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AbstractmPurpose: To determine whether probenecid, an
inhibitor of organic anion transport, is able to reverse
multidrug resistance (MDR) through modulation of the
drug transport function of MDR-associated protein (MRP)
and P-glycoprotein (P-gP).Methods: Two MRP-overex-
pressing cell lines (HL60/AR and H69/AR) and two
P-gP-overexpressing cell lines (HL60/Tax and P388/ADR)
were cultured with different concentrations of daunorubicin
(DNR) or vincristine (VCR) in the presence or absence of
various concentrations of probenecid (0.01–10 mM). Drug
sensitivity was determined using an MTT assay. DNR
accumulation and subcellular distribution were determined
by flow cytometry and confocal microscopy respectively.
VCR accumulation was determined by scintillation
spectrometry.Results: Probenecid, in a concentration-de-
pendent manner, reversed resistance to DNR and VCR in
HL60/AR and H69/AR tumor cell lines. This effect of
probenecid on MDR was associated with an increased
accumulation of DNR and VCR and correction of the
altered subcellular distribution of DNR. The concentrations
of probenecid that reversed MDR are clinically achievable
in vivo. In contrast, probenecid did not reverse MDR in
either HL60/Tax or P388/ADR tumor cell lines that over-
express P-gP.Conclusion: These results suggest that pro-
benecid is an effective chemosensitizer of MRP-associated
MDR tumor cells and is a potential candidate for clinical
use to reverse MDR.

Key wordsmMRP ? Multidrug resistance? P-glycoprotein?
Subcellular drug distribution? Drug transport

Introduction

The development of multidrug resistance (MDR) to anti-
cancer agents by tumor cells is a major obstacle to the
chemotherapeutic cure of cancer. Overexpression of
P-glycoprotein (P-gP) or MDR-associated protein (MRP)
has been shown to confer MDR in tumor cell lines [1–3].
Both P-gP and MRP are members of the ATP-binding
cassette superfamily of membrane transport proteins [4,
5]. Increased expression of these membrane transport
proteins is associated with decreased drug accumulation
and/or altered subcellular drug distribution [2, 6–10]. A
number of agents have been identified that reverse MDR in
tumor cells that overexpress P-gP [11–15]. The majority of
these chemosensitizing agents have been shown to reverse
MDR by correcting the intracellular drug accumulation
defect exhibited by MDR tumor cells [15–18]. Many of
these modulators of MDR are less effective in reversing
MDR associated with an overexpression of MRP [7,
19–21]. Recently, genestein, a tyrosine kinase inhibtor,
and buthionine sulfoxamine, an inhibitor of glutathione
synthesis, have been shown to reverse MDR in MRP, but
not in P-gP-overexpressing cell lines [22–25]. The reversal
of resistance by these modulators is seen at very high
concentrations that are too toxic to use in humans. Cur-
rently, there is a need to identify agent(s) that can reverse
MDR not mediated by P-gP and have no or minimal
toxicity.

It has recently been demonstrated that leukotriene C4
(LTC4) and calcein, an organic anion, are transported by
MRP [26, 27]. Probenecid, an inhibitor of organic anion
transport, has been shown to decrease efflux of LTC4 and
calcein [27–29]. Therefore, in this study we examined the
in vitro chemosensitizing activity of probenecid in MDR
cell lines that overexpress MRP, but lack P-gP expression
(HL60/AR and H69/AR), and in cell lines that overexpress
P-gP (HL60/Tax and murine leukemia P388/ADR). The
present study demonstrated that probenecid, at clinically
achievable serum concentrations, reversed MDR in HL60/
AR and H69/AR cell lines but not in HL60/Tax and P388/
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ADR cell lines. This would suggest that probenecid has a
selective or preferential activity in MRP-overexpressing
cells.

