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Purpose. Using monolayers of human pancreatic adenocarcinoma cells
(Panc-1) that express multidrug resistance-associated protein (MRP),
the present work investigates the effects of Pluronic block copolymers
on the functional activity of MRP.

Methods. The studies examined the accumulation and efflux of the
MRP selective probe fluorescein (FLU) in Panc-1 cell monolayers with
and without Pluronic P85 (P85), Pluronic L81 (L81) and Pluronic
F108 (F108).

Results. Treatment of Panc-1 cells with P85 resulted in concentration-
dependent increases in FLU accumulation and elimination of FLU
sequestration in vesicular compartments in these cells. The effects of
P85 were selective for FLU in the Panc-1 cell monolayers. Inhibition of
MRP-mediated transport was dependent on the composition of Pluronic
block copolymer: the more hydrophobic copolymer had the greater
effect on FLU uptake in Panc-1 monolayers (L.81 > P85 > F108).
Conclusions. This paper demonstrates for the first time that Pluronic
block copolymers inhibit multidrug resistance-associated protein
(MRP). The similarities in the effects of Pluronic block copolymers
on MRP and P-glycoprotein drug efflux systems suggest that a single
unifying mechanism may explain the inhibition observed.

KEY WORDS: block copolymer; cancer; multidrug resistance;
Pluronic.

INTRODUCTION

The presence of drug efflux transport proteins that function
to pump selected agents out of a cell have an important role
in both normal and pathophysiological processes. These trans-
porters which are part of a superfamily of ATP binding cassette
(ABC) proteins have been implicated in muitidrug resistance
in cancer cells (1,2), as well as bacterial and parasitic drug
resistance (2,3). Furthermore, the selective expression of vari-
ous drug efflux transport proteins in normal tissues such as the
epithelial cells of the intestine, liver and kidney, and endothelial
cells that form the blood-brain barrier have an important protec-
tive and detoxification function. The identification of methods
for circumventing these drug efflux transport proteins could
have a significant impact on the treatment of various diseases
and the distribution of therapeutic agents in the body.

One of the more extensively studied ABC transport pro-
teins is P-glycoprotein (P-gp). The importance of P-gp in drug
resistance and tissue distribution is well known (4,5). Previous
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studies have shown that Pluronic block copolymers (poly(ethyl-
ene oxide)-block-poly(propylene oxide)-block-poly(ethylene
oxide), EOun-PO,-EOy,) can inhibit P-gp function (6-8).
While the exact mechanisms are unclear, the ability of Pluronic
to block P-gp activity appears to involve the interaction of
the individual block copolymer chains with P-gp or the lipid
microenvironment surrounding P-gp (6).

Recently, another drug efflux transport protein of 190-210
kDa, multidrug resistance associated protein (MRP), has been
identified (9—11). Like P-gp, MRP is also an ATP-dependent
efflux pump that actively transports selected chemotherapeutic
agents. However, MRP has different substratc characteristics
and different inhibitor specificity from P-gp. MRP was shown
to have a broad specificity for amphiphilic anions as well as
glutathione and glucuronide conjugates of many drugs (9-11).
Histological studies suggest MRP may be intrinsically
expressed in many solid tumors and normal tissues (12). The
results of the present studies demonstrate for the first time,
that Pluronic block copolymers can inhibit MRP-mediated drug
efflux transport. Furthermore, the observation that the Pluronic
block copolymer compositions required to inhibit MRP-medi-
ated eftlux transporters are similar to those required for inhib-
iting P-gp transport, suggests that a similar or uniform
mechanism may explain the inhibition of drug efflux proteins
by Pluronic block copolymers.

MATERIALS AND METHODS

Preparation of Block Copolymer Solutions

The present study used Pluronic block copolymers (Table
1): Pluronic F68 (F68) (lot # WPOP-590B), Pluronic P85 (P85)
(lot # WPOP-587A) and Pluronic L81 (L81) (lot # WSOO-
83457 25087) that were provided by BASF Corp. (Parispany,
NJ). The solutions of Pluronic block copolymers and polyoxye-
thylated detergents were prepared in assay buffer containing
122 mM sodium chioride, 25 mM sodium bicarbonate, 10 mM
glucose, 10 mM HEPES, 3mM potassium chloride, 1.2 mM
magnesium sulfate, calcium chloride (1.4 mM) and potassium
phosphate dibasic (0.4 mM). Fluorescein (FLU) and rhodamine
123 (R123) were added to the copolymer solutions and incu-
bated at 37°C one hour prior to their use in the experiments.

