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Abstract
Purpose—This study evaluated the chemosensitizing effects of Pluronic P85 (P85) on the cells
expressing multidrug resistance-associated proteins, MRP1 and MRP2.

Methods—Cell models included MRP1- and MRP2-transfected MDCKII cells, as well as
doxorubicin-selected COR-L23/R cells overexpressing MRP1. Effects of P85 on cellular
accumulation and cytotoxicity of vinblastine and doxorubicin were determined. Mechanistic
studies characterized the effects of P85 on ATP and reduced glutathione (GSH) intracellular levels
as well as MRPs ATPase and glutathione-S-transferase (GST) activities in these cells.

Results—Considerable increases of vinblastine and doxorubicin accumulation in the cells
overexpressing MRP1 and MRP2 in the presence of P85 were observed, while no statistically
significant changes in the drug accumulation in the parental cells were found. P85 treatment
caused an inhibition of MRPs ATPase activity. Furthermore, P85 induced ATP depletion in these
cells similar to that previously reported for Pgp-overexpressing cells. In addition, reduction of
GSH intracellular levels and decrease of GST activity following P85 treatment were observed.
Finally, significant enhancement of cytotoxicity of vinblastine and doxorubicin by P85 in MRPs -
overexpressing cells was demonstrated.

Conclusions—This study suggests that P85 can sensitize cells overexpressing MRP1 and
MRP2, which could be useful for chemotherapy of cancers that display these resistant
mechanisms.
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INTRODUCTION
Multidrug resistant proteins are part of ATP binding cassette (ABC) superfamily of proteins
that play an important role in the defense of cells against a wide range of xenobiotics. This
family comprises a broad range of proteins found in organisms from bacteria to humans,
which transport structurally diverse substances, such as ions, amino acids, sugars, peptides,
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and proteins across biological membranes (1). Along with another ABC drug efflux
transporter, P-glycoprotein (Pgp), MRPs has been implicated in the development of
multidrug resistance in many tumors. The expression of MRPs and/or mRNA has been
detected in almost every tumor type examined, including both solid tumors and
hematological malignancies (2). Identification of methods for modifying MRPs activity may
have a substantial impact in improving treatment of various diseases through altering
distribution of therapeutic agents in the body. Therefore, development of safe and effective
chemosensitizers that inhibit the MRPs efflux systems are of significant therapeutic interest.

Recently, selected Pluronic block copolymers, poly(ethylene oxide)-block-poly(propylene
oxide)-block-poly(ethylene oxide), were found to sensitize multidrug resistant (MDR) tumor
cells resulting in an increase of the cytotoxic activity of anthracyclines and other cytotoxic
drugs by 2 to 3 orders of magnitude (3–5). Furthermore, studies using wild type and
knockout mice deficient in mdr1a/1b genes suggest that P85 inhibits Pgp activity in the
blood brain barrier (6). The inhibition of Pgp efflux system by Pluronics was attributed to
the combined effects resulting in ATP depletion and inhibition of Pgp ATPase activity (7).

Along with the inhibition of Pgp efflux system and enhancement of transport of Pgp
substrates P85 was shown to increase accumulation of fluorescein (Flu), in MRPs-
overexpressing human pancreatic adenocarcinoma cell line (Panc-1) (8), as well as primary
bovine brain microvessel endothelial cells (BBMEC) (9). These studies indicated the
possibility of inhibition of MRPs efflux transport by the block copolymer. However, the
extent of inhibition and specificity of the effect of Pluronic with respect to MRPs remains
unclear.

Studies involving MRPs are complicated by presence of multiple biochemical pathways that
can be utilized by the MRPs efflux system to extrude various compounds. In particular,
GSH/GST detoxification system is known to act in concert with MRPs, as many MRPs
substrates are GSH-dependent (2). These substrates are either co-transported with GSH, or
first conjugated with GSH and then transported as the GSH conjugate. Being an ATP
depleting agent in MDR cells, Pluronic might also affect the GSH/GST system, which,
combined with alterations in MRPs activity, could have complex effects on the
accumulation of various MRPs substrates in the cells.

Therefore, using Madin Darby Canine Kidney (MDCKII) cells transfected with MRP1 or
MRP2 and human lung large cell carcinoma (COR-L23/R) epithelial cells selected with Dox
and overexpressing MRP1 this paper elucidates multiple pathways for Pluronic activities in
MRPs overexpressing cells including ATP and GSH depletion, as well as alterations in
MRPs ATPase and GST enzymatic activities. The effects of Pluronic in MRPs cells were
assessed using MRPs substrates vinblastine (Vin) and doxorubicin (Dox) (10,11). Following
evaluation of the Pluronic effects on drug accumulation, the cytotoxicity studies were
conducted to examine whether the block copolymer can sensitize MRPs overexpressing cells
with respect to selected anticancer drugs.

MATERIALS AND METHODS
Chemicals and Drugs

Dox and Vin were purchased from Sigma Chemical Co. (St. Louis, MO, USA). [3H]-
vinblastine ([3H]-Vin) and [3H]-mannitol ([3H]-Man) were received from Moravek
Biochemicals, Inc. (Brea, CA, USA). GF120918 was kindly provided by Dr. Kenneth
Brouwer (Glaxo Wellcome, Inc., Research Triangle Park, NC, USA). All reagents were
either analytical, or cell culture grade and were purchased from Sigma Chemical Co. (St.
Louis, MO, USA).
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Preparation of Pluronic Solutions
P85 (lot # WPOP-587A) was kindly provided by BASF Corp. (Parispany, NJ, USA).
Aqueous solutions of P85 were prepared in assay buffer containing 122 mM sodium
chloride, 25 mM sodium bicarbonate, 10 mM glucose, 10 mM HEPES, 3mM potassium
chloride, 1.2 mM magnesium sulfate, 1.4 mM calcium chloride and 0.4 mM potassium
phosphate dibasic, pH 7.4. P85 solutions were incubated a minimum of 1 hour at 37°C
before using. Drug solutions with block copolymer were prepared by addition of the drug to
the culture medium containing various concentrations of P85.

