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Purpose. The objective of this study was to determine the expression
and activity of multidrug resistance-associated protein (MRP) in the
retinal pigment epithelial (RPE) cells and to further assess whether
BAPSG, a novel anionic aldose reductase inhibitor, interacts with
MRP.
Methods. Functional and biochemical evidence for MRP was ob-
tained in a human retinal pigment epithelial (ARPE-19) cell line and
primary cultures of human retinal pigment epithelial (HRPE) cells.
Fluorescein accumulation and efflux in the presence and absence of
MRP inhibitors was used to obtain functional evidence for MRP.
Western blots and RT-PCR were used to obtain biochemical evi-
dence for MRP1. The influence of MRP inhibitors on BAPSG accu-
mulation and efflux in ARPE-19 cells was determined to understand
its interaction with MRP.
Results. MRP inhibitors increased fluorescein accumulation and re-
duced efflux in RPE cells. Both cell types exhibited a 190-kDa west-
ern blot band corresponding to MRP1 protein and a 287 bp RT-PCR
band corresponding to MRP1 mRNA. MRP inhibitors reduced
BAPSG efflux and increased its accumulation in ARPE-19 cells.
Conclusions. MRP is functionally and biochemically active in human
RPE cells. Anionic BAPSG is a likely substrate for MRP.

KEY WORDS: aldose reductase inhibitor; Fluorescein; MRP; RPE
cells.

INTRODUCTION

The retinal pigment epithelium (RPE) is a monolayer
between the neural retina and choroid and supports the func-
tion of the photoreceptors. RPE expresses various ion trans-
porters, amino acid transporters, myo-inositol transporter,
ascorbic acid transporter, and probenecid-sensitive organic
anion transporter (1,2). These transporters regulate the up-
take of ions and solutes into and across this layer. Although a
probenecid sensitive organic anion transporter has been sug-
gested in RPE cells (2), no reports exist regarding the pres-
ence of multidrug resistance-associated protein (MRP), an
organic anion efflux pump.

MRP transporters are members of the ATP-binding cas-
sette (ABC) superfamily of transport systems and function as

ATP-dependent drug efflux pumps in cancer cells as well as
normal cells (3). Six different genes coding for MRPs, (MRP1
through MRP6), have been identified thus far (4,5). Previous
studies demonstrated that MRP exports organic anions and
glucuronide, glutathione, or sulfate conjugated compounds
(6). MRP is expressed in blood-brain barrier and blood-CSF
barrier (7–9). RPE cells forming inner blood-retinal barrier
are similar to blood-brain barrier in their function and there-
fore, it is likely that drug efflux proteins such as MRP are
expressed in this epithelium. MRP, if present in RPE cells, is
likely to reduce the accumulation of anionic drugs.

In this study, we obtained evidence for the presence of
MRP in primary cultures of human retinal pigment epithelial
cells (HRPE) as well as a human retinal pigment epithelial
cell line (ARPE-19). ARPE-19 is a cell line developed from
RPE cells obtained from a male donor (10). ARPE-19 cells
have structural and functional properties characteristic of
RPE cells in vivo (11). Also, ARPE-19 cells exhibit polarized
distribution of cell surface markers and this cell line has been
proposed as a suitable model for RPE cells (12).

The RPE is the target for many pharmacological agents
in pathological conditions including proliferative vitreoreti-
nopathy, diabetic retinopathy, and macular degeneration. Al-
dose reductase inhibitors (ARIs) are potential therapeutic
agents for diabetic retinopathy as they are capable of reduc-
ing vitreous levels of vascular endothelial growth factor
(VEGF) (13), a potent mitogen associated with retinal neo-
vascularization, secreted by RPE cells (14). BAPSG (N[4-
(benzoylamino)phenyl sulfonyl]glycine) is a selective ARI
with an IC50 value of 0.4 mM as estimated using rat lens aldose
reductase (15). With a pKa value of 3.35, it is an anion at
physiological pH. Since we obtained evidence for the ability
of BAPSG to reduce VEGF secretion from RPE cells (16), it
is a candidate for the retinal delivery during diabetic retinop-
athy. Because BAPSG is an organic anion and because the
cellular accumulation of anions exported by MRP can be en-
hanced by co-treatment with MRP inhibitors (17), we deter-
mined this possibility for BAPSG in the current study.

