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Hepatic stellate cells (HSCs) survive and proliferate in the chronically injured liver. ATP-
binding cassette (ABC) transporters play a crucial role in cell viability by transporting toxic
metabolites or xenobiotics out of the cell. ABC transporter expression in HSCs and its
relevance to cell viability and/or activation have not been reported so far. The aim of this
study was to investigate the expression, regulation, and function of multidrug resistance—
associated protein (Mrp)-type and multidrug resistance protein (Mdr)—type ABC transport-
ers in activated rat HSCs. Rat HSCs were exposed to cytokines or oxidative stress. ABC
transporter expression was determined by quantitative polymerase chain reaction and im-
munohistochemistry. HSCs were exposed to the Mdr inhibitors verapamil and PSC-833 and
the Mrp inhibitor MK571. Mdr and Mrp transporter function was evaluated with flow
cytometry. Apoptosis was determined by activated caspase-3 and acridine orange staining,
and necrosis was determined by Sytox green nuclear staining. An iz vivo model of carbon
tetrachloride (CCly)—induced liver fibrosis was used. With respect to hepatocytes, activated
HSCs expressed high levels of Mrpl and comparable levels of Mrp3, Mrp4, Mdrla, and
Mdr1b but not the hepatocyte-specific transporters bile salt export pump, Mrp2, and Mrp6.
Mrpl protein staining correlated with desmin staining in livers from CCly-treated rats.
Mrp1 expression increased upon activation of HSCs. Cytokines induced Mdr1b expression
only. Oxidative stress was not a major regulator of Mdr and Mrp transporter expression.
Activated HSCs became necrotic when exposed to the Mrp inhibitors. Conclusion: Activated
HSCs contain relatively high levels of Mrpl. Mrp-type transporters are required for the
viability of activated HSCs. Mrp-dependent export of endogenous metabolites is important
for the survival of activated HSCs in chronic liver diseases. (HEPATOLOGY 2008;48:624-634.)
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uring chronic liver injury, liver cells are exposed
D to bile acids, oxidative stress, and cytokines.!-?

Under these conditions, hepatic stellate cells
(HSCs) and hepatic progenitor cells (HPCs) prolifer-
ate,>> whereas hepatocytes die. Hepatocyte death leads to
impaired liver function, whereas HSC activation and pro-
liferation lead to the development of liver fibrosis and
cirrhosis.® In recent years, much progress has been made
in elucidating the mechanisms involved in activation and
proliferation of HSCs and the mechanisms of hepatocyte
death induced by bile acids, oxidative stress, and cyto-
kines.”? Also, recent studies have provided evidence that
liver fibrosis and even cirrhosis can be reversed by the
induction of HSC apoptosis.'® However, virtually noth-
ing is known about the protection mechanisms of HSCs
against the toxic agents that are present in chronic liver
injury.

ATP-binding cassette (ABC) transporters play a major
role in the multidrug-resistant and proliferative pheno-
type of many cancer cells. ABC transporters also play an
extremely important role in liver physiology. ABC trans-
porters in the liver are involved in hepatobiliary transport
of metabolites of endogenous and exogenous compounds,
phospholipids, cholesterol and bile acids in hepatocytes,
bile duct epithelial cells, and enterocytes.!' Two sub-
classes of these ABC transporters, multidrug resistance
protein (Mdr)—type transporters (ABCB subclass) and
multidrug  resistance—associated protein  (Mrp)—type
transporters (ABCC subclass), protect the proliferating
cell from xenobiotics, including chemotherapeutics, and
endogenous cell stress by transporting toxic metabolites
out of the cell.'> Mdr-type transporters are capable of
removing many hydrophobic substrates from the cell,
whereas Mrp-type transporters, particularly Mrp1, trans-
port organic anions such as glutathione, glucuronate, and
sulfate conjugates.'® Recently, high expression of several
ABC transporters in HPCs has been described in various
liver pathologies. Most prominent is the expression of
Mdr1b, Mrpl, Mrp3, and breast cancer resistance protein
in HPCs.'%15 It is assumed that the high expression of
these transporters enables HPCs to survive liver injury
and to proliferate because these ABC transporters export
endogenous and exogenous toxic compounds out of the
cells. Like HPCs, HSCs survive and proliferate in the
chronically injured liver. However, nothing is known
about the role of ABC transporters in HSCs. Therefore,
the aim of the present study was to investigate the expres-
sion, regulation, and function of ABC transporters in ac-
tivated HSCs. Our study demonstrates that ABC
transporters are expressed in HSCs and play an important
role in the protection against cell death.
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Materials and Methods

Animals. Specified pathogen-free male Wistar rats
were purchased from Harlan (Zeist, the Netherlands).
They were housed under standard laboratory conditions
with free access to standard laboratory chow and water.
Each experiment was performed following the guidelines
of the local committee for care and use of laboratory ani-
mals.

Liver fibrosis was induced in male Wistar rats with a
body weight of 250-300 g by the administration of carbon
tetrachloride (CCly) for 2 weeks as described previously.'¢
Liver specimens were snap-frozen in liquid nitrogen—
cooled isopentane and stored at —70°C until use.

Rat HSC Isolation and Culture. HSCs were isolated
from male Wistar rats (500-600 g) by pronase and colla-
genase perfusion of the liver followed by Nycodenz
gradient (12% wt/vol) centrifugation as described previ-
ously.'”