Cells and Culture Conditions
The MDCKII cells, MRP1- and MRP2-transfected (MDCKII-MRP1 and MDCKII-MRP2
respectively) and the parental (wild type) cell line (MDCKIIwt) (12) were gifts from Dr. Piet
Borst (The Netherlands Cancer Institute, Amsterdam, Netherlands). Cells were maintained
in Dulbecco’s modified Eagle’s medium (DMEM), containing 10% heat-inactivated fetal
bovine serum (FBS), and 50units/ml penicillin/streptomycin. Human lung carcinoma
epithelial cell line COR-L23 and MRP1 overexpressing COR-L23/R cell line (13) were
purchased from European Collection of Cell Cultures. Cells were maintained in RPMI 1640
medium with 2mM glutamine, 0.2μg/ml doxorubicin (for COR-L23/R), and 10% FBS.
Tissue culturem media were obtained from Gibco Life Technologies, Inc. (Grand Island,
NY, USA). Serum and medium supplements were purchased from Sigma Chemical Co. (St.
Louis, MO, USA). The cells were seeded at a density of 25,000 cells/cm2 into 24-well plates
and used for accumulation studies after reaching confluency (typically within 4–5 days).

Western Blot Analysis
Identification of MRP1, MRP2, and Pgp was done using immunoblot technique described
previously (14). The monoclonal antibodies to MRP1, MRPm6 (Kamiya Biomedical Corp.,
Seattle, WA, USA), MRP2, M2III-6 (Alexis Corp., San Diego, CA, USA), and Pgp, C219
(Dako Corp., Carpinteria, CA, USA), were used at 1:100 dilutions. The monoclonal
antibodies to β-actin, and anti-β-1-chicken Integrin (Sigma Corp., St. Louis, MO, USA)
were used at 1:200 dilution. The secondary horseradish peroxide anti-mouse Ig antibodies
(1:1500 dilution) were purchased from Amersham Life Sciences (Cleveland, OH, USA).
The specific protein bands were visualized using a chemiluminescence kit (Pierce,
Rockford, IL, USA). The levels of MRP1, MRP2 and Pgp expression were quantitated by
densitometry (Nucleo Vision, Nucleo Tech, Curitiba-Pr., Brazil). To correct for loading
differences, the levels of proteins were normalized to constitutively expressed β-actin.

DPH Cells Labeling
DPH was used as a probe to examine the fluidity properties of the hydrocarbon region of the
cell membranes (15). Suspensions of MDCKIIwt, MDCKII-MRP1, MDCKII-MRP2, COR-
L23 or COR-L23/R cells were washed twice with PBS and incubated with the 2 μM DPH
labeling solution for 1 hour at 37°C. Following the initial labeling with DPH cells were
washed twice with PBS to remove extracellular DPH and re-suspended in an appropriate
volume of PBS. To evaluate the kinetic effects of P85 in the cells, 30 μl of 1% P85 stock
solution was added to 3 ml of cell suspension in PBS to obtain 0.01% P85 solution. Changes
in the membrane microviscosity were recorded immediately after addition of P85 and up to
60 min following the addition of the copolymer.

Fluorescence Polarization Measurements
Fluorescence polarization measurements were carried out as described earlier (7) with a
Hitachi F5000 spectrophotometer equipped with a polarizer set.
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Preparation of a Crude Membrane Fraction
Plasma membrane fraction was prepared as described previously (16) with minor
modifications. Briefly, 5×108 COR-L23/R cells were harvested, washed twice with
phosphate-buffered saline, and centrifuged at 1,200g for 10 min at 4°C. The resulting pellet
was diluted 40-fold in hypotonic buffer (1mM NaHCO3, 0.1mM phenylmethylsulfonyl
fluoride, 0.1mM EGTA, pH 7.0), and stirred for 16 hours at 4°C. The cell lysate was
centrifuged at 100,000g for 30 min at 4°C; remaining pellet was re-suspended in the lysis
buffer and homogenized in a glass homogenizer. The homogenate was diluted 2-fold with
the buffer A (520mM sucrose, 0.4mM CaCl2, 10mM HEPES/Tris, pH 7.4), and the nuclei
were removed by centrifugation at 1,200 g for 10 min at 4°C. Enucleated cell homogenate
was diluted 2-fold with buffer B (260mM sucrose, 0.2mM CaCl2, 5mM HEPES/Tris, pH
7.4) and centrifugated at 100,000 g for 45 min at 4°C. The resulted pellet was used as a
crude plasma membrane fraction for the MRPs ATPase assay.

MRPs ATPase Assay
Effects of P85 on MRP1 ATPase activity were determined using plasma membrane
suspensions from COR-L23/R cells overexpressing MRP1. The COR-L23/R cells have large
amounts of MRP1, much smaller quantities of MRP2, and littleif any of Pgp (see Fig.1).
MRP1 ATPase activity assay was performed as described earlier (7). Briefly, a mixture of
MRP1-overexpressing membranes with or without P85 (0.001% – 1%wt) was added to
4mM MgATP, and incubated for 20 min at 37°C. An identical reaction mixture containing
100 μM sodium orthovanadate was assayed in parallel. Orthovanadate inhibits MRPs
ATPase activity by trapping MgADP in the nucleotide-binding site (17). Thus, the ATPase
activity measured in the presence of orthovanadate represents non-MRPs ATPase activity
that was then subtracted from the ATPase activity measured in the absence of orthovanadate
to provide MRPs ATPase activity. The reaction was stopped by the addition of 10% SDS
and liberation of inorganic phosphate was detected by colorimetric reaction with ascorbic
acid in ammonium molybdate solution according to Druekes et al. (18).

