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Abstract

Multidrug resistance-associated protein 2 (MRP2) is a drug efflux pump found at the biliary pole of hepatocytes. In the present study, we
have investigated its expression in response to phenobarbital, a liver tumor promoter known to up-regulate hepatic cytochromes P450
(CYPs), such as CYP2B1/2 and CYP3A1/2. MRP2 mRNA and protein levels were found to be markedly increased in both primary rat and
human hepatocytes exposed to phenobarbital. However, features of this up-regulation, especially the dose-response, were different from
those of the induction of CYP2B1/2 and CYP3A1/2. In addition, hepatic MRP2 expression remained unaltered in rats treated by
phenobarbital that, by contrast, increased CYP2B1/2 and CYP3A1/2 gene expression in the liver. Therefore, MRP2 and CYPs appeared
differently regulated in response to phenobarbital in both in vivo and in vitro situations, suggesting that cellular and molecular mechanisms
underlying up-regulation of MRP2 are, at least in part, unrelated to those operating for CYPs. Phenobarbital-related MRP2 induction in
primary rat hepatocytes was associated with some phenotypic effects of the barbiturate, such as prolonged cell survival and inhibition of
cell proliferation. Phenobarbital also inhibited growth of human hepatoma HepG, cells and increased their level of MRP2 gene
expression. Such results may favor a putative relationship between phenobarbital-mediated MRP2 regulation in cultured liver

parenchymal cells and alteration of cell cycle and survival. © 2002 Published by Elsevier Science Inc.
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1. Introduction

MRP2, previously called canalicular multispecific
organic anion transporter (cMOAT), is a 190 kDa plasma
membrane phosphoglycoprotein. It is predominantly
expressed at the biliary pole of hepatocytes, but has also
been found in kidney and intestine [1,2]. MRP2 is thought
to mediate the transport of organic anions, including
glucuronate, sulphate and glutathione conjugates, across
the canalicular hepatocyte membrane [3]. Mutant rat
strains lacking MRP2, such as the transport deficient

* Corresponding author. Tel.: +33-299-33-69-65;
fax: +33-299-33-62-42.

E-mail address: olivier.fardel @univ-rennes].fr (O. Fardel).

Abbreviations: CAR, constitutive androstane receptor; CYP, cytochrome
P450; DMSO, dimethylsulfoxide; MRP, multidrug resistance-associated
protein; MTT, 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bro-
mide; PXR, pregnenolone X receptor.

0006-2952/02/$ — see front matter © 2002 Published by Elsevier Science Inc.

PII: S0006-2952(01)00829-2

(TR) Wistar rat and the FEisai hyperbilirubinemic rat
(EHBR), therefore display low biliary secretion of con-
jugates of xenobiotics and endogenous compounds such as
bilirubin [4]. Similarly, in humans, the Dubin—Johnson
syndrome, an autosomal dominant hereditary disease char-
acterized by a chronic hyperbilirubinemia, is caused by
lack of MRP2 due to a mutation in the gene [5].

MRP2 belongs to the ATP-binding cassette (ABC)
protein superfamily which comprises other drug efflux
pumps such as MRP1, MRP3 and P-glycoprotein [6].
P-glycoprotein, also expressed at the biliary pole of hepa-
tocytes, and MRP1 have been demonstrated to lower
intracellular levels of unstructurally-related anticancer
drugs, thereby conferring multidrug resistance to tumor
cells [6,7]. MRP2 also transports some anticancer drugs,
such as vinblastine and cisplatin, out of cells and may
therefore also participate to cellular drug resistance [8].
MRP3, found at the sinusoidal pole of hepatocytes, has also
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been shown to handle anticancer compounds such as
epipodophyllotoxins [9].

Owing to the major role played by MRP2 in biliary
elimination of endogenous compounds and xenobiotics,
including anticancer drugs, precise knowledge of factors
affecting its hepatic expression is required. Recent data
from our group and others have indicated that expression of
MRP2 can be altered by compounds known for modulating
the expression of drug metabolizing enzymes, thus sug-
gesting a coordinate regulation between these detoxifying
pathways in the liver. Indeed, dexamethasone, a potent
inducer of hepatic cytochrome P450 3A1/2 (CYP3A1/2) in
rats, also strongly enhances MRP2 expression [10,11].
In the same way, phenobarbital, a potent non-genotoxic
liver tumor promoter in rodents [12], which markedly
up-regulates cytochrome P450 2B1/2 (CYP2B1/2) and
CYP3A1/2 in hepatocytes [13], has been found to increase
MRP2 gene expression in hepatoma cells [14]. Effects of
phenobarbital on hepatic functions have been extensively
studied. Tumor promotion due to the barbiturate has been
linked, at least partly, to inhibition of apoptosis and
alteration of the cell cycle [15], whereas its effects towards
CYPs involves nuclear receptors such as the constitutive
androstane receptor (CAR) [16]. By contrast, hepatic
induction of MRP2 by phenobarbital remains poorly char-
acterized. The present study was therefore designed to gain
insights into this regulation, especially by comparing
features of phenobarbital-induction of MRP2 and CYPs.
Our data demonstrate that MRP2 and CYP2B1/2 and
CYP3A1/2 are differentially regulated by phenobarbital,
in particular in in vivo situations, suggesting that cellular
and molecular mechanisms underlying up-regulation of
MRP?2 are, at least partly, unrelated to those operating for
CYPs. We also report that MRP2 induction occurring in
primary rat hepatocytes exposed to phenobarbital is asso-
ciated with known phenotypic changes due to the barbi-
turate such as enhanced cell survival and inhibition of cell
proliferation.

