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Abstract

Multidrug resistance mediated by the multidrug resistance-associated protein MRP1 is associated with decreased drug accumulati
which is in turn dependent on cellular glutathione. We have reported that verapamil, an inhibitor of drug transport, caused a decrease
cellular glutathione in CCRF-CEM/E1000 MRP1-overexpressing leukaemia cells (Biochem Pharmacol 55;1283-9, 1998). We nov
demonstrate that other inhibitors of MRP1-mediated drug transport (e.g. MK571, indomethacin, genistein, and nifedipine) deplete cellul:
glutathione in these leukaemia cells30% decreaseP < 0.01) while having no effect on the parental CCRF-CEM cells. However,
treatment with etoposide or vincristine (at similar molar concentrations) caused a 20% decrease in glutathione. Verapamil-stimulate
glutathione transport correlated with MRP1 expression in a series of drug-resistant cells, and glutathione was quantitatively recovered in t
extracellular media. Further, verapamil-stimulated glutathione transport was rapid (50% decrease in 10 min), dose-dependent, and inhibi
by vanadate, an inhibitor of ATPase activity, but not by sulphobromophthalein (BSP) or methionine, inhibitors of hepatic glutathione
transporters. Incubation of CCRF-CEM/E1000 cells in 25 mM glutathione not only showed that verapamil-mediated efflux occurred again:
the concentration gradient, but also demonstrated the MRP1-mediated uptake of glutathiened (01 compared to the parental
CCRF-CEM cells), which was not inhibited by vanadate. These results demonstrate that while MRP1 transports glutathione in the preser
of inhibitors of drug transport, there is no convincing evidence for co-transport of glutathione with drug. They further demonstrate tha
MRP1 mediates the facilitated transport of glutathione into the MRP1-overexpressing CEM/E1000 cells, suggesting that MRP1 may ple
a major role in cellular glutathione homeostasis. © 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction turally and functionally different compounds, including nat-
ural product drugs. By mediating enhanced drug efflux,
The ATP-binding cassette (ABC) transport proteins are a these two transport proteins confer resistance on cancer
rapidly expanding superfamily of membrane proteins that cells, and expression of these proteins has been associated
mediate the energy-dependent transport of many com-with the failure of chemotherapy in the treatment of cancer
pounds both in and out of cells [1]. While most members [2]. Since development of drug resistance remains a major
transport one or a specific class of compound, the multidrug obstacle in the successful treatment of cancer, understand-
transporters, P-glycoprotein, and MRP1 (multidrug resis- ing the mechanism of action of these drug transport proteins
tance-associated protein) transport a wide variety of struc-and the search for inhibitors of drug transport is of great
clinical importance.
A diverse variety of compounds have been identified that
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4026. by binding to P-glycoprotein and preventing drug efflux [3].
E-mail addressMary.Davey@uts.edu.au (M. Davey). While many of these compounds also inhibit MRP1-medi-

Abb_rewatlons MRPl, multidrug rgsstance_—assouated protein; BSQ, ated drug transport, their effect is usually not as great as on
buthioninesulphoximine; MDR, multidrug resistance; MTT, (3,-[4,5-di-