ATP Assay
To examine the effects of P85 on intracellular ATP levels confluent MDCKIIwt, MDCKII-
MRP1, MDCKII-MRP2, COR-L23, and COR-L23/R cell monolayers were incubated with
various concentrations of P85 for 2 hours. Following treatment the intracellular ATP levels
were determined as described previously (14).

GSH Assay
The levels of the intracellular reduced glutathione (GSH) were determined in all cells
utilized in this study. Following the cell exposure various concentrations of P85, the cells
were lyzed by 4% trichloracetic acid, and precipitated protein was removed by
centrifugation (10,000 rpm for 10 min at 4°C). Supernatants were neutralized with NaOH,
and the amount of GSH was measured using the GSH-400 method (19).

GST Assay
The effect of P85 on GST activity in MDCKIIwt, MDCKII-MRP1, and MDCKII-MRP2
was determined using 1mM CDNB as a substrate and 1 mM GSH as a co-substrate in one-
ml reaction mixture containing 100–400 μg sample protein in 0.1 M potassium phosphate
buffer, pH 6.5 (20). Cell aliquots (2×106 cells/sample) were incubated with various
concentrations of P85 for 2 hours. Following incubation, cells were washed twice with ice-
cold PBS, solubilized in 1.0% Triton X-100, and frozen immediately for subsequent GST
activity determination using the GST Detection Module kit (Amersham Pharm. Biotech,
Inc., Piscataway, NJ, USA).
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Drug Accumulation Experiments
The accumulation of [3H]-Vin, and Dox in the cells was studied as previously described (8).
Briefly, confluent cell monolayers were pre-incubated with assay buffer or assay buffer,
containing corresponding Pluronic solutions (0.001%–1% wt) for 1 or 24 hours. Following
the pre-incubation period, cell monolayers were incubated with [3H]-Vin (2.3 nM), Dox (10
μM) or [3H]-Man (20 nM) in either assay buffer or P85 solutions for 1 hour at 37°C. After
incubation, the solutions were removed; cell monolayers were washed three times with ice-
cold PBS, and solubilized in Triton X-100 (1.0 %). Aliquots were removed for
determination of the cellular dye using a Shimadzu RF5000 fluorescent spectrophotometer.
[3H]-Vin and [3H]-Man concentrations were determined using TRI-CARB® 2500 TR liquid
scintillation analyzer. [3H]-Man was used to account for possible non-specific effects of P85
on membrane permeability. Samples were taken for protein assay using the Pierce BCA
assay. All experiments were carried out in quadruplicate.

Cytotoxicity Assay
To examine the effect of P85 on the cytotoxicity of Dox, or Vin in sensitive and resistant
cell lines, cells were seeded in 96 well plates at a density of 5000 cells/well and allowed to
reattach overnight. Following treatment with various concentrations of drug either with or
without P85 (0.001% – 0.1% wt) for 2 hours at 37°C, the cells were washed and cultured for
another three days in complete culture media. Concentrations of P85 were chosen so that if
applied without the drug, the copolymer caused little or no toxicity in the cells. The
cytotoxic effects of the drug in P85 solutions were determined using a standard MTT assay
(21).

Statistical analysis
All statistical tests were performed by Microsoft Excel 2000 SR-1 program using the two-
tailed heteroscedastic t-tests. A minimum p value of 0.05 was estimated as the significance
level for all tests. SEM values for the MRPs substrates accumulation, GSH levels,
microviscosity data, ATPase activity and ATP measurements were less than 10%.

RESULTS
Expression of Efflux Proteins in the Cells

The levels of expression of MRP1, MRP2 and Pgp efflux proteins in the cell lines employed
in these studies were determined using Western blot analysis (Figure 1). The expression data
for each protein are presented as relative units normalized for the expression of β-actin. As
is seen in Figure 1A, the transfected cell lines, MDCKII-MRP1 (line 2) and MDCKII-MRP2
(line 3) showed expression of high levels of either MRP1 or MRP2. In particular,
densitometric analysis revealed expression of 1.15 relative units of MRP1 in MDCKII-
MRP1 cells and 2.85 relative units of MRP2 in MDCKII-MRP2 cells (Figure 1B). The
highest expression of MRP1 (3.08 relative units) was found in Dox-selected COR-L23/R
cells (line 4). In contrast, parental MDCKIIwt cells (line 1) and sensitive COR-L23 cells
(line 5) displayed much lower levels of endogenous MRP1 and MRP2, although, a
considerable amount of MRP2 (0.65 relative units) was detected in MDCKIIwt cells.
Various levels of Pgp were also found in all cell lines studied. These levels were the highest
in MDCKII-MRP2 (0.45 relative units) and the lowest in COR-L23 cells, but in every case
expression of Pgp was less than that of respective MRP homologues. Taking into account
that COR-L23/R cells showed very low expression of Pgp, these cells were further used for
isolation of MRP-containing membranes in the MRP ATPase activity studies described
below.
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Effects of P85 on [3H]-Vin Accumulation
Vin is known to be a substrate of both Pgp and MRPs transporters (10). Therefore, all
accumulation studies involving MDCKII cell lines that express small levels of endogenous
Pgp were carried out in the presence of 1 μM of the acridone carboxamide derivative,
GF120918, which completely inhibited Vin efflux in Pgp-expressing cells at this
concentration (22). No GF120918 was used with COR-L23 and COR-L23/R as these cells
have little, if any, Pgp. As is seen in Table 1,2-hour exposure of the MRPs-overexpressing
cells to P85 significantly enhanced [3H]-Vin accumulation compared to P85-free treatment
groups (3.1 times and 3.4 times for MDCKII-MRP2 and COR-L23/R cells respectively).
The effects of probenecid on [3H]-Vin accumulation in MDCKII-MRP2 and COR-L23/R
cells were found to be considerably less than these of P85 (1.7 to 2.1 times, data not
presented). The uptake of [3H]-Vin in the cells treated with high concentrations of P85
(0.1% – 0.5%) first leveled off and then decreased (Table 1). This observation is consistent
with the previous reports that Pluronic micelles can inhibit uptake of probes into cells (8,9).
No increases of [3H]-Vin accumulation with P85 were found in MDCKIIwt and COR-L23
cell lines (Table 1). To evaluate a possibility of non-specific alteration of membrane
permeability by P85, the accumulation of [3H]-Man was examined in all cell lines. This
study found no statistically significant changes in [3H]-Man levels in the presence of P85
(data not shown).