2. Materials and methods
2.1. Chemicals

Phenobarbital and dimethylsulfoxide (DMSO) were
purchased from Sigma. Methyl-[*H]thymidine (specific
activity 25 Ci/mmol) was provided by Amersham.

2.2. Cell isolation and culture

Hepatocytes from male Sprague—Dawley rats weighing
150-200 g were isolated by liver perfusion as previously
described except that a liberase RI solution (Roche) cor-
responding to a blend of highly purified dissociating
enzymes was used instead of a collagenase solution [17].
Human hepatocytes from five adult donors undergoing

resection for primary and secondary tumors were obtained
by perfusion using a collagenase solution [18]. All experi-
mental procedures complied with French laws and reg-
ulations and were approved by the National Ethics
Committee. Cells were seeded at a density of 10° cells/
cm? in plastic dishes in Williams’E medium supplemen-
ted with 0.2 mg/mL bovine serum albumin, 10 pg/mL
bovine insulin and 10% (v/v) fetal calf serum. The med-
ium was discarded 4 hr (for rat hepatocytes) or 24 hr (for
human hepatocytes) after cell seeding and hepatocytes
were thereafter maintained in serum-free medium sup-
plemented with 10”7 M dexamethasone. Treatment with
phenobarbital was performed in the serum-free medium
using a stock solution of the barbiturate dissolved in
sterile phosphate buffer saline.

HepG;humanhepatomacells were cultured in Williams’E
medium supplemented with 10% (v/v) fetal calf serum and
dexamethasone and were passaged every week using a
trypsin solution.

2.3. Animal treatment

Male Sprague-Dawley rats weighing 180-200 g were
treated with phenobarbital (80 mg/kg daily, i.p.) dissolved
in saline for 2 days. Control rats received only saline. Rats
were killed 48 hr after the first administration of the
barbiturate. Livers were removed and immediately stored
at —80° until use.

2.4. Isolation of total RNAs and Northern blot analysis

Total RNAs were extracted from cells or liver fragments
by the guanidinium thiocyanate/cesium chloride method of
Chirgwin et al. [19]. For Northern blotting, 10 pg total
RNAs were subjected to electrophoresis in a denaturing 6%
(v/v) formaldehyde—1.2% (w/v) agarose gel and trans-
ferred onto Hybond-N+ nylon filters (Amersham). After
pre-hybridization, the filters were hybridized with 32P-
labelled cDNA probes, washed, dried and autoradio-
graphed at —80°. MRP2 mRNAs were analyzed with rat
and human MRP2 cDNA probes generated by reverse
transcription-polymerase chain reaction as previously
reported [10,20]. CYP2B1/2, CYP3A1l/2 and albumin
transcripts were detected using CYP2B1/2, CYP3A1/2
and albumin probes [21-23]. Equal gel loading and effi-
ciency of the transfer were checked using an 18S rRNA
probe.

2.5. Preparation of crude membranes and Western
blotting

Crude membranes and microsomal fractions were pre-
pared from cultured hepatocytes and liver fragments by
differential centrifugation as previously described [24].
Proteins were then separated on a 7.5% polyacrylamide
gel and electrophoretically transferred to nitrocellulose
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sheets. Sheets were blocked by incubation for 2 hr with
Tris-buffered saline containing 3% bovine serum albumin
and 10% milk. Then the blocked sheets were incubated
with the rabbit anti-rat MRP2 polyclonal antibody RM2
[10], or with the mouse anti-human MRP2 monoclonal
antibody M21II-6 [1], or with rabbit anti-CYP2B1/2 poly-
clonal antibody (Valbiotech). A peroxidase-conjugated
anti-rabbit or anti-mouse antibody was thereafter used
as secondary antibody. After washing, blots were devel-
oped by chemiluminescence using the Amersham ECL
detection system. Control blot was performed in parallel
using the same protocol, except that anti-MRP2 antibody
was replaced by non-immune serum.

2.6. Evaluation of cell proliferation and viability

Proliferation of HepG, cells and viability of primary
hepatocytes were evaluated using the 3-[4,5-dimethylthia-
zol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT) assay
as previously described [25]. The MTT-derived blue for-
mazan product formed in viable cells was quantified by its
absorbance at 540 nm using a Titertek Multiskan MCC/
340 spectrophotometer (Flow Laboratories).

Proliferation of primary hepatocytes was assessed
through determination of cellular DNA synthesis. Briefly,
primary hepatocytes were incubated for 24 hr with 1 pCi/
mL methyl-[*H]thymidine. DNA synthesis was then
assessed through scintillation countings of methyl-
[*H]thymidine incorporated into DNA; data were normal-
ized to total cellular protein content.

2.7. Statistical analysis

Data of cell proliferation and viability were analyzed
using the Student’s #-test. The criterion of significance
between the means was P < 0.05.