Cells were then cultured in Iscove’s modified Dulbec-
co’s medium with Glutamax (Invitrogen, Breda, the
Netherlands) supplemented with 20% heat-inactivated
fetal calf serum (Invitrogen), sodium pyruvate (Invitro-
gen), nonessential amino acids (Invitrogen), 50 ug/mL
gentamicin (Invitrogen), and 250 U/mL Nystatin
(Sanofi-Synthelabo, Maassluis, the Netherlands) in a hu-
midified atmosphere containing 5% CO, at 37°C. Pri-
mary HSC cultures were allowed to grow to confluence,
subcultured by trypsinization, and then cultured in
Iscove’s medium with supplements as described previ-
ously, but without Nystatin. Prior to experiments, HSC
were serum-starved for 24 hours.

Human HSC Isolation and Culture. Human HSCs
were extracted from the margins of normal human livers
resected for colonic metastatic disease as previously de-
scribed.'® Human HSCs were used for experimentation
after activation and before the fourth passage. The use of
human liver tissue for scientific investigation was ap-
proved by the UK South and West Local Research Ethics
Committee and was subject to patient consent.

Hepatocyte Isolation and Culture. Primary rat
hepatocytes were isolated from male Wistar rats (200-250
g) with a 2-step collagenase perfusion as described previ-
ously.'® Cell viability was consistently more than 90% as
determined by trypan blue exclusion. Isolated hepato-
cytes were plated at a density of 125,000 cells/cm? in
William’s medium E (Invitrogen) supplemented with 50
pg/mL gentamycin (Invitrogen). During the attachment
period (4 hours), 50 nmol/L dexamethasone (UMCG
Pharmacy) and 5% fetal calf serum (Invitrogen) were
added to the medium. Cells were cultured in a humidified
incubator containing 5% CO; at 37°C.
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Experimental Design. Culture-activated HSCs (pas-
sage 2-3) were used for all experiments, unless indicated
otherwise. Primary rat hepatocytes were used 18 hours
after seeding.

HSCs were exposed to a cytokine mixture (CM) con-
taining 20 ng/mL recombinant mouse tumor necrosis fac-
tor a (R&D Systems, Abingdon, United Kingdom), 10
ng/mL recombinant human interleukin-18 (R&D Sys-
tems), and 10 ng/mL recombinant rat interferon-y
(R&D Systems) for 6 hours. Oxidative stress was induced
by the exposure of the cells to the intracellular superoxide
anion donor menadione (2-methyl-1,4-naphthoquinone;
Sigma Aldrich) or hydrogen peroxide (Merck, Haarlem,
the Netherlands) at the indicated concentrations for 6
hours. The leukotriene D4 receptor antagonist MK571
(Kordia Life Sciences, Leiden, the Netherlands) was used
as an Mrp inhibitor.?° Verapamil (Sigma Aldrich) and the
cyclosporin A analogue PSC-833 (Sigma Aldrich) were
used as Mdr inhibitors.21:22

Adenoviral Constructs. The adenoviral constructs
used were described previously.?? The inhibitor of nuclear
factor-kB (IkB) super-repressor adenovirus Ad5IkBAA
contains an IkB construct in which serines 35 and 36 have
been replaced by alanines. This mutated IkB cannot be
phosphorylated and binds nuclear factor-kB (NF-«B) ir-
reversibly, preventing translocation of NF-«B to the nu-
cleus. Ad5LacZ, an adenovirus expressing the Escherichia
coli B-galactosidase gene, was used as a control virus
throughout the experiments. Cells were infected with an
adenovirus at the indicated multiplicity of infection 24
hours before the start of the experiments.

RNA Isolation, Reverse-Transcription Polymerase
Chain Reaction (PCR), and Real-Time PCR. RNA
was isolated with Tri Reagent (Sigma Aldrich) according
to the manufacturer’s instructions. RNA was quantified
with a Ribogreen fluorescent assay (Invitrogen). Reverse-
transcription and real-time PCR were performed as de-
scribed previously.?* 18§ RNA was used as an internal
control. Primers and probes used for real-time PCR are
listed in Tables 1 and 2.

Double Immunostaining. Double
staining was performed with a sequential fluorescent
method on 20-wm-thick rat liver cryostat sections. The
cryostat sections were dried overnight at room tempera-
ture, subsequently fixed in acetone for 10 minutes, and
finally washed in phosphate-buffered saline (PBS) imme-
diately before use. Then, the sections were incubated with
a mixture of normal rabbit serum and normal swine se-
rum diluted 1:5 in PBS for 30 minutes.

