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a b s t r a c t

In contrast to hepatocytes, there is only limited information about the expression and activities of
enzymes participating in metabolic activation of environmental mutagens, including polycyclic aro-
matic hydrocarbons (PAHs), in liver progenitor cells. In rat liver “stem-like” WB-F344 cell line, sharing
many characteristics with rat liver progenitor cells, PAHs are efficiently activated to their ultimate geno-
toxic metabolites forming DNA adducts. The present study aimed to characterize expression/activities
of enzymes of two major pathways involved in the metabolism of benzo[a]pyrene (BaP): cytochrome
P450 (CYP) family 1 enzymes and cytosolic aldo–keto reductases (AKRs). We report here that, apart
from induction of CYP1A1 and CYP1B1 expression and the corresponding enzymatic activity, both BaP
and 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) induced rat 3�-hydroxysteroid dehydrogenase (AKR1C9)
expression and activity. In contrast, the aldehyde reductase AKR1A1 was not induced by either treatment.
Thus, both CYP1 and AKR metabolic pathways were inducible in the model of liver progenitor cells. BaP
and TCDD were efficient inducers of NAD(P)H:quinone oxidoreductase 1 (NQO1) expression and activ-
ity in WB-F344 cells, a principal enzyme of cellular antioxidant defense. Both compounds also induced
expression of transcription factor NRF2, involved in control of enzymes protecting cells from oxidative
stress. However, although BaP induced a significant formation of reactive oxygen species, it did not induce
expression of heme oxygenase-1, suggesting that induction of oxidative stress by BaP was limited. Using
shRNA against the aryl hydrocarbon receptor (AhR), we found that similar to CYP1A1 and CYP1B1, the
AKR1C9 induction was AhR-dependent. Moreover, constitutive AKR1C9 levels in AhR-deficient rat BP8
hepatoma cells were significantly lower than in their AhR-positive 5L variant, thus supporting possible

role of AhR in regulation of AKR1C9 expression. Taken together, both CYP1 and AKR1C9 appear to be AhR-
regulated metabolic pathways, which may contribute to formation of pro-carcinogenic PAH metabolites

in liver progenitor cells.

. Introduction

The liver is the central organ of xenobiotic metabolism, which

as enormous regenerative capacity being facilitated by different
ell types [1]. When the regenerative capacity of mature hepato-
ytes is compromised by toxins or a disease, the liver may restore
ts original capacity through activation of unique progenitor cell
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© 2009 Elsevier Ireland Ltd. All rights reserved.

populations, such as oval cells or small hepatocyte-like progeni-
tor cells [1–5]. It is becoming increasingly evident that, apart from
their role in liver regenerative response, these cells may partici-
pate in hepatocarcinogenesis [6,7]. Therefore, understanding the
mechanisms contributing to their transformation is of major impor-
tance. However, there is currently only limited information about
the expression and/or activity of xenobiotic-metabolizing enzymes

in liver progenitor cells, including those participating in metabolic
activation of promutagens, such as environmental polycyclic aro-
matic hydrocarbons (PAHs) and related compounds.

The metabolic activation of PAHs proceeds through activities
of enzymes belonging to cytochrome P450 (CYP) 1 family being

http://www.sciencedirect.com/science/journal/00092797
http://www.elsevier.com/locate/chembioint
mailto:machala@vri.cz
dx.doi.org/10.1016/j.cbi.2009.03.011
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nder transcriptional control of the aryl hydrocarbon receptor
AhR), which is also a transcriptional regulator of a number of
hase II enzymes [8,9]. Although some early studies have sug-
ested that bipotential liver progenitor cells have only limited
xpression/activities of CYP enzymes [10–12], there are contra-
ictory findings regarding the expression of CYP1 enzymes in

iver progenitor cells, which might be related to their different
rigin. It has been reported that there are no endogenous CYP1-
ependent 7-ethoxyresorufin-O-deethylase (EROD) activities in
reshly isolated or cultured oval cells, or in oval cell-derived cell
ines [11,12]. On the other hand, it has been shown that in small
epatocyte-like progenitors, there is both inducible CYP1 expres-
ion and EROD activity, depending on their differentiation status
2,13]. The available data seem to suggest that expression and/or
nducibility of CYP1A1/2 increase with differentiation of liver pro-
enitors towards hepatocyte-like cells [2,10,14]. However, there is
urrently no information about the expression pattern of CYP1B1,
third member of mammalian CYP1 family, in liver progenitor

