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Multidrug Resistance–Associated Protein 1 Functions as an Efflux Pump
of Xenobiotics in the Skin

Qing Li,1 Yukio Kato,1 Yoshimichi Sai,1 Teruko Imai,2 and Akira Tsuji1,3

Received November 18, 2004; accepted February 23, 2005

Purpose. Recent research has identified gene expression of several types of xenobiotic transporters in

the skin. The aim of this study was to investigate whether multidrug resistanceYassociated protein

1 (MRP1) functions in the skin.

Methods. The distribution of [14C]grepafloxacin in vivo and the transport of 1-[2-amino-5-(2,7-dichloro-

6-hydroxy-3-oxo-9-xanthenyl)phenoxy]-2-(2-amino-5-methylphenoxy)ethane-N,N,N0,N0-tetraacetic acid

(fluo 3) were examined in the skin of Mrp1 knockout mice [FVB/Mrp1(j/j)] and normal mice [FVB/

Mrp1(+/+)].

Results. The tissue-to-plasma concentration ratio of [14C]grepafloxacin was higher in the skin of FVB/

Mrp1(j/j) mice than that of FVB/Mrp1(+/+) mice. In skin slices of hairless mouse incubated with fluo

3 pentaacetoxymethyl ester, the accumulation of fluo 3 was significantly increased in the presence of

probenecid (2 mM) and carbonyl cyanide p-trifluoromethoxyphenylhydrazone (5 mM) in a time-

dependent manner but did not change in the presence of tetraethylammonium (2 mM). In FVB/

Mrp1(j/j) mouse skin, the accumulation of fluo 3 increased time-dependently, while no increase was

observed in FVB/Mrp1(+/+) mouse skin.

Conclusions. These findings suggest that Mrp1 is involved in the efflux of [14C]grepafloxacin and fluo 3

in the skin, possibly acting as part of a barrier system against xenobiotic compounds.
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INTRODUCTION

Skin is a dynamic organ having various defense mecha-
nisms to protect the body from environmental factors; it acts
not only as a physical barrier but also as a biochemical barrier.
Constitutive expression of xenobiotic-metabolizing enzymes
has been detected in normal human keratinocytes (1Y3),
in addition to the expression of glutathione S-transferase
P1 (GSTP1) and GST activity (4). Recently, the expression of
ATP-binding cassette transporters such as multidrug resis-
tanceYassociated protein 1 (MRP1), MRP3, MRP4, MRP5,
MRP6, and lung resistance protein (LRP) was also reported
in normal human keratinocytes (3). The MRPs function as
efflux transporters of glutathione S-conjugates (5,6). In ad-
dition, the expression of MRP1, the most highly expressed
drug transporter in the skin, is increased, together with that
of GSTP1 in lesional psoriatic skin treated with ultraviolet
radiation (7). There has been no direct evidence that MRP1

functions in the efflux of drugs in the skin. Therefore, the aim
of this study was to investigate whether MRP1 functions in
the skin. Grepafloxacin, a fluoroquinolone, is a substrate of
MRP1 (8) and is reported to have a weak photosensitizing
action, like other fluoroquinolones (9). We examined the Kp

values of [14C]grepafloxacin in the skin of Mrp1 knockout
mice [FVB/Mrp1(j/j)] and compared them with that of
wild mice [FVB/Mrp1(+/+)]. Furthermore, confocal images
of 1-[2-amino-5-(2,7-dichloro-6-hydroxy-3-oxo-9-xanthenyl)
phenoxy]-2-(2-amino-5-methylphenoxy)ethane-N,N,N0,N0-
tetraacetic acid (fluo 3) were obtained in skin slices from
hairless mouse, and FVB/Mrp1(+/+) and FVB/Mrp1(j/j)
mice preloaded with the fluo 3 precursor, fluo 3 penta-
acetoxymethyl ester (fluo 3-AM). Fluo 3 is a fluorescent
substrate of MRPs, while fluo 3-AM is a nonfluorescent ester
that readily passes through cell membranes due to its lipo-
philic tail (10Y13). After cleavage of the ester by cell-mem-
brane esterases, hydrophilic fluo 3 is normally sequestered in
the cytoplasm and excreted from the cells, possibly by efflux
pump MRPs (10Y13). Keratinoctyes were co-stained with N-
(3-triethylammoniumpropyl)-4-(6-(4-(diethylamino)phenyl)
hexatrienyl)pyridinium dibromide (FM4-64) to image the
epidermal architecture. FM4-64 is a nontoxic, water-soluble
dye that has no fluorescence in water but emits red fluo-
rescence when inserted into membranes (14Y16).
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MATERIALS AND METHODS