Effects of P85 on Dox Accumulation
To assess the effects of P85 on MRPs-mediated efflux of Dox the accumulation of the drug
in MRPs-overexpressing cells was examined. Dox is known also to be a Pgp substrate.
Therefore, since MDCKII cell lines have a trace amount of Pgp, all Dox accumulation
studies in these cells, similar to the experiments with Vin, were carried out in the presence
of 1 μM of GF120918, a potent Pgp inhibitor, to abolish possible contributions of the Pgp
efflux pump. As is seen in Table 2, P85 induced significant increases in the intracellular
levels of Dox in MRPs overexpressing cells (ca. 5 times for MDCKII-MRP2 and 2 times for
CmOR-L23/R). The optimal concentrations of the copolymer causing these effects were ca.
0.1 to 0.5%wt. These doses of P85 did not alter the accumulation of Dox in the parental
MDCKIIwt and COR-L23 cells (Table 2). Overall, these data suggest that P85 can
selectively increase transport of Dox in MRPs-overexpressing cells. However, the effects of
Pluronic on transport of Dox observed in this study, particularly, in COR-L23/R cells, were
much less than the effects observed in Pgp-overexpressing cells (4).

Effects of P85 on Cell Membrane Microviscosity
This section describes fluorescence polarization studies using a hydrophobic fluorescent
compound, DPH, as a probe to evaluate effects of P85 on the membrane structure. DPH
spontaneously incorporates in the hydrocarbon regions of the cell membranes (15).
Fluorescence polarization of DPH is strongly dependent on its lipid microenvironment
providing information regarding the membrane microviscosity. Present studies examined the
time-dependent changes in the fluorescence polarization of DPH following exposure of
various cells to 0.01% P85. The microviscosity values were calculated from the polarization
measurements as described in Materials and Methods. As is seen in Figure 2, the membrane
microviscosity in MRPs-overexpressing cells decreased within 20 minutes following
addition of P85 to the cell suspension. After that, it leveled-off and remained constant
throughout the entire duration of the experiment. This suggests that P85 molecules rapidly
adhered to and incorporated into the cell membranes resulting in structural perturbations of
the lipid bilayers. In contrast, membrane microviscosity in MDCKIIwt and drug sensitive
COR-L23 cells was affected by P85 to a lesser extent (Figure 2).
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Effects of P85 on MRP1 ATPase Activity
Effects of P85 on MRP1 ATPase activity were examined using isolated crude membrane
fraction of COR-L23/R cells, which overexpressed MRP1, and had little if any Pgp. The
membranes were exposed to (a) the copolymer-free buffer controls, (b) solutions containing
various concentrations of P85, or (c) solutions of Vin with P85. The ATPase activity of
MRP1 was assayed by detecting the liberated inorganic phosphate as described elsewhere
(18). Decreases in MRP1 ATPase activity were observed with concentrations of P85 as low
as 0.001% (Figure 3, filed bars). Maximum inhibition of ATPase activity (over 6-fold) was
observed as P85 concentration approximated the CMC (0.03%wt). At higher concentrations
of P85 (0.1%–1 %wt) the MRP1 ATPase activity was in part restored, although even at
these concentrations activity was lower than that in the absence of the block copolymer
(Figure 3). Further, the effect of P85 on MRP1 ATPase activity was studied in the presence
of MRPs substrate, Vin (Figure 3, empty bars). It was found that Vin alone caused a
significant increase of MRP1 ATPase activity, which was slightly inhibited in the presence
of low concentrations (0.001% wt) of P85. At higher concentrations of P85 the MRP1
ATPase activity was similar to that observed with Vin alone. Overall, this study suggests
that P85 strongly inhibits MRPs ATPase activity (mainly represented by MRP1), but
addition of the MRPs substrate, Vin, abolishes the inhibitory effect of the block copolymer.

Effects of P85 on Intracellular Levels of ATP
The effects of P85 on intracellular ATP levels in MRPs-overexpressing cells were examined
using a luciferin-luciferase assay (23). The ATP levels observed following treatment with
various concentrations of P85 are shown in Figure 4. Even very low concentrations of P85
(ca. 0.00005 – 0.005 % wt) induced significant decreases in the ATP levels in the MDCKII-
MRP1 and MDCKII-MRP2 cells (Figure 4A). In contrast, ATP levels in the parental
MDCKIIwt cells were not significantly affected until relatively high concentrations of the
block copolymer (ca. 0.1 % wt.) were used. A similar pattern was observed in the resistant
COR-L23/R and parental COR-L23 cell lines (Figure 4B). Further, MDCKII cells appeared
to be much more responsive to ATP depletion by the block copolymer than both resistant
COR-L23/R and sensitive COR-L23 cells. However, within the cell lines of the same origin
the responsiveness to the copolymer appeared to correlate with the expression of MRPs; the
higher the level of MRPs expressed in the cells, the less concentrations of P85 are needed to
cause ATP depletion in them.

