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Multidrug resistance-associated protein 2 (MRP2),
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Expression of multidrug resistance-associated protein
(MRP2), an efflux pump contributing to biliary secre-

ion of xenobiotics, was investigated in primary rat
nd human hepatocytes exposed to sulforaphane, a
aturally-occurring chemopreventive agent. Northern
lot indicated that sulforaphane increased MRP2 mRNA

evels in primary rat hepatocytes; it also induced expres-
ion of drug metabolizing enzymes such as glutathione
-transferase A1/2 isoforms and NAD(P)H:quinone oxi-
oreductase in a dose-response and time-course manner
imilar to that observed for the upregulation of MRP2
ranscripts. This sulforaphane-related increase of MRP2
RNAs paralleled increased expression of 190 kD MRP2

rotein as assessed by Western blotting; it was fully abol-
shed by the transcription inhibitor actinomycin D.

RP2 induction was associated with increased cellular
roduction of reactive oxygen species (ROS) and addi-
ion of dimethyl sulfoxide, that reduced sulforaphane-
elated formation of ROS, and also decreased MRP2
RNA levels in sulforaphane-treated primary rat hepa-

ocytes; this suggests that sulforaphane-mediated pro-
uction of ROS may contribute to MRP2 induction. This

ink between ROS and MRP2 regulation was further
upported by the increase of MRP2 expression occur-
ing in response to t-butylhydroquinone, known to reg-
late drug metabolizing enzymes through ROS forma-
ion. In addition to rat cells, primary human hepatocytes
xposed to sulforaphane also displayed induced MRP2
xpression evidenced at both mRNA and protein levels.
ll these observations strongly support the conclusion

hat the export pump MRP2 can be classified among the
etoxifying proteins that are regulated by sulforaphane
nd that are thought to contribute, at least in part, to its
nticarcinogenic properties. © 2001 Academic Press

Key Words: chemopreventive agent; human cells; mul-
idrug resistance-associated protein 2; primary hepato-
ytes; reactive oxygen species (ROS); sulforaphane.
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reviously called canalicular multispecific organic an-
on transporter (cMOAT), is a 190 kDa export pump
redominantly found at the biliary pole of hepatocytes
1, 2). This ATP-binding cassette membrane protein
elongs to the MRP transporter subfamily comprizing
ther efflux pumps such as MRP1 and MRP3 (3). MRP2
ediates the passage from hepatocytes into the bile of

arious types of organic anions, including glucuronate,
ulphate and glutathione conjugates (4, 5). Mutant rat
trains lacking MRP2 expression such as the transport
eficient (TR-) Wistar rat and the Eisai hyperbiliru-
inemic rat (EHBR) therefore display low biliary secre-
ion of conjugates of xenobiotics and endogenous com-
ounds such as bilirubin (1, 6). Similarly, a hereditary
eficiency in human MRP2 expression, known as the
ubin-Johnson syndrome, causes reduced biliary elim-

nation of bilirubin glucuronides (7).
Regulation of hepatic expression of MRP2 is still

oorly understood. Recent studies have however indi-
ated that some inducers of liver drug metabolizing
nzymes increase MRP2 levels. Indeed, the potent glu-
ocorticoid dexamethasone has been shown to up-
egulate expression of both cytochrome P450 3A1/2 and
RP2 in rat liver (8, 9). In the same way, oltipraz, a

ynthetic 1,2-dithiole-3-thione displaying chemopre-
entive properties towards chemical carcinogenesis
nd known to induce hepatic levels of drug metaboliz-
ng enzymes such as NAD(P)H:quinone oxidoreductase
QR) and glutathione S-transferase (GST) isoforms in-
luding GSTA1/2 (10, 11), has been demonstrated to
ncrease MRP2 amounts in primary rat hepatocytes
12). Whether such MRP2 upregulation is restricted to
ltipraz among chemopreventive agents or, on the con-
rary, also occurs in response to other compounds
xhibiting anticarcinogenic activities, in particular
atural agents found in the food, is unknown; respon-
iveness of human hepatocytes and putative involve-
ent of reactive oxygen species (ROS), that play a
ajor role in chemopreventive agent-mediated induc-
0006-291X/01 $35.00
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tion of drug metabolizing enzymes (13), also remain to
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e clarified. To address these questions, we have inves-
igated in the present study MRP2 expression in pri-
ary rat and human hepatocytes exposed to sulfora-

hane. This compound was retained since (i) it belongs
o a class of chemopreventive agents, i.e., isothiocya-
ates, distinct from that of oltipraz (14), (ii) it occurs
aturally in widely consumed vegetables, especially
roccoli (15), (iii) its blocking effects towards chemical-
nitiated tumor formation have been well demon-
trated (16), (iv) it is a very potent inducer of phase II
onjugating enzymes in both human and rodent hepa-
ocytes, thereby most likely increasing hepatic forma-
ion of MRP2 substrates such as drug conjugates (17),
nd (v) it leads to increased production of cellular ROS
n various cell types (18). Our data demonstrate that
ulforaphane markedly increases MRP2 expression in
uman and rat primary hepatocytes through a mech-
nism that likely involves, at least in part, ROS pro-
uction.