ells.
Apart from peroxidases, yielding radical cations, and CYP1

nzymes, which, together with epoxide hydrolase, yield dihy-
rodiol epoxides, there is another important enzymatic pathway
f PAH metabolism [15]. Members of the aldo–keto reductase
AKR) family may activate PAH trans-dihydrodiols by convert-
ng them to reactive and redox-active o-quinones, which further
licit production of reactive oxygen species (ROS) and DNA dam-
ge [16–19]. This pathway of PAH metabolism may contribute
o PAH-induced carcinogenesis [19]. However, nothing is cur-
ently known about the regulation of AKR expression or activity
n liver progenitor cells. Apart from eliciting oxidative stress
ia AKR activation [19], PAHs might also induce it indirectly
hrough AhR activation followed by increased formation of ROS
hrough the CYP1-catalyzed reactions [20]. Both oxidative stress
nd AhR have been also shown to activate cellular mechanisms
imed at reduction and detoxication of reactive quinones, such
s the induction of NAD(P)H:quinone oxidoreductase 1 (NQO1),
he enzyme playing a significant role in defense against reac-
ive forms of oxygen [21]. Nothing is currently known about the
egulation of NQO1 in liver progenitors in response to AhR lig-
nds or oxidative stress inducers. Persistent AhR ligands, such as
,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), may also increase the
hR-dependent expression of the basic leucine zipper transcription

actor NRF2 (NF-E2 p45-related factor 2), which is known to pro-
ide a direct link between AhR- and ROS-dependent transcriptional
egulation [22].

The rat epithelial WB-F344 cell line, isolated from the liver
f male F344 rat, shares a number of properties with termi-
al biliary ducts or oval cells [23]. We have recently found that
oth CYP1B1 and CYP1A1 are inducible in WB-F344 cells by
CDD or benzo[a]pyrene (BaP) [24,25]. These cells provide an
nteresting model of partially differentiated liver progenitor cells,
ossibly resembling the expanding bile ductules, which progress
owards hepatocyte-like cells in the partial hepatectomy/2-
cetylaminofluorene model [10]. The inducible CYP1 enzymes in
B-F344 cells are sufficient to metabolize PAHs to their ultimate

enotoxic metabolites, which can effectively form DNA adducts
24,26]. Moreover, we have also recently observed that in WB-
344 cells, expression of 3�-hydroxysteroid dehydrogenase mRNA,
hich is encoding AKR1C9 enzyme (EC 1.1.1.213) belonging to AKR

amily, is induced by PAHs or TCDD [24]. The WB-F344 are there-
ore a highly interesting cellular model for studies of both genotoxic

nd non-genotoxic effects of environmental contaminants, includ-
ng both AhR activation and oxidative stress induction, as well as
heir interactions with endogenous signaling pathways [24,26–28].

The present study aimed to analyze the impact of a model PAH,
aP, on both expression and activities of enzymes involved in its
Interactions 180 (2009) 226–237 227

metabolic activation, as well as on the proteins involved in oxidative
stress defense, such as NQO1 and heme oxygenase-1 (HO-1). The
inducibility of CYP1, AKR and NQO1 enzymes in WB-F344 cells was
compared with AhR-positive and negative rat hepatoma cell lines.
Finally, using the short hairpin (sh) RNA-mediated knock-down of
AhR and hydrogen peroxide as a model oxidative stress inducer,
respectively, we studied possible roles of AhR activation and ROS
formation in AKR1C9 regulation in the model rat liver progenitor
cell line.