Effect of the ATP Supplementation on MRPs Efflux in the Presence of P85
We hypothesized that ATP depletion induced by P85 could result in inhibition of the MRPs
drug efflux system and increases in drug accumulation in MRPs-overexpressing cells. To
evaluate this hypothesis we examined the relationship between the levels of Vin
accumulation in COR-L23/R cells and the levels of intracellular ATP following
administration of the block copolymer. For this purpose the cells were exposed for 2 hours
to 3H-Vin alone or with 0.1% P85, and the intracellular levels of Vin and ATP were
determined as described above. To bypass P85-induced energy depletion, an additional
treatment group was also included in this study, in which the 3H-Vin/P85-treatment group
was supplemented with 50 μM ATP and 10−5 M dodecylamine, as a permeabilizing agent.
As previously reported (24), treatment of the cells with dodecylamine in combination with
P85 allows transport of ATP into the cells from the extracellular media. As is seen in Figure
5, there was an inverse correlation between the Vin uptake and ATP intracellular levels.
First, in the presence of 0.1% P85 the ATP level was decreased while the drug accumulation
was increased compared to the assay buffer control. Second, when the P85 treatment was
supplemented by adding extracellular ATP and dodecylamine, Vin uptake was drastically
decreased, while the intracellular ATP levels were increased. Exposure the cells to 0.1% P85
and 10−5M dodecylamine alone without extracellular ATP neither increased intracellular
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concentrations of ATP, nor decreased Vin accumulation (data not shown). This study
provides evidence in support of the relationship between the ability of P85 to decrease ATP
levels and the increased drug accumulation in MRPs-overexpressing cells.

Effects of P85 on GSH Intracellular Levels
The effects of P85 on GSH levels in MRPs-overexpressing and parental MDCKII cells were
examined. As is seen in Figure 6A, there was little or no effect on GSH intracellular levels
following 2-hour exposure of MDCKIIwt and MDCKII-MRP1 cells to 0.01% P85. A small
(ca. 15%), but statistically significant reduction in GSH levels was observed in MDCKII-
MRP2 cells. In contrast, 24-hour exposure to P85 caused drastic reductions in GSH levels in
every cell line used. The most pronounced reduction in GSH was observed in MDCKII-
MRP1 and MDCKII-MRP2 cells (3- and 2-fold respectively).

In a separate study presented in Figure 6B MDCKIIwt and MDCKII-MRP2 cells were
exposed for 2 hours to various concentrations of P85 and the GSH levels were determined
immediately after that. As is seen in Figure 6B, the GSH levels remained practically
unchanged immediately after exposure to low concentrations (0.0001% to 0.01%) of P85.
The high concentrations of the copolymer (0.1%–1%wt) caused increases in GSH levels. In
contrast, 22 hours after exposure to the copolymer, after additional incubation of the cells in
the copolymer-free media reductions of GSH levels were observed in every treatment group
with cell lines examined. In these cases the GSH depleting effect of the copolymer was
increased as its concentration was elevated (Figure 6B).

We also conducted the GSH depletion studies in COR-L23/R (data not presented). These
cells appeared much less responsive to 24 h exposure to P85, displaying significant GSH
depletion (ca. 40 %) only at the relatively high concentration of P85 (0.5 %).

Effect of P85 on GST Activity in MDCKII Cells
This section evaluated the effects of P85 on GST activity in MDCKIIwt, MDCKII-MRP1
and MDCKII-MRP2 cell lines. As is seen in Figure 7, exposure of the cells to P85 for 2
hours resulted in significant decreases of GST activity in each of these cell lines. These
effects of P85 were dose-dependent, as they increased when the concentration of the
copolymer was elevated.

Effects of P85 on Drug Cytotoxicity in Resistant and Sensitive Cells
Effects of P85 on cytotoxicity of MRPs substrates, Dox and Vin, were examined using
MRPs-overexpressing and non-MRP parental cell lines. Table 3 presents IC50 values for the
drugs in the presence and absence of P85. As is seen in the table, P85 caused sensitization of
MDCKII-MRP2 cells with respect to Dox, decreasing the IC50 values ca. 125 times.
Furthermore, the IC50 of Dox in P85 solutions in resistant cells was similar or even less than
that of Dox in P85 or Dox alone in the sensitive cells. In the parental MDCKIIwt cells,
alterations in the IC50 values for Dox with P85 were much less pronounced and did not
exceed 2 times compared to Dox alone. Exposure of the cells to the same doses of P85 alone
did not result in any cytotoxic effects in both cell lines (data not shown). The effect of P85
on Vin cytotoxicity in MDCKII-MRP2 was smaller than the effect obtained with Dox, but
still significant (ca. 7 times). In this case, however, similar sensitization was also observed
in the parental MDCKIIwt cells, which suggest that the effects involving this drug were not
related to overexpression of MRPs.

The effects of P85 on drug cytotoxicity were also examined in COR-L23/R and COR-L23
cell lines. The results of this study are presented in Table 3. In the case of Dox, P85 did not
exhibit the sensitization effect in resistant COR-L23/R cells. Some sensitization was evident
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in the case of Vin (ca. 10-times respectively). In the sensitive COR-L23 cells the block
copolymer had little effect on Vin cytotoxicity resulting in ca. 2 to 2.5 fold changes in IC50
values.