ATERIALS AND METHODS

Chemicals. t-Butylhydroquinone (tBHQ), actinomycin D, and di-
ethyl sulfoxide (DMSO) were purchased from Sigma (St. Louis,
O). Sulforaphane was obtained from LKT Laboratories (St Paul,
N).

Cell isolation and culture. Hepatocytes from male Sprague Daw-
ey rats weighing 150–200 g were isolated by liver perfusion as
reviously described except that a liberase solution was used for
issociation of liver cells instead of a collagenase solution (19). Hu-
an hepatocytes from five adult donors undergoing resection for

rimary and secondary tumors were obtained by perfusion using a
ollagenase solution (20). All experimental procedures complied with
rench laws and regulations and were approved by the National
thics Committee. Cells were seeded at a density of 105 cells/cm2 in
lastic dishes in Williams’E medium supplemented with 0.2 mg/ml
ovine serum albumin, 10 mg/ml bovine insulin, and 10% (v/v) fetal
alf serum. The medium was discarded 4 h after rat hepatocyte
eeding and 24 h after human cell seeding and cells were thereafter
aintained in serum-free medium supplemented with 1027 M dexa-
ethasone.

Isolation of total RNAs and Northern blot analysis. Total RNAs
ere extracted from cultured hepatocytes as previously described

21). Ten mg of total RNAs were used for electrophoresis in a dena-
uring 6% (v/v) formaldehyde-1.2% (w/v) agarose gel and were there-
fter transferred onto Hybond-N1 nylon filters (Amersham, Arling-
on, Heights, IL). After prehybridization, the filters were hybridized
ith 32P-labelled cDNA probes, washed, dried, and autoradiographed
t 280°C. Specific cDNA probes used for the analysis of GSTA1/2
nd MRP2 mRNAs were prepared by reverse transcription-
olymerase chain reaction as previously reported (22, 23) whereas
R mRNAs were detected using the pDTD55 probe (24). Equal gel

oading and efficiency of the transfer were checked using an 18S
RNA probe.

Preparation of crude membranes and western blotting. Crude
embranes were prepared from cultured hepatocytes by differential

entrifugation as described by Germann et al. (25). Membrane pro-
eins were then separated on a 7.5% polyacrylamide gel and electro-
horetically transferred to nitrocellulose sheets. Sheets were blocked
h with Tris-buffered saline containing 3% bovine serum albumin

nd 10% milk and were next incubated with the rabbit anti-rat
RP2 polyclonal antibody RM2 (8) or with the mouse anti-human
258
RP2 monoclonal antibody M2III-6 (1) kindly provided by Professor
. Scheper (Academish Ziekenhuis Vrije Universiteit, Amsterdam,
he Netherlands). A peroxidase-conjugated anti-rabbit or anti-
ouse antibody was thereafter used as secondary antibody. After
ashing, blots were developed by chemiluminescence using the Am-
rsham ECL detection system. Control blot was performed in paral-
el using the same protocol, except that the anti-MRP2 antibody was
eplaced by a nonimmune serum.

Determination of ROS formation. Analysis of ROS production
as performed using the dihydrorhodamine 123 (DHR) assay (26,
7). Briefly, cells plated in 96-well microplates were incubated with
mM DHR for 24 h. DHR, an uncharged and nonfluorescent com-

ound, passively diffuses into cells and is subsequently oxidized
pon the action of cellular ROS into rhodamine 123 (Rh 123), a
ationic fluorescent dye. Cellular Rh 123-related fluorescence, which
eflects ROS formation, was thereafter measured using a Spectra
ax Gemini spectrofluorimeter (Molecular Devices Sunnyvale, CA);

xcitation and emission wavelengths were 488 nm and 538 nm,
espectively.

Statistical analysis. ROS-related fluorescence data were ana-
yzed by the Student’s t-test. The criterion of significance between
he means was P , 0.05.