Sections were incubated with primary antibodies
against the ABC transporters Mrpl, Mrp3, and C219
(pan-P-glycoproteins) and with primary antibodies

Fluorescence
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Table 1. Sequences of Rat Polymerase Chain Reaction
Primers and Probes Used for Real-Time Detection
Polymerase Chain Reaction Analysis

Gene Primers
18S Sense 5'-cgg cta cca cat cca agg a-3’
Antisense  5'-cca att aca ggg cct cga aa-3’
Probe 5'-cgc geca aat tac cca ctc ccg a-3’
Mrpl Sense 5'-agg ctt ctt ggc aaa tcc aa-3’
Antisense  5’-caa gca gta atc ccg gaa ctc t-3’
Probe 5'-tgg ccc cat tca gge cgt g-3'
Mrp2 Sense 5'-gac gac gat gat ggg ctg at-3’
Antisense  5'-ctt ctc atg gec aag gaa got-3’
Probe 5’-ccc acc atg gag gaa atc cct gag g-3’
Mrp3 Sense 5'-tcc cac ttc tcg gag aca gta act-3'
Antisense  5'-ctt agc atc act gag gac ctt gaa-3’
Probe 5'-cag tgt cat tcg ggc cta cgg cc-3'
Mrp4 Sense 5'-tca gtg ttg gac aga gac agt tag tg-3'
Antisense  5'-ctt ctc ccg gat ttt ctg ttg tat-3’
Probe 5'-tca gtt ctc gga tcc aca ttt gea gt g-3’
Mrp5 Sense 5'-cgg cta acc geg tat ttc ag-3’
Antisense  5’-aac gct ttg acc cag gea ta-3’
Probe 5'-tag ccg cca cag acg acc gtg tc-3'
Mrp6 Sense 5'-ctc tce cat tgg ctt ctt tga g-3’
Antisense  5’-gtc cac atc cac tat gtc cgt ct-3’
Probe 5'-tcg gga acc tge tga acc gt ttt c-3’
Mdrla  Sense 5'-gca ggt tgg ctg gac aga tt-3’
Antisense  5’-gga geg caa ttc cat gga ta-3'
Probe 5'-ccg cca gag ttc cca gea gea tg-3'
Mdrlb  Sense 5'-aaa cat ggc acg taa cca aag tt-3’
Antisense  5'-aaa atg tgg ccc tgt tta atg att-3’
Probe 5'-cac tgt taa agg taa ttt cat caa gac gag aag cct tc-3’
iNOS Sense 5'-gtg cta atg cgg aag gtc atg-3’
Antisense  5’-cga ctt tcc tgt ctc agt age aaa-3’
Probe 5'-ccc geg tca gag cca cag tee t-3'
HO-1 Sense 5'-cac agg gtg aca gaa gag get aa-3’
Antisense  5'-ctg gtc ttt gtg ttc ctc tgt cag-3’
Probe 5’-cag ctc ctc aaa cag ctc aat gtt gag ¢-3’
a-SMA  Sense 5'-gcc agt cge cat cag gaa c-3'
Antisense  5’-cac acc aga gt gtg ctg tet t-3”
Probe 5'-ctt cac aca tag ctg gag cag ctt ctc ga-3’
Bsep Sense 5'-cca agc tgc caa gga tge ta-3’
Antisense  5'-cct tct cca aca agg gtg tca-3’
Probe 5'-cat tat ggc cct gec gea gea-3’

«-SMA indicates a-smooth muscle actin; Bsep, bile salt export pump; HO-1,
heme-oxygenase-1; iNOS, inducible nitric oxide synthase; Mdr, multidrug resis-
tance protein; and Mrp, multidrug resistance-associated protein.

against the HSC markers desmin and glial fibrillary acidic
protein (GFAP) at room temperature for 45 minutes, and
these were followed by tetramethylrhodamine isothiocya-
nate—labeled anti-rabbit antibodies (Dako,
Glostrup, Denmark) and finally fluorescein isothiocya-
nate—labeled rabbit anti-mouse antibodies (Dako). The
antibodies were diluted in PBS. All incubation steps were
followed by a wash in 3 changes of PBS. Sections were
mounted with a medium containing para-phenylene dia-
mine. Controls consisted of the omission of either pri-
mary antibodies or one of the secondary antibodies and
reversal of the order of incubation with antibodies. No
aspecific labeling could be detected.

swine
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Table 2. Sequences of Human Polymerase Chain Reaction
Primers and Probes Used for Real-Time Detection
Polymerase Chain Reaction Analysis

Gene Primers
18S Sense 5'-cgg cta cca cat cca agg a-3’
Antisense 5'-cca att aca ggg cct cga aa-3’
Probe 5'-cgc gca aat tac cca ctc ccg a-3’
MRP1 Sense 5'-ggt ggg ccg agt gga att-3’
Antisense 5'-ttg atg tgc ctg aga acg aag t-3’
Probe 5'-ctg cct geg cta ccg aga gga cct-3’
MRP2 Sense 5’-tgc agc ctc cat aac cat gag-3'
Antisense 5'-ctt cgt ctt cct tca gge tat tca-3’
Probe 5'-cag ctt tcg tcg aac act tag ccg ca-3'
MRP3 Sense 5’-gec atc gac ctg gag act ga-3'
Antisense 5’-gac cct ggt gta gtc cat gat agt g-3'
Probe 5'-cat ccg cac cca gtt tga tac ctg cac-3’
MRP4 Sense 5'-aag tga aca acc tcc agt tcc ag-3'
Antisense 5'-ggc tct cca gag cac cat ct-3’
Probe 5’-caa acc gaa gac tct gag aag gta cga ttc ct-3’
MRP5 Sense 5’-tga aag cca ttc gag gag ttg-3’
Antisense 5'-cgg aaa agc tcg tca tge a-3’
Probe 5'-ctc gca geg tge cct tga caa ag-3’
MRP6 Sense 5'-aga cac ggt tga cgt gga cat-3’
Antisense 5'-gct gac ctc cag gag tcc aa-3’
Probe 5’-cca gac aaa ctc cgg tcc ctg ctg at-3’
MDR1 Sense 5'-ggc aaa gaa ata aag cga ctg aa-3’
Antisense 5'-ggc tgt tgt ctc cat agg caa t-3’
Probe 5'-cgt gtc cca gga gee cat cet gt-3’
BSEP Sense 5'-aca tgc ttg cga gga cct tta-3’
Antisense 5'-gga ggt tcg tge acc agg ta-3'
Probe 5'-cca tcc gge aac get cca agt ct-3’