methylthiazol-2-yl]-2,5-diphenyltetrazolium bromide; BSP, sulphobromo- F’-g|¥C0pl’f)'tem—.expr.ess|ng cells [4]. Verallpamll,'one of the
phthalein; GST, glutathiong-transferase; and CFTR, cystic fibrosis trans-  fI'St identified inhibitors of P-glycoprotein-mediated drug
membrane conductance regulator. efflux [5], also inhibits MRP1-mediated efflux [6], showing
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that although these proteins exhibit only about 15% homol- 2.2. Cell lines
ogy, their transport properties may be similar. However,
early studies on MRP1-overexpressing cells demonstrated The CCRF-CEM (CEM) human leukaemia cell line [13]
that BSO, an inhibitor of glutathione synthesis, was able to and the epirubicin-selected CEM/E50, CEM/E100, and
prevent the efflux of drug from MRP1-expressing cells CEM/E1000 [14] multidrug-resistant sublines were grown
while having no effect on P-glycoprotein-expressing cells in RPMI-1640 medium (Trace Biosciences, Sydney), sup-
[7]. This implicated the tripeptide glutathione in MRP1- plemented with 10% foetal calf serum (Trace), 20 mM
mediated drug resistance. Glutathione plays a central role inHEPES (Trace), and 10 mM NaHG@t 37° in a humidified
cellular defence against toxic agents by conjugation to xe- atmosphere with 5% CQThe multidrug-resistant sublines
nobiotics and their subsequent transport out of the cell in an were maintained in the absence of drug, and resistance was
ATP-dependent process. While it is clear that MRP1 may stabilised by drug treatment for 3 days every 6 weeks
transport glutathione conjugates, including leukotriene C (CEM/E50 subline with 50 ng/mL of epirubicin, CEM/E100
there is no evidence for drug conjugation in MRP1-express- subline with 100 ng/mL of epirubicin, and CEM/E1000
ing MDR cells. However, studies using membrane vesicles subline with 1000 ng/mL of epirubicin). Exponentially
have demonstrated that drug transport by MRP1 is depen-growing cells were used for all experiments. All cultures
dent on the presence of glutathione [8,9]. were mycoplasma-free.
Although a role for glutathione in MRP1-mediated trans-
port was supported by the findings that MRP1 knockout 2.3. Cytotoxicity assays
mice and cell lines both have increased cellular levels of
glutathione [10], over-expression of MRP1 is not consis-  Sensitivity to drugs was determined in triplicate using
tently associated with decreased cellular glutathione. While the MTT assay as previously described [11]. Cells were
some multidrug-resistant cells show decreased glutathione seeded at a density of % 10* cells/well and viability
the multidrug-resistant CEM/E1000 human leukaemia cells determined after 4 days using MTT (Sigma). Tibg, was
show no change in cellular glutathione, although they are determined as the drug concentration which resulted in a
approximately 200-fold resistant to etoposide and have high50% reduction in cell viability. Relative resistance was
expression of MRP1 [11]. We have previously reported that calculated by dividing thecs, obtained for the resistant
treatment of MRP1-overexpressing CEM/E1000 cells with subline by thecg, obtained for the CEM parental cell line.
verapamil was associated with the depletion of cellular Reversal of resistance was determined by incubating the
glutathione, although verapamil had no effect on glutathi- cells in the absence and presence ofuM verapamil, 20
one levels in the P-glycoprotein-expressing CEM/\L8 uM nifedipine, 70 uM diltiazem, 10 uM BSO, 50 uM
cells [11]. This suggests that sensitisation by verapamil in indomethacin, 2QuM genistein (all from Sigma), or 50M
MRP1-expressing cells may be due to changes in glutathi- MK571 (a gift from Merck Sharpe & Dohme), in a cyto-
one, rather than a direct inhibition of drug efflux. Subse- toxicity assay. Thecg, was determined and fold reversal
quently, it was demonstrated that verapamil was able to was calculated by dividing thes, for the cells incubated
inhibit MRP1-mediated LT¢transport in membrane vesi  with drug alone by thecg, for the cells incubated with the
cles, but only in the presence of glutathione [12]. While drug in the presence of the reversing agent.
studies using membrane vesicles may be useful in the anal- For the 1-hr cytotoxicity assays, cells were exposed to
ysis of the kinetic properties of transport, they lack the drug for 1 hr, after which they were resuspended in fresh
cellular topology and glutathione metabolism associated culture medium, plated in triplicate at a density ok510"
with MRP1-mediated drug transport. We have therefore cells/well, and incubated as described above.
extended our studies on the CEM/E1000 MRP1-overex-
pressing cell line derived from the CCRF-CEM T-cell leu- 2.4. Daunorubicin accumulation
kaemia cells to further examine the relationship between
verapamil, glutathione, and MRP1-mediated drug transport.  Cell-associated daunorubicin was measured by flow cy-
tometry in the absence (control) and presence ofubd
verapamil, using 5< 10° cells in duplicate as previously
2. Materials and methods described [7].
2.5. Glutathione determination
2.1. Drugs
Total intracellular glutathione was determined using a
Daunorubicin was purchased from Delta West, epirubi- modification of the colorimetric method of Suzakadieal.
cin from Pharmacia, and vincristine from David Bull Lab- [15] as previously described [11]. Briefly, exponentially
oratories. Etoposide (powder) was from Sigma Chemical growing cells (16) were harvested by centrifugation (8§0
Co. Etoposide was prepared as a stock solution of 20 for 5 min) and resuspended in 20 mL of culture medium for
mg/mL in DMSO. treatment with all drugs and modulators, with the exception
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of vincristine, for which cells were resuspended in 1 mL
fresh culture medium. Cells were incubated in 50 mL round-
bottom tubes in the absence (control) and presence of mod- £
ulator or drug for 1 hr at 37° with 5% COFor treatment
with BSO (50 uM) and glutathione (25 mM), cells were
incubated for 3 hr at 37° with 5% CO
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After the treatments, cells were washed twice with PBS, ’ Verapamil uM