MATERIALS AND METHODS

Materials

Calcium chloride, 2,4-dinitrophenol, fluorescein, glucose,
HEPES, indomethacin, magnesium sulfate, probenecid, so-
dium bicarbonate, sodium chloride, sodium azide, and vera-
pamil were obtained from Sigma Chemical Co. (St. Louis,
MO).

Cell Culture

ARPE-19 cells were obtained from ATCC (Rockville,
MD). Primary cultures of human retinal pigment epithelium
were prepared as described by Thoreson et al. (18). Both the
cell types, grown in 75 cm2 cell culture flasks (Becton Dick-
inson Labware, Franklin Lakes, NJ), were cultured in 1:1
DMEM/F12 medium (Gibco, Grand Island, NY) with 56 mM
of sodium bicarbonate, 2 mM L-glutamine, 15 mM HEPES
buffer, 10% (ARPE-19) or 20% (HRPE) fetal bovine serum
(Gibco), and 1% penicillin G (100 I.U./ml)/ streptomycin (100
mg/ml) solution (Gibco). For the accumulation and efflux
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studies, day 6 or 7 cells grown in 48-well tissue culture plates
(Becton Dickinson) at a seeding density of 1.66 X 105 cells/
cm2 were used. ARPE-19 and HRPE cells were used between
passages 19–29 and 2–4, respectively. Lysates of MRP1 ex-
pressing PANC-1 cells, a gift from Dr. Donald Miller of Uni-
versity of Nebraska Medical Center, was used as a positive
control in western blot studies. The western blot and RT-PCR
studies were performed with day 6 or 7 cells cultured in 75
cm2 flasks.

Fluorescein and BAPSG Accumulation

Effect of Metabolic Inhibitors and Low Temperature

Cellular accumulation studies were performed using as-
say buffer (pH 7.4) of the following composition: NaCl (122
mM), NaHCO3 (25 mM), MgSO4 (1.2 mM), K2HPO4 (0.4
mM), CaCl2 (1.4 mM), HEPES (10 mM), and glucose (10
mM). To determine the energy-dependency of fluorescein
and BAPSG accumulation, after pre-equilibrating ARPE-19
cell monolayers with assay buffer for 30 min at 37°C, the assay
buffer was replaced with either fluorescein (10, 50, 100, and
200 mM) or BAPSG (10, 50, 100, and 200 mM) solutions in
assay buffer with and without metabolic inhibitors, 2,4-
dinitrophenol (1 mM) and sodium azide (10 mM). Also, sol-
ute accumulation without metabolic inhibitors was deter-
mined at 4°C. In all these studies, at the end of 3-h solute
accumulation, the solutions were aspirated and the monolay-
ers were washed thrice with 1.0 ml of ice-cold PBS. Subse-
quently, the cell monolayers were solubilized with 0.5 ml of
1% Triton-X solution in PBS using a shaker incubator main-
tained at 37°C. Fluorescein in all the cell lysates was analyzed
using a spectrofluorometer with excitation and emission
wavelengths set at 488 and 510 nm, respectively. Protein con-
tent in the cell lysates was estimated using a BioRad (Her-
cules, CA) or Pierce (Rockford, IL) protein assay kit. The
amount of fluorescein in samples was normalized to protein
content in each sample.

For BAPSG analysis, the cell lysates were freeze-dried
and BAPSG was extracted from these lyophilized cell lysates.
To extract BAPSG, 200 ml of acetonitrile:methanol (50:50)
was added to the freeze-dried product and placed for 6 h in a
shaking incubator maintained at 20°C. The samples were vor-
texed for 5 min before centrifuging at 3000 g for 10 min. The
supernatant was collected and the amount of BAPSG was
determined using a reverse-phase HPLC method as described
previously (19). The BAPSG levels were normalized to the
protein content in the cell lysates.