2. Materials and methods

2.1. Chemicals

BaP (CAS No. 50-32-8, purity 99.9%) was provided by Ehren-
storfer (Augsburg, Germany). TCDD was from Cambridge Isotope
Laboratories (Andover, MA). Stock solutions were prepared in
dimethyl sulfoxide (DMSO) and kept in a dark. Rabbit polyclonal
antibody against rat CYP1B1 and goat polyclonal antibody against
rat CYP1A1 were obtained from BD Biosciences (San Jose, CA). Rab-
bit anti-AhR antibody was obtained from Biomol (Butler Pike, PA).
Rabbit polyclonal antibody detecting rat AKR1C9 [29] was kindly
provided by Trevor M. Penning (University of Pennsylvania School
of Medicine, Philadelphia, PA). Mouse monoclonal antibody to �-
actin was obtained from Sigma–Aldrich. Polyvinylidene difluoride
(PVDF) membrane Hybond-P, and chemiluminescence detection
reagents (ECLPlus) were purchased from GE Healthcare (Aylesbury,
UK). All other chemicals were obtained from Sigma–Aldrich.

2.2. Cells

WB-F344 rat liver epithelial cells [23] were kindly provided by
Dr. J.E. Trosko (Michigan State University, East Lansing, MI). The
cells were cultured in D-MEM/F-12 Medium (Invitrogen, Carlsbad,
CA), supplemented with 5% heat-inactivated fetal bovine serum as
described previously [26]. Only the cells at passage levels 15–24
were used for the study. Rat hepatoma 5L cells and their AhR-
deficient BP8 counterparts [30], kindly provided by Carsten Weiss
(Research Center Karslruhe, Germany) were cultivated in D-MEM
(Invitrogen, Carlsbad, CA), supplemented with 10% heat-inactivated
fetal bovine serum. All cell lines were incubated in a humidified
atmosphere of 5% CO2 at 37 ◦C. The cells were routinely maintained
in 75 cm2 flasks and subcultured twice a week. All other tissue
culture reagents were obtained from Sigma–Aldrich.

2.3. Detection of enzymatic activities

Cells from 10 plates were homogenized in 0.1 M Na-phosphate
buffer, pH 7.4. The microsomal and cytosolic fractions were
obtained by fractional ultracentrifugation of the homogenate.
Microsomes were finally resuspended in the homogenization buffer
containing 20% glycerol (v/v) and both fractions were stored at
−80 ◦C. The amount of protein was determined according to BCA
method [31]. The EROD activity was determined using fluori-
metric determination of resorufin [32] at 37 ◦C with the final
concentrations of the substrate 2.5 �M and NADPH concentration
1 mM. The assays were conducted using the PerkinElmer lumines-
cence spectrophotometer LS50B with the excitation and emission
wavelengths of 530 nm and 585 nm, respectively. The EROD activ-
ity (corresponding to CYP1A1 and CYP1B1 activities in WB-F344

cells) was measured in the presence of 25 �M dicoumarol. The
quinone reductase (DT-diaphorase, NQO1) activity was determined
using fluorimetric measurement of resorufin consumption at 37 ◦C.
The reaction mixture, with the final concentrations of resorufin
0.05 mM and NADPH 0.5 mM, contained 25 �l of cytosolic fraction,
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with 5% heat-inactivated fetal bovine serum. The cell suspension
was incubated for 15 min with the fluorescent probe dichloroflu-
orescein diacetate (DCFH-DA) [38]; the final concentration was
28 J. Vondráček et al. / Chemico-Biolo

.1 M Tris–HCl buffer (pH 7.4) up to 1 ml. The assays were con-
ucted using the PerkinElmer luminescence spectrophotometer LS
5 with the excitation and emission wavelengths of 530 nm and
85 nm, respectively. The activity was measured in the presence of
�M or 25 �M dicoumarol [33] as well. All activities were calcu-

ated using the standard amount addition technique [32,34]. The
KR activities were tested using acenaphthenol dissolved in DMSO
s the substrate. The reaction mixture, with the final concentra-
ions of acenaphthenol 0.1 M and NADPH 1 mM, contained 100 �l
f cytosolic fraction, 0.1 M Tris–HCl buffer pH 8.0 up to 1 ml. Final
oncentration of DMSO was 1%. Spectrophotometric determination
detection wavelength 340 nm, 25 ◦C) of NADPH formation in the
eaction mixture served for the assessment of AKR activity [16,35].