BSEP indicates bile salt export pump; MDR, multidrug resistance protein; and
MRP, multidrug resistance-associated protein.

Double staining was detected with confocal laser scan-
ning microscopy (a Zeiss 410 inverted laser scan micro-
scope).

Isolation of Nuclear Extracts. HSCs were washed
twice with ice-cold PBS and harvested in 500 wL of PBS.
Nuclear extracts were isolated as described previously

with 0.25% Nonidet P-40.2°

Fig. 1. Activated human and rat HSCs show high expression of Mrp1.
(A-C) Relative mRNA expression levels were normalized to 18S. The
human MRP1 &5Ct value was set to 1; for other genes and cell types, the
66Ct values were compared to human MRP1. Data are expressed as
means * standard deviation. MRP1/Mrpl mRNA was abundant in
activated HSCs, whereas MRP2/Mrp2, MRP6/Mrp6, and BSEP/Bsep
were undetectable in HSCs but present in hepatocytes. Mrp5 was absent
in rat HSCs and in hepatocytes, but not in human HSCs. Mrp3 and Mrp4
levels were comparable in HSCs and hepatocytes. Mdrla and Mdrlb
were prominently expressed in rat HSCs and hepatocytes. However,
MDR1 expression in human HSCs was low. (D) Freshly isolated HSCs
were cultured on plastic for 1 and 7 days. As expected, stellate cell
activation was associated with the induction of a-SMA mRNA expression
(P < 0.05). Expression of Mrp1 also increased 4-fold upon the activation
of quiescent stellate cells (P < 0.05). «-SMA indicates a-smooth
muscle actin; Bsep, bile salt export pump; HSC, hepatic stellate cell; Mdr,
multidrug resistance protein; mRNA, messenger RNA; and Mrp, multidrug
resistance-associated protein.
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Electrophoretic Mobility Shift Assay (EMSA). EM-
SAs were performed as described previously?> with 5 ug
of nuclear proteins in a total volume of 15 uL. The
mdr-kB probe used, 5'gat cct ggg gaa ttc cag cte-3" with
the NF-kB site underlined, has been published before.?
Competition was performed with excess nonlabeled ra-
dioactive oligonucleotide. The reaction mixture was ana-
lyzed on a 4% polyacrylamide gel.

Immunocytochemistry. Analyses of active caspase-3

A1.2

L Human HSCs
0.8

0.6
0.4

0.2

MRP1 MRP2 MRP3 MRP4 MRP5 MRP6 MDR1 BSEP

B ¢
Rat HSCs

0 | . I

Mrp1 Mrp2 Mrp3 Mrp4 Mrp5 Mrp6 Mdria Mdrib Bsep

c 8

7

6 Rat Hepatocytes

5

4

3

2

1

— - H
Mrp1 Mrp2 Mrp3 Mrp4 Mrp5 Mrp6 MdriaMdrib Bsep
D 35 *
WDay 1

80 EDay 7

25
c
2 20 Rat HSCs
>
2 15

10 2

) J

0

aSMA Mrp1



628 HANNIVOORT, DUNNING, ET AL.

Fig. 2. HSCs express Mrp1 in CCly-treated rats. Double immunofluo-
rescence staining for desmin, a marker of (A) HSCs and (C) Mrp1 in rats
treated with CCl, for 2 weeks. (A) Desmin-positive HSCs (red labeling,
short arrow). (B) Mrp1-positive HSC (green labeling, short arrow) and a
specific focal membranous staining pattern of Mrpl in hepatocytes
(green labeling, long arrow). (C) Merged image: desmin-positive HSC
cells are also Mrp1-positive (yellow labeling, short arrow). Mrp1 was also
expressed in the basolateral membrane of hepatocytes, serving as an
internal positive control (only green labeling, long arrow). CCl, indicates
carbon tetrachloride; HSC, hepatic stellate cell; and Mrp, multidrug
resistance-associated protein.

and a-smooth muscle actin were performed on cells cul-
tured on coverslips. Coverslips were washed in PBS and
fixed in 4% paraformaldehyde for 10 minutes. Coverslips
were then stored in 0.1% PBS at 4°C. Prior to staining,
cells were washed in PBS, incubated in PBS containing
1% Triton-X100 for 5 minutes, and washed twice with
PBS. Primary antibodies against active caspase-3 (rabbit
polyclonal antibody from Cell Signaling Technology,
Beverly, MA) and a-smooth muscle actin (mouse mono-
clonal antibody from Sigma Aldrich) were used at a
dilution of 1:100 and 1:1000, respectively, in 0.5% bo-
vine serum albumin/PBS for 2 hours. Horseradish peroxi-
dase—conjugated  goat-anti-rabbit
(fluorescent conjugate; Invitrogen) and horseradish per-
oxidase—conjugated goat-anti-mouse immunoglobulin
(fluorescent conjugate; Invitrogen) were used as second-
ary antibodies ata dilution of 1:400 for 1 hour. Coverslips
were subsequently washed with PBS and mounted in the
fluorescent mounting medium S$3023 (Dako). All slides
were evaluated on a Leica confocal laser scanning micro-
scope.