3. Results

Since MRP2 up-regulation by phenobarbital has been
previously demonstrated only in hepatoma cells [14], we
first investigated whether their normal counterparts, i.e.
primary rat and human hepatocytes, also respond to the
barbiturate. As indicated in Fig. 1A, rat and human hepa-
tocytes exposed to 3.2 mM phenobarbital were found to
markedly overexpress MRP2 mRNAs when compared to
untreated cells. Similarly, they displayed enhanced MRP2
protein expression as assessed by Western blotting
(Fig. 1B). Primary hepatocyte cultures therefore appeared
as a convenient in vitro model for studying MRP2 up-
regulation in response to phenobarbital and, owing to the
limited availability of primary human hepatocytes, rat
hepatocytes were retained for most of the further studies.

Dose-response of MRP2 mRNA induction in primary rat
hepatocytes exposed to phenobarbital for 48 hr was then
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Fig. 1. Up-regulation of MRP2 expression in primary rat and human
hepatocytes exposed to phenobarbital. Primary rat and human hepatocytes
were cultured in the absence (UNT) or in the presence of phenobarbital
(PB). After 48 hr (rat cells) or 96 hr (human cells) treatment, MRP2
mRNA levels (A) and MRP2 protein amounts (B) were analyzed by
Northern and Western blotting, respectively, as described in Section 2.
Data shown are representative of three independent experiments.

investigated (Fig. 2). Low concentrations of the barbiturate
(0.2-0.4 mM) were found to have only marginal, if any,
effects on MRP2 mRNA amounts whereas 1.6 mM phe-
nobarbital enhanced MRP2 mRNA levels. A 3.2 mM
barbiturate concentration was however required to obtain
maximal induction of MRP2 gene expression (Fig. 2). As
previously reported [10,26], MRP2 mRNAs of different
sizes, especially of 5.5 and 7.5 kb, were evidenced on the
blot (Fig. 2); they likely correspond to alternative mRNA
splicing variants with different 3’-untranslated region
lengths [26] and their relative proportion was not modified
in response to phenobarbital whatever concentrations used.
When compared to MRP2 mRNAs, CYP2B1/2 mRNAs
were maximally induced with a lower concentration of
phenobarbital, i.e. 0.2 mM, and the treatment with elevated
concentrations resulted in a decrease or a disappearance of
the CYP2B1/2 up-regulation (Fig. 2). CYP3A1/2 transcript
induction required the use of phenobarbital at 0.8 mM; in
contrast to MRP2 induction, higher doses (1.6-3.2 mM)
were not more effective. Time-course induction of MRP2
mRNA levels occurring in rat hepatocytes treated with
3.2 mM phenobarbital was determined by Northern blot-
ting and compared to those for CYP2B1/2 and CYP3A1/2
transcripts. As indicated in Fig. 3, MRP2 mRNAs were
clearly up-regulated in hepatocytes exposed to the barbi-
turate for 24 hr; longer exposure (48 hr) did not obviously
enhance the induction whereas shorter treatments were
uneffective. A similar time-course was found for the
phenobarbital-mediated up-regulation of CYP3A1/2
mRNAs. By contrast, an induction of CYP2B1/2 mRNA
was detected as early as 8 hr of treatment, whereas a longer
exposure (48 hr) markedly down-regulated CYP2B1/2
response (Fig. 3).
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Fig. 2. Concentration-dependent induction of MRP2, CYP2B1/2 and
CYP3A1/2 mRNA levels by phenobarbital treatment of primary rat
hepatocytes. (A) Each lane contains 10 pg total RNAs isolated from
primary rat hepatocytes exposed to various concentrations of phenobarbital
(PB) (0-3.2 mM) for 48 hr. RNAs were transferred to Hybond-N+ sheets
after electrophoresis and hybridized with MRP2, CYP2B1/2 and CYP3A1/
2 and 18S probes. (B) Increases in MRP2, CYP2B1/2 and CYP3A1/2
mRNA levels occurring in response to various concentrations of
phenobarbital were quantified by densitometric analysis. Results were
expressed as percentage of maximal increase of MRP2, CYP2B1/2 and
CYP3A1/2 obtained with 3.2, 0.2 and 0.8 mM phenobarbital, respectively.
The data shown are the means of three independent experiments.

We next determined whether other drug transporters
such as P-glycoprotein could be affected by phenobarbital.
As shown in Fig. 4, primary rat hepatocytes treated with
3.2 mM phenobarbital for various lengths of times (ranging
from 2 to 48 hr) failed to exhibit induction of P-glycopro-
tein mRNA levels.

Hepatic MRP2 expression was further analyzed both in
rats acutely treated with phenobarbital and in their untreated
counterparts. Surprisingly, MRP2 mRNA amounts were
not increased in the liver of rats treated by the barbiturate
for 48 hr whereas, by contrast, CYP2B1/2, CYP3A1/2 and
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Fig. 3. Time-course of MRP2, CYP2B1/2 and CYP3A1/2 mRNA
induction in response to phenobarbital in primary rat hepatocytes. (A)
Each lane contains 10 pg total RNAs isolated from primary rat hepatocytes
exposed to 3.2 mM phenobarbital (PB) for various periods of time (0—
48 hr). RNAs were transferred to Hybond-N+ sheets after electrophoresis
and hybridized with MRP2, CYP2B1/2 and CYP3A1/2 and 18S probes.
(B) Increases in MRP2, CYP2B1/2 and CYP3A1/2 mRNA levels occurring
in response to 3.2 mM phenobarbital for various lengths of time (048 hr)
were quantified by densitometric analysis. Results were expressed as
percentage of maximal increase of MRP2, CYP2B1/2 and CYP3A1/2. The
data shown are the means of three independent experiments.