ESULTS

Primary rat hepatocytes were first treated by vari-
us concentrations of sulforaphane ranging from 2.5 to
0 mM for 48 h. Northern blot analysis indicated that
he chemopreventive agent strongly enhanced MRP2
RNA levels in a dose-dependent manner (Fig. 1A);

ndeed, this effect began with 2.5 mM sulforaphane and
as maximal when the chemical was used at 20 mM. As
reviously reported (8), several MRP2 mRNAs of dif-

FIG. 1. Dose dependence (A) and time-course (B) of MRP2 mRNA
nduction in response to sulforaphane treatment in primary rat
epatocytes. Each well contains 10 mg total RNA isolated from pri-
ary cultured rat hepatocytes exposed to various doses of sulfora-

hane (SF) (0 to 20 mM) for 48 h (A) or to 20 mM SF for various
engths of time (0 to 48 h) (B). RNAs were then transferred to
ybond N1 sheets and hybridized with MRP2, GSTA1/2, QR, and
8S probes. The results shown are representative of two independent
xperiments.
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erent sizes, especially of 5.5 kb and 7.5 kb, were evi-
enced on the blot; they likely corresponded to alter-
ative mRNA splicing variants with different 39-
ntranslated region lenghts (28) and their relative
roportions were not modified in response to sulfora-
hane whatever the concentrations used. In addition to
RP2 mRNA levels, sulforaphane was found to in-

rease amounts of mRNAs of drug metabolizing en-
ymes such as GSTAl/2 and QR already known to be
egulated by chemopreventive agents (15, 17); dose-
esponses corresponding to the induction of these de-
oxifying enzyme transcripts were similar to that oc-
urring for MRP2 mRNA upregulation (Fig. 1A). Time-
ourse of the induction of MRP2 mRNA levels in rat
epatocytes treated by 20 mM sulforaphane was there-
fter studied. Northern blot analysis indicated that
RP2 mRNA amounts were up-regulated after a 4 h

xposure to the chemopreventive agent (Fig. 1B).
onger exposures (12 to 48 h) were however required to
btain maximal induction of MRP2 mRNA levels (Fig.
B). Such lenghts of exposure were also needed for
aximal up-regulation of GSTA1/2 and QR (Fig. 1B).
Crude membrane fractions were further prepared

rom primary rat hepatocytes exposed to 20 mM sul-
oraphane for 48 h and were used to investigate MRP2
xpression by Western blot analysis (Fig. 2). A RM2-
ntibody-reactive band of 190 kDa corresponding to
RP2 was markedly overexpressed in sulforaphane-

reated hepatocytes when compared to their untreated
ounterparts whereas this band was not present in
ontrol blots performed using non-immune rabbit se-
um as a primary antibody (data not shown).

The effect of actinomycin D, a known inhibitor of
ranscription, on sulforaphane-mediated induction of
RP2 mRNA levels was thereafter evaluated by
orthern blotting (Fig. 3). Actinomycin D, used at a

oncentration (5 mg/ml) likely decreasing RNA synthe-
is levels to less than 1% of values found in untreated

FIG. 2. Western blot analysis of crude membrane proteins ob-
ained from primary rat hepatocytes exposed to sulforaphane. Crude
embrane fractions were prepared from primary rat hepatocytes

ither untreated (UNT) or exposed to 20 mM sulforaphane (SF) for
8 h. Membrane proteins were then separated on 7.5% polyacryl-
mide gels and transferred onto nitrocellulose sheets. Expression of
RP2 was further investigated by immunoblotting as described

nder Materials and Methods. The results shown are representative
f four independent experiments.
259
iver cells (29), fully suppressed the MRP2 mRNA in-
rease occurring in sulforaphane-treated hepatocytes
hereas it did not affect basal amounts of MRP2 tran-

cripts.
Since regulation of GSTA1/2 and QR expression in

esponse to chemopreventive agents including isothio-
yanates has been shown to involve ROS formation
13), we next determined ROS production in primary
at hepatocytes exposed to sulforaphane for 24 h. As
hown in Fig. 4, sulforaphane strongly increased the
ellular generation of ROS in primary rat hepatocytes.
ddition of 2% DMSO, a known radical scavenger (30),
owever diminished cellular ROS amounts in SF-
reated hepatocytes; it also reduced basal production of
OS in hepatocytes not exposed to sulforaphane. We

urther examined the effect of DMSO on sulforaphane-

FIG. 3. Effect of actinomycin D on sulforaphane-mediated MRP2
RNA induction. Each well contains 10 mg total RNAs isolated from

rimary rat hepatocytes either untreated (UNT) or exposed to 20 mM
ulforaphane (SF) or 5 mg/ml actinomycin D (ACT) or cotreated with
F and ACT for 10 h. RNAs were transferred to Hybond N1 sheets
fter electrophoresis and hybridized with MRP2 and 18S probes. The
esults shown are representative of two independent experiments.

