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MRP activator. Therefore caution should be taken
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The multidrug resistance protein (MRP) is a drug
fflux membrane pump conferring multidrug resis-
ance to tumor cells. Clinical trials have been under-
aken to improve the effectiveness of chemotherapy by
dding an MRP inhibitor to the treatment regimen.
his study attempted not only to determine novel re-
istance mechanisms in MRP-overexpressing AML
ells (AML-2/DX100) by chronic exposure to doxorubi-
in in the presence of an MRP inhibitor probenecid
ut also to find out whether probenecid could increase
RP levels. AML-2/DXPBA cultured in the presence of

robenecid (600 mM) and doxorubicin (100 ng/ml)
howed a higher level of the multidrug resistance
MDR) phenotype when compared to AML-2/DX100.
ML-2/DXPBA showed increased levels of MRP com-
ared to those of AML-2/DX100. Probenecid increased
he MRP levels without an increase in MRP mRNA in
ML-2/WT in both a time- and dose-dependent man-
er. Of the MRP inhibitors including probenecid,
floxacin, erythromycin, and rifampicin used in this
tudy, only probenecid showed a marked chemosensi-
izing effect in AML-2/DX100 but not in HL-60/Adr, sug-
esting that the chemosensitizing effects of the MRP
nhibitors vary according to the type of resistant cells.
he maximum noncytotoxic concentrations of these
RP inhibitors increased the MRP levels to various

egrees in both AML-2/WT and HL-60/WT. However,
he chemosensitizing effects of the MRP inhibitors
ere not correlated with their MRP-increasing effects.
ltogether, MRP inhibitors such as probenecid have
een shown to function as a double-edged sword, in-
icating that they are not only an effective chemosen-
itizer of MRP-associated MDR tumor cells but also an

Abbreviations used: MRP, multidrug resistance-associated pro-
ein; MDR, multidrug resistance; AML, acute myelogenous leuke-
ia; DX, doxorubicin; PBA, probenecid; WT, wild type.
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henever using MRP inhibitors to reverse MRP-
ediated multidrug resistance in clinical cancer che-
otherapy as well as when used to inhibit MRP ex-

ression in vitro. © 2001 Academic Press

The development of multidrug resistance by tumor
ells is a major obstacle to successful cancer chemo-
herapy. Multidrug resistance can be mediated by
verexpression of the human MDR1 and MRP genes,
he 170 kDa P-glycoprotein and the 190 kDa multidrug
esistance protein (MRP) (1, 2). Both P-glycoprotein
nd MRP function as transmembrane efflux pumps,
hich decrease intracellular drug accumulation,

hereby conferring multidrug resistance on tumor
ells. Many chemosensitizers have been developed to
vercome the multidrug resistance mediated by the
-glycoprotein and/or MRP. Verapamil and cyclosporin

are well-known chemosensitizers that inhibit
-glycoprotein-mediated multidrug resistance, and
onsequently increase sensitivity to P-glycoprotein-
ediated chemotherapeutic agents (3, 4). MRP inhibi-

ors include difloxacin (5), the leukotriene LTD4
eceptor antagonist MK571 (6), probenecid (7), indo-
ethacin (8), the leukotriene LTD4 receptor antago-

ist ONO-1078 (9), pluronic block copolymer (10),
ipyridamol (11), the progesteron antagonist RU486
12), rifampicin (13), erythromycin and ofloxacin (14).

However, it has been reported that P-glycoprotein
nhibitors do not only inhibit the P-glycoprotein-

ediated multidrug resistance phenotype but also in-
rease P-glycoprotein gene expression. P-glycoprotein
nhibitors, including verapamil, nifedipine, and cyclo-
porin A increase both the levels of MDR1 mRNA and
ts product P-glycoprotein in the human colon carci-
oma cell line, LS180, and its drug-resistant sublines,
S 180-Ad50 and LS 180-Vb2 (15). From this, it can be
ypothesized that an MRP inhibitor may have an abil-