Influence of MRP Inhibitors

To determine the effect of various concentrations of
MRP inhibitors on fluorescein and BAPSG accumulation,
ARPE-19 or HRPE cell monolayers were pre-equilibrated
with assay buffer for 30 min at 37°C, and then the assay buffer
was replaced with either fluorescein (100 mM) or BAPSG
(100 mM) solution with or without indomethacin (10, 50, and
100 mM), probenecid (100, 500, and 1000 mM), and verapamil
(10, 50, and 100 mM). Indomethacin (20,21), probenecid
(22,23), and verapamil (24) were previously shown to inhibit
MRP. After allowing fluorescein or BAPSG accumulation for
1, 3, or 6 h, cell monolayers were washed with ice-cold PBS,

lysed, and fluorescein and BAPSG were estimated as per the
methods described above.

Fluorescein and BAPSG Efflux

Following a 3-h accumulation period, the fluorescein
(100 mM) and BAPSG (100 mM) solutions were removed and
the monolayers were washed twice with the assay buffer.
Then, the efflux of fluorescein and BAPSG into assay buffer
with or without indomethacin (10 mM), probenecid (100 mM)
and verapamil (100 mM) was assessed for 1, 2, and 3 h. At the
end of the efflux study, the cell monolayers were solubilized
with 0.5 ml of 1% Triton-X solution in PBS and the protein
content was determined. Fluorescein and BAPSG in the ef-
flux medium were analyzed using a spectrofluorometer and a
HPLC with UV detection, respectively. The amounts of fluo-
rescein and BAPSG were normalized to protein content in
each lysate.

Western Blot Analysis for MRP1 Protein Expression

HRPE, ARPE-19 and PANC-1 (positive controls) cell
monolayers were solubilized in phosphate buffered saline
(pH 7.4) containing 1% SDS and protease inhibitors (Boeh-
ringer Mannheim, Indianapolis, IN). These cell lysates were
loaded at a protein content of 10 mg onto pre-formed 7.5 %
polyacrylamide gels (Bio-Rad, Hercules, CA) and the pro-
teins were separated using SDS-PAGE. Molecular weight
markers ranging from 220 to 14.3 kDa (Amersham Life Sci-
ence, Inc., Arlington Heights, IL) were used to identify the
corresponding band of MRP1. The gels were run at 40 V for
30 min and then continued at 70 V for another h. The proteins
were then transferred onto polyvinylidene fluoride (PVDF)
membranes (Millipore, Bedford, MA) using a current of 480
mA. The PVDF membrane was washed with the blocking
buffer containing 0.3% Tween-20 and 1% BSA and incubated
overnight at 4°C with the MRP1 antibody, MRPm6 (Kamiya,
Seattle, WA). The antibody was used at (1:100) dilution. Af-
ter a series of washes with the blocking buffers, a secondary
horseradish peroxidase mouse IgG antibody (Amersham Life
Science, Inc.) was added (1:1500) and incubated at 4°C for
one h. The specific protein bands were visualized using a
chemiluminescence kit (Amersham Life Science, Inc.).

RT-PCR Analysis for MRP1 mRNA Expression

Using RT-PCR, MRP1 expression was identified in
ARPE-19 and HRPE cells using the Access RT-PCR System
(Promega Corporation, Madison, WI). In brief, total RNA
was extracted from confluent ARPE-19 and HRPE cells using
RNA STAT-60™ RNA isolation kit (TEL-TEST, Friend-
swood, TX) as per the manufacturer’s recommendations. RT-
PCR for both cell types was performed in a standard 50 ml
reaction mixture containing 5 units of Tfl DNA polymerase, 5
units of AMV reverse transcriptase, 20 pmoles each of sense
and antisense primer, 0.2 mM deoxytriphosphate nucleotides,
and 2 mM MgCl2. Amplification of the cDNA was performed
using MRP1 specific primers as previously described (25).
The amplified products were separated on a 3% agarose gel
and visualized by staining with ethidium bromide.