lysed in 600uL water, and the protein precipitated by the CEM N
addition of 50uL of 30% sulphosalicyclic acid (SSA) to CEM/E1000
450 uL of the Iysate. After 15 min on ice, protein-free Fig. 1. Effect of verapamil concentration on cellular glutathione. CEM cells

supernatants were collected. Glutathione was determined®"d MRP1-overexpressing CEM/E1000 cells were incubated without or
with verapamil for 1 hr after which cellular glutathione was determined.

using a reaction mixture containing 24 lysate or standard Results are presented as % control untreated CEM cells; error bars are the
(15 pg/mL in 3% SSA), 20uL triethanolamine buffer, pH standard deviation of duplicate samples; * indicates a significant difference
8.0 (1 M), 120uL NADPH (0.3 mM), and 20uL 5,5'- (P < 0.05) from the untreated CEM cells using the Studertttest.
dithio-bis(2-nitrobenzoic acid) (DTNB, 6 mM). After 3 min
at 30°, the reaction was started by the addition ofu20(2
units) glutathione reductase. Absorbency was monitored in tathione was significantly reduced after treatment for 1 hr
a multiwell microplate reader (BioRad) at 405 nm for 6 min With doses as low as &M verapamil. This rapid decrease
and glutathione levels calculated. All reagents were from Was confirmed in Fig. 2A, which shows that treatment of the
Sigma. All glutathione concentrations are the means of at CEM/E1000 cells with 1uM verapamil, a non-toxic dose,
least triplicate determinations. caused a 50% decrease in cellular glutathione within 10
To determine extracellular glutathione, exponentially Min, without any change in the parental CEM cells. After 2
growing cells (10) were harvested by centrifugation (8g0  hr, the CEM/E1000 were approximately 80% depleted of
for 5 min) and resuspended in 1 mL PBS. In some experi-
ments, cells were preincubated for 15 min with acivicin

(250 uM; Sigma), an inhibitor of the plasma membrane AVmpm“ 550
associated-glutamyltransferase, before the addition of ve- £ 100 & ;
rapamil (10uM) for 1 hr. Following the incubation, super-  £%
natants were collected and glutathione levels were deter- ?"550 |
mined. =2
S
2.6. Statistical analysis O T 3 e 90 1200 30 6 % 120
All experiments were repeated at least twice and differ- BV . -
ences determined using the Studerit®st. Significance £ 100 { ’ 1
was determined & < 0.05. R
Eﬂ E 50 4 “\O\._\.’
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3. Results g [ — 4
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3.1. Depletion of cellular glutathione by verapamil Time (mins)

. . Fig. 2. (A) Time-course of glutathione depletion by verapamil and BSO.
Reports that MRP1-mediated drug resistance was specif- CEM cells @) and MRP1-overexpressing CEM/E1000 celk) (were

ically modulated by treatment with BSO demonstrated the incubated with verapamil (1aM) or BSO (50 uM), and cellular gluta-
importance of cellular glutathione in multidrug resistance thione determined at the times indicated. (B) Time-course of glutathione
mediated by this transporter. We previously reported that recovery after treatment. CEM celi®) and MRP1-overexpressing CEM/
treatment of the MRP1-overexpressing CEM/E1000 cells E1000 cells &) were incubated with verapamil (M) or BSO (50uM),