DISCUSSION
The objective of the current study was to examine the effects of Pluronic P85 on drug
detoxification systems displayed in MRPs-overexpressing cells, and to evaluate whether this
block copolymer could be useful in overcoming MRPs-mediated drug resistance. The
following questions have been raised in relation to MRPs drug efflux systems. (1) Does
Pluronic increase accumulation of MRP substrates in the MRPs-overexpressing cells? (2)
Does Pluronic inhibit MRPs ATPase activity? (3) Does Pluronic induce ATP depletion in
MRPs-overexpressing cells? Since MRPs are known to act in concert with the GSH/GST
detoxification system, the following questions were also considered. (4) Does Pluronic
affect intracellular levels of GSH? (5) Does Pluronic inhibit GST activity? Finally, to assess
whether these effects combined could result in overcoming drug resistance, this work
examined (6) whether Pluronic enhances cytotoxicity of drugs in MRPs-overexpressing
cells?

Based on the results of the current study, the answers to each of these questions were
affirmative. First of all, P85 increased accumulation of MRPs substrates, Vin and Dox.
Second, P85 displayed several affects in MRPs-overexpressing cells, which can play an
important role in sensitization of these cells: membrane fluidization, inhibition of MRPs
ATPase activity, and ATP depletion. Furthermore, decreases in GSH levels and inhibition of
GST activity that can reduce efficacy of the GSH/GST drug detoxification system, were also
observed. Finally, this study demonstrated that P85 can sensitize selected MRPs-
overexpressing cells with respect to MRPs-dependent drugs.

Evidence of P85 affects on MRPs drug efflux system was observed in the experiments using
MRP-dependent drugs, Vin and Dox. Significant enhancements of accumulation of Vin and
Dox induced by P85 in MRPs-overexpressing cells were demonstrated, while there was no
effect in non-MRPs parental cells.

Exposure of MRP1- and MRP2-overexpressing cells to P85 decreased the microviscosity of
the cell membranes. The alterations in the membrane microviscosity in these cells were
likely due to incorporation of the propylene oxide chain of the block copolymer into the
hydrocarbon inner leaflet of the cell membrane resulting in changes in membrane structure.
It was proposed earlier that membrane fluidization by various agents, including nonionic
detergents, can contribute to the inhibition of Pgp drug efflux pump (25). We suggest that
similar effect could be also responsible for inhibition of MRPs ATPase activity by Pluronic
P85, which is crucial for the proper functioning of this transporter. Similar to Pgp, MRP1
and MRP2 are a two-domain proteins with ATP-binding sites located in each domain (2,26).
Proper interaction of these sites is essential for functional activity of the transporter. Such
interactions in MRPs might be disturbed as a result of changes in the protein conformation
occurring either due to direct contact of the copolymer with the transporter or due to
alterations in the membrane structure induced by the copolymer. It is important to note that
at high concentration of P85 partial restoration of MRP ATPase activity was observed. This
effect might be responsible for appearance of the maximum in the drug accumulation studies
as shown in Tables 1 and 2. Similar phenomenon was also observed in the case of Pgp (7).
This could be due to the concentration-dependent segregation of the block copolymer
molecules in the two-dimensional clusters in the membrane, which diminishes their
interactions with the transport proteins. Remarkably, the MRPs substrate, Vin, added at high
concentration (40 μM), abolished the inhibitory effect of P85 on MRP1 ATPase. In contrast,
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it was shown previously that P85 effectively inhibits Pgp ATPase activity even in the
presence of the Pgp substrate, verapamil (14). This could be a reason for greater effects of
Pluronics on the substrate transport mediated by Pgp compared to that mediated by MRPs,
which was also documented earlier (22).

The key new observation made in this work is that P85 can induce ATP depletion in MRP1-
and MRP2-overexpressing cells. It was shown earlier, that P85 translocates into the Pgp-
overexpressing cells where it interacts with mitochondria and inhibits respiration processes
critical for ATP production (7,27). We suggest that similar to Pgp-overexpressing cells, P85
interacts with the mitochondria membranes of MRPs-overexpressing cells and interferes
with ATP synthesis. Because both MRP1 and MRP2 drug efflux systems are ATP-
dependent, reduction of intracellular ATP levels by P85 in MRPs overexpressing cells can
result in inhibition of MRPs-mediated drug efflux and increase of the drug accumulation in
these cells. Involvement of the ATP depletion component in Pluronic effects on drug
accumulation was clearly demonstrated in the ATP supplementation study in COR-L23/R
cells. This study suggests that MRP1 function in the presence of P85 was restored when
addition of the energy supplementation system brought ATP levels back. Since the block
copolymer in this experiment was still present and, presumably, bound with the cell
membranes, the ATP supplementation study indicates that membrane fluidization alone may
not be sufficient for inhibition of the MRPs efflux system in these cells.

Our previous studies have shown that a delicate balance between hydrophilic and lipophilic
components in the Pluronic molecule should be accomplished to enable the most significant
impact of the block copolymer in the resistant cancer cells (5). The most efficacious block
copolymers are those with intermediate lengths of propylene oxide block and relatively
hydrophobic structure (HLB < 20), such as P85 or L61. Such block copolymers are
efficiently transported into the cells and inhibit respiration resulting in ATP depletion (28).
Hydrophilic block copolymers, which have an extended ethylene oxide block, do not
incorporate into lipid bilayers, do not transport into the cells, and as a result, have negligible
chemosensitizing effect (28). Extremely lipophilic copolymers with long PO blocks anchor
in the plasma membranes and do not reach intracellular compartments. As a result, they do
not affect intracellular ATP and have little effect on drug efflux transport.