Materials and methods

Cell lines

MDR human myeloid leukemia cell lines (HL60/AR, HL60/Tax1000)
and their parental drug-sensitive cell line (HL60) were obtained from
Dr. Kapil Bhalla, University of South Carolina, Charleston, S.C. The
MDR human small-cell lung carcinoma cell line (H69/AR) and drug-
sensitive parental cell line H69 were kindly provided by Dr. Susan
Cole, Queens University, Kingston, Ontario, Canada. These cell lines
were maintained in suspension culture in RPMI-1640 medium supple-
mented with 10% fetal calf serum, 2 mM glutamine and 100µg/ml
each of penicillin and streptomycin. HL60/AR cells and H69/AR cells
lack P-gP and its mRNA but overexpress the MRP gene and its product
[5, 9, 30, 31]. The MDR murine leukemia cell line (P388/ADR) and its
parental cell line (P388) were maintained in culture medium supple-
mented with 10-5 M 2-mercaptoethanol. HL60/Tax1000 and P388/ADR
cells overexpress P-gP [19, 32]. We determined the expression of MRP
and P-gp in MDR tumor cells at the message and protein levels by PCR
and flow cytometry, respectively. The cross-resistant patterns of the
MDR cells used in this study have been previously described [9, 14,
19, 33].

Polymerase chain reaction

MRP or mdr1 mRNAs were analyzed by reverse transcription-poly-
merase chain reaction (RT-PCR) using an RT-PCR kit from Perkin-
Elmer (Forest City, Calif.) with specific primers. Briefly, total cellular
RNA was extracted using the guanidinium isothiocyanate-phenol
chloroform method [24], and cDNA was synthesized with 0.2µg
total cellular RNA and 2.5µM random hexamers in 20µl solution
containing 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 5 mM MgCl2, 1 mM
of each dNTP, and 2.5 units of reverse transcriptase for 30 min at room
temperature. PCR was carried out for 35 cycles in 50µl of a solution
comprising 10 mM Tris-HCl (pH 8.3), 2 mM MgCl2, and 0.2 mM of
each dNTP, cDNA derived from 0.1µg RNA, 1.25 unit of AmpliTaq
DNA polymerase and 37.5 pmol of each primer ofmdr1 or MRP. Each
cycle of PCR consisted of 1 min of denaturation at 94°C, 1 min of
primer annealing at 60°C and 2 min of extension at 72°C. Primers
specific formdr1 (sense, 59-CCCATCATTGCAATAGCAGG-39; anti-
sense, 59-GTTCAAACTTCTGCTCCTGA-39) and MRP (sense,
59-TGAAGGACTTCGTGTCAGCC-39; antisense, 59-CGTCCAT-
GATGGTGTTGAGCC-39) yielded a 167 bp and a 242 bp DNA
fragment, respectively. A 100-bp DNA ladder was used as a standard
DNA size marker.

Flow cytometry

Expression of P-gp was determined with U1C2 (Immunotech, West-
brook, Me.) and C219 (Signet Laboratories, Dedham, Mass.) using a
FACSan flow cytometer (Becton-Dickinson, San Jose, Calif.). HL60/
AR, HL60/Tax and H69/AR cells (1×106) were incubated with 1µg
U1C2 or IgG2a isotypic control at 4°C for 45 min. P388/ADR cells
were permeabilized with 1 ml 70% methanol at –20°C for 5 min,
washed with cold phosphate-buffered saline (PBS) and incubated with
2 µg C219 or Ig2a isotypic control at 4°C for 45 min. Cells were
washed and counterstained with FITC-labeled goat antimouse Ig2a
antibody. Cells were washed with PBS and the fluorescence intensity
of 10 000 cells was determined using a FACScan flow cyotometer.
MRP expression was determined with MRPm6 monoclonal antibody
(kindly provided by Prof. R.J. Scheper, Free University Hospital,
Amsterdam). MDR tumor cells (1×106) were permeabilized and
fixed with 1 ml 10% (v/v) FACS lysing solution (Becton-Dickinson),

washed with PBS and incubated for 45 min with 0.5µg MRPm6 or
IgG1 isotypic control. Cells were washed and counterstained with
FITC goat anti-mouse IgG1 antibody. Cells were washed and analyzed
by FACSscan.