. . . . . after which the modulator was removed and the cells incubated in fresh
with verapam|l resulted in depletlon of cellular gIUtathlone culture media. Cellular glutathione was determined at the times indicated.
[11]. Fig. 1 shows that for the CEM/E1000 subline, this Results are presented as % control untreated CEM cells: error bars are the

depletion by verapamil was dose-dependent, and that glu-standard deviation of duplicate samples.
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glutathione, while the CEM cells showed only a 10% re- 102
duction. These levels were maintained in cells exposed to
verapamil for 24 hr (not shown). This contrasts with the
decrease in cellular glutathione after BSO treatment where
glutathione depletion, due to lack of synthesis, was slow
with no significant difference over the first 30 min between
the cell lines. While there was a greater decrease in the
CEM/E1000 cells after 2-hr treatment with BSO, cellular

glutathione in both the CEM and CEM/E1000 was the same
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after 24-hr treatment anet10% of the level in untreated g 100 1
cells (not shown). £g
Removal of the verapamil from the cells showed that % *‘g’
recovery of the cellular glutathione in the CEM/E1000 cells 5 ¢
was also rapid, with the level increasing by 2-fold within 30 £ i
Q

min and the glutathione was completely restored by 2 hr
(Fig. 2B). This again contrasts with BSO treatment, which
showed no increase in glutathione over this time following
removal of BSO (Fig. 2B). Recovery of glutathione after
removal of verapamil was prevented by addition of 8@
BSO, indicating that the recovery was due to synthesis of
glutathione and not transport from the culture medium (not
shown).

To confirm that the verapamil-induced decrease in cel-
lular glutathione was due to MRP1-mediated transport, we
examined the effect of verapamil in a series of multidrug-
resistant cells (CEM/E50, CEM/E100, CEM/E1000) with
increasing multidrug resistance associated with increasing
MRP1 expression [14]. These sublines show increasing
resistance to epirubicin (Fig. 3A), but no change in the
enzyme GST (not shown), or in total cellular glutathione
(Fig. 3B). Depletion of glutathione by 1QM verapamil
correlated with increased expression of MRP1 in the CEM/
E100 and CEM/E1000 sublines (Fig. 3C). Further, the de-
pleted cellular glutathione was quantitatively recovered
from the culture medium after treatment with verapamil
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(Fig. 3D). The recovery of glutathione in the culture media
was not affected by the inclusion of acivicin (2pM1), an
inhibitor of the plasma membrane-associatedlutamyl-
transferase, indicating there was little degradation and re-
cycling of the glutathione by these cells (not shown).

Fig. 3. Effect of verapamil on MRP1-overexpressing sublines. (A) The
cytotoxicity of epirubicin in CEM cells and MDR sublines was determined
and the relative resistance calculated. Results are presented compared to
the parental CEM cells (relative resistance 1). (B) The parental CEM cells
and the MDR sublines were harvested in exponential growth and the
cellular glutathione determined as described in Methods. Results are pre-
sented as % control CEM cells. (C) CEM cells and the MRP1-overex-

GSH transporters are of major importance in maintaining pressing sublines were treated with verapamil £g) for 1 hr after which
glutathione homeostasis and several have been identifiectells were harvested and cellular glutathione determined. (D) CEM cells
particularly in liver. BSP, an inhibitor of canalicular hepatic and the MRP1-overexpressing sublines were treated with verapamil (10
glutathone transport and methonine, an nhiitr of sinu- 1) 1 L1 2 whCh e Tl e e B usitne B
soidal glgtgthlone tranSp_ort [16,17], failed t‘? mhlbl_t the deviation of duplicate samples; * indicates a significant differerze<(
verapamil-induced depletion of cellular glutathione (Fig. 4). g.05)from the CEM cells using the Studentsest.