MRP3 mRNA levels were markedly increased (Fig. 5A).
Similarly, Western blotting indicated that hepatic MRP2
protein amounts, in contrast to those of CYP2B1/2, were
not altered in response to in vivo administration of phe-
nobarbital for 48 hr (Fig. 5B). Livers of rats treated
with phenobarbital (80 mg/kg daily, i.p.) for 5 days also
failed to display enhanced MRP2 gene expression (data not
shown).

Since MRP2 expression in primary rat hepatocytes has
been linked, at least in part, to phenotypic characteristics of
these liver cells, especially the proliferation status [27], and
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Fig. 4. Effect of phenobarbital on P-glycoprotein mRNA expression in
primary rat hepatocytes. Each well contains 10 pg total RNAs isolated
from primary rat hepatocytes either untreated (UNT) or exposed to 3.2 mM
phenobarbital (PB) for various periods of time (2-48 hr). RNAs were
transferred to Hybond-N+ sheets after electrophoresis and hybridized with
P-glycoprotein (P-gp) and 18S probes. The data shown are representative
of two independent experiments.

since such features have been found to be highly responsive
to phenobarbital in vitro [28,29], we next investigated
whether the MRP2 up-regulation occurring in primary
rat hepatocytes exposed to phenobarbital was associated
with changes related to differentiation status, cell survival
and cell growth. As indicated in Fig. 6, expression of
albumin, a liver-specific protein used here as a differentia-
tion marker, was not altered in hepatocytes exposed to
3.2 mM phenobarbital when compared to their untreated
counterparts. By contrast, addition of 2% (v/v) DMSO, a
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Fig. 5. Effect of phenobarbital treatment on MRP2, MRP3, CYP2B1/2 and
CYP3A1/2 expression in rat liver. Rats were either untreated (UNT) or
treated with phenobarbital (PB) (80 mg/kg, i.p. daily) for 2 days. Rats were
sacrificed 48 hr after the first administration of the barbiturate and the
livers were removed. (A) Each lane contains 10 ug total RNAs isolated
from the liver of untreated or phenobarbital-treated rats. RNAs were
transferred to Hybond-N+ sheets after electrophoresis and hybridized with
MRP2, MRP3, CYP2B1/2, CYP3A1/2 and 18S probes. (B) Crude
membrane proteins (50 pg per lane) and microsomal proteins (40 pug per
lane) isolated from the liver of untreated or phenobarbital-treated rats were
analyzed for MRP2 and CYP2B1/2 expression by Western blotting as
described in Section 2.
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Fig. 6. Expression of the liver differentiation marker albumin in primary
rat hepatocytes exposed to phenobarbital. Each lane contains 10 pg total
RNAs isolated from primary rat hepatocytes either untreated (UNT) or
cultured in the presence of 3.2 mM phenobarbital (PB) or 2 % (v/v) DMSO
for 96 hr after cell seeding. RNAs were transferred to Hybond-N-+ sheets
after electrophoresis and hybridized with albumin, MRP2 and 18S probes.
The data shown are representative of two independent experiments.

compound well known to favor maintenance of differen-
tiated liver functions in vitro [30], markedly enhanced
albumin mRNA levels; DMSO, unlike phenobarbital, how-
ever, failed to enhance MRP2 gene expression (Fig. 6). We
further studied the effects of phenobarbital on hepatocyte
survival using the MTT assay. As shown in Fig. 7A, cell
survival was 2-fold more greater in hepatocytes exposed to
3.2 mM phenobarbital for 6 days than that found in their
untreated counterparts. This enhanced cell survival with
3.2 mM phenobarbital was associated with up-regulation
of MRP2 and CYP3A1/2 mRNAs as demonstrated by
Northern blotting (Fig. 7B) whereas the use of 0.4 mM
phenobarbital, uneffective on cell survival (Fig. 7A), was
required to induce CYP2B1/2 mRNAs. We finally ana-
lyzed cell proliferation in primary rat hepatocytes treated
by phenobarbital. As shown in Fig. 8, 3.2 mM phenobar-
bital strongly decreased DNA synthesis during the 48-72
and 72-96 hr culture periods; by contrast, 0.4 mM pheno-
barbital did not alter thymidine incorporation. This dose-
dependent effect of the barbiturate on cell growth was
further confirmed using highly proliferating HepG, cells.
Indeed, phenobarbital used at 3.2 mM strongly inhibited
proliferation of these human hepatoma cells whereas at
0.4 mM it was totally uneffective (Fig. 9A). In parallel,
phenobarbital used at 3.2 mM, unlike the dose of 0.4 mM,
markedly enhanced MRP2 mRNA levels in HepG, cells
(Fig. 9B).