Cell Culture

Panc-1 cells, a human pancreatic adenocarcinoma cell line
that expresses MRP (13,14), were purchased from ATCC (Balti-
more, MD). Panc-1 cell monolayers were grown on 24-well
culture plates using DMEM supplemented with 10% fetal
bovine serum. The Panc-1 cells (passages from 50 to 60) were
seeded at a density of 25,000 cells/cm? and were used after
reaching confluency (typically within 4-6 days). As a control,
the effects of Pluronic block copolymers were also evaluated
in multidrug resistant human oral epidermoid carcinoma cells
(KBv) that were generously provided by Dr. J. Pezzuto (Univer-
sity Illinois). The KBv cells are a drug resistant cancer cell line
that over express P-gp but have little if any MRP drug efflux
transport systems (14). The KBv cells were grown in DMEM
supplemented with 10% fetal bovine serum and 1 pg/ml vin-
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Table 1. Concentration-Dependent Effects of P85 on the Accumula-
tion of FLU in Panc-1 Cell Monolayers

P85 concentration, FLU accumulation,

System studied pM nmol/mg protein®
FLU in assay buffer 0 0.084 + 0.003
FLU in P85 solution 0.022 0.087 + 0.004"

0.22 0.097 = 0.005*
22 0.117 £ 0.010*
22 0.341 = 0.018**
220 0.359 % 0.003**
2200 0457 + 0.018**

“ Cells were incubated with FLU (100 uM) with or without P85 as
described in materials and methods. Values represent the mean
+ SEM of four monolayers per the treatment group. Statistical
significance of the P85 compared to the P85-free control is
shown below.

b n.s., not significant.

* p < 0.05.

** p < 0.005.

MRP Functional Assay

Cells were washed and pre-incubated for 30 minutes at
37°C in either assay buffer or assay buffer containing corres-
ponding Pluronic block copolymer (0.00001-1.0% wt) or indo-
methacin (IND) (10 pM). Following the pre-incubation period,
cell monolayers were incubated with FLU (100 pM) in either
assay buffer or solutions of Pluronic block copolymers for up
to 90 min. at 37°C. Functional studies were terminated by
removing the FLU solutions, washing the monolayers three
times in ice-cold PBS to remove any unbound FLU, and then
solubilizing the cells using 1.0% Triton X-100. The cellular
accumulation of FLU was determined by measuring fluores-
cence of the cell lysates with a Shimadzu RF5000 fluorescent
spectrophotometer (488 nm excitation; 510 nm emission). Sam-
ples were taken for protein assay using the Pierce BCA method.
The accumulation of FLU under control conditions was com-
pared (o the cellular accumulation observed in the presence of
Pluronic copolymers or the MRP inhibitor, IND.

P-gp Functional Assay

The cellular accumulation of R123 was used to examine
effects of the Pluronic block copolymers on P-gp. Cell mono-
layers were preincubated for 30 min. at 37°C with assay buffer.
After this the assay buffer was removed and the cells were
exposed to 3.2 uM R123 in either assay buffer or solutions of
Pluronic block copolymers. The cells were incubated with the
dye solutions for up to 90 min. at 37°C. After that the dye
solutions were removed and cell monolayers were washed three
times with ice-cold PBS. The cells were then solubilized in
1.0% Triton X-100. The cellular accumulation of R123 was
determined using Shimadzu RF5000 fluorescent spectropho-
tometer (505 nm excitation; 540 nm emission). Samples were
taken for protein assay using the Pierce BCA method.

Efflux of FLU

For the FLU eftlux studies Panc-1 monolayers were pre-
incubated for 30 min. at 37°C with assay buffer and loaded
with FLU using two different treatment protocols (A, B) for
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60 min at 37°C. The A-protocol used 100 pM FLU in assay
buffer and B-protocol used 100 pM FLU in 22 pM (0.01%)
P85. Then all cell monolayers were washed three times with
ice-cold PBS. Four monolayers in each treatment protocol were
left for determining total FLU accumulation in Panc-1 mono-
layers. The remaining monolayers were incubated at 37°C in
FLU-free assay buffer (A-protocol) or 22 pM P85 (B-protocol)
respectively. The residual cellular levels of FLU (“FLU reten-
tion”) were determined after 5, 10, 15, and 25 min. incubation
using four monolayers for each time point. At these time points
the incubation solutions were removed from the monolayers
and the cells were solubilized in 1.0% Triton X-100. Cellular
FLU was determined by measuring fluorescence of the cell
lysates as described above.

Statistical Analysis

All statistical tests were performed using Microsoft Excel
97 SR-1 program using the two-tailed heteroscedastic t-tests.
A minimum p value of 0.05 was used as the significance level
for all tests. The results of accumulation and efflux studies are
presented as means = SEM.