However, vanadate, an inhibitor of the ATPase activity of
P-glycoprotein and MRP1, completely inhibited this cellu-
lar glutathione efflux (Fig. 4). change in the CEM cells. Incubation for 2 hr in medium

To confirm that the MRP1-dependent glutathione efflux containing 25 mM glutathione increased the intracellular
in the presence of verapamil was due to active transport, glutathione level in the CEM/E1000 cells by approximately
efflux was determined in culture medium containing a phar- 1.5-fold (P < 0.05),with little effect on the parental CEM
macological concentration of glutathione (25 mM). Fig. 5A cells, demonstrating that MRP1 may also be involved in the
shows that for the CEM/E1000 cells, the verapamil-depen- uptake of glutathione. This MRP1-dependent increase in
dent glutathione efflux still occurred against a glutathione intracellular glutathione was not inhibited by vanadate, sug-
concentration gradient, while this treatment caused little gesting this uptake was not associated with MRP1-mediated
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Fig. 5. Effect of extracellular glutathione on glutathione transport. (A)
Cells were incubated in the absence or presence of 25 mM glutathione for
2 hr. Verapamil was added for 1 hr (as indicated) after which the cellular
glutathione was determined. (B) Cells were incubated in the absence or
presence of 25 mM glutathione with or without vanadate (as indicated)
after which the cellular glutathione was determined. Results are presented
as % control untreated CEM cells; error bars are the standard deviation of
duplicate samples; * indicates a significant differeniee{ 0.05) from the
untreated CEM cells using the Studenttest.

Fig. 4. Effect of inhibitors on glutathione export stimulated by verapamil.
Cells were incubated in the absence or presence of20BSP (15 min),

5 mM methionine (1 hr), or 2 mM vanadate (1 hr) as indicated and the
cellular glutathione determined after a 1-hr incubation with or without
verapamil (10uM). Results are presented as % control untreated CEM
cells; error bars are the standard deviation of duplicate samples; * indicates
a significant differenceR < 0.05)from the untreated CEM cells using the
Student'st-test. # indicates a significant increas® (< 0.05) from the
verapamil-treated cells using the Studertttest.

. ) ) _level of cellular glutathione is inversely related to the level
ATP hydrolysis, but MRP1 may be passively involved (Fig. of gaunorubicin accumulation and proportional to daunoru-

5B). bicin cytotoxicity.
3.2. Relationship between glutathione depletion and MDR 3.3. Effect of MRP1 inhibitors on cellular glutathione

To determine if the efflux of glutathione affects dauno- Table 1 summarises the effect of inhibitors of MRP1 on
rubicin accumulation or cytotoxicity, daunorubicin treat- cellular glutathione and daunorubicin resistance. Treatment
ment of cells in the presence of verapamil (AM) was for 1 hr with non-cytotoxic doses of the different inhibitors
compared with daunorubicin treatment of cells pretreated all produced a decrease in cellular glutathione, while having
with verapamil for 1 hr, and the verapamil removed before little effect on the glutathione levels in the parental CEM
the addition of daunorubicin. Fig. 6 shows that while dauno- cells. Genistein reduced cellular glutathione to 24%, while
rubicin accumulation was significantly increased in the MK571 and indomethacin reduced cellular glutathione to
presence of verapamil, there was little effect on drug accu- 69% and 51% respectively. All of the modulators had a
mulation in cells pretreated with verapamil. This was con- similar effect on daunorubicin cytotoxicity, with the CEM/
sistent with the rapid recovery of cellular glutathione on E1000, which were 25-fold resistant to daunorubicin, sen-
removal of verapamil (Fig. 1). This increase in intracellular sitised 2—4 fold, suggesting that sensitisation was due to
drug resulted in increased cytotoxicity (Fig. 6B). Thus, the changes in glutathione (Table 1).
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Table 2

100 Effect of drugs on cellular glutathione

Modulator Concentration Glutathione (% Control)

CEM CEM/E1000

Daunorubicin — 100+ 9.7 100+ 6.1
1uM 106.3* 13.3 104.2+ 5.9

Vincristine — 100+ 6.1 100+ 5.0
50 uM 975+ 1.0 80.2+ 1.5*

200 uM 104.2+ 4.4 77.9+ 0.6*

Etoposide — 100+ 11.3 100+ 7.0
50 uM 91.1+21 91.1+ 2.0

200 uM 954+ 2.3 77.1+ 0.7

Daunorubicin accumulation
(% CEM)
3

Glutathione levels are calculated % control, and are the mean$vod
independent experiments.

* Indicates a significant decrease in cellular glutathioRe<{ 0.05)
compared to untreated cells using the Studetatést.