Drug sensitivity assay

Drug sensitivity was determined using a colorimetric MTT assay [34].
This assay is based on the reduction of tetrazolium salt MTT [3-(4,5-
dimethylthiozol-3-yl)-2,5-diphenyltetrazolium bromide] by a mito-
chondrial dehydrogenase in viable cells to a blue-colored formazan
product that can be measured spectrometrically. The amount of
formazan produced is proportional to the number of living cells.
Cells were seeded in 96-well plates at 2×104/well and cultured in
triplicate in the presence or absence of various concentrations of
probenecid (0.1–0.5 mM) and with or without various concentrations
of daunorubicin (DNR) (10-8 5×10-5 M), or vincristine (VCR
0.1–1000 ng/ml). The cultures were incubated at 37°C for 72 h,
after which 50µg of MTT was added to each well and the cultures
incubated for an additional 4 h. The plates were centrifuged, the
medium carefully removed, the formazan crystals solubilized with
acid alcohol, and the plates read at 590 nm using an ELISA plate reader
(Molecular Devices, Menlo Park, Calif.). The IC50 was defined as the
concentration of drug that caused a 50% reduction in absorbance.

Drug accumulation

Intracellular accumulation of DNR and VCR was determined by flow
cytometry and scintillation spectrometry, respectively [31]. Briefly,
drug-sensitive and drug-resistant cells were incubated with 0.5µM
DNR or 16 nM 3H-VCR (specific activity 6 Ci/mmol; Amersham,
Arlington, Ill.) in the presence or absence of probenecid (0.1–0.5 mM)
at 37°C for 24 h. Accumulation of DNR was measured by flow
cytometry, using a FACScan (Becton Dickinson) and the fluorescence
intensity was recorded from histograms and the data expressed as mean
fluorescence channel numbers (MFC). Cells incubated with 3H-VCR
and probenecid were washed three times with ice-cold PBS and the cell
pellets were dissolved in 2% sodium dodecyl sulfate solution. The
cellular accumulation of VCR was determined using a scintillation
counter and the data are expressed as picograms of VCR per 105 cells.

Subcellular distribution of DNR

Drug-sensitive (HL60 and H69) and drug-resistant (HL60/AR and
H69/AR) cells were incubated with 0.5µM DNR in the presence or
absence of probenecid (0.5 mM) for 24 h at 37°C. Cells were
deposited onto glass slides using a cytocentrifuge (SHANDON, Pitts-
burgh, Pa.), and mounted in cold RPMI-1640 medium using coverslips.
The edges were sealed and the slides were kept on ice until analyzed.
The subcellular distribution of DNR was assessed using a BioRad
MRC600 laser scan confocal microscope.

Results

Expression of MRP and P-gp in MDR tumor cells

Figure 1 shows the expression of MRP at the protein level
in the MDR cells. MDR HL60/AR, and H69/AR cells
expressed MRP but not P-gP. In these cells, the P-gP
message was also undetectable. In contrast, HL60/Tax
and P388/ADR cells showed increased expression of P-
gp, but not MRP (Fig. 1). Low levels of MRP message were
detectable in HL60 cells but were undetectable in HL60/
Tax cells (Fig. 2).
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Probenecid reverses MDR in MRP but not PgP-expressing
cell lines

The effect of different concentrations of probenecid on
reversal of DNR and VCR resistance in MRP-expressing
HL60/AR and H69/AR tumor cell lines is shown in Tables
1 and 2. Probenecid, in a concentration-dependent manner,
increased the sensitivity and reversed the resistance to DNR

and VCR in HL60/AR cells (Table 1) and in H69/AR cells
(Table 2). The reversal of resistance by probenecid was
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Fig. 1mFlow cytometric analysis
of P-gp and MRP expression in
MDR tumor cell lines. P-gP ex-
pression in HL60/AR and HL60/
Tax and H69/AR cells was de-
termined using monoclonal anti-
body U1C2. Monoclonal anti-
body C219 was used to determine
the P-gP expression in P388/ADR
cells. MRP expression was de-
termined using monoclonal anti-
body MRPm6.Dotted linesre-
present staining with isotype
control and solid lines represent
staining with monoclonal anti-
body