ity to increase MRP. A further motivation for this
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tudy was that resistant cells selected in the presence
f an MRP inhibitor might express other novel resis-
ance mechanisms except an MRP or P-glycoprotein,
hich cannot completely explain the multidrug resis-

ant phenotypes resulting from a decreased accumula-
ion of drugs. Actually the MCF-7 human breast cancer
ells selected for their resistance to doxorubicin in the
resence of verapamil did not express either the
-glycoprotein or MRP (16, 17) but expressed the
reast cancer resistance protein BCRP (18). In this
tudy, probenecid was chosen as an MRP inhibitor
ecause in a preliminary experiment, it exhibited

greater chemosensitizing effect against MRP-
verexpressing AML-2/DX100. Probenecid was chron-
cally treated to AML-2/DX100 in the presence of 100
g/ml doxorubicin and this subline was named AML-
/DXPBA. AML-2/DXPBA showed an increased MRP
evel than AML-2/DX100. Therefore the effect of pro-
enecid on the increase in MRP levels was further
nvestigated.

ATERIALS AND METHODS

Culture and selection of resistant cells in the presence of both
robenecid and doxorubicin. The OCI-AML-2 line obtained from
he Ontario Cancer Institute (Toronto, Canada) was cultured at 37°C
n a 5% CO2 atmosphere using a-MEM medium (Gibco) with 10%
eat inactivated fetal bovine serum (FBS, Sigma). Cells were main-
ained as a suspension culture, and subcultured at confluence. The
revious study revealed that a doxorubicin-resistant AML subline
AML-2/DX100) overexpressed the MDR-associated protein (MRP)
ut not P-glycoprotein (19). AML-2/DXPBA was selected from AML-
/DX100 by chronic exposure to doxorubicin (100 ng/ml) in the pres-
nce of probenecid (600 mM) over 2 months. The daunorubicin-
esistant AML-2 subline AML-2/D100 were selected as described
reviously (20). Doxorubicin-resistant subline HL-60/Adr was used
s the MRP-overexpressing cell (21).

Cytotoxicity assay. The in vitro cytotoxicity of drugs was deter-
ined using the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tet-

azolium bromide, Sigma] assay described by Pieters et al. (22). The
0% inhibitory concentration (IC50) for a particular agent was de-
ned as the drug concentration which results in a 50% reduction in
ell number to the untreated control. IC50 values were determined
irectly from semilogarithmic dose–response curves. The experiment
as undertaken, at least, in triplicate.

Effects of chemosensitizers on the growth of AML-2/DXPBA.
ML-2/DXPBA of 2 3 105/ml cells were plated into a 96-well plate

ontaining doxorubicin (100 ng/ml) in the presence of cyclosporin A (3
M), verapamil (20 mM), and probenecid (600 mM). After 3-day

ncubation, MTT assay was carried out to determine the effects of
hemosensitizers.

Western blot analysis for MRP and P-glycoprotein. Plasma mem-
rane proteins from the drug-sensitive and -resistant cells were
repared as previously described (23). Membrane proteins were sol-
bilized and then fractionated by SDS-PAGE. Western blotting was
erformed by a slight modification of the method first described by
owbin et al. (24). Proteins were transferred onto a nitrocellulose
embrane by electroblotting at a current of 60 V overnight. The
embrane was incubated in blocking solution (5% skim milk) for 1 h

t room temperature, washed, and then incubated with primary
ntibodies (diluted 1:1000), C219 (Signet) for Pgp and Mrpr1 (Signet)
65
sh peroxidase-conjugated rabbit-antimouse IgG (diluted 1:2000,
igma) for 1 h. The membrane was then stained using the detection
eagent of the ECL detection kit (Amersham). Protein concentration
as determined with a Bio-Rad protein assay kit and standardized
ith bovine serum albumin.