FIG. 4. ROS production in sulforaphane-treated rat hepatocytes.
rimary rat hepatocytes plated in 96-well microplates were either
ntreated (UNT) or treated by either 20 mM sulforaphane (SF), 2 %

v/v) DMSO, or both SF and DMSO for 24 h. Cellular ROS formation
as then determined using the DHR assay as described under Ma-

erials and Methods. ROS production was expressed as fluorescence
rbitrary units/well; data are mean 6 SD of three independent
xperiments in triplicate. * P , 0.05 when compared to untreated
epatocytes.
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elated MRP2 gene regulation. As indicated in Fig. 5,
MSO was found to decrease MRP2 mRNA levels in
F-treated hepatocytes; it also slightly downregulated
asal expression of MRP2 transcripts. We next ana-
yzed the effects of t-BHQ, a compound well-known to
nduce GSTA1/2 gene expression through ROS produc-
ion (13), on MRP2 expression in rat hepatocytes. This
ompound used at 100 mM for 48 h enhanced MRP2
RNA levels as demonstrated by Northern blot anal-

sis (Fig. 6A); in parallel, it also augmented GSTA1/2
nd QR gene expression (Fig. 6A) and Western blotting
videnced increased MRP2 amounts in t-BHQ-treated

FIG. 5. Effect of DMSO on sulforaphane-mediated MRP2 mRNA
nduction. Each well contains 10 mg total RNAs isolated from pri-

ary rat hepatocytes either untreated (UNT) or exposed to 20 mM
ulforaphane (SF) or 2% (v/v) DMSO or cotreated with SF and DMSO
or 48 h. RNAs were transferred to Hybond N1 sheets after electro-
horesis and hybridized with MRP2 and 18S probes. The results
hown are representative of three independent experiments.

FIG. 6. Effect of t-BHQ on MRP2 gene expression in primary rat
epatocytes. Primary rat hepatocytes were either untreated (UNT)
r exposed to 100 mM t-BHQ for 48 h. MRP2, GSTA1/2, and QR
RNA levels were thereafter analyzed by Northern blotting (A)
hereas MRP2 amounts were investigated by Western blotting (B)
s reported under Materials and Methods. The data shown are
epresentative of three independent experiments.
260
at hepatocytes when compared to their untreated
ounterparts (Fig. 6B).
We finally investigated using primary cultures of

uman hepatocytes whether sulforaphane-mediated
RP2 upregulation reported above in rat cells may

lso occur in human cells. Northern and Western blot
nalyses indicated increased expression of MRP2 gene
n sulforaphane-treated primary human hepatocytes
hen compared to their untreated counterparts

Fig. 7).

ISCUSSION

The results reported in the present study demon-
trate for the first time according to the best of our
nowledge that the naturally-occurring chemopreven-
ive agent sulforaphane is a powerful inducer of the
xport pump MRP2 in liver parenchymal cells, includ-
ng human ones. Indeed exposure of both primary rat
nd human hepatocytes to this isothiocyanate found at
ather elevated concentrations in some vegetables such
s crucifers resulted in a markedly-increased expres-
ion of MRP2 at both mRNA and protein levels. We
ecently reported that oltipraz, a synthetic 1,2-dithiole-
-thione originally developed as an anti-schistosomal
gent and well known for its chemopreventive proper-
ies, similarly upregulated MRP2 levels in rat hepato-
ytes (12). Since sulforaphane and oltipraz are
tructurally unrelated, these data indicate that chemo-
reventive agents belonging to different chemical
lasses and already known for altering expression of
everal hepatic detoxifying enzymes such as GST and
DP-glucuronosyl transferase isoforms, QR and some

ytochromes P450 (10, 11, 13, 17, 31), likely increase in
arallel expression of the export pump MRP2.
Sulforaphane action on MRP2 mRNA levels requires

ctive gene transcription since it was fully blocked by
ctinomycin D. Similarly, the effects of chemopreven-

FIG. 7. Induction of MRP2 gene expression in sulforaphane-
reated primary human hepatocytes. Primary human hepatocytes
ere either untreated (UNT) or exposed to 50 mM sulforaphane (SF)

or 72 h. MRP2 mRNA levels (A) and MRP2 amounts (B) were then
nalyzed by Northern and Western blotting, respectively, as de-
cribed under Materials and Methods. The results shown are from
ne human hepatocyte population; similar data were also obtained
ith hepatocytes from two additional donors.
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STA1/2 have been shown to involve transcriptional
vents, including increased GSTA1/2 gene transcrip-
ion as recently demonstrated by run-on experiments
22).