Fig. 3mEffect of probenecid on cell survival. HL60, HL60/AR and
HL60/Tax and cells were cultured with or without the indicated
concentrations of probenecid for 3 days. Cell survival was determined
using an MTT assay. The OD values for HL60, HL60/AR and HL60/
Tax cells cultured without probenecid were 0.210, 0.261 and 0.281,
respectively. + HL60; –n– HL60/AR; –*– HL60/Tax

Fig. 2mAnalysis of P-gp and MRP mRNA by RT/PCR in (1) HL60, (2)
HL60/AR, (3) HL60/Tax, (4) H69 and (5) H69/AR cells. Total cellular
RNA was extracted from each cell line, and P-gp and MRP mRNA
were amplified by RT/PCR using specific primers as described in
Materials and methods. Thecentre laneis a 100 bp DNA ladder



almost complete in HL60/AR cells, but was incomplete in
H69/AR cells. Probenecid had no significant (P $0.05)
effect on the sensitivity of HL60 cells to DNR and VCR.
Probenecid did not alter the sensitivity of P-gP-expressing
HL60/Tax and P388/ADR cells or of their parental cell
lines HL60 and P388 cells to either DNR or VCR (Tables 3
and 4).

The viability of the cells cultured with various concen-
trations of probenecid is shown Fig. 3. Probenecid at
concentrations lower than 1 mM was not toxic to tumor
cells, but at concentrations above 1 mM it was toxic to cells
exposed continuously. Experiments were therefore perform-
ed to determine whether pulse exposure to high concentra-
tions of probencid could revese MDR. In these experiments,
HL60 and HL60/AR cells were exposed to different con-
centrations of DNR in the presence or absence of 10 mM
probenecid for 1 h. After exposure the cells were washed to
remove the drugs and cultured for 3 days in the absence of
DNR and probenecid. It can be seen from the results in

Table 5 that pulse exposure of cells to probenecid and DNR
resulted in partial reversal of MDR in HL60/AR cells.

Probenecid increases intracellular drug accumulation and
alters subcellular distribution of DNR

The effect of probenecid on drug accumulation and sub-
cellular drug distribution in HL60/AR and H69/AR cells
was studied to investigate the possibilty that probenecid
interferes with the function of MRP. Overexpression of
MRP has been reported to be associated with reduced drug
accumulation (in HL60/AR) and alterations in subcellular
drug distribution (in HL60/AR and H69/AR cells) [6–10,
31]. Therefore, the effect of probenecid on drug accumula-
tion was studied in HL60/AR cells and drug distribution in
both the cell lines. Drug accumulation in HL60 and HL60/
AR cells following a 24-h exposure to 0.5µM DNR or 15 ng
3H-VCR with or without various concentrations of proben-
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Table 1mEffect of probenecid on the drug sensitivity of HL60 and
HL60/AR cells. Drug-sensitive and -resistant cells were incubated
without or with the indicated concentrations of probenecid in the
presence or absence of various concentrations of DNR or VCR.

Drug sensitivity was measured using a 3-day MTT assay (sensitization
ratio IC50 in the absence of probenecid IC50 in the presence of
probenecid;resistance factorIC50 of resistant cells IC50 of sensitive
cells

Cell line Probenecid concentration (mM)

0 0.1 0.25 0.5

Daunorubicin HL60
IC50 (µM) 0.38+0.19 0.27+0.14 0.23+0.10 0.26+0.13
Sensitization ratio 1.41 1.65 1.46
IC50 (µM) HL60/AR 2.53+0.33 1.75+0.31* 0.86+0.05** 0.56+0.19**
Sensitization ratio 1.45 2.94 4.52
Resistance factor 6.66 6.48 3.74 2.15