Fluorescence Microscopy

In separate studies, Panc-1 cells were grown on chamber
slides (Fisher, St. Louis, MO) for examining FLU cellular accu-
mulation using fluorescent microscopy. The Panc-1 calls were
preincubated for 30 min. with either assay buffer or 22 pM
P85 and then exposed to the FLU in cither assay buffer or 22
1M P85 solution for 90 minutes at 37°C. After this incubation
period, the loading solutions were removed and the Panc-1 cells
were washed a total of three times with ice-cold PBS containg
1% bovine serum albumin and e xamined using Nikon microphot
FXA microscope with a 60 X 1.4 n.a. oil plan apochromat
objective and FITC filter set (Omega Optical). Digital images
were obtained using the same Nikon microscope coupled to a
cooled CCD camera (Photometrics, Tucson AZ).

RESULTS AND DISCUSSION

To access MRP functional activity and the effects that
Pluronic block copolymers had on MRP activity, FLU accumu-
lation was examined in Panc-1 monolayers. The use of FLU
and FLU analogs as probes for MRP functional activity has
been reported previously (14,15). Furthermore, the Panc-1 cells
are known to express MRP (13,14). Compared to control mono-
layers receiving only FLU, there was a significant enhancement
of FLU accumulation in Panc-1 cells following exposure to P85
(Table 1). Furthermore, the effects of P85 were concentration-
dependent (Table 1). At low concentrations of P85 ranging
from 0.022 to 22 uM, treatment with the increasing doses of
the block copolymer caused a greater uptake of FLU in Panc-
I monolayers. At concentrations of P85 above 22 pM the FLU
accumulation practically leveled off. Since the critical micelle
concentration (CMC) of P85 is 67 pM (0.03% w/v) (8) it
appears that the effects of this block copolymer on FLU accumu-
lation increase at sub-micellar concentrations and level off in
the vicinity of CMC. This is indicative of the effect of the
block copolymer single chains (“unimers”) resulting in
increased accumulation of FLU in Panc-1 monolayers.
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Fig. 1. Time-dependent accumulation of FLU in Panc-1 cell mono-
layers using assay bufter (open circles), 22 pM P85S (filled circles)
and 10 uM IND (open triangles). Values represent the mean = SEM
of four cell monolayers.

The increased accumulation of FLU in P85 treatment
groups is consistent with the blockade of MRP-eftlux pump in
Panc-1 cells. Further evidence supporting inhibition of MRP
with P85 unimers is found in Fig. 1. In these experiments, FLU
accumulation in Panc-1 cell monolayers examined under normal
conditions and following treatment with either P85 (22 uM)
or the MRP inhibitor, IND. Under normal conditions, FLU
accumulation in the Panc-1 cell monolayers was limited, reach-
ing a maximum of approximately 0.15 nmol/mg protein within
the first 15 minutes of incubation (Fig. 1). However, following
exposure to P85, FLU accumulation in the Panc-1 cell mono-
layers steadily increased to over 0.3 nmol/mg protein. The
enhanced accumulation of FLU following treatment of Panc-
1 monolayers with P85 resembled in both magnitude and scope,
the increase in FLU observed with IND, a known inhibitor of
MRP (10,15).
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To eliminate the possible contributions of non-specific
effects of Pluronic block copolymers on membrane permeabil-
ity, the cellular accumulation of R123 was examined in Panc-
1 monolayers. R123 is a fluorescent probe used to assess P-gp
activity (16). Since the Panc-1 have little, if any, P-gp (13),
any increases in R123 accumulation following exposure to the
block copolymer would most likely reflect non-specific alter-
ations in membrane permeability. As shown in Table 2, the
accumulation of R123 in Panc-1 cell monolayers was similar
in both the control and P85 treatment groups. The lack of effect
with P85 on the accumulation of the non-MRP probe, R123,
in Panc-1 monolayers indicates that the response observed with
the MRP probe, FLU, is attributable to inhibition of MRP-
related efflux transport systems rather than non-specific altering
the membrane permeability with respect to the drug passive
diffusion.

For comparison, Table 2 also presents the effects of P85
on R123 accumulation in P-gp expressing KBv cells, where
the treatment with the block copolymer unimers resulted in
considerable increases in R123 accumulation. It was previously
shown that this effect on the P-gp expressing cell lines is due
to inhibition of the P-gp efflux function by Pluronic block
copolymers (6-8,17). To evaluate whether P85 unimers have
inhibitory effect on MRP efflux system in Panc-1 cell mono-
layers, the FLU efflux studies were carried out with these cells.
As it is shown in Fig. 2, treatment of the Panc-1 monolayers
with P85 (22 M) results in a considerable decrease of FLU
eftlux compared to the control groups (the rate of efflux, i.e.
the slope of the efflux curve after 5 minutes, is decreased by
40% in the presence of P85). This provides further evidence
that P85 is blocking MRP efflux system in Panc-1 monolayers,
which is similar to the effects of P85 unimers on the P-gp efflux
pump in KBv monolayers.