100 A

Compared to these MRP1 inhibitors, treatment of the
CEM/E1000 cells with drugs was less effective at reducing
glutathione (Table 2). Vincristine at the same molar con-
centration (50uM) reduced glutathione to 80%, while eto-
poside had no effect on cellular glutathione at this concen-
tration, although a higher concentration of etoposide (200
103 102 o 150 o 02 uM) caused a reduction to 80% in cellular glutathione.

Daunorubicin (u M) Daunorubicin (1uM) had no effect on cellular glutathione,
while higher doses (M) were toxic to both cell lines.

50 A

Cell viability (%)

0

Fig. 6. Correlation of daunorubicin accumulation and cytotoxicity with

cellular glutathione. (A) Daunorubicin accumulation. Cells were incubated
for 1 hr with 1 uM daunorubicin in the absence of verapamil (open bar),
the presence of verapamil (hatched bar), or cells pretreated for 1 hr with 4 Discussion
verapamil, after which cell-associated daunorubicin was determined by

flow cytometry. Results are presented as % control untreated CEM cells; . .
error bars are the standard deviation of duplicate samples; * indicates a ~ From this comparative study of the CEM and CEM/

significant increaseR < 0.05) in DNRaccumulation compared to un-  E1000 cells, we conclude that in intact cells, MRP1 actively
treated CEM/E1000 cell§;indicates a significant decrease in daunorubicin transports glutathione in the presence of several reversing
accumulation in the CEM/E1000 cells pretreated with verapamil compared agents including verapamil, nifedipine, indomethacin, and
to cells incubated with daunorubicin in the presence of verapamil. (B) b - . .
Daunorubicin cytotoxicity. CEM®) and CEM/E1000 4; A) cells were gemStem_ (Table 1)' The evidence .SUppOI’tlng this is that
incubated with daunorubicin in the absence ( ) or presense-£) verapamil treatment caused a rapid and dose-dependent
of 10 uM verapamil for 1 hr, or cells were pretreated with 10V depletion of cellular glutathione (Figs. 1 and 2). This vera-
verapamil for 1 hr before incubation with DNR in the absence of verapamil pamil-dependent export occurred against a glutathione con-
(CEM, O; CEM/E1000,A). Following drug treatment, cells were resus-  cantration gradient (Fig. 5) and was energy-dependent, as

p_endgd in fresh cult_ure medium qnd mcubated for 4 d_ays, after which cell demonstrated by vanadate inhibition of the glutathione ex-
viability was determined as described in Methods. Points are the means of t (Fig. 4C)
port (Fig. .

triplicate wells; error bars are the standard deviation.

Table 1
Effect of modulators of drug transport on cellular glutathione and drug resistance

Modulator Glutathione (% Control) ICs (daunorubicin)

CEM CEM/E1000 CEM CEM/E1000
Control 100+ 2.9 100+ 2.9 0.08+ 0.01 2.0+ 0.7
Nifedipine 20 uM 96.4+ 2.4 54,1+ 1.2* 0.07+ 0.01 0.7+ 0.01* (3.0¢
Diltiazem 70uM 89.0+ 9.6 26.7+ 4.5* 0.07+= 0.01 0.4= 0.1** (4.6)
MK571 50 uM 97.4+ 0.8 69.0+ 9.1* 0.10+ 0.03 0.9% 0.2** (2.4)
Indomethacin 5QuM 99.4+ 4.4 51.4+ 12* 0.05+ 0.01 0.4* 0.07** (5.0)
Genistein 50uM 93.4+ 2.2* 23.7* 0.5* 0.07+= 0.01 0.5+ 0.1** (4.4)

Results are presented as the mean of two independent experiments.
@ Fold reversal in daunorubicin resistance.

* Indicates a significant decrease in cellular glutathioRe<( 0.05).