Flow Cytometry and Transporter Efflux Assay.
HSCs were incubated with either 200 ng/mL rhodamine
123 (Molecular Probes) as an Mdr substrate or 0.1
pmol/L Cell Tracker green 5-chloromethylfluorescein di-

immunoglobulin
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acetate (CMFDA; Invitrogen) as an Mrp substrate for 30
minutes, with and without their corresponding Mdr and
Mrp inhibitors. Cells were washed and exposed to either
Mdr or Mrp inhibitors without Mdr/Mrp substrate for
another 60 minutes. Cells were then trypsinized, har-
vested, and incubated for 15 minutes in ice-cold PBS.
After incubation, 5000 cells per sample were counted, and
viable cells were analyzed for rhodamine 123 or CMFDA
fluorescence with a FACSCalibur instrument (BD Bio-
science, Alphen aan de Rijn, the Netherlands).

Acridine Orange and Sytox Green Nuclear Stain-
ing. Cells were seeded in 12-well plates and treated as
indicated. Apoptosis was shown by the determination of
nuclear condensation assessed by acridine orange staining
at 2.5 ug/mL (Sigma Aldrich). Necrosis was shown by
Sytox green nucleic acid staining at 0.5 wmol/L (Invitro-
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Fig. 3. Mdrlb is a cytokine-inducible, NF-«B-responsive gene. CM
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(tumor necrosis factor-c; 20 ng/mL; interleukin-18, 10 ng/mL; and
interferon-y, 10 ng/mL) significantly induced the NF-«xB-responsive gene
iNOS. Mdr1b, like iNOS, was significantly induced by cytokines, unlike
Mdrla- and Mrp-type transporters. (A) Quantitative real-time PCR for
iNOS. The numbers above the left bar represent the fold induction in
comparison with CM-treated cells (*P < 0.05). (B) Quantitative real-
time PCR for Mdrla and Mdrlb (*P < 0.05). (C) Quantitative real-time
PCR for Mrp1, Mrp3, and Mrp4 (*P < 0.05). CM indicates cytokine
mixture; iNOS, inducible nitric oxide synthase; Mdr, multidrug resistance
protein; Mrp, multidrug resistance-associated protein; and PCR, poly-
merase chain reaction.
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gen). Cells were monitored over time with an Olympus
CKX41 microscope.

Statistical Analysis. Statistical analysis was per-
formed with SPSS software, version 12.0. Results are ex-
pressed as the mean value and standard deviation.
Statistical significance was calculated with a Student 7 test
or a one-way analysis of variance with Bonferroni post hoc
analysis for correction for multiple comparisons. A cor-
rected P value < 0.05 was considered to be statistically
significant.

Results

Activated Rat HSCs Have a Different ABC Trans-
porter Messenger RNA (mRNA) Profile Than Hepato-
cytes. To determine whether activated rat HSCs express
ABC transporters, we isolated mRNA from these cells and
analyzed the expression of selected ABC transporter
genes. We compared this to the ABC transporter expres-
sion profile of freshly isolated rat hepatocytes (Fig. 1B,C).
Rat hepatocytes highly expressed ABC transporters that
are active in bile formation, including Mrp2 and bile salt
export pump (Bsep). As expected, the expression of these
genes was low to undetectable in activated HSCs. In con-
trast, the expression of Mrpl was particularly high in
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activated HSCs, and this expression was clearly associated
with the activated phenotype, as Mrpl expression in-
creased upon the activation of quiescent stellate cells (Fig.
1D). In addition, comparable expression levels of Mdr1a,
Mdrlb, Mrp3, and Mrp4 were observed in activated
HSCs and hepatocytes. Expression of Mrp5 remained
undetectable in both cell types (Fig. 1B,C).

The MRP Transporter Profile of Rat HSCs Is Sim-
tlar to Human HSCs. MRP1/Mrpl was the most
prominent transporter in human HSCs and in rat HSCs
(Fig. 1A,B). Expression levels of MRP3/Mrp3 and
MRP4/Mrp4 were also similar in rat and human cells.
However, MRP5 was expressed in human HSCs, whereas
we were unable to detect Mrp5 in rat HSCs. MDR1
expression in human HSCs was low in comparison with
Mdr1b expression in rat HSCs.