MTT Assay

ARPE-19 cells, plated at a density of 3 × 103 cells/well in
96-well microtiter plates, were incubated on day 6 with fluo-
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rescein and various inhibitors. Cell viability was determined
with the colorimetric MTT assay. Briefly, at the end of the
incubation period, 30 ml of MTT (Sigma Chemical Co.) solu-
tion [5 mg/ml in phosphate buffered saline (PBS)] was added
to each well and incubated for 4 h at 37°C. The plates were
shaken for 5 min to separate non-adherent and loosely at-
tached cells. After carefully aspirating the supernatant, 100 ml
of 0.04 N HCl in isopropanol was added to monolayer in each
well to dissolve the dark blue crystals. The plates were shaken
for 5 min to completely dissolve all the crystals. The absor-
bance was measured using a test wavelength of 560 nm and a
reference wavelength of 630 nm using a microplate reader
(BT 2000 Microkinetics, Fisher Biotech). The percentage of
viable cells with the inhibitors was calculated relative to un-
treated cells.

Statistical Analysis

Student’s t-test was used to evaluate the significance of
differences between groups. p < 0.05 was considered statisti-
cally significant.

RESULTS

Evidence for MRP Activity

Fluorescein Accumulation: Influence of Low Temperature
and Metabolic Inhibitors

At 37°C as well as 4°C, fluorescein accumulation in
ARPE-19 cells increased significantly with increasing concen-
trations (Fig. 1). At 50 mM and above, fluorescein accumula-
tion was significantly higher at 37°C compared to 4°C. At
37°C, while sodium azide significantly increased the accumu-
lation of 10 and 50 mM fluorescein, dinitrophenol significantly
increased the accumulation of 10 mM fluorescein. At 100 mM
fluorescein and above, neither of the metabolic inhibitors sig-
nificantly altered fluorescein accumulation.

Fluorescein Accumulation: Influence of MRP Inhibitors

Fluorescein accumulation in ARPE-19 and HRPE cells
with and without MRP inhibitors is shown in Fig. 2. In gen-
eral, in both cell types, fluorescein accumulation with MRP
inhibitors was higher than the controls. In ARPE-19 cells
(Figs. 2A, 2B, and 2C), indomethacin increased fluorescein
accumulation at all concentrations and time-points except at 6
h with 100 mM indomethacin. All concentrations of proben-
ecid at 1 h and 1 mM probenecid at 6 h increased fluorescein
accumulation significantly. While 10 mM verapamil was inef-
fective at all time-points, 50 mM verapamil at 1 h and 100 mM
verapamil at 6 h significantly increased fluorescein accumu-
lation in ARPE-19 cells. In HRPE cells (Figs. 2D, 2E, and
2F), all inhibitors and concentrations significantly increased
fuorescein accumulation at 3 and 6 h, except 10 mM verapamil
at 6 h. At 1 h, none of the inhibitors significantly elevated
fluorescein accumulation.

Fluorescein Efflux

Fluorescein efflux from control ARPE-19 cells was sig-
nificantly higher at 2 and 3 h when compared to the efflux in
the presence of MRP inhibitors (Fig. 3). The efflux at the end
of 3 h was significantly decreased by 54, 45, and 60% in the
presence of indomethacin, probenecid and verapamil, respec-
tively.

Western Blot for MRP1 Protein Expression

An approximately 190-kDa protein band corresponding
to MRP1 (Fig. 4A) was observed in HRPE (Lanes 1–4) and
ARPE-19 (Lanes 6–9) cell lysates similar to the lysates of
PANC-1 cells (Lane 5).

RT-PCR for MRP1 mRNA Expression

Using RT-PCR technique, RNA isolated from ARPE-19
and HRPE cells was examined for MRP1 mRNA expression
(Fig. 4B). The results indicated a single band at 287 bp cor-
responding to MRP1 mRNA in ARPE-19 (Lanes 2) and
HRPE (Lane 3) cells. Lane 4 with no bands corresponds to a
negative control, a sample with no RNA template. The
completion of RT-PCR reaction was confirmed by the ampli-
fication of a kit RNA template, a positive control, which gives
a band at 330 bp (Lane 5).