Previous studies using P-gp expressing cells demonstrated
that effects of Pluronic block copolymers on P-gp efflux sysiem
are strongly dependent on their molecular structure, particularly,
the lengths of EO (hydrophilic) and PO (hydrophobic) chain
blocks (17). To determine if changes in Pluronic block copoly-
mer composition could be used to confer selectivity for one
drug efflux transport system over the other, inhibition of P-gp

Table 2. Time-Dependent Accumulation of R123 in Assay Buffer and 22 pM P85 Solution in Panc-1 and KBv Cell Monolayers

R 123 accumulation, nmol/mg protein®

. . Panc-1 KBv
Incubation time,

min Assay buffer 22 uM P85 Assay buffer 22 uM P85S

5 0.16 * 0.03 0.17 = 0.05 0.09 = 0.01 0.09 = 0.01°
15 0.71 = 0.11 0.65 = 0.01 0.17 £ 0.03 0.17 = 0.01°
30 0.96 * 0.15 1.60 = 0.02 0.17 £ 0.03 0.28 * 0.01**
60 330 * 0.18 353 +0.34 0.18 + 0.04 0.48 * 0.01**
90 459 * 0.10 443 * 0.25 0.13 + 0.03 0.58 * 0.06*

« Cells were incubated with R123 (3.2 pM) with or without P85 as described in materials and methods. Values represent the mean = SEM
of four monolayers per the treatment group. Statistical significance of the P85 effects in KBv cells compared to the P85-free controls at the
same time point is shown below. The R123 accumulation in Panc-1 cells with and without P85 is the same at each time point with the

significance levels of 0.05 or better.
® n.s., not significant.
* p < 0.05.
** p < 0.005.
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Fig. 2. Effect of P85 on R123 efflux in Panc-1 cell monolayers. Efflux
was examined using assay buffer (open circles) and 22 uM P85
(filled circles).

and MRP by P85 was examined along with the more hydropho-
bic (L81) and less hydrophobic (F108) Pluronic copolymer
compositions (Table 3). All the Pluronic block copolymers
examined significantly enhanced FLU accumulation in Panc-
1 cell monolayers, and R123 accumulation in KBv cell mono-
layers. However of the three compositions examined, L81 was
the most effective, while F108 was the least effective, at enhanc-
ing FLU accumulation in the PANC-1 cell monolayers and
R 123 accumulation in KBv monolayers (Table 3). These studies
suggest that although composition of the copolymer will influ-
ence the extent of inhibition observed, it is unlikely that altering
the hydrophobicity or size of the block copolymer will produce
selectivity for the MRP or P-gp eftlux transport systems.
Previous studies show that the effects of Pluronic copoly-
mers in P-gp expressing muitidrug resistant cells are not limited

Table 3. Effects of Various Pluronic Block Copolymer Compositions
on MRP and P-gp Functional Activity

FLU enhancement

R123 enhancement factor in
System factor in KBv Panc-1
studied” monolayers” monolayers”
F108 1.68 = 0.18* 1.32 + 0.19*
P85 2.63 * 0.33** 2.19 * 0.08**
L81 5.67 * 0.23** 329 = 0.21%*

“ All Pluronic block copolymer compositions were examined at 100
1M concentrations which corresponded to their maximal effec-
tive doses.

# R 123 enhancement factor is defined as the increase in accumulation
of R123 (3.2 uM) in KBv cell monolayers over aone hour incubation
period in the presence of Pluronic block copolymer, with accumula-
tion of R123 in the control group being 1.0. FLU enhancement
factor is defined as the increase in accumulation of FLU (100 pM)
in Panc-1 cell monolayers over a one hour incubation period in the
presence of Pluronic block copolymer, with accumulation of FLU
in the control group being 1.0. Statistical significance of the P85
effects compared to the P85-free controls at the same time point is
shown below.

* p < 0.05.