Mrpl Is Present in HSCs in Experimental Fibrosis
in Rats. Liver slices from rats exposed to CCly for 2
weeks were stained for Mdr transporters, Mrpl, and
Mrp3. Desmin and GFAP were used as markers for
HSCs. Desmin-positive cells were also positive for Mrp1
(Fig. 2C). However, no overlap was found between
desmin or GFAP with Mdr transporters or Mrp3 (data
not shown).
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Fig. 4. NF-kB is not activated in untreated HSCs but is activated by cytokines, and iINOS and Mdrlb are NF-kB-responsive genes. (A)
Electrophoretic mobility shift assay for NF-«B. In untreated activated HSCs, NF-«xB was not activated. Cells exposed to a CM (tumor necrosis factor
a, 20 ng/mL; interleukin-18, 10 ng/mL; and interferon-y, 10 ng/mL) for 6 hours demonstrated activation of NF-«B, which was abolished by the
dominant negative NF-«B adenovirus. Competition with excess nonlabeled oligonucleotide completely abolished CM-induced NF-«B activation. (B)
Quantitative real-time polymerase chain reaction, showing a significant reduction in iNOS and Mdr1b expression when NF-«B was inhibited (*P <
0.05). CM indicates cytokine mixture; HSC, hepatic stellate cell; iNOS, inducible nitric oxide synthase; Mdr, multidrug resistance protein; and NF-«B,

nuclear factor-«B.
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Cytokines Induce Mdr1b mRNA Levels in Activated
HSCs. The expression of several ABC transporters has
been shown to be regulated during inflammation and/or
oxidative stress. Therefore, we investigated whether cyto-
kines could influence the expression level of the most
prominent ABC transporters present in HSCs. Activated
HSCs were exposed for 6 hours to a cytokine mixture
(CM) consisting of 20 ng/mL mouse tumor necrosis fac-
tor a, 10 ng/mL human interleukin-13, and 10 ng/mL
rat interferon-vy. Total RNA was isolated. mRNA levels of
the NF-kB-controlled gene inducible nitric oxide syn-
thase (iNOS) were significantly increased in the CM-
treated HSC cells (>1000-fold; Fig. 3A). Of the ABC
transporter genes tested, only Mdr1b expression was sig-
nificantly induced by CM treatment (4-fold; Fig. 3B,C).

Mdr1b Induction by Cytokines Is NF-kB—Depen-
dent in Activated HSCs. Next, we determined whether
cytokine-induced Mdrlb expression was dependent on
NF-kB activation. Nuclei were isolated from activated
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HSCs that had been exposed to CM for 6 hours as well as
untreated HSCs. EMSA analyses using these nuclear ex-
tracts and an NF-kB-specific DNA probe showed that
the nuclei of CM-treated HSCs contained NF-kB,
whereas this transcription factor was absent in control
nuclei (Fig. 4A). Cotreatment with a dominant negative
NF-kB adenovirus (Ad5IkBAA) abolished both the level
of nuclear NF-kB (Fig. 4A) and the CM-dependent
Mdr1b expression in CM-treated HSCs (Fig. 4B). Infec-
tion with Ad5LacZ did not decrease nuclear NF-«B levels
or Mdr1b mRNA expression levels (Fig. 4A,B). The effect
of CM treatment and NF-kB inhibition on Mdrlb ex-
pression was paralleled by iNOS, a well-known target
gene of NF-«kB (Fig. 4B).

Oxidative Stress Is Not a Major Regulator of Mrp
and Mdr mRNA Expression in Activated HSCs. To
determine whether other disease conditions affect the
ABC transporter expression in HSCs, we studied the ef-
fect of different inducers of oxidative stress on their tran-

Fig. 5. Oxidative stress is not a
major regulator of ATP-binding cas-
sette transporter expression. The ox-
idative stress-responsive gene HO-1
was significantly induced by 10
pmol/L menadione or 200 wmol/L
H,0,. Mdrla expression was slightly
increased by hydrogen peroxide,
whereas other Mrp and Mdr trans-
porters were not significantly altered
by exposure to reactive oxygen spe-

Mrp4 . g ;
2 cies. (A) Quantitative real-time PCR
1.8 for HO-1 (*P < 0.05). (B) Quanti-
1.6 tative real-time PCR for Mdrla and
1.4 Mdrlb (*P < 0.05). (C) Quantita-
12 tive real-time PCR for Mrp1, Mrp3,
ok and Mrp4 (*P < 0.05). Hy0, indi-
0.6 cates hydrogen peroxide; HO-1,
0.4 heme-oxygenase-1; Mdr, multidrug
0.2 resistance protein; Mrp, multidrug

0 resistance-associated protein; and
Control Menadione H:0: PCR, polymerase chain reaction.
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scription levels. HSCs were exposed for 6 hours to either
200 pwmol/L hydrogen peroxide or 10 wmol/L menadi-
one (an intracellular generator of superoxide anions). Un-
der these conditions, expression of a typical marker gene
for oxidative stress, heme-oxygenase-1 (HO-1), was sig-
nificantly induced, albeit at variable levels (Fig. 5A). In
contrast, only Mdrla was slightly induced with hydrogen
peroxide (Fig. 5B). Mdr1b and Mrp transporters were not
significantly altered by exposure to exogenous reactive
oxygen species (Fig. 5B,C).