Vincristine
IC50 (nM) HL60 3.5 +0.9 3.6+1.0 3.0+1.0 3.4+0.7
Sensitization ratio 0.97 1.17 1.03
IC50 (nM) HL60/AR 24.0+0.5 16.5+0.5** 4.0 +0.4** 2.7 +1.2**
Sensitization ratio 1.45 6.00 8.89
Resistance factor 6.86 4.58 1.33 0.79

* P #0.05, ** P #0.01, vs IC50 values in the absence of probenecid

Table 2mEffect of probenecid on the drug sensitivity of H69 and H69/
AR cells. Drug-sensitive and -resistant cells were incubated without or
with the indicated concentrations of probenecid in the presence or
absence of various concentrations of DNR or VCR. Drug sensitivity

was measured using a 3-day MTT assay (sensitization ratioIC50 in the
absence of probenecid IC50 in the presence of probenecid;resistance
factor IC50 of resistant cells IC50 of sensitive cells

Cell line Probenecid concentration (mM)

0 0.1 0.25 0.5

Daunorubicin
IC50 (µM) H69 1.5+0.60 1.4+0.2 1.2+0.30 1.5+0.80
Sensitization ratio 1.07 1.25 1.0
IC50 (µM) H69/AR 24.5+0.33 8.4+2.90* 7.2+0.28* 4.1+0.19*
Sensitization ratio 2.9 3.4 5.98
Resistance factor 16.33 6.0 6.0 2.7

Vincristine
IC50 (nM) H69 9.9+0.4 10.3+2.0 9.4+2.2 7.5+1.7
Sensitization ratio 0.96 1.05 1.32
IC50 (nM) H69/AR 573.0+64 64.7+11* 50.6+9* 44.0+2*
Sensitization ratio 8.85 11.30 13.00
Resistant factor 57.9 6.28 5.4 5.9

* P #0.01, vs IC50 values in the absence of probenecid



ecid is shown Table 6. Probenecid at concentrations of
0.1 mM and above caused significant increases in DNR and
VCR accumulation in HL60/AR cells. The subcellular
distribution of DNR in drug-resistant and -sensitive parental
tumor cell lines exposed to 0.5µM DNR, in the presence or
absence of 0.5 mM probenecid for 24 h is shown in Figs. 4
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Table 3mEffect of probenecid on the sensitivity of HL60/Tax cells to DNR and VCR. Drug-sensitive and -resistant cells were incubated without
or with the indicated concentrations of probenecid in the presence or absence of various concentrations of DNR or VCR. Drug sensitivity was
measured using a 3-day MTT assay

Probenecid DNR (IC50 in µM) VCR (IC50 in nM)
(mM)

HL60 HL60/Tax HL60 HL60/Tax

0 0.38+0.19 1.97+0.46 3.5+0.9 2000+400
0.1 0.27+0.14 2.93+1.32 3.6+1.0 2250+212
0.25 0.23+0.10 3.2+1.14 3.0+1.0 1700+360
0.5 0.26+0.13 3.35+1.08 3.4+0.70 2200+264

Table 4mEffect of probenecid on the sensitivity of P388 and P388/ADR cells to DNR and VCR. Drug-sensitive and -resistant cells were incubated
without or with the indicated concentrations of probenecid in the presence or absence of various concentrations of DNR or VCR. Drug sensitivity
was measured using a 3-day MTT assay

Probenecid DNR (IC50 in µM) VCR (IC50 in nM)
(mM)

P388 P388/ADR P388 P388/ADR

0 0.11+0.03 1.78+0.22 0.38+0.06 36.8+6.5
0.1 0.11+0.04 1.45+0.17 0.30+0.06 33.6+1.5
0.25 0.10+0.04 1.53+0.19 0.30+0.02 30.7+8.5
0.5 0.09+0.02 1.65+0.26 0.27+0.05 32.0+4.4