*+ p < 0.005.
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Fig. 3. Fluorescence microscopy of FLU accumulation in Panc-1 celi
monolayers following exposure with 1 mM FLU in (A) assay buffer
and (B) 22 pM P85.

to the increased cell accumulation of the drug as a result of
inhibition of the P-gp efflux pump, but also include significant
changes in the intracellular localization of the drug (7). There-
fore, we compared localization of FLU in Panc-1 cells treated
with the assay buffer and P85 solutions (Fig. 3). It is seen in
panel A that FLU in assay buffer appears to be sequestered in
intracellular vesicular compartments. In contrast, in P85 treated
cells, FLU spreads throughout the cells cytoplasm and nucleus
(panel B). Sequestration of drugs in both P-gp and MRP over-
expressing cells has been well-documented (18-22). It is cur-
rently believed that sequestration occurs in intracellular vesicles
containing drug transporters, in which the transporter is oriented
so that drugs are pumped into and concentrated in the interior
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of the vesicle (21,22). Therefore, current observation that P85
copolymer abolishes FLU sequestration in MRP expressing
Panc-1 cells appears to be consistent with the previous report
that Pluronic block copolymers decrease sequestration and
allow nuclear transport in P-gp expressing CHrC5 Chinese
hamster ovary cells (7).

The present study is the first to demonstrate that Pluronic
copolymers can inhibit MRP-mediated efflux transport sys-
tems. While the mechanism(s) by which Pluronic copolymers
inhibit MRP activity is unclear, there are many similarities
to the inhibition of P-gp. The actual site at which the
Pluronic unimers are interacting with MRP is currently under
investigation. Given the comparable cffects of the different
Pluronic compositions on MRP and P-gp functional activity,
it is tempting to suggest that there is a singular mechanism
to explain the inhibitory effects of Pluronic on various drug
eftlux transport systems. Such mechanism may involve the
copolymer-induced changes in the plasma membrane that
affect function of both proteins (6).

There are also indications that the molecules of the Pluro-
nic block copolymers must first undergo endocytic transport
into the cell to reach the site of action with the membrane to
inhibit P-gp (8). The effects of P85 on P-gp were completely
abolished, when the endocytosis of the block copolymer was
inhibited. Also, there is a lag period of ca. 15-min. before the
blockade of the P-gp could be observed (8,17). In the case of
the MRP inhibition the lag period for the P85 effect is somewhat
longer—from 30 to 60 min. Therefore, in the experiments
involving the transport of the MRP substrates the cells were
pretreated with Pluronic solutions for 30-min. The difference
in the kinetics of P85 effects on P-gp and MRP may be indicative
of ditferent sites of the block copolymer interactions with these
drug efflux systems. Conversely, the differences in the kinetics
of P85 effects on P-gp and MRP may be related to the differ-
ences in the expression levels of P-gp and MRP, or the substrates
selected for examining functional activity of the drug efflux
transporters.

The ability of Pluronic block copolymers to inhibit both
P-gp and MRP functional activity has several clinical implica-
tions. In the treatment of cancer, both acquired and intrinsic drug
resistance limits the effectiveness of many chemotherapeutic
agents. While P-gp is thought to have a major role in acquired
drug resistance (23), the widespread expression of MRP in
many solid organ, and untreated tumor celis (24,25), suggests
MRP may have a more important role in intrinsic drug resis-
tance. Therefore, formulation of chemotherapeutic agents with
Pluronic block copolymers (6,7) may improve treatment out-
comes in both solid organ tumors, which display high intrinsic
resistance, as well as other types of cancer such as leukemia’s
which display acquired drug resistance. Since there is significant
overlap in the chemotherapeutic agents that are substrates for
P-gp and MRP, formulation of these agents with Pluronic block
copolymers may both enhance the initial cytotoxicity and extend
the effective treatment time for the chemotherapeutic agent. In
vivo evaluation studies revealed major anti-tumor ettects of
Pluronic-formulated anthracycline antibiotics on a broad panel
of tumors (26,27).

High levels of MRP mRNA have been detected in
normal tissue, such as the kidney, heart and bronchiolar
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epithelium (25,28). Therefore, Pluronic-based formulations
may increase drug accumulation in selected organs as well
as increase plasma concentrations of the drug through preven-
tion of renal excretion. It has recently been demonstrated
that Pluronic block copolymers effectively inhibit P-gp efflux
system in normal tissues resulting in enhanced permeability
of the P-gp-dependent drugs in the monolayers of the intestinal
epithelial cells and brain microvessel endothelial celis (29).
Low levels of mRNA for MRP have been found in the
organs such as the brain and intestine (28). Recent studies
demonstrating MRP expression in the endothelial cells that
form the blood-brain barrier (14) suggest that the brain
expression of MRP may be localized to those areas that
control the passage of compounds into the central nervous
system. Given the impact that P-gp has on the intestinal
absorption and blood-brain barrier permeability of selected
agents (5,30), it is likely that MRP has a similar role.
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