4. Discussion

Phenobarbital is a potent liver tumor promoter in rodents
which strongly up-regulates expression of drug metaboliz-
ing enzymes such as CYP2B1/2 and CYP3A1/2 in normal
hepatocytes [12,13]. The present study demonstrates that
in vitro treatment with this barbiturate also markedly
increases MRP2 expression at both mRNA and protein
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Fig. 7. Effect of phenobarbital on cell survival (A) and MRP2, CYP2B1/2
and CYP3A1/2 mRNA levels (B) in primary rat hepatocytes. Primary rat
hepatocytes were cultured in the absence (UNT) or the presence of
phenobarbital (PB) used at 0.4 and 3.2 mM for 6 days. (A) Cell survival
was estimated using the MTT assay as described in Section 2. It is
expressed as % of the initial MTT assay value determined 4 hr after cell
seeding. Data shown are the mean + SD of three independent experiments
in duplicate. “P < 0.05 when compared to untreated cells. (B) Each lane
contains 10 pg total RNAs isolated from hepatocytes either untreated or
exposed to 0.4 or 3.2 mM phenobarbital. RNAs were transferred onto
Hybond-N+ sheets after electrophoresis and hybridized with MRP2,
CYP2B1/2, CYP3A1/2 and 18S probes. The data shown are representative
of two independent experiments.

levels in human and rat hepatocytes. These data therefore
extend the phenobarbital-mediated up-regulation of MRP2
previously reported in cultured rat and human hepatoma
cells [14,31] to their normal counterparts and unequivo-
cally include phenobarbital in the growing list of com-
pounds, such as the carcinogen 2-acetylaminofluorene, the
chemopreventive agents oltipraz and sulforaphane and the
anticancer drug cisplatin, which induce MRP2 expression
in cultured hepatocytes [32-34]. However, treatment
by phenobarbital does not lead to a general overexpression
of biliary drug transporters because P-glycoprotein was
not induced in primary rat hepatocytes exposed to the
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Fig. 8. Effect of phenobarbital on DNA synthesis in primary rat
hepatocytes. Primary rat hepatocytes were cultured for 4 days in the
absence (UNT) or the presence of phenobarbital (PB) used at 0.4 and
3.2 mM. DNA synthesis was evaluated through measurements of methyl-
[*H]thymidine incorporation into DNA during the 48-72 and 72-96 hr
culture periods. The results are expressed as dpm/ug protein and are the
mean = SD of three independent experiments in duplicate. “P < 0.05
when compared to untreated cells.

barbiturate. Interestingly, MRP3, a sinusoidal drug trans-
porter known to handle bile acids, was induced in the liver
of phenobarbital-treated rats, indicating that this barbitu-
rate can also regulate membrane carrier systems at the
vascular pole of hepatocytes. The fact that phenobarbital
has been shown to increase uptake of the organic anion
sulfobromophtalein into rat hepatocytes supports this con-
clusion [35].

Comparison of the features of MRP2 induction by
phenobarbital with those of CYP up-regulation reveals
striking differences. Indeed, analysis of dose-response
indicates that low doses (0.2-0.4 mM) of phenobarbital,
capable of enhancing CYP2B1/2 expression, failed to
enhance MRP2 mRNA levels in primary rat hepatocytes;
in the same way, the concentration for which MRP2 was
maximally induced, i.e. 3.2 mM, was higher than those
required for maximal up-regulation of CYP3Al/2, i.e.
0.8 mM. Analysis of the time-course of the response also
indicated a earlier induction for CYP2B1/2, detected 8 hr
after the onset of the treatment, than for MRP2, which was
clearly observed after 24 hr of exposure to the barbiturate;
in addition, longer treatment (48 hr) by the barbiturate
resulted in the disappearance of CYP2B1/2 mRNA induc-
tion whereas that of MRP2 transcripts was fully preserved.
Marked differences were also observed with phenobarbi-
tal-treated rat livers since such rats failed to display altered
hepatic MRP2 mRNA and protein levels whereas they
exhibited up-regulation of CYP2B1/2 and CYP3A1/2. In
addition, phenobarbital induced MRP2 in hepatoma
HepG, cells whereas CYP2B6 and CYP3A4, considered
as human orthologs of rat CYP2B1/2 and CYP3A1/2, have
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Fig. 9. Effect of phenobarbital on cell growth (A) and MRP2 mRNA levels
(B) in human hepatoma HepG, cells. (A) Cell growth of HepG, cells
untreated or exposed to 0.4 or 3.2 mM phenobarbital (PB) for 96 hr was
determined using the MTT assay. The results are expressed as % of cell
proliferation of untreated cells and are the mean 4+ SD of three
independent experiments in triplicate. *P < 0.05 when compared to
untreated cells. (B) Each lane contains 10 pg total RNAs isolated from
HepG, cells either untreated (UNT) or exposed to 0.4 or 3.2 mM PB.
RNAs were transferred onto Hybond-N+ sheets after electrophoresis and
hybridized with MRP2 and 18S probes. The data shown are representative
of two independent experiments.

been shown to be not responsive to the barbiturate in such
human cells [36]. Taken together these results suggest that
the cellular and molecular mechanisms involved in MRP2
up-regulation in response to phenobarbital are, at least
partly, different from those involved in CYP induction. The
nuclear receptor CAR, which mediates CYP up-regulation
in phenobarbital-treated hepatocytes [16], seem therefore
unlikely to play a major role in MRP2 regulation by
phenobarbital. The fact that (i) phenobarbital responsive
elements known for interacting with CAR and found in the
5'-flanking region of the rat CYP2B1/2 gene have not been
functionally reported in the sequence of the rat MRP2
promoter [14] and (ii) the barbiturate was found to increase
MRP?2 gene expression in hepatoma HepG, cells although
these cells have been presumed to lack CAR-mediated
regulations [37], agrees with this conclusion. In addition,
the pregnenolone X receptor (PXR), involved in up-reg-
ulation of CYP3A1/2 and CYP2B1/2 by some xenobiotics
[16,38], is also unlikely to play a role in MRP2 induction
by phenobarbital since this barbiturate is not thought to
interact with PXR [39].