.4. Real-time RT-PCR

Following the 24 h exposure of cells to test or control com-
ounds, total RNA was isolated from cells using the NucleoSpin
NA II kit (Macherey-Nagel, Düren, Germany). The levels of CYP1A1,
YP1A2, CYP1B1, NQO1 and AKR1C9 mRNAs were determined by
uantitative real-time RT-PCR, using primer and probe sequences
ublished previously [36]. The sequences of primers and probe
or AKR1A1 (GeneBank accession number NM 031000) were: for-
ard: 5′-CATCCCCAAAAGCATCACTCC-3′, reverse: 5′-GACTCTCTT-
CCATCCACCGT-3′, probe: 5′-CCCGCATCCTTCAGAACA TTCAGGTA-
′. The sequences of primers and probe for NRF2 (GeneBank acces-
ion number NM 031789) were: forward: 5′-CATTTGTAGATGA-
CATGAGTCGC-3′, reverse: 5′-CCTGCTGTATGCTGCTTAAATCAG-3′,
robe: 5′-CCCTGGATATTCCCAGCCACGTTGAGA-3′. The sequences
f primers and probe for HO-1 (GeneBank accession number
M 012580) were: forward: 5′-CGCCCACAGCTCGACAGCA-3′;

everse: 5′-GGTACAAGGAGGCCATCACCAGC-3′; probe: 5′-AAAGCC-
TCCCTGGACACCTGACCCTTCTGA-3′. All primer and probe sets
ere synthesized at Generi-Biotech (Hradec Králové, Czech
epublic). The amplifications were run on the LightCycler (Roche
iagnostics GmbH, Mannheim, Germany) using the conditions
escribed previously [36]. All PCR reactions were performed

n triplicates and changes in gene expression were calculated
sing the comparative threshold cycle method [37]. For absolute
uantification of CYP1A2, in WB-F344 cells, where its levels
ere approaching detection limit, we used the following primers

nd FRET probes: forward: 5′-GAATGTCACCTCAGGGAATGC-
′; reverse: 5′-CCTGGATACTGTTCTTGTTGAAGTCT-3′; FL-probe:
′-GACTTCTTTCCGGTCCTGCGC-3′-fluorescein; LC-probe: 5′-
C640-ACCTGCCCAACCCAGCCCT-3′. The primers and probes were
esigned and synthesized by TIB MolBiol (Berlin, Germany). The
bsolute quantification was performed using pCR4-ZeroBlunt-
OPO vector with inserted rCyp1a2 PCR product (Generi-Biotech)
s a standard. The following reaction conditions were used:
everse transcription 50 ◦C, 20 min; denaturation 95 ◦C, 15 min;
mplification 40 cycles – 95 ◦C, 15 s; 58 ◦C, 30 s; 72 ◦C, 30 s. The
otal RNA content was determined using QubitTM fluorometer and
uant-iTTM RNA Assay kit (Invitrogen, Eugene, OR).

.5. Western blotting

Whole cell lysates were prepared using SDS sample buffer
1% SDS, 10% glycerol, 100 mM Tris, pH 7.4) and protein concen-
ration was estimated using Bio-Rad DC Protein Assay (Bio-Rad
aboratories, Inc., Hercules, CA). The samples were separated by
0% SDS-PAGE, transferred to PVDF membrane and blocked with

on-fat dry milk. The proteins were detected with appropriate
rimary antibodies, followed by anti-rabbit, anti-mouse or anti-
oat horseradish peroxidase-conjugated secondary antibodies and
CLPlus reagent was used for visualization of selected proteins
ccording to manufacturer’s instructions.
Interactions 180 (2009) 226–237

2.6. Plasmid construction

The psiRNA vector system coding sequence specific siRNA cas-
sette was cloned and the vector was constructed in the following
manner: the blasticidine resistance gene (BSD) was cut-out (EcoRI,
BglII) from pUB-BSD (Invitrogen) and cloned into (BamHI, EcoRI)
pUC131 (DKFZ, Heidelberg, Germany). U6 promoter was PCR ampli-
fied from genomic DNA, verified by sequencing and cloned into
pUC131-BSD, both digested with BglII and XbaI. The prepared
psiRNA vector was used to clone respective siRNA cassette. This cas-
sette was assembled by hybridization of two phosphorylated single
stranded oligonucleotides. Oligonucleotides were designed so that
they had cohesive ends for BamHI, HindIII restriction sites on both
5′- and 3′-termini, respectively:

• Rat AhR 6+: 5′-GATCCAGTCCAATGCACGCTTGTTCAAGAGACAAG-
CGTGCATTGGACTGGATTTTTTGGA.