RNA extraction and reverse transcription-polymerase chain reac-
ion (RT-PCR) assay. Total RNA was extracted from cells using the
cid guanidium thiocyanate-phenol-chloroform method (25). MDR1,
RP and b-actin mRNA transcripts were detected using the RT-
CR assay. MDR1 expression was detected with 39 and 59 primers
orresponding to nucleotides 1179–1201 and 907–930, respectively,
f the published cDNA sequence (26), yielding a 295-bp PCR product.
RP expression was detected with 39 and 59 primers corresponding

o nucleotides 4551–4568 and 4180–4197, respectively, of the pub-
ished cDNA sequence, yielding a 389-bp PCR product. b-actin ex-
ression as a control of the RNA amount was detected with 39 and 59
rimers corresponding to nucleotides 2392–2412 and 1912–1932,
espectively, of the published cDNA sequence (27), yielding a 501-bp
CR product. RNAs from each sample were reverse transcribed
sing units of Moloney murine leukemia virus reverse transcriptase
Bethesta Research Laboratories) and oligo (dT) primer for 1 h at
7°C. The resulting cDNA were diluted 1:5 with water and then were
mplified with 2.5 units of Taq polymerase (Promega, U.S.A.) and 10
mol of each primers in a GeneAmp PCR9600 (Perkin-Elmer-Cetus)
or 21 cycles (but 15 cycles for b-actin) of sequential denaturation (at
5°C for 30 s), annealing (at 53°C except at 65°C in MDR1), and
xtension (at 72°C for 30 s). After the last cycle, all PCR products
ere subjected to a final extension for 5 min at 72°C. For quantita-

ion, 5 mCi of [a-32P]dCTP were added to each reaction mixture. After
CR, PCR products were combined and then electrophoresed on
.5% nondenaturing polyacrylamide gels. Autoradiographic films of
he RT-PCR assay were subjected to densitometric analysis using a
ensitometer (Pdi, U.S.A.). The autoradiograms were normalized
ompared with the b-actin signal.

Statistical analysis. Statistical significance of the data was de-
ermined by the Student’s t test. P values less than 0.05 were taken
s statistically significant.

ESULTS

election of Resistant Cells in the Presence
of Both Probenecid and Doxorubicin

It was suggested that in the presence of an MRP in-
ibitor, the MRP mechanism and possibly the Pgp mech-
nism cannot develop. As a result, the selection of other
esistance mechanisms is possible. P-glycoprotein was
arely expressed at doxorubicin concentrations ,100
g/ml (19). The doxorubicin-resistant AML subline
AML-2/DX100) overexpressed the MDR-associated pro-
ein (MRP) but not P-glycoprotein (19). In AML-2/DX100,
he overexpression of MRP resulted from an increased
RP mRNA level transcribed from the amplified MRP

ene (data not shown). Therefore, AML-2/DX100 resis-
ant to doxorubicin in the presence of probenecid was
elected by chronic exposure of the doxorubicin-resistant
ML subline (AML-2/DX100) to gradually increasing
oncentrations of probenecid in the presence of doxorubi-
in. The probenecid concentrations were used from 300
M to 600 mM as severe cytotoxicity occurs at concentra-
ions .600 mM even in the absence of doxorubicin. The
oxorubicin-resistant cells selected in the presence of 600



m
a
s

T

e
d
o
A
r
t
6
2
v
b
s
s
p
p
D
a
c

R

c
a
A
M
n
1
t
D

r
A
A
i
r
3
w
t
o
n

E

e
T
t
t
i
i
p
a
a
t
P
e
r
t
o
r
m
T
s
c
c
s
d
D

s
p

Vol. 283, No. 1, 2001 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
M probenecid were designated AML-2/DXPBA, which
ppeared to be grossly similar to AML-2/DX100 in cell
ize.

he Dose–Response Effects of Probenecid on the
Doxorubicin Sensitivity of AML-2/DX100
and HL-60/Adr