Materials

[14C]grepafloxacin (81.2 mCi/mg) was kindly supplied by
Otsuka Seiyaku Co., Ltd. (Tokyo, Japan). Fluo 3-AM and
fluo 3 were purchased from Dojindo Laboratories (Tokyo,
Japan). FM4-64 was purchased from Molecular Probes, Inc.
(Eugene, OR, USA).

Animals

Five- to seven-week-old male hairless mice (HR-1) were
purchased from Japan SLC (Hamamatsu, Japan). Five- to
seven-week-old FVB/Mrp1(j/j) and FVB/Mrp1(+/+) mice
were purchased from Taconic (Germantown, NY, USA) and
CLEA Japan Inc. (Tokyo, Japan), respectively. Animal
studies were performed in accordance with the Guidelines
for the Care and Use of Laboratory Animals in Takaramachi
Campus of Kanazawa University.

Distribution of [14C]Grepafloxacin in the Tissues

[14C]Grepafloxacin dissolved in 50 ml of saline was i.v.
injected at a dose of 0.25 mg/kg. At 2 h after dosing, the mice
were sacrificed under ether anesthesia and immediately
dissected. The skin from the back and abdomen and the
liver and the kidney were isolated, weighed, and solubilized
in Soluene-350 at 50-C for 3 h. Radioactivity was measured
by liquid scintillation counting. Tissue-to-plasma concentra-
tion ratio (Kp value) was evaluated using Eq. (1), where
Ctissue and Cplasma represent concentration of grepafloxacin in
the tissue and plasma, respectively. Statistical analysis was
performed by the Student’s t test. A difference between
means was considered to be significant when the p value was
less than 0.05.

Kp ¼
Ctissue

Cplasma
ð1Þ

Thin-layer chromatography (TLC) was performed to de-
termine the parent compound, as described previously (17).
Briefly, the skin sheets were solubilized in 1 N NaOH for
30 min, homogenized, mixed with three volumes of acetoni-
trile, and centrifuged to precipitate proteins. Aliquots of these
supernatants were applied to TLC plates and developed with
chloroform-methanol-28% ammonia (7:3:0.5, v/v/v). The pro-
files of radioactivity on the TLC plates were analyzed using
a Typhoon9200 Variable Mode Imager (Amersham Biosci-
ences). The recovery of [14C]grepafloxacin was more than
72% in the skin and 90% in the plasma.

Confocal Microscope Method to Examine Export of Fluo 3

The slices of skin (100 mm) were sectioned with a micro-
slicer (DTK-2000, Dosaka EM Co., Ltd. Kyoto, Japan) at
4-C. The slices were soaked in ice-cold Hanks’ balanced salt
solution (HBSS, 0.952 mM CaCl2, 5.36 mM KCl, 0.441 mM
KH2PO4, 0.812 mM MgSO4, 136.7 mM NaCl, 0.385 mM Na2

HPO4, 25 mM D-glucose, and 10 mM HEPES, pH 7.4) con-
taining fluo 3-AM (10 mM) and FM4-64 (1 mlM) in the
presence or absence of probenecid (2 mM), tetraethylammo-

nium (TEA, 2 mM), or carbonyl cyanide p-trifluoromethoxy-
phenylhydrazone (FCCP, 5 mM) for 2 h. Then, the slices were
placed on LabTek chambered cover glass and rapidly
mounted on the stage of a confocal microscope at room
temperature (20Y22-C); this was taken as time 0. An inverted
Zeiss Axiovert 100 M Laser Scanning Confocal Microscope
510 (LSM510) with a 63� water immersion objective lens was
used to capture the confocal images. Lasers operating at 488
and 543 nm were used. A band pass filter for 505Y530 nm was
used to image fluo 3, and a 585-nm long-pass filter was used
to image FM4-64. Serial confocal images were captured at
room temperature.