Interaction of BAPSG With MRP

BAPSG Accumulation: Influence of Low Temperature and
Metabolic Inhibitors

At both 37°C and 4°C, the accumulation of BAPSG in
ARPE-19 cells increased with increasing concentrations of
BAPSG (Fig. 5). The cellular accumulation was lower at 4°C
compared to 37°C, with the differences being significant with
100 and 200 mM BAPSG. Although dinitrophenol and so-
dium azide increased BAPSG accumulation at most concen-
trations tested, significant increase was observed only with 10
mM BAPSG.

Fig. 1. Effect of low temperature and cellular energy depletors on
fluorescein accumulation in ARPE-19 cells. Fluorescein at 10, 50, 100,
and 200 mM was exposed for 3 h to ARPE-19 cells either alone at 4°C
or at 37°C with or without 2,4-dinitrophenol (1 mM) and sodium
azide (10 mM). At the end of the study, the cells were lysed and
fluorescein was estimated. Key: L 4 37°C; h 4 2,4-dinitrophenol;
n 4 Sodium azide; s 4 4°C. Data is expressed as mean ± S.D. for
n 4 4.
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BAPSG Accumulation: Influence of MRP Inhibitors

BAPSG accumulation in ARPE-19 cells with and with-
out MRP inhibitors is shown in Fig. 6. With increasing time of
incubation, BAPSG accumulation increased in ARPE-19
cells. Also, the cellular accumulation was the lowest in con-
trols among various treatments. Indomethacin and proben-
ecid significantly increased BAPSG accumulation at all tested
concentrations and time-points. Verapamil was not effective
at 10 mM at all time-points. However, higher concentrations
of verapamil significantly increased BAPSG accumulation at
1 and 3 h.

BAPSG Efflux

BAPSG efflux from control ARPE-19 cells at 2 and 3 h
was significantly higher when compared to the efflux in the
presence of all three MRP inhibitors (Fig. 7). The efflux at the

end of 3 h was significantly decreased by 57, 64, and 52% in
the presence of indomethacin, probenecid and verapamil, re-
spectively.

MTT Assay

The results of MTT assay are shown in Table I. There
was no significant difference in the viability of the cells be-
tween the control and the inhibitor treated groups.

DISCUSSION

We obtained functional evidence for the presence of
MRP based on the accumulation and efflux of fluorescein, an
anionic substrate for MRP (26,9). Three previously demon-
strated MRP inhibitors increased fluorescein accumulation
(Fig. 2) and reduced its efflux from RPE cells (Fig. 3), without
affecting cell viability (Table I). Thus, an organic anionic ef-
flux consistent with MRP activity is present in RPE cells. As

Fig. 2. Fluorescein accumulation in the presence and absence of MRP inhibitors. Key: A, B, C: Fluo-
rescein accumulation in ARPE-19 cells. D, E, F: Fluorescein accumulation in HRPE cells. A, D: Indo-
methacin (s 4 Control; L 4 10 mM; h 4 50 mM; n 4 100 mM), B, E: Probenecid (s 4 Control; L

4 100 mM; h 4 500 mM; n 4 1000 mM), and C, F: Verapamil (s 4 Control; L 4 10 mM; h 4 50 mM;
n 4 100 mM). Fluorescein at 100 mM was exposed with or without varying concentrations of MRP
inhibitors for 1, 3, or 6 h. At the end of the study, the cells were lysed and fluorescein was estimated. Data
is expressed as mean ± S.D. for n 4 4.
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fluorescein accumulation was reduced following transfection
of MRP1 in MDCKII cells (26), our results are consistent with
the presence of MRP1 activity in RPE cells. However, as the
selectivity of fluorescein and MRP inhibitors for various
MRPs has yet to be established, the contribution of other
MRPs to the observed fluorescein efflux can not be ruled out.