Efflux of Vin and Dox also depends on intracellular levels of GSH. The timeframe of P85
affect on GSH (24 hours) suggests that GSH depletion could not contribute to alterations of
drug accumulation in the cells overexpressing MRPs occurring at the relatively short
incubation periods. However, GSH depletion can contribute to increases in accumulation of
the drugs when the cells are exposed to or pretreated with the copolymer for prolonged time
periods (24 hours), since such treatments can result in profound GSH depletion. P85 also
inhibited GST activity in MRPs cells. This effect was relatively fast compared to the effect
on GSH, and was displayed following 2-hour exposure of these cells to P85. Overall, this
work for the first time suggests that Pluronic block copolymers can inhibit GSH/GST
detoxification system in drug resistant cells, which potentially can be useful for sensitization
of these cells.

P85 enhances cytotoxicity of Vin and Dox in MRP1- and MRP2-overexpressing cells.
Nevertheless, the magnitude of the sensitization effects by the copolymer in MRPs
overexpressing cells (125-fold decreases in IC50 for Dox in MDCKII- MRP2) appeared to
be less than the affects in Pgp overexpressing cells, in which 100- to 1000-fold increases in
IC50 were previously reported (4,5,14). In this respect it is remarkable that in Dox-selected
resistant COR-L23/R cells Pluronic induced no changes in Dox cytotoxicity. One major
difference between these cell lines is in their response to Pluronic in ATP depletion studies.
COR-L23/R cells appeared to be much less responsive than MDCKII-MRP2 cells. However,
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previous studies using MDR tumors demonstrated that ATP depletion by Pluronic was a
major contributor to sensitization of these tumors with respect to Dox (14). Furthermore,
COR-L23/R cells were also less responsive to P85 in GSH depletion experiments.
Therefore, it is possible, that the lack of sensitization of COR-L23/R cells with respect to
Dox is due to the small extent of Pluronic affect on the metabolic systems in these cells.

In conclusion, the present work demonstrates sensitization effects of P85 displayed in
MRP1- and MRP2-overexpressing cells. These effects included enhanced accumulation of
typical MRP substrates and increased cytotoxicity of selected drugs in these cells.
Traditional MRPs inhibitors, such as indomethacin or probenecid, were found to be much
less efficacious than Pluronic in both, drug accumulation and cytotoxicity studies. This work
suggests that Pluronic inhibited MRP ATPase activity, induced ATP and GSH depletion,
and inhibited GST activity in MRPs overexpressing cells. Each of these effects or their
combination could contribute to the sensitization of MRPs phenotype cells in various ways
and to different extents. Further understanding of the mechanisms of the Pluronic effects
will be crucial for the future successful development and use of Pluronic formulations to
improve chemotherapy of resistant tumors.

Acknowledgments
This study was supported by National Institutes of Health grant CA89225. We would like to thank Piet Borst
(Netherlands Cancer Institute, Amsterdam, Netherlands) for kindly providing MRP-transfected cell lines and Dr.
Kenneth Brouwer (Glaxo Wellcome, Inc., Research Triangle Park, NC, USA) for kindly providing GF120918.

ABBREVIATIONS

BBMEC bovine brain microvessel endothelial cells

CDNB 1-chloro-2,4-dinitrobenzene

CMC critical micelle concentration

Dox doxorubicin

DPH 1,6-diphenyl-1,3,5-hexatriene

GSH reduced glutathione

GST glutathione S-transferase

HLB hydrophilic-lipophilic balance

Man mannitol

MDCKII Madin Darby Canine Kidney cells

MDR multidrug resistance

MRPs multidrug resistance-associated proteins

Pgp P-glycoprotein

P85 Pluronic P85
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Fig. 1.
A: Western blot analysis of MRP1, MRP2 and Pgp in various cell lines: (1) MDCKIIwt, (2)
MDCKII-MRP1, (3) MDCKII-MRP2, (4) COR-L23/R, and (5) COR-L23. A total of 25 μg
of protein was loaded onto 7.5% polyacrylamide gels. Primary antibodies for MRP1
(MRPm6), MRP2 (M2III-6), and Pgp (C219) were used at dilutions of 1:100. The
monoclonal antibodies to β-actin, anti-β-1-chicken Integrin were used at a dilution of 1:100.
Secondary antibody was used at a 1:1500 dilution. The protein was detected using
chemiluminescence. B: Levels of expression of efflux proteins in the cells based on the data
of the Western blot analysis in panel (A). Expression of each transport protein is normalized
to β-actin.
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Fig. 2.
Time dependent effects of P85 on microviscosity in MDCKII and COR-L23 cells. (A) -
MDCKIIwt (filled circles), MDCKII-MRP1 (filled squares), and MDCKII-MRP2 (filled
triangles); and (B) - COR-L23 (filled diamonds), and COR-L23/R (filled squares). Cells
were treated with 0.01% P85.
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Fig. 3.
Effect of P85 alone (filled bars) and P85 in presence of 40 μM vinblastine (empty bars) on
MRP ATPase activity in MRP containing membranes. Crude membrane fractions were
isolated from COR-L23/R. Cells were incubated with various doses of P85 followed ATPase
assay performed as described in Materials and Methods.
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Fig. 4.
Effect of P85 on ATP intracellular levels in (A) MDCKII MRP1 (filed diamonds),
MDCKII-MRP2 (filed squares), MDCKIIwt (empty triangles); and (B) COR-L23 (filed
diamonds), COR-L23/R (empty triangles) cell lines. Cells were treated with various doses of
P85 for 2 hours, and aliquots of cell lysates were collected for ATP quantification, as
described in Materials and Methods.
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Fig. 5.
Relationship between ATP intracellular content (filled bars) and Vin accumulation (empty
bars) in COR-L23/R cells. Along with the control (first group) and 0.1% P85 solution
(second group), cells were treated with energy supplementation system: 0.1% P85, 50μM
ATP and 10−5 M dodecylamine (third group).
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Fig. 6.
Effect of P85 on GSH intracellular levels in MDCKII cells. (A): GSH levels determined
following treatment of cells with P85-free assay buffer for 2 hours (empty bars), or 0.01%
P85 for 2 hours (dashed bars) and 24 hours (filled bars). (B): Concentration dependence of
P85 effects on GSH levels in MDCKIIwt (filled symbols) and MDCKII-MRP2 (empty
symbols). Cells were treated with 0.01% P85 for 2 hours. GSH levels were determined
immediately after this treatment (squares), or after 22 hours in copolymer-free media
(circles). For comparison the vertical arrows indicate EC50 values measured for ATP
depletion by P85 in MDCKII-MRP2 (1) and MDCKIIwt (2). Statistical significance of the
P85 compared to the free-P85 control is shown in the brackets: (*) p< 0.05; (**) p<0.005.
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Fig.7.
Concentration-dependent effect of P85 on GST activity in MDCKII cells. MDCKIIwt (filled
bars), MDCKII-MRP1 (dashed bars), and MDCKII-MRP2 (empty bars) were incubated
with P85 for 2 hours, washed with PBS, and GST assay were performed, as described in
Materials and Methods. Statistical significance of the P85 effects compared to the P85-free
control groups is shown by asterisks: (*) p< 0.05; (**) p<0.005.
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Table 1