The absence of MRP2 up-regulation in the liver of
phenobarbital-treated rats is rather intriguing. It could
be related to inadequate experimental conditions when
treating the rats. However, it should be emphasized that
our in vivo treatment was sufficient to increase expression
of CYP2B1/2, CYP3A1/2 and MRP3; in addition, the
absence of MRP2 up-regulation in the liver of phenobar-
bital-treated rats has also been recently reported by others
[40]. Nevertheless, we cannot exclude that induction of
MRP2, in contrast to that of CYPs, requires particularly
high intracellular concentrations of phenobarbital that
were not reached with our experimental protocol. The fact
that in vitro up-regulation of MRP2 was obtained at high
concentrations of phenobarbital may favor this hypothesis.

The failure of the barbiturate to increase MRP2 expres-
sion in vivo may alternatively mean that induction of
MRP2 by phenobarbital is restricted to cultured liver cells,
thus reflecting specific in vitro effects of the barbiturate. In
this respect, phenobarbital has been previously thought to
favor the expression of differentiated functions in primary
rat hepatocytes [29]. However, we found that phenobarbital
used at the concentration of 3.2 mM which led to MRP2
induction, did not enhance expression of the liver marker
albumin in primary rat hepatocytes, suggesting that the
barbiturate did not alter their differentiation status in our
culture conditions. MRP2 up-regulation by phenobarbital
therefore seems to be unrelated to modulation of the
differentiation status of the primary liver cells. The fact
that the differentiating agent DMSO, which strongly
increased expression of albumin in agreement with pre-
vious reports [30,41], failed to enhance MRP2 expression
in primary hepatocytes also fully supports this conclusion.

Another known phenotypic effect related to high con-
centrations of phenobarbital corresponds to enhancement
of cell survival [28,42]. Indeed, the barbiturate used at the
dose of 3.2 mM, unlike the dose of 0.4 mM, strongly
increased hepatocyte survival as indicated by MTT assay.
The mechanism involved remains to be determined; it
could be linked to inhibition of spontaneous apoptosis
occurring in primary hepatocytes [15]. Whether MRP2
up-regulation and prolonged cell survival are related may
deserve further studies. It is however noteworthy that
MRP2 is thought to efflux oxidized glutathione [43],
which may delay hepatocyte death by conferring some
protection against oxidative stress occurring during cul-
ture processes.

Phenobarbital used at 3.2 mM, unlike the concentration
of 0.4 mM, was also demonstrated to inhibit cell prolifera-
tion of primary rat hepatocytes in agreement with previous
studies [29]. It also blocked growth of highly replicating
HepGj, cells. The mechanism of such an effect may involve
down-regulation of epidermal growth factor receptors [44].
Interestingly, the dose of phenobarbital down-modulating
DNA synthesis also markedly enhanced MRP2 expression
in both rat hepatocytes and human liver HepG, cells. Since
MRP2 levels have been found to be up-regulated in
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quiescent liver cells when compared to their proliferating
counterparts [27], it is tempting to speculate that MRP2
induction in response to phenobarbital may be linked to
the inhibition of cell proliferation due to the barbiturate.
Additional studies are required to validate this hypothesis.

In summary, the data reported in the present study indi-
cate that phenobarbital strongly increases MRP2 expres-
sion in both primary rat and human hepatocytes. The
features of this regulation, i.e. dose-response, time-course
and in vivo responsiveness, however differ from those of
phenobarbital-related CYP2B1/2 and CYP3A1/2 up-reg-
ulation, suggesting that the mechanisms involved in MRP2
induction are at least in part unrelated to those operating for
CYPs. By contrast, MRP2 regulation in primary hepato-
cytes appears to be associated with other effects of the
barbiturate such as prolonged cell survival and inhibition
of cell proliferation. The putative relationships between
these phenotypic alterations and MRP2 induction remain
to be clarified.

Acknowledgments

Arnaud Courtois and Léa Payen are recipients of fellow-
ships from 1’ Association pour la Recherche sur le Cancer
and la Ligue Nationale contre le Cancer, respectively. This
work was supported by la Ligue Nationale contre le
Cancer. We thank D. Lagadic for critical reading of the
manuscript and helpful comments.

References

[1] Paulusma CC, Bosma PJ, Zaman GJ, Bakker CT, Otter M, Scheffer
GL, Scheper RJ, Borst P, Elferink RP. Congenital jaundice in rats
with a mutation in a multidrug resistance-associated protein gene.
Science 1996;271:1126-8.

[2] Buchler M, Konig J, Brom M, Kartenbeck J, Spring H, Horie T,

Keppler D. cDNA cloning of the hepatocyte canalicular isoform of

the multidrug resistance protein, cMrp, reveals a novel conjugate

export pump deficient in hyperbilirubinemic mutant rats. J Biol

Chem 1996;271:15091-8.

Keppler D, Leier I, Jedlitschky G, Konig J. ATP-dependent transport

of glutathione S-conjugates by the multidrug resistance protein

MRP1 and its apical isoform MRP2. Chem Biol Interact 1998;111/

112:153-61.