Esterase Activity in the Skin

S9 fraction from skin homogenates (301.3 mg/ml) was
prepared according to the method described previously (18).
Hydrolysis experiments were initiated with 5 mM of fluo
3-AM after preincubating the homogenates (50 mM HEPES,
1 mM CaCl2, pH 7.4) at 37-C for 5 min and loading various
inhibitors at 37-C for 2 min. The velocity of the increase in
fluorescence intensity of fluo 3 was measured during the first
9 min. No effect of calcium ion on the hydrolysis reaction in
hairless mouse skin was apparent when p-nitrophenyl acetate
was used as a substrate.

RESULTS AND DISCUSSION

FVB/Mrp1(j/j) mice were created by targeting in em-
bryonic stem cells to disrupt Mrp1 gene (19,20). Kp value of
[14C]grepafloxacin in the skin of FVB/Mrp1(j/j) mice was
significantly higher than that of FVB/Mrp1(+/+) mice (Table
I). In agreement with a previous study (21), the Kp value of
[14C]grepafloxacin in the kidney of FVB/Mrp1(j/j) mice
was significantly higher than that of FVB/Mrp1(+/+) mice,
but no difference was observed in the Kp values in the liver
between the two strains (Table I). Because the difference
of Kp values between FVB/Mrp1(j/j) and FVB/Mrp1(+/+)
mice was significant, but not remarkable, other transporter(s)
most likely function(s) as an efflux transporter, too. Accord-
ing to the TLC method, more than 95% of the labeled
compound was [14C]grepafloxacin (data not shown). These
results indicate that Mrp1 is involved in the efflux of
[14C]grepafloxacin in the skin in vivo.

Transporters expressed in the skin might play a role to
kick-back the xenobiotics to the outside of the body. Based
on the results of Kp values of grepafloxacin, however, it

Table I. Kp values of [14C] grepafloxacin (2L/mg tissue)

FVB/Mrp(+/+)a FVB/Mrp(j/j)b b/a

Skin 2.34 T 0.01 2.83 T 0.09* 1.21

Liver 10.77 T 0.80 11.63 T 0.29 1.08

Kidney 14.85 T 1.09 18.40 T 0.65* 1.24

Note: [14 C] Grepafloxacin (0.25 mg/kg) was administered i.v. to both

types of mice. At 2 h after administration, plasma and skin associated

radioactivities were quantitated. Each datum represents the mean T
SEM of 5 to 6 experiments.

* P < 0.01 vs. the FVB/ Mrp (+/+) mice.
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might be possible that grepafloxacin was transported by
MRP1 from the skin back to the blood, and further studies
are needed to clarify the localization of MRP1 to demon-
strate the direction of transport by MRP1 in the skin.

To clarify further the mechanism of MRP1 function in
the skin, a fluorescent substrate of MRPs, fluo 3 was used.
The confocal images were captured at room temperature
(20Y22-C), because fluo 3 is rapidly lost from keratinocytes at
37-C, resulting in difficulty in capturing fluorescent images.
Bright and uniform fluorescence staining with FM4-64 in the
membrane of keratinoctyes revealed a recognizable epider-
mal architecture from the stratum corneum (underpart) to
the basal layer (upper) (Fig. 1). Time course for the
fluorescence intensity of fluo 3 was then measured at room
temperature. The fluorescence intensity of fluo 3 increased
slowly in the presence of FCCP (5 mM), in a time-dependent