Effects of P85 on the accumulation of [3H]-Vin in MRPs overexpressing and parental cells.

Cell line [P85], % wt Vin accumulation, pmol/mg proteina

MDCKII-MRP2 0 57.79 ± 2.8

0.01 158.44 ± 2.0(*)

0.05 180.94 ± 1.2(**)

0.1 151.19 ± 0.6(*)

0.5 159.2 ± 3.1(*)

COR-L23/R 0 131.88 ± 8.4

0.01 446.48 ± 33.64(**)

0.05 388.46 ± 20.47(**)

0.1 384.14 ± 18.78(**)

0.5 140.46 ± 7.44 (n.s.)

MDCKIIwt 0 269.75 ± 12.8

0.05 302.4 ± 12.8 (n.s.)

0.1 207.1 ± 12.2 (n.s.)

0.5 93.4 ± 7.4(*)

COR-L23 0 190.65 ± 11.1

0.01 194.01 ± 9.3 (n.s.)

0.05 194.49 ± 11.4 (n.s.)

0.1 200.7 ± 5.7 (n.s.)

0.5 89.1 ± 2.4(*)

a
cells were incubated with [3H]-Vin (2.3 nM) with or without P85 as described in Materials and Methods. In the case of MDCKII cells the

treatment solutions additionally contained 1μM GF120918 to inhibit endogenous Pgp. In the P85-treatment groups cells were pre-incubated with
the copolymer for 60 min before adding the drug. Values represent the mean ± SEM of four monolayers per the treatment group. Statistical
significance of the P85 compared to the free-P85 control is shown in the brackets:

(n.s.) non-significant;

(*)
p< 0.05;

(**)
p<0.005.
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Table 2

Concentration-dependent effects of P85 on the accumulation of Dox in MDCKII and COR-L23 cells

Cell line [P85], % wt Dox accumulation, nmol/mg proteina

MDCKII-MRP2 0 207.7 ± 15.5

0.01 216.12 ± 24.9 (n.s.)

0.05 498.8 ± 48.0(*)

0.1 908.14 ± 66.7(**)

0.5 1031.1 ± 80.9(**)

COR-L23/R 0 298.72 ± 7.29

0.01 360.43 ± 18.83(*)

0.05 475.46 ± 26.25(**)

0.1 621.1 ± 48.6(**)

0.5 418.73 ± 38.86(*)

MDCKIIwt 0 339 ± 31.2

0.01 372.6 ± 55.1 (n.s.)

0.1 381.6 ± 15.7 (n.s.)

COR-L23 0 205.5 ± 19.7

0.01 214.34 ± 18.89 (n.s.)

0.05 202.82 ± 9.45 (n.s.)

0.1 225.41 ± 9.42 (n.s.)

0.5 271.35 ± 49.1 (n.s.)

a
cells were incubated with Dox (10 μM) ) with or without P85 as described in Materials and Methods. In the case of MDCKII cells the treatment

solutions additionally contained 1μM GF120918 to inhibit endogenous Pgp. In the P85-treatment groups cells were pre-incubated with the
copolymer for 60 min before adding the drug. Values represent the mean ± SEM of four monolayers per the treatment group. Statistical
significance of the P85 compared to the free-P85 control is shown in the brackets:

(n.s.) non-significant;

(*)
p< 0.05;

(**)
p<0.005.
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Table 3

The IC50 in sensitive and resistant MRPs overexpressing cells#

Drug IC50, μM

COR-L23 COR-L23/R MDCKIIwt MDCKII-MRP2

Dox/media 0.035 6.9 0.14 6.9

Dox/P85 0.017 6.0 0.09 0.055

Vin/P85 0.025 0.01 0.01 0.5

#
IC50 values were determined at various P85 concentrations ranging from 0.001% to 1% wt. The table presents data for 0.1% wt P85

concentration, at which the changes in IC50 values were the greatest.
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