Both Mdr-Type and Mrp-Type Transporters Are
Functional Efflux Transporters in Activated HSCs.
To determine whether Mdr transporters not only are
present but also function as efflux transporters, we used a
flow cytometry efflux assay. We exposed cells to the Mdr
substrate thodamine 123, with or without 50 wmol/L
verapamil or 50 wmol/L PSC-833 as Mdr inhibitors.
Cells incubated with both rhodamine 123 and either of
the Mdr inhibitors showed significantly higher fluores-
cence content than cells incubated with rhodamine 123
alone (Fig. 6A). These data demonstrate that the Mdr
transporters which are present also function as efflux
transporters and that both verapamil and PSC-833 are
efficient Mdr inhibitors.

To determine whether Mrp transporters not only are
present but also function as efflux transporters, we used a
flow cytometry efflux essay. We exposed cells to the Mrp
substrate CMFDA with and without 50 umol/L MK571
as an Mrp inhibitor. Cells incubated with both CMFDA
and MK571 showed a significantly higher fluorescence
content than cells incubated with MK571 alone (Fig. 6B).
This demonstrates that the Mrp transporters which are
present also function as efflux transporters and that
MK571 is an efficient Mrp inhibitor.

Myrp-Type Transporters Are Essential for the Via-
bility of Activated HSCs. In order to determine the func-
tion of ABC transporter expression in activated HSCs, we
used various inhibitors of ABC transporters and evaluated
their effects on HSC viability. First, we tested whether inhi-
bition of Mrp function by MK571 induced apoptosis of
activated HSC:s (Fig. 7; red: «SMA cytoskeleton, green: ac-
tive caspase-3). Gliotoxin, which is known to induce HSC
apoptosis, was used as a positive control. Indeed, gliotoxin
induced typical characteristics of apoptosis in HSCs, such as
condensed nuclei (Fig. 7B) and activation of caspase-3 (Fig.
7E), which was not observed in untreated cells (Fig. 7A,D).
In contrast, MK571, a selective inhibitor of Mrp function,
did not cause nuclear condensation (Fig. 7C) or activation of
caspase-3 (Fig. 7F). However, MK571 treatment clearly af-
fected HSC cell morphology and disrupted the a-smooth
muscle actin cytoskeleton (Fig. 7F). Therefore, we tested
whether MK571 induces HSC necrosis. Indeed, over 50%
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Fig. 6. Multidrug resistance protein and multidrug resistance-associated
protein transporters are functional efflux transporters in activated hepatic
stellate cells. (A) Cells were exposed to 200 ng/mL rhodamine 123 with or
without either 50 wmol/L verapamil or 50 wmol/L PSC-833. Of the cells
exposed to rhodamine 123 and verapamil or PSC-833, 95.5% and 94.2%,
respectively, were considered positive for rhodamine 123 fluorescence ver-
sus 0.2% of cells exposed to rhodamine 123 alone (*P << 0.05). (B) Cells
were exposed to 0.1 wmol/L CMFDA with or without 50 wmol/L MK571. Of
the cells exposed to CMFDA and MK571, 92.4% were considered positive for
CMFDA fluorescence versus 3.0% of cells exposed to CMFDA alone (*P <
0.05). Only viable cells were included in the analysis. CMFDA indicates
5-chloromethylfluorescein diacetate;

Control

of the HSCs became necrotic, as early as 6 hours after expo-
sure to 50 umol/L MK571 (Fig. 8B). After an additional 18
hours, no viable HSCs were detected. All cells contained
Sytox green fluorescent nuclei, which is indicative of necrotic
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Control
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cell death (Fig. 8C). In parallel experiments, 50 wmol/L
MKS571 did not significantly affect hepatocyte viability (data
not shown). The Mdr inhibitors verapamil (50 wmol/L) and
PSC-833 (50 umol/L) caused neither apoptotic nor necrotic
death of activated HSCs (Fig. 9A-C).

Discussion

Although the function of many ABC transporters has
been studied extensively in hepatocytes'?> and HPCs,'4
their presence and function in activated HSCs have never
been investigated. In this study, we showed that activated
rat HSCs expressed Mrpl, Mrp3, Mrp4, Mdrla, and
Mdr1b mRNA. This expression pattern is similar to that
seen in HPCs.1427 Activated human HSCs also expressed

A

Fig. 8. MK571 induces necrosis in activated
hepatic stellate cells. Cells were exposed to 50
mmol/L MK571 for the indicated time. (B,C)
Sytox green staining, indicative of necrotic cell
death, clearly demonstrated that inhibition of
multidrug resistance-associated protein-type
transports induced necrotic cell death in acti-
vated stellate cells. (A) Untreated cells are
depicted.

Control

MK571
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Fig. 7. MK571 does not cause
apoptosis in activated hepatic stel-
late cells. Cells were exposed to 50
umol/L MK571 for 6 hours. At con-
centrations of 50 umol/L, MK571
did not induce apoptosis as judged
by nuclear morphology with (C) acri-
dine orange staining and (F) a lack
of activated caspase-3 staining
(green), but cell morphology was
changed in cells treated with MK571
for 6 hours as judged by (F) staining
for a-smooth muscle actin (red).
(B,E) Gliotoxin was used as a posi-
tive control for hepatic stellate cell
apoptosis. (B) Nuclear condensa-
tion as a marker for apoptosis. (E)
The disruption of the actin cytoskel-
eton (red) and staining of active
caspase-3 (green) as a marker for
apoptosis is shown. (A,D) Untreated
cells are depicted.