manner, whereas no increase was observed without the
inhibitor (data not shown). FCCP (5 mM) was widely used
to investigate the effect as an ATP depressor. These results
imply that fluo 3-AM was metabolized at room temperature
in the keratinocytes and that the accumulation of fluo 3 in
the keratinocytes was limited by an ATP-dependent efflux
process. The accumulation of fluo 3 in the keratinocytes was
remarkably increased in the presence of probenecid (a
typical inhibitor of organic anion transporters) after 30 min
but did not increase in the presence of TEA (a typical
inhibitor of organic cationic transporters) or in the absence of
any inhibitor (Fig. 1). These results suggested that an organic
anion transport system(s), but not an organic cation transport
system(s), was involved in the efflux of fluo 3 in the hairless
mouse skin. The absence of any change in fluorescence
intensity of FM4-64 under each condition suggested that the

Fig. 1. Confocal images of fluo 3 in slices of hairless mouse skin at room temperature (20Y22-C).

Confocal images of fluo 3 in the presence or absence of various inhibitors, probenecid (2 mM), TEA (2

mM), and FCCP (5 mM), were also observed at 0 and 30 min (A). Based on these images, the relative

average fluorescence intensities of fluo 3 and FM4-64 at 30 min (closed) in four locations were

calculated, based on the intensity at 0 time (open) as 100% (B). Green and red columns represent the

relative intensity of fluo 3 and FM4-64, respectively.
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inhibitory effects were specific to fluo 3. In addition, TEA
(89.1%) or FCCP (93.6%) had no significant effect on the
activity of esterase in the skin (data not shown). Coadmin-
istration of probenecid (0.5 mM and 2 mM) inhibited the
esterase activity to 64.9% and 59.4%, respectively (data not
shown), so the increase in the accumulation of fluo 3 is not
caused by an inhibitory effect on esterase activity in the skin
but by an inhibitory effect on the efflux process of fluo 3 in
the skin. Accumulation of fluo 3 in skin sections of FVB/
Mrp1(j/j) mice was increased after 30 min, being similar to
that observed in FVB/Mrp1(+/+) in the presence of proben-

ecid, but in contrast to that in FVB/Mrp1(+/+) without the
inhibitor (Fig. 2).

Fluo 3 is a fluorescent substrate for MRPs but is not
specific for MRP1. However, in accordance with the results
in the skin of hairless mice and Mrp1 knockout mice, these
results indicate that Mrp1 is involved in the efflux of fluo 3 in
the skin. Considering that probenecid inhibits organic anion
transporters other than MRP1, further analysis should be
performed to identify other transporters involved in dermal
transport of fluo 3. Tight junctions of stratum granulosum
were reported (22), but little information about the polarity

Fig. 2. Confocal images of fluo 3 in skin slices of FVBMrp1(+/+) and FVB/Mrp1(j/j) mice at room

temperature (20Y22-C). Confocal images of fluo 3 were captured at 0 and 30 min (A). Based on these

images, the relative average fluorescence intensities of fluo 3 and FM4-64 at 30 min (closed) in four

locations were calculated, based on the intensity at 0 time (open) as 100% (B). Green and red columns

represent the relative intensity of fluo 3 and FM4-64, respectively.
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of the keratinocytes is available. Further studies are needed
to clarify the polarity of keratinocytes in order to character-
ize the physiologic role of the transporters.

In the current study, we show for the first time that
MRP1 is involved in the efflux of [14C]grepafloxacin in the
skin. In the skin of healthy volunteers, the expression of
MRP1 was the highest among various xenobiotic transporters
examined, and it was increased in lesional psoriatic skin
treated with ultraviolet radiation (7). Several single-nucle-
otide polymorphisms (SNPs) of MRP1 have been reported
(23). MRP1 protein was detected in the membrane bound of
keratinocytes by immunofluorescence (3), although the
polarity of the membranes was not clarified. Therefore, it is
possible that alterations in the regulation of MRP1 ex-
pression or different SNPs of MRP1 might be associated
with changes in the efflux of xenobiotics in the keratinocytes
and possibly with differences in the sensitizing effects of
xenobiotics in the skin. Thus, MRP1 might be a novel target
for improvement of drug delivery to the skin.
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