The dose–response effects of probenecid in the pres-
nce or absence of doxorubicin were examined in both
rug-sensitive parental leukemic cells and MRP-
verexpressing resistant cells. The probenecid IC50s in
ML-2/DX100 and HL-60/Adr, in the absence of doxo-

ubicin, were 860 and 2887 mM, respectively. In con-
rast, the probenecid IC50s in AML-2/DX100 and HL-
0/Adr in the presence of 100 ng/ml doxorubicin were
02 and 2680 mM, respectively. Thus probenecid re-
ersed AML-2/DX100 resistance to 100 ng/ml doxoru-
icin in a concentration-dependent manner (data not
hown). However, this was not observed in HL-60/Adr,
uggesting that probenecid has differential effects de-
ending on the type of resistant cells. In addition, the
robenecid concentration that showed a .80% AML-2/
X100 survival rate in the absence of doxorubicin, was
pproximately 600 mM. However, with HL-60/Adr, the
oncentration was 2000 mM.

esistance Profile of AML-2/DXPBA in the Presence
of Doxorubicin or Vincristine

In advance, the AML-2/DX100 sensitivity to doxorubi-
in and vincristine was determined by using the MTT
ssay. Doxorubicin and vincristine were chosen as an
ML-2/DX100 selecting drug and as a good substrate for
RP, respectively. The IC50s of doxorubicin were 22.4

g/ml in AML-2/WT, 392.9 ng/ml in AML-2/DX100 and
021.4 ng/ml in AML-2/DXPBA (Fig. 1). With respect to
he relative resistance, AML-2/DX100 and AML-2/
XPBA resulted in an 18-fold and 46-fold increase in

FIG. 1. The resistance profile of doxorubicin-resistant AML-2
ensitivities of AML-2/DX100 and AML-2/DXPBA were determined b
oints are means of results from three separate experiments. Bars,
66
esistance to doxorubicin, respectively, when compared to
ML-2/WT. The IC50s of vincristine were 1.13 ng/ml in
ML-2/WT, 3.27 ng/ml in AML-2/DX100 and 12.5 ng/ml

n AML-2/DXPBA (Fig. 1). With respect to the relative
esistance, AML-2/DX and AML-2/DXPBA showed a
-fold and 11-fold resistance to vincristine, respectively,
hen compared to AML-2/WT. The AML-2/DXPBA resis-

ance to either doxorubicin or vincristine in the presence
f 600 mM probenecid may suggest the development of
on-MRP resistant mechanisms.

ffects of Chemosensitizers on the Growth of AML-2/
DXPBA in the Presence of Doxorubicin

Agents such as verapamil or cyclosporin A inhibit the
fflux of anticancer drugs by binding to P-glycoprotein.
hese result in a greater intracellular accumulation of
he anticancer drugs, thereby overcoming drug resis-
ance (3, 4, 28, 29). The effects of either P-glycoprotein
nhibitors (cyclosporin A or verapamil) or an MRP inhib-
tor (probenecid), on the growth of AML-2/DXPBA in the
resence of doxorubicin were determined using the MTT
ssay. A cyclosporin A concentration of 3 mM, a verap-
mil concentration of 20 mM, and a probenecid concen-
ration of 600 mM were used to completely reverse the
-glycoprotein or MRP in this study. As shown in Fig. 2,
ither cyclosporin A or verapamil completely reverses the
esistance of P-glycoprotein overexpressing AML-2/D100
o daunorubcin whereas probenecid does not. In MRP-
verexpressing AML-2/DX100, verapamil and probenecid
everse the resistance to doxorubicin in a moderate and
arked degree, respectively, but cyclosporin A does not.
his result is consistent with the result that MRP is less
ensitive than P-glycoprotein to the inhibition effects of
yclosporin or verapamil (30). At the same time, the con-
entrations of the three chemosensitizers used in this
tudy did not reverse the resistance of AML-2/DXPBA to
oxorubicin (Fig. 2). However, the resistance of AML-2/
XPBA to doxorubicin was completely reversed with

lines to doxorubicin or vincristine. The doxorubicin or vincristine
n MTT assay as described under Materials and Methods. The data

.
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900 mM probenecid. This result suggests that the in-
reased resistance of AML-2/DXPBA to doxorubicin only
esults from increased MRP levels.