We obtained two lines of biochemical evidence for the
expression of MRP1 in ARPE-19 and HRPE cells. The first
evidence was based on western blots using an MRP1 specific

antibody (MRPm6). This antibody was previously reported
(27) not to cross-react with MRP2, MRP3, and MRP5. Also,
based on the sequence differences of MRPs, Scheffer et al.
(27) suggested that MRPm6 is unlikely to cross-react with
MRP4 or MRP6. Indeed, MRPm6 antibody was previously
used to demonstrate the expression of MRP1 in PANC-1 cells
(20). Using MRPm6 in western blots, we identified a 190-kDa
band corresponding to MRP1 in ARPE-19 and HRPE cells

Fig. 4. A. Western blot analysis of MRP1 in RPE cells. Aliquots with ten micrograms of protein were
loaded into each lane. Key: Lanes 1, 2, 3, 4: HRPE cells, Lane 5: positive control, Lanes 6, 7, 8, 9: ARPE
-19 cells. B. RT-PCR analysis of MRP1 in RPE cells. Aliquots of 3 mg total RNA was subjected to
RT-PCR. The samples were run on a 3% agarose gel and visualized using ethidium bromide. Key: Lane
1: Markers; Lane 2: ARPE-19 cells; Lane 3: HRPE cells; Lane 4: Negative control; and Lane 5: Kit
control.

Fig. 3. Cumulative fluorescein efflux from ARPE-19 cells in the pres-
ence and absence of MRP inhibitors. Cells were exposed to 100 mM
fluorescein for 3 h followed by efflux into assay buffer with MRP
inhibitors. Indomethacin, probenecid, and verapamil were used at 10,
100, and 100 mM, respectively. Key: s 4 Control; L 4 Indometh-
acin; h 4 Probenecid; n 4 Verapamil. Data is expressed as mean ±
S.D for n 4 4.

Fig. 5. Effect of low temperature and cellular energy depletors on
BAPSG accumulation in ARPE-19 cells. BAPSG at 10, 50, 100, and
200 mM was exposed for 3 h either alone at 4°C or at 37°C with or
without 2,4-dinitrophenol (1 mM) and sodium azide (10 mM). At the
end of the study, the cells were lysed and BAPSG was estimated. Key:
L 4 37°C; h 4 2,4-dinitrophenol; n 4 Sodium azide; s 4 4°C .
Data is expressed as mean ± S.E.M. for n 4 4.
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(Fig. 4A). As a second biochemical evidence for MRP1, we
demonstrated the presence of a 287-bp band corresponding to
MRP1 mRNA in both these cell types using RT-PCR (Fig.
4B). The primers used in RT-PCR study, which are specific
for MRP1, were previously used to demonstrate MRP1 ex-
pression in cell lines derived from placenta, liver, and lung
(25).

Previous studies suggested the presence of a probenecid-
sensitive and metabolic energy-dependent organic anion
transporter for the entry of anions into the RPE cells (2).
However, there are no such reports with the ARPE-19 cells
used in this study. Our temperature and metabolic inhibitor
studies with ARPE-19 cells supported the possibility of an
active entry mechanism for fluorescein, while indicating an
additional temperature-independent passive uptake mecha-
nism (Fig. 1). If fluorescein is taken up exclusively by a pas-
sive mechanism, upon inhibition of the active efflux mecha-
nism at low temperature, an increase in the cellular accumu-
lation of fluorescein is anticipated. However, at low
temperature, there was a decrease in fluorescein accumula-
tion in ARPE-19 cells (Fig. 1), suggesting that fluorescein

enters these cells in part by a temperature-dependent mecha-
nism. Also, the cellular accumulation of fluorescein at low
temperature was significant, with the accumulation being
40% or higher compared to 37°C. Thus, there is substantial
entry of fluorescein into ARPE-19 cells by a temperature-
independent passive mechanism as well. Similarly, BAPSG
exhibited significant cellular accumulation at low temperature
(Fig. 5), with an additional temperature-dependent compo-
nent.