Fig. 4A–DmConfocal microscopy of the subcellular distribution of
DNR in untreated (A) and probenecid-treated (B) HL60/AR cells and
in untreated (C) and probenecid-treated (D) HL60 cells



and 5. As expected, the DNR staining pattern of drug
resistant cells was quite dissimilar from that seen in
parental drug-sensitive cells. In HL60/AR cells (Fig. 4A)
DNR was distributed in perinuclear regions with little or no
nuclear accumulation. In the presence of probenecid, DNR
accumulated in the nucleus of HL60/AR cells. This pattern
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Table 5mEffect of probenecid on the IC50 value (µM) of DNR in HL60 and HL60/AR cells. Drug-sensitive and -resistant cells were incubated for
1 h witu various concentrations of DNR in the presence or absence of 10 mM probenecid, washed to remove the drugs and cultured for 3 days.
Drug sensitivity was measured using an MTT assay

Cells preexposed to HL60 HL60/AR

DNR 0.62+0.03 3.6+1.1
DNR + probenecid 0.61+0.05 1.5+0.07

Table 6mEffect of probenecid on DNR and VCR accumulation in
HL60 and HL60/AR cells. HL60 and HL60/AR cells were incubated
without or with the indicated concentrations of probenecid in the
presence of 0.5µM DNR or 15 ng/ml 3H-VCR for 24 h at 37°C.
DNR accumulation was measured using a FACScan flow cytometer,

and the results from a representative of two separate experiments each
done in triplicate are expressed as fluorescence channel number (mean
+SD). VCR accumulation was determined by scintillation spectro-
meter, and results shown are the mean of two separate experiments

Probenecid DNR (fluorescence intensity) VCR (picograms/105 cells)
(mM)

HL60 HL60/AR HL60 HI60/AR

0 294+3 174+5 34 25.5
0.01 294+2 174+3 ND ND
0.05 303+5 175+1 ND ND
0.1 287+2 227+2 25 40.3
0.25 283+3 248+4 29 46.7
0.5 278+4 251+5 33 60.9

Fig. 5A–DmConfocal microscopy of the subcellular distribution of
DNR in untreated (A) and probenecid-treated (B) H69/AR cells and in
untreated (C) and probenecid-treated (D) H69 cells



of DNR distribution was similar to that observed in parental
drug-sensitive HL60 cells (Fig. 4C). Probenecid had no
effect on the distribution of DNR in HL60 cells (Fig. 4D).
In H69/AR cells, particulate nuclear and cytoplasmic stain-
ing was seen (Fig. 5A), whereas in H69 cells diffuse nuclear
staining was observed (Fig. 5C). The staining pattern of
H69/AR cells treated with probenecid (Fig. 5B) was similar
to that of the parental H69 line showing diffuse nuclear
staining (Fig. 5C). H69 cells treated with probenecid
showed no change in the subcellular distribution of DNR
(Fig. 5D).

The data in Table 7 shows DNR accumulation in HL60
and HL60/AR cells following a 1-h exposure to 4µg/ml
DNR and various concentrations of probenecid. Probenecid
at a concentration of 10 mM completely corrected the drug
accumulation defect in HL60/AR cells, but at low concen-
trations (0.1–0.5 mM) had no significant effect on DNR
accumulation in 1-h assay.

Discussion

In this investigation, we demonstrated that probenecid is an
effective chemosensitizer for MDR cells that overexpress
MRP. The concentrations of probenecid (0.1–0.5 mM) that
reversed MRP-mediated MDR are readily achievable in
vivo. Following a single oral dose of 200 mg of probenecid,
the peak plasma level in humans is 0.7 mM [35].

The precise mechanism(s) by which probenecid reverses
MDR remain(s) unclear. However, the observation that
probenecid reversed MDR in MRP-overexpressing but not
P-gP-overexpressing cell lines suggests that the chemosen-
sitizing effect of probenecid is linked to the overexpression
of MRP. MRP is a member of the ATP-binding cassette
superfamily of membrane transport proteins. It has been
suggested that MRP plays a role in reduced drug accumula-
tion [6], altered intracellular distribution of anthracyclines
[7–10], and resistance to natural product chemotherapeutic
agents and to anions such as arsenite and antimonials [36].
In addition, MRP has been shown to facilitate the transport
of LTC4 [26] and calcein [27]. Probenecid, in the concen-
tration range 0.7–1 mM, has been shown to inhibit the
transport of LTC4 [25, 28, 29] and calcein [27] in MRP-
overexpressing cells. Recently, Evers at al. [37] have
reported that probenecid (2.5 mM and 10 mM), increases
DNR accumulation in polarized kidney epithelial cells