[4] Oude Elferink RP, Meijer DK, Kuipers F, Jansen PL, Groen AK,
Groothuis GM. Hepatobiliary secretion of organic compounds;
molecular mechanisms of membrane transport. Biochim Biophys
Acta 1995;1241:215-68.

[5] Kartenbeck J, Leuschner U, Mayer R, Keppler D. Absence of the
canalicular isoform of the MRP gene-encoded conjugate export pump
from the hepatocytes in Dubin—Johnson syndrome. Hepatology
1996;23:1061-6.

[6] Borst P, Evers R, Kool M, Wijnholds J. A family of drug transporters:
the multidrug resistance-associated proteins. J Natl Cancer Inst
2000;92:1295-302.

[7]1 Gottesman MM, Hrycyna CA, Schoenlein PV, Germann UA, Pastan
I. Genetic analysis of the multidrug transporter. Ann Rev Genet
1995;29:607—49.

3

—

[8] Cui Y, Konig J, Buchholz JK, Spring H, Leier I, Keppler D. Drug

resistance and ATP-dependent conjugate transport mediated by the

apical multidrug resistance protein, MRP2, permanently expressed in
human and canine cells. Mol Pharmacol 1999;55:929-37.

Zheng H, Bain LJ, Belinsky MG, Kruh GD. Expression of multidrug

resistance protein-3 (multispecific organic anion transporter-D) in

human embryonic kidney 293 cells confers resistance to anticancer
agents. Cancer Res 1999;59:5964-7.

[10] Courtois A, Payen L, Guillouzo A, Fardel O. Up-regulation of
multidrug resistance-associated protein 2 (MRP2) expression in rat
hepatocytes by dexamethasone. FEBS Lett 1999;459:381-5.

[11] Demeule M, Jodoin J, Beaulieu E, Brossard M, Béliveau R.
Dexamethasone modulation of multidrug transporters in normal
tissues. FEBS Lett 1999;442:208-14.

[12] Peraino C, Fry RJM, Staffeldt E. Reduction and enhancement by
phenobarbital of hepatocarcinogenesis induced in the rat by 2-
acetylaminofluorene. Cancer Res 1971;31:1506—-12.

[13] Waxman DJ, Azaroff L. Phenobarbital induction of P450 gene
expression. Biochem J 1992;281:577-92.

[14] Kauffmann HM, Schrenk D. Sequence analysis and functional
characterization of the 5'-flanking region of the rat multidrug
resistance protein 2 (mrp2) gene. Biochem Biophys Res Commun
1998;245:325-31.

[15] Plant NJ, Horley NJ, Dickins M, Hasmall S, Elcombe CR, Bell DR.
The coordinate regulation of DNA synthesis and suppression of
apoptosis is differently regulated by the liver growth agents pheno-
barbital and methylclofenapate. Carcinogenesis 1998;19:1521-7.

[16] Waxman DJ. P450 gene induction by structurally diverse xenochem-
icals: Central role of nuclear receptors CAR, PXR and PPAR. Arch
Biochem Biophys 1999;369:11-23.

[17] Lecureur V, Guillouzo A, Fardel O. Differential regulation of mdr
genes in response to 2-acetylaminofluorene treatment in cultured rat
and human hepatocytes. Carcinogenesis 1996;17:1157-60.

[18] Guguen-Guillouzo C, Campion JP, Brissot P, Glaise D, Launois B,

Bourel M, Guillouzo A. High yield preparation of isolated human

adult hepatocytes by enzymatic perfusion of the liver. Cell Biol Int

Rep 1982;6:625-8.

Chirgwin JM, Przybyla EA, MacDonald RJ, Rutter WJ. Isolation of

biologically active ribonucleic acid from sources enriched in

ribonuclease. Biochemistry 1979;18:5294-9.

[20] Payen L, Courtois A, Campion JP, Guillouzo A, Fardel O.
Characterization and inhibition by a wide range of xenobiotics of
organic anion excretion by primary human hepatocytes. Biochem
Pharmacol 2000;60:1967-75.

[21] Joannard F, Galisteo M, Corcos L, Guillouzo A, Lagadic-Gossmann
D. Regulation of phenobarbital induction of CYP2B and CYP3A
genes in rat cultured hepatocytes: involvement of several serine/
threonine protein kinases and phosphatases. Cell Biol Toxicol
2000;16:325-37.

[22] Gonzales FJ, Nebert DW, Hardwick JP, kasper CB. Complete cDNA
and protein sequence of a pregnenolone 16 alpha-carbonitrile-
induced cytochrome P450. A representative of a new gene family.
J Biol Chem 1985;260:7435-41.

[23] Sargent TD, Wu JR, Sala-Trepat JM, Wallace RB, Reyes AA, Bonner
J. The rat serum albumin gene: analysis of cloned sequences. Proc
Natl Acad Sci USA 1979;76:3256-60.

[24] Germann UA, Gottesman MM, Pastan 1. Expression of a multidrug
resistance-adenosine deaminase fusion gene. J Biol Chem 1989;264:
7418-24.

[25] Carmichael J, DeGraff WG, Gazdar AF, Mina JD, Mitchell JB.
Evaluation of a tetrazolium-based semiautomated colorimetric assay:
assessment of chemosensitivity testing. Cancer Res 1987;47:936-42.