Previous studies have suggested that chemopreven-
ive agents could upregulate expression of detoxifying
nzymes through production of ROS (13, 32). Indeed,
hese compounds induce oxidative stress and the re-
ulting imbalanced cellular redox state appears to be
he principal signal that leads to the transcriptional
ctivation of genes encoding drug metabolizing en-
ymes (13, 33). Such a regulation involves cis-acting
egulatoring elements found in the promoter of the
esponsive genes and termed antioxidant response el-
ments (ARE) (34). Interestingly, the features of MRP2
RNA upregulation by sulforaphane in primary rat
epatocytes, i.e., dose-response and time-course of the

nduction, were demonstrated to be similar to those
ound for sulforaphane-related induction of GSTA1/2
nd QR transcripts. These data suggest that the cellu-
ar and molecular mechanisms by which sulforaphane
cts on MRP2 expression may be, at least in part,
losed to the ROS-dependent processes involved in reg-
lation of GSTA1/2 and QR by chemopreventive
gents. Several other arguments support this hypoth-
sis: (i) sulforaphane efficiently enhanced ROS forma-
ion in primary hepatocytes when used at a concentra-
ion inducing MRP2 expression, (ii) the radical
cavenger DMSO decreased levels of both ROS and
RP2 mRNAs in sulforaphane-treated rat hepatocytes

nd we have observed that treatment by the antioxi-
ant N-acetylcysteine also inhibited MRP2 induction
ue to sulforaphane (data not shown), (iii) DMSO also
iminished basal levels of both cellular ROS and MRP2
RNAs in primary hepatocytes, indicating that MRP2

xpression may be at least in part controlled by the
ellular redox status in such cells, (iv) t-BHQ, well-
nown to induce drug metabolizing enzymes such as
STA1/2 and QR through production of ROS (13, 35),

ncreased MRP2 expression in rat hepatocytes, and (v)
n ARE-like sequence has been recently described in
he 59-flanking region of the human MRP2 gene (36). In
ddition, it is noteworthy that the export pump MRP1,
hose functional features, including the substrates
andled, are closed from those of MRP2, has already
een shown to be upregulated by oxidant agents (27). It
hould however be kept in mind that chemopreventive
gents can also alter hepatic detoxifying proteins, es-
ecially some cytochromes P450, through mechanisms
hat are thought to be independent of ARE- and ROS-
elated processes (37). Further studies are therefore
eeded to more precisely clarify the mechanisms by
hich oxidant agents, including chemopreventive com-
ounds, can induce expression of some members of the
RP subfamily.
261
he chemopreventive properties of sulforaphane re-
ains to be determined. It can however be hypothe-

ized that sulforaphane-mediated coinduction of drug
etabolizing enzymes and MRP2 is a coordinate cellu-

ar response leading firstly to increased metabolic in-
ctivation of chemical carcinogens through formation
f conjugates and secondly to enhanced MRP2-related
iliary secretion of these conjugates. In vivo experi-
ents, including analysis of biliary elimination of

hemical carcinogen conjugates, are however required
o validate such an hypothesis. Nevertheless, it is note-
orthy that sulforaphane, that is thought to be at least
s effective as oltipraz in chemoprotection against car-
inogenesis due to chemicals such as aflatoxin B1 in
odents (16, 38), induced expression of MRP2 in pri-
ary human hepatocytes; it also increased levels of

hase II metabolizing enzymes including GST isoforms
n such cells as in rat hepatocytes (17). These data are
herefore consistent with efficient upregulation of hu-
an detoxifying proteins in response to sulforaphane

nd reinforced the idea that this chemopreventive
gent widely distributed in consumed vegetables may
xhibit potential anticarcinogenic effects in humans.
In summary, our results demonstrate that treatment

y the chemopreventive agent sulforaphane increased
xpression of the conjugate export pump MRP2 in rat
nd human primary hepatocytes. Such a regulation
eems to involve, at least in part, increased ROS pro-
uction in rat hepatocytes and it may contribute to the
nticarcinogenic properties of sulforaphane.
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