transfected with an MRP cDNA vector. In this study we
showed that the effect of probenicid on DNR accumulation
in HL60/AR cells is time- and dose-dependent; high con-
centrations of probenecid (1–10 mM) reversed the drug
accumulation deficit in a short period of time (1 h), whereas
low concentrations of probenecid (0.125–0.5 mM) in-
creased DNR accumulation after a prolonged (24-h) incu-
bation. A possible explanation for these findings is that a
critical intracellular concentration of probenecid may be
required to exert its effect on the drug transport activity of
MRP. This threshhold level may be achieved in a short
period of time with high concentrations of probenecid and
longer incubation times may be required to achieve this
threshhold level with low probenecid concentrations.
Whether probenecid inhibits transport function of MRP
by directly interacting with drug binding sites on MRP or
indirectly by altering cellular levels of glutathione or ATP
remains to be investigated. It should be mentioned that
levels of probenecid in the range 1–10 mM are not
achievable clinically. We found that continuous exposure
to concentrations of probenecid in this range was very toxic
to the cells used in this study.

Gekeler et al. [38] have shown that MK571, an LTC4
receptor antagonist, similar to the effect of probenecid
observed in the present study, reverses anthracycline and
VCR resistance in GLC4/ADR cells. However the effect of
MK571 on drug transport was not reported. Manzano et al.
[39], Zaman et al. [24] and Lutzky et al. [25] have shown
that agents that deplete cellular glutathione levels, buthio-
nine sulfaxamine (BSO), acrolein and chloroacetaldehyde,
reverse MRP-mediated, but not P-gP-mediated, MDR by
correcting the drug accumulation deficit. Rhodes et al. [40]
have shown that bafilomycin A and 7-chloro-4-nitrobenza-
2-oxa-1-3-diazole, inhibitors of H+-ATPases, increase drug
accumulation and modify subcellular distribution in MRP-
overexpressing COR-L23/R cells. However, these agents
were shown to be ineffective in reversing drug resistance.
In this study we demonstrated that pulse exposure of HL60/
AR cells to DNR plus probenecid completely corrected the
drug accumulation defect but partially reversed DNR resis-
tance. We also showed that probenecid corrected the altered
subcellular drug distributions in H69/AR cells, but did not
completely reverse MDR in this cell line. Our results,
together with those of Cole et al. [36] and Rhodes et al.
[40], demonstrate that there is no correlation between drug
accumulation, subcellular drug distribution, and drug sen-
sitivity. This discrepancy between correction of drug dis-
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Table 7mEffect of probenecid on DNR accumulation. HL60 and HL60/AR cells were incubated with or without the indicated concentrations of
probenecid in the presence of 4µg/ml DNR at 37°C for 1 h. DNR accumulation was measured using a FACScan flow cytometer, and the results
are expressed as fluorescence channel number (mean+SD)

Probenecid (mM) HL60 HL60/AR

0 1104+20 928+19
0.1 1088+31 941+ 7
0.25 1106+16 946+16
0.5 1075+61 995+53
1.0 1172+26 1090+41
5.0 1117+54 1080+20

10.0 1133+33 1110+20



tribution abnormality by probenecid and its chemosensitiz-
ing activity is not unexpected since MDR cells have been
shown to have additional resistance mechanisms such as
reduced levels of topoisomeraseα andβ [41], alterations in
the levels of glutathione [24, 25], increased expression of
annexin II [42] and changes in the intracellular pH [43]. It
is possible that these mechanisms may be insensitive to the
modulatory effects of probenecid.

Regardless of the mechanisms, our findings suggest that
probenecid is a candidate for clinical trials of its potential to
reverse MDR associated with the overexpression of MRP.
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