[26] Trauner M, Arrese M, Soroka CJ, Ananthanarayanan M, Koeppel TA,
Schlosser SF, Suchy FJ, Keppler D, Boyer JL. The rat canalicular
conjugate export pump (Mrp2) is down-regulated in intrahepatic and
obstructive cholestasis. Gastroenterology 1997;113:255-64.

[9

—

[19



[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

A. Courtois et al./Biochemical Pharmacology 63 (2002) 333-341 341

Roelofsen H, Hooiveld GJEJ, Koning H, Havinga R, Jansen PLM,
Miiller M. Glutathione S-conjugate transport in hepatocytes entering
the cell cycle is preserved by a switch in expression from the apical
MRP2 to the basolateral MRP1 transport protein. J Cell Sci
1999;112:1395-404.

Miyazaki M, Mars WM, Michalopoulos GK, Namba M. Dose-
dependent biphasic effects of phenobarbital on growth and differentia-
tion of primary culture rat hepatocytes. J Gastroenterol Hepatol
1998;13:578-82.

Miyazaki M, Mars WM, Runge D, Kim TH, Bowen WC,
Michalopoulos GK. Phenobarbital suppresses growth and accelerates
restoration of differentiation markers of primary culture rat
hepatocytes in the chemically defined hepatocyte growth medium
containing hepatocyte growth factor and epidermal growth factor.
Exp Cell Res 1998;241:445-57.

Isom HC, Secott T, Georgoff I, Woodworth C, Mummaw J.
Maintenance of differentiated rat hepatocytes in primary culture.
Proc Natl Acad Sci USA 1985;82:3252-6.

Kiuchi Y, Suzuki H, Hirohashi T, Tyson CA, Sugiyama Y. cDNA
cloning and inducible expression of human multidrug resistance-
associated protein 3 (MRP3). FEBS Lett 1998;433:149-52.
Kauffmann HM, Keppler D, Kartenbeck J, Schrenk D. Induction of
cMrp/cMoat gene expression by cisplatin, 2-acetylaminofluorene, or
cycloheximide in rat hepatocytes. Hepatology 1997;26:980-5.
Courtois A, Payen L, Vernhet L, Morel F, Guillouzo A, Fardel O.
Differential regulation of canalicular multispecific organic anion
transporter (cMOAT) expression by the chemopreventive agent
oltipraz in primary rat hepatocytes and in rat liver. Carcinogenesis
1999;20:2327-30.

Payen L, Courtois A, Loewert M, Guillouzo A. Reactive-oxygen
species-related induction of multidrug resistance-associated protein 2
expression in primary hepatocytes exposed to sulforaphane. Biochem
Biophys Res Commun 2001;282:257-63.

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

Potter BJ, Ni JZ, Wolfe K, Stump D, Berk PD. Induction of a dose-
related increase in sulfobromophtalein uptake velocity in freshly
isolated rat hepatocytes by phenobarbital. Hepatology 1994;20:
1078-85.

Schuetz EG, Schuetz JD, Strom SC, Thompson MT, Fisher RA,
Molowa DT, Li D, Guzelian PS. Regulation of human liver
cytochromes P450 in family 3A in primary and continuous culture
of human hepatocytes. Hepatology 1997;18:1254-62.

Honkakoski P, Zelko I, Sueyoshi T, Negishi M. The nuclear orphan
receptor CAR-retinoid X receptor activates the phenobarbital-
responsive enhancer module of the CYP2B gene. Mol Cell Biol
1998;18:5652-8.

Smirlis D, Muangmoonchai R, Edwards M, Phillips IR, Shepard EA.
Orphan receptor promiscuity in the induction of cytochromes P450
by xenobiotics. J Biol Chem 2001;276:12822-6.

Zelko I, Negishi M. Phenobarbital-elicited activation of nuclear
receptor CAR in induction of cytochromes P450 genes. Biochem
Biophys Res Commun 2000;277:1-6.

Ogawa K, Suzuki H, Hirohashi T, Ishikawa T, Meier PJ, Hirose K,
Akizawa T, Yoshioka M, Sugiyama Y. Characterization of inducible
nature of MRP3 in rat liver. Am J Physiol 2000;278:G438-46.
Fardel O, Loyer P, Morel F, Ratanasavanh D, Guillouzo A. Modulation
of multidrug resistance gene expression in rat hepatocytes maintained
under various culture conditions. Biochem Pharmacol 1992;44:
2259-62.

Miyazaki M, Handa Y, Oda M, Yabe T, Miyano K, Sato J. Long-term
survival of functional hepatocytes from adult rat in the presence of
phenobarbital in primary culture. Exp Cell Res 1985;159:176-90.
Keppler D. Export pumps for glutathione S-conjugates. Free Rad
Biol Med 1999;27:985-91.

Dalton SR, Jirtle RL, Meyer SA. EGF receptors of hepatocytes from
rats treated with phenobarbital are sensitized to down-regulation by
phenobarbital in culture. Toxicol Appl Pharmacol 2000;165:115-26.



	Differential regulation of multidrug resistance-associated protein 2 (MRP2) and cytochromes P450 2B1/2 and 3A1/2 in phenobarbital-treated hepatocytes
	Introduction
	Materials and methods
	Chemicals
	Cell isolation and culture
	Animal treatment
	Isolation of total RNAs and Northern blot analysis
	Preparation of crude membranes and Western blotting
	Evaluation of cell proliferation and viability
	Statistical analysis

	Results
	Discussion
	Acknowledgements
	References