valuation of Expression of Resistance Proteins
in AML-2/DXPBA

To confirm if either the P-glycoprotein or MRP was
nvolved in AML-2/DXPBA resistance to doxorubicin,
-glycoprotein and MRP expression was evaluated by
oth Western blot and RT-PCR analyses. As shown in
ig. 3A, AML-2/WT expresses a low level of MRP but
ot P-glycoprotein whereas AML-2/DX100 overex-
resses MRP but not P-glycoprotein. But AML-2/
XPBA did not express P-glycoprotein, either (data not

FIG. 2. The effects of chemosensitizers on the growth of drug-
esistant cells in the presence of each selecting drug. The effects of
hemosensitizers on AML-2/D100 and AML-2/DX100 were tested in
he presence of each selecting drug, 100 nM daunorubicin and 100
g/ml doxorubicin, respectively. The MTT assay was performed 3
ays after treatment of the chemosensitizers with each selecting
rug. The data represent an average of triplicate determinations.
ars, SE; *, significant difference (at P , 0.05) from control values
y Student’s t test. D100, AML-2/D100; DX100, AML-2/DX100;
XPBA, AML-2/DXPBA; CSA, cyclosporin A; VP, verapamil; PBA,
robenecid.

FIG. 3. The Western blot and RT-PCR analyses for MRP in AML
he protein samples were extracted from cells and then 50 mg aliquo
RP was detected by immunoblotting with rat monoclonal antibody
as subjected to PCR using a primer specific for the MRP and b-ac

ontrol and indicates that approximately equal amounts of cDNA w
67
igher MRP level than AML-2/DX100 (Fig. 3A). To
etermine whether the increased MRP level was due to
higher MRP mRNA level, reverse transcription-PCR
as performed. The RT-PCR data indicates no MDR1/
-glycoprotein mRNA expression (data not shown).
he MRP mRNA level increased in AML-2/DX100
hen compared to AML-2/WT. However, no differences

n MRP mRNA levels were observed between AML-2/
X100 and AML-2/DXPBA (Fig. 3B).

ime- and Dose-Dependent Effects of Probenecid
on MRP Expression in AML-2/WT

It was noticed that the chronic exposure to probene-
id could increase the MRP levels in AML-2/DX100
ven in the presence of doxorubicin. We examined
hether the short-term treatment with probenecid in

he absence of doxorubicin could increase MRP in drug-
ensitive parental cells AML-2/WT as a function of
ime and concentration. As shown in Fig. 4, treatment
f AML-2/WT with 600 mM probenecid from 6 h to 48 h
hows a steady increase in MRP with increasing time.
ML-2/WT treated with 600 mM probenecid for 48 h
xhibited a 4-fold increase in MRP level when com-
ared to the control. However, the MRP mRNAs levels
ecreased slightly with increasing time (Fig. 4B).
The effect of dosage was investigated to evaluate the

ffects of probenecid concentrations ,600 mM for 48 h
Fig. 5). This duration of treatment was chosen since
he preliminary experiment indicated a peak increase
n MRP levels after the 48-h treatment. The effects of
robenecid on MRP expression in AML-2/WT were de-
ermined as a function of concentration. Four probene-
id concentrations, 100, 200, 400 and 600 mM, were
sed. As shown in Fig. 5, the MRP levels in AML-2/WT

ncrease with increasing probenecid concentration.
uring this time, no change in MRP mRNA levels was
etected when .400 mM probenecid was used although
he MRP mRNA levels increase slightly at both 100 mM
o 200 mM probenecid.

T and its doxorubicin-resistant sublines. (A) Western blot analysis;
of protein from each sample were subjected to 7% SDS–PAGE. The
pr1. (B) RT-PCR; an aliquot of RNA was transcribed, and the cDNA
. The PCR for b-actin performed on cDNA is included as a positive
loaded for each condition examined.
-2/W
ts
Mr
tin
ere
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ffects of Various MRP Inhibitors on the MRP
Expression in AML-2/WT
To determine whether other MRP inhibitors may

ncrease the MRP levels, the effects of various MRP
nhibitors were tested in AML-2/WT. In advance, the