Energy depleting dinitrophenol and sodium azide el-
evated solute accumulation only when fluorescein and
BAPSG were tested at low concentrations. The effects of
these agents are more difficult to interpret as they may per-
turb the cells besides inhibiting energy-dependent entry as
well as efflux mechanisms. Also, some inhibitors of MRP be-
sides inhibiting MRP-mediated anion efflux may inhibit or-
ganic anion entry into cells. For instance, probenecid can in-
hibit organic anion entry as well as efflux. It is conceivable
that in such an instance, low probenecid concentrations may
inhibit entry while high concentrations may inhibit efflux.
Possibly for this reason, relatively high concentrations of pro-
benecid were required to elevate the accumulation of fluo-
rescein (Fig. 2B and 2E) and BAPSG (Fig. 6B) in RPE cells.

Between fluorescein and BAPSG, fluorescein appears to
be a better substrate for MRP. Mean fluorescein efflux from
ARPE-19 cells in controls at the end of 3 h was 46 ng/mg
protein (Fig. 3) compared to a 3-h initial accumulation of 68
ng/mg protein (Fig. 2A). Thus, about 68% of fluorescein was

Fig. 6. BAPSG accumulation in ARPE-19 in the presence and ab-
sence of MRP inhibitors. A. Indomethacin (s 4 Control; L 4 10
mM; h 4 50 mM; n 4 100 mM), B. Probenecid (s 4 Control; L 4

100 mM; h 4 500 mM; n 4 1000 mM), C. Verapamil (s 4 Control;
L 4 10 mM; h 4 50 mM; n 4 100 mM). BAPSG at 100 mM was
exposed with or without varying concentrations of MRP inhibitors for
1, 2, or 3 h. Data is expressed as mean ± S.D. for n 4 4.

Fig. 7. Cumulative BAPSG efflux from ARPE-19 cells in the pres-
ence and absence of MRP inhibitors. Cells were exposed to either 100
mM BAPSG for 3 h followed by efflux into assay buffer with MRP
inhibitors. Indomethacin, probenecid, and verapamil were used at 10,
100, and 100 mM, respectively. Key: s 4 Control; L 4 Indometh-
acin; h 4 Probenecid; n 4 Verapamil. Data is expressed as mean ±
S.D for n 4 4.

Table I. Effect of 6-hour MRP Inhibitor Treatment on the Viability
of ARPE-19 cells

Treatment Relative toxicitya

Assay buffer with fluorescein (100 mM) 100 ± 20%
Indomethacin (100 mM) 95 ± 13%
Probenecid (1000 mM) 89 ± 12%
Verapamil (100 mM) 92 ± 24%

a Data is expressed as mean ± S.D. for n 4 4. There was no statisti-
cally significant difference between different groups at p < 0.05.
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effluxed in 3 h. On the other hand, BAPSG efflux in 3 h was
24%, as the 3-h BAPSG efflux in controls was 34 ng/mg pro-
tein (Fig. 7) compared to a 3-h accumulation of 140 ng/mg
protein (Fig. 6). Even with lower concentrations of inhibitors,
we were able to better discern MRP functional activity using
efflux studies (Fig. 3 and 7) compared to accumulation studies
(Fig. 2 and 6). This can in part be due to the fact that efflux
studies allow the study of exit mechanism without interfering
with the entry mechanism of the anionic solutes. Such an
interference with the entry mechanism is likely during accu-
mulation studies where the drug and inhibitor are co-exposed
to the cells.

As functional, western blot and RT-PCR studies indi-
cated the activity and expression of MRP in ARPE-19 cells,
we used this model to study the interaction of BAPSG, a
novel ARI, with MRP. BAPSG belongs to the class of sub-
stituted glycine derivatives with high in vitro activity against
aldose reductase (15). Among a series of related potent ARIs
screened, corneal and conjunctival permeability was the high-
est for BAPSG (28). However, BAPSG has low availability in
the posterior segment of the eye following topical adminis-
tration (19). In this study, we observed an increase in BAPSG
accumulation (Fig. 6) and a decrease in efflux (Fig. 7) in
ARPE-19 cells in the presence of MRP inhibitors, suggesting
that this is a likely approach to enhance retinal delivery of
BAPSG. Thus, this study provided the first evidence for the
presence of MRP1 in retinal pigment epithelium and further
identified a novel aldose reductase inhibitor, BAPSG, which
interacts with MRP.
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