** Indicates a significant fold reversal of drug resistan&e<¢ 0.05).
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That this verapamil-dependent glutathione export is via but glutathione accumulation was slow and independent of
MRP1 is supported by the following evidence. First, gluta- drug [12], suggesting two different functions of glutathione
thione export correlated with MRP1 expression. Verapamil- in MRP1-mediated transport. Some of the confusing trans-
dependent glutathione efflux was minimal in both the CEM port data from isolated membrane vesicles may also be
cells and the CEM/E50 subline with basal MRP1 expres- explained by the dual transport role of MRP1, as this would
sion, and was progressively increased with increasing complicate the interpretation of any stoichiometric relation-
MRP1 expression in the CEM/E100 and CEM/E1000 sub- ship between glutathione and drug transport. The energy-
lines (Fig. 3). Second, glutathione export was not via other independent transport of glutathione may explain this lack
known glutathione transporterB-glycoprotein expression  of correlation between drug and glutathione transport. This
was not detectable in the CEM, CEM/E100, or CEM/E1000 is further supported by the energy-independent transport of
cells [14], and BSP and methionine, inhibitors of glutathi- glutathione by the closely related protein MRP2 [24,25].
one transport from the canalicular or sinusoidal surfaces of  The finding that many inhibitors of MRP1-mediated drug
hepatocytes [16], did not inhibit verapamil-dependent glu- transport are able to deplete cellular glutathione (Table 1)
tathione export. These compounds also inhibit the glutathi- suggests that sensitisation to drug is due to decreased glu-
one transport from leukemia cells associated with induction tathione, with the level of cellular glutathione regulating
of apoptosis by anti-fas [18] or drug [19], dissociating daunorubicin accumulation and cytotoxicity (Fig. 6). These
MRP1 from these cellular activities. While other studies results are consistent with the proposal that MRP1 has at
have implicated MRP1 in glutathione transport, it is usually least two binding sites, one with affinity for drugs and the
suggested that glutathione transport is associated with thesecond with affinity for glutathione [26], and glutathione is
transport of xenobiotics [20]. However, this does not appear required for co-transport with drug. However, the fact that
to be the case in the CEM/E1000 subline, where verapamil high drug concentrations did not cause large changes in
stimulates glutathione export in the absence of verapamil glutathione while low doses of modulators caused large
transport since the CEM cells and the CEM/E1000 subline changes in cellular glutathione (Tables 1 and 2) argues
have a similar sensitivity to verapamil (unpublished results), against the co-transport of drug and glutathione. It may
suggesting that verapamil is not transported by MRP1. Loe equally be argued that increased daunorubicin accumulation
and coworkers [12] have also reported that verapamil is not in the presence of verapamil is a result of verapamil block-
a substrate for MRP1 transport. ing drug efflux, and glutathione causes conformational

Increased MRP1 expression in the CEM/E1000 cells was changes required for drug efflux rather than for co-transport.
not only associated with the verapamil-stimulated efflux of As the nucleotide binding domains of MRP1, unlike those
glutathione, but was also associated with an increase in theof P-glycoprotein, are functionally unequal [27], each do-
uptake of glutathione (Fig. 5). This uptake was not inhibited main may potentially be involved in the transport of differ-
by vanadate, and uptake was only evident at high extracel-ent compounds, circumventing the requirement for co-trans-
lular concentrations of glutathione (25 mM), suggesting that port of drug and glutathione.

MRP1 is involved in the facilitated diffusion of glutathione While the transport of glutathione needs to be confirmed
or it may act as a pore for glutathione. It is conceivable that in other MRP1-overexpressing cells, the high, stable expres-
such a pore could also facilitate the passive movement of sion of MRP1 in the CEM/E1000 cells in the absence of
glutathione out of the cell, as reported for the closely related drug allows for clear determination of the cellular glutathi-
CFTR [21]. The functional similarity between these two one efflux associated with verapamil treatment. The finding
proteins is confirmed by the demonstration that high-affinity that many inhibitors of MRP1-mediated drug transport are
substrates of MRP1 also block chloride transport by CFTR able to deplete cellular glutathione (Table 1) and MRP1
[22]. mediates both active and passive transport of glutathione

It therefore appears that there are two mechanisms ofsuggests that MRP1 may be important in determining the
transport of glutathione by MRP1: the verapamil-dependent cellular response to xenobiotics through its influence on
active transport of glutathione and the passive permeability cellular glutathione. We propose that the role of MRP1 is to
of glutathione. This is consistent with reported changes in regulate intracellular glutathione by its ability to transport
cellular glutathione with MRP1 expression. The decreased glutathione.
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