PAK-104P
is very potent in inhibiting the efflux of non-negatively
charged molecules such as daunorubicin, pirarubicin, and
calcein acetoxymethyl ester, with a K s 0.05 mMi
Ž .Marbeuf-Gueye et al., 2000 . However, its ability to
inhibit the efflux of negatively charged molecules such as

Ž .calcein Marbeuf-Gueye et al., 2000 , leukotriene C4
Ž . Ž .Sumizawa et al., 1997 and GSH this work is about 30
times lower. These data suggest the existence of two
different mechanisms for the inhibition by PAK-104P of
the MRP1-mediated efflux of molecules: a first mecha-
nism, involving a low-affinity site for PAK-104P, and
which concerns negatively charged molecules such as cal-
cein, leukotriene C , and GSH, and a second mechanism4

involving a high-affinity site for PAK-104P and which
concerns non-negatively charged molecules such as anthra-
cyclines, calcein acetoxymethyl ester.

Recent data concerning the ATPase activity of MRP1
and its relation with the transport of molecules are also

Ž .conflicting. Mao et al. 1999 have shown that the ATPase
activity of purified MRP1 and MRP1 reconstituted into
proteoliposomes is stimulated by the organic anion sub-
strates, leukotriene C and 17b-estradiol, by glutathione4

disulfide but not by reduced glutathione or unconjugated
Ž .chemotherapeutic agents. However, Hooijberg et al. 2000 ,

using MRP1 in natural membranes, have demonstrated a
Ž .dose-dependent up to 5 mM stimulation of its ATPase

activity by GSH. Vincristine and daunorubicin do not
induce MRP1 ATPase activity, and the effect of GSH on
MRP1 ATPase activity is not increased by daunorubicin or
by vincristine. These data are in agreement with the obser-
vation that daunorubicin does not perturb GSH efflux
Ž .Versantvoort et al., 1995; this work .

We conclude from our data that the MRP1-mediated
transport of daunorubicin requires the presence of GSH,
with daunorubicinrGSH 1:1 co-transportation. However,
the MRP1-mediated transport of GSH does not seem to be
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dependent on the presence of daunorubicin. It should also
be emphasised that research into molecule transport in
intact cells is bound to provide many valuable insights into
mechanisms and kinetics in vivo, and that methods using
intact cells and vesicles are complementary.
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