FIG. 4. Time effects of probenecid on MRP expression in AML
robenecid. MRP expression was determined by Western blot (A) an
68
hemosensitizing effects of other MRP inhibitors in-
luding probenecid, ofloxacin, erythromycin and rifam-
icin were evaluated in both AML-2/DX100 and HL-
0/Adr. The maximum noncytotoxic concentration
more than 90% of control survival) of each drug was

T. AML-2/WT was treated for 6, 12, 24, and 48 h with 600 mM
T-PCR (B) analyses.
FIG. 5. The concentration-dependent effects of probenecid on MRP expression in AML-2/WT. A dose–response relationship was
etermined by evaluating the effects of 100–600 mM probenecid for 48 h. MRP expression was determined by Western blot (A) and RT-PCR
B) analyses.
-2/W
d R
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sed in order to avoid the possibility of preexisting cells
ith higher MRP levels being selected. The maximum
oncytotoxic concentrations of the MRP inhibitors in
ML-2/WT were as follows: probenecid 600 mM, ofloxa-
in 70 mM, erythromycin 45 mM and rifampicin 40 mM.
robenecid and ofloxacin showed significant and
lightly chemosensitizing effects in AML-2/DX100, re-
pectively. However, this effect was not observed in
L-60/Adr. In contrast, both erythromycin and rifam-
icin had no effect in either of the two cell lines. AML-
/WT was treated with the maximum noncytotoxic con-
entration of MRP inhibitors for 48 h. As shown in
ig. 6, the four MRP inhibitors that were used in this
tudy resulted in 1.67- to 3.49-fold MRP increase in
ML-2/WT.
Effects of MRP inhibitors on MRP expression in an-

ther leukemic cell line HL-60 Multidrug-resistant
L-60/Adr cells were selected from drug-sensitive pa-

ental HL-60/WT human promyelocytic leukemia cells
y exposure to 100 ng/ml doxorubicin. They expressed
RP mRNA but no MDR1 mRNA (21). To determine
hether MRP inhibitors had similar effects in another

eukemic cell line HL-60, MRP expression was exam-
ned in HL-60 after treatment with MRP inhibitors
uch as rifampicin, erythromycin, ofloxacin, and pro-
enecid. The maximum noncytotoxic concentrations of
he MRP inhibitors in HL-60/WT were as follows: 1000
M probenecid, 70 mM ofloxacin, 400 mM erythromycin
nd 50 mM rifampicin in HL-60/WT. After exposure to
he maximum noncytotoxic concentrations of MRP in-

FIG. 6. Effects of various MRP inhibitors on the MRP expression
ion (more than 90% of control survival) of each MRP inhibitor s
ML-2/WT and HL-60/WT for 48 h. Subsequently, Western blot and
TL, control; PBA, probenecid; OFLX, ofloxacin; EM, erythromycin;
69
ibitors for 48 h, the four MRP inhibitors tested in this
tudy resulted in a 1.13- to 1.83-fold MRP increase in
ML-2/WT without an increase in MRP levels (Fig. 6).

ISCUSSION

AML-2/DXPBA was selected for resistance of MRP-
verexpressing AML-2/DX100 to 100 ng/ml doxorubi-
in in the presence of 600 mM probenecid. AML-2/
XPBA showed increased resistance to doxorubicin
hen compared with AML-2/DX100 and survived in

he presence of chemosensitizers such as cyclosporin A
3 mM), verapamil (20 mM) and probenecid (600 mM).
hese results suggest no involvement of either
-glycoprotein or possibly MRP. However, AML-2/
XPBA resistance to doxorubicin was completely re-
ersed by more than 900 mM probenecid. This result
uggests a possibility that increased MRP levels can be
vercome by increased concentrations of probenecid in
ML-2/DXPBA. Western blot analysis revealed that
ML-2/DXPBA increased the MRP level but not
-glycoprotein. This result mimics the increases in
DR-1/P-glycoprotein expression after treatment with

he P-glycoprotein antagonists, verapamil, nifedipine,
nd cyclosporin A. P-glycoprotein antagonists in-
reased P-glycoprotein expression with increases in
DR1 mRNA levels (15). Short-term treatment of pro-

enecid also increased MRP levels in drug sensitive
arental cells, AML-2/WT, in both a concentration- and
ime-dependent manner. AML-2/DX100 overexpressed