MRP1, MRP3, MRP4, and, unlike rat HSCs, MRP5.
Expression of MDR1 in human HSCs was low compared
to rat HSCs. Neither rat nor human HSCs expressed
Mrp2/MRP2, Mrp6/MRP6, or Bsep/BSEP, which are
prominent transporters in rat hepatocytes. In comparison
with rat hepatocytes, Mrp1 expression was high in both
rat and human HSCs. In immunohistochemical double
staining of liver sections from rats treated with CCly for 2
weeks, desmin-positive HSCs also stained for Mrpl.
However, no overlap could be found between desmin or
GFAP with Mrp3 or Mdr transporters.

High expression of Mrp-type and Mdr-type transport-
ers is associated with enhanced resistance to cell death.!!
Activated and proliferating HSCs may use these trans-

BTEUZTEE C

MK571 .
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A Sytox

Acridine Orange

Control Control

B Sytox Acridine Orange

Verapamil

C Sytox
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Fig. 9. The multidrug resistance protein inhibitors verapamil and
PSC-833 do not cause cell death in activated hepatic stellate cells. Cells
were (A) untreated or exposed to (B) 50 wmol/L verapamil or (C) 50
mmol/L PSC-833 for 6 hours. Neither verapamil nor PSC-833 induced
necrosis, as judged by Sytox green nuclear staining, or apoptosis, as
judged by nuclear morphology with acridine orange staining.

porters to clear their cells of exogenous and endogenous
toxic substrates generated in the injured liver, endowing
these cells with a survival advantage in a hostile environ-
ment. We showed that inhibition of Mrp-type transport-
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ers with MK571 induced cell death in activated HSCs,
which could be caused by the accumulation of a toxic
endogenous Mrp substrate. As reported for other cell
types,>®2° the Mdrlb mRNA level in activated stellate
cells was increased by cytokines in an NF-kB—dependent
manner. No significant changes were observed in Mrp1,
Mrp3, and Mrp4 mRNA levels of activated stellate cells
exposed to cytokines. The Mrp regulatory response to
cytokines varies between cell types. Lee and Piquette-
Miller3° described an increase in Mrp3 expression in
Huh?7 cells in response to cytokine exposure. Tumor ne-
crosis factor a—treated HepG2 cells showed a decrease in
expression of Mrpl and Mrp3, whereas Mrp1 could be
induced with interleukin-183. We used a cytokine mixture
to mimic the cytokine profile observed under inflamma-
tory conditions.?! Oxidative stress did not change the
expression of Mrp-type ABC transporters, and hydrogen
peroxide only slightly increased Mdrla expression. Little
is known about the regulation of Mrp-type and Mdr-type
transporters by oxidative stress. Our results could imply
that reactive oxygen species, at least in stellate cells, are not
major regulators of these transporters. Stellate cells do
respond to reactive oxygen species, as demonstrated by
the increased expression of the oxidative stress—responsive
gene HO-1. Yet, there could be a role for Mrp-type trans-
porters in the detoxification of reactive oxygen species.
The expression of Mrp-type transporters in stellate cells
was significant, and these transporters are known to be
involved in the efflux of glutathione conjugates generated
in the detoxification of reactive oxygen species. Further-
more, Hammond et al.3? reported on Mrpl-dependent
efflux of reduced glutathione in several cell types. Accord-
ing to this study, Mrpl-dependent efflux of reduced
glutathione is a prerequisite for apoptosis. The interrela-
tionship between reactive oxygen species, glutathione sta-
tus, and cell death is currently being investigated in our
laboratory.

In comparison with activated stellate cells, Mrpl
mRNA expression is low in hepatocytes. However, hepa-
tocytes express other Mrp-type efflux pumps, such as
Mrp3 and Mrp2. The latter is hepatocyte-specific in the
liver, localized at the canalicular membrane and plays an
important role in bile formation. The differential expres-
sion and/or localization of Mrp-type transporters in hepa-
tocytes and activated stellate cells may explain the
differential sensitivity to inhibition of Mrp function.

Although culture-activated rat HSCs expressed Mdr
transporters that were functional as efflux transporters, we
could not detect Mdr transporters in immunohistochem-
ical double staining in liver sections of CCly-treated rats.
Also, the Mdr inhibitors verapamil and PSC-833 (a cy-

closporin A analogue) did not affect cell death in culture-
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activated HSCs. Although Mdr transporters did not seem
as important as Mrp transporters for the survival of acti-
vated HSCs in our 77 vitro conditions, they might play a
role 77 vivo by transporting exogenous toxins or xenobi-
otics.

In conclusion, these results demonstrate that activated
HSCs express high levels of several Mrp-type and Mdr-
type transporters under conditions prevailing in the
chronically injured liver, which may enable these cells to
survive in this hostile environment. We hypothesize that
MK571 induces cell death in HSCs by inhibiting Mrp1.
Although the Mrp substrate involved in this process has
not been elucidated, we suggest that inhibiting Mrpl
function in chronic liver disease may cause cell death in
activated HSCs without affecting hepatocytes, thereby
presenting an interesting target for drug therapy aimed at
preventing or reversing liver fibrosis and cirrhosis. Be-
cause the activation and proliferation of HSCs are the
common denominator of most chronic liver diseases, this
strategy holds great promise for the treatment of chronic
liver diseases, regardless of the etiology.
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