AML-2/WT and HL-60/WT. The maximum noncytotoxic concentra-
as ofloxacin, erythromycin, and rifampicin was administered to

-PCR analyses were performed as described in the legend to Fig. 3.
F, rifampicin.
in
uch
RT
RI
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ollowing gene amplification. On the other hand, both
ML-2/DXPBA and probenecid-treated AML-2/WT
howed increased MRP protein levels without an in-
rease in the MRP mRNA level. Although the mecha-
ism by which the MRP levels were induced by MRP

nhibitors is unknown, this result suggests that the
ncreased MRP level may be due to post-transcription
r post-translation mechanisms such as an increased
ranslation efficiency or increased MRP stability.
-glycoprotein can influence hepatic expression of
YP3A or other cytochromes P-450 (P-450s) because
gp can transport endogenous regulators of these cy-
ochromes (31). It could be therefore hypothesized that
robenecid, an inhibitor of organic anion transport (7),
ay inhibit the transport of endogenous substances

apable of increasing the MRP levels. The exact molec-
lar mechanism remains to be determined.
Of the MRP inhibitors including probenecid, ofloxa-

in, erythromycin, and rifampicin used in this study,
nly probenecid showed a marked chemosensitizing
ffect in AML-2/DX100 but not in HL-60/Adr. This
esult suggests that the chemosensitizing effects of the
RP inhibitors vary according to the type of resistant

ells. The maximum noncytotoxic concentrations of
hese MRP inhibitors were used to examine their ef-
ects on MRP expression in AML-2/WT and HL-60/WT.
he maximum noncytotoxic concentrations of these
RP inhibitors increased the MRP levels in various

egrees. However, the chemosensitizing effects of the
RP inhibitors were not correlated with the effects of

ncreasing MRP levels.
To overcome multidrug resistance in clinical situa-

ions, many chemosensitizers that inhibit P-glycoprotein
nd/or MRP have been developed. Thus far, clinical trials
ave been undertaken to improve the effectiveness of
hemotherapy by adding these chemosensitizers to the
hemotherapy regimen. In addition to their clinical use,
hemosensitizers have been used in a strategy to deter-
ine novel resistant mechanisms as the multidrug resis-

ance phenotypes resulting from the decreased accumu-
ation of drugs cannot be completely explained with
-glycoprotein and MRP. This strategy was motivated by
recent report showing that AML cells contain a novel

orm of an energy-dependent drug efflux mechanism,
hich has not yet been identified (32). Therefore, selec-

ion for resistance to doxorubicin in the presence of an
RP inhibitor may be attempted with the anticipation of

xpressing any novel resistance gene(s) except an
RP and P-glycoprotein. AML-2/DXPBA unexpectedly

howed an increased levels of MRP. Thus such a strategy
hould be employed after determining whether or not a
hemosensitizer could increase the resistance protein lev-
ls. In the present study, AML-2/DXPBA provided a good
xample.
Chemosensitizers for MRP and P-glycoprotein have

heir own pharmacological effects. Therefore when
70
ients, their MRP-increasing effects should be consid-
red with regard to their resistance to chemotherapy.
n particular, probenecid can be used with chemother-
py to treat hyperuricemia induced by tumor cell lysis
fter chemotherapy (33). It should be noted that pro-
enecid can increase the MRP levels, thereby confer-
ing resistance to cancer cells in this situation.
Overall, MRP inhibitors such as probenecid have

een shown to function as a double-edged sword, indi-
ating that they are not only an effective chemosensi-
izer of MRP-associated multidrug resistance tumor
ells but also an MRP activator. Therefore, caution
hould be taken when using MRP inhibitors for revers-
ng MRP-mediated multidrug resistance in clinical
ancer chemotherapy as well as for inhibiting MRP
xpression.
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