• Rat AhR 6−: 5′-AGCTTCCAAAAAATCCAGTCCAATGCACGCTTGTC-
TCTTGAACAAGCGTGCATTGGACTG.

The siRNA cassette was then cloned into U6 promoter-based
psiRNA vector digested with BamHI, HindIII. Plasmid was trans-
formed and multiplied in E. coli. Individual clones were isolated and
plasmid idenities were confirmed by restriction and sequencing
analysis. As a negative control, luciferase specific shRNA (shRNA-
luc; for non-specific control) was designed:

• shRNA luc+: 5′-GATCCGTCGATGTACACGTTCGTCTTCAAGAGAGA-
CGAACGT- GTACATCGACTTTTTTGGA-3′.

• shRNA luc−: 5′-TCCAAAAAAGTCGATGTACACGTTCGTCTCTCTTG-
AAGACGAACG TGTACATCGACGGATC-3′.

2.7. Transfections

WB-F344 cells were grown in D-MEM with 1× high glu-
cose (l-glutamine 584 mg/l, sodium pyruvate 110 mg/l) medium
supplemented with 5% heat-inactivated FCS (PAA Laboratories,
Pasching, Austria). One day prior to transfection, the cells were
seeded in 24-well plate at a density of 6–7 × 104 cells/well. Lin-
earized vector (XmnI) of psiRNA rat6 variant was transfected into
WB-F344 cell line with effectene transfection reagent (Qiagen,
Carslbad, CA) according to the manufacturer’s recommendations.
30 h post-transfection medium was replaced with a blastici-
dine (Invitrogen) selective medium (5 �g/ml medium). Cells
were grown at selective pressure for 2 weeks and individual
clones were tested for AhR expression by the real-time RT-
PCR.

2.8. Detection of ROS formation

Confluent WB-F344 cells were exposed to the test compounds
for 24 h. Hydrogen peroxide (400 �M; exposure 5 min) was used as
a positive control. After the exposure, the cells were twice washed
with PBS, trypsinized, centrifuged, and resuspended with Hank’s
balanced salt solution (PANBioTech GmbH, Aidenbach, Germany)
20 �M. The cells were washed once again, centrifuged, and cooled
on ice (except hydrogen peroxide-exposed cells). The fluorescence
of dichlorofluorescein (DCF) was analyzed on FACSCalibur flow
cytometer equipped with the CellQuest software (Becton Dickin-
son, San Jose, CA).
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.9. Statistical analysis

The results were expressed as means ± S.D. Multiple compar-
sons were made with one-way ANOVA and Tukey’s post-hoc test,
r with the two-way ANOVA, followed by Dunnett’s post-hoc test
s. a respective control group. For two group comparisons, unpaired
tudent’s t-test was used. Values of p < 0.05 and/or 0.01 (as indicated
n legends to figures) were considered significant.

. Results
.1. BaP induces AKR1C9 and NQO1 expression, but it has no
ffect on AKR1A1 levels in WB-F344 cells

In the first step, we compared the effects of BaP and TCDD
as a model AhR ligand) on the expression of CYP1 enzymes

ig. 1. Time and dose-dependent induction profiles of CYP1A1, CYP1B1, AKR1C9, and NQ
CDD. (A) Cells were treated with DMSO (negative control), TCDD (1 nM), and a range o
xposure to DMSO (solvent control), TCDD (1 nM) or BaP (1 �M). (C) Cells were treated w
eal-time RT-PCR was performed as described in Section 2. The results in (A) and (C) wer
ll results were expressed as mean ± S.D. of three independent experiments.
Interactions 180 (2009) 226–237 229

with inducibility of NQO1 and two AKR family members, which
have been previously shown to metabolize PAH trans-dihydrodiols
[18,19] – AKR1C9 and AKR1A1. We found that BaP induced CYP1A1,
CYP1B1, NQO1 and AKR1C9 mRNAs levels in WB-F344 cells in
a dose-dependent manner after 24 h incubation, with already
100 nM concentration being effective (Fig. 1A). With exception of
AKR1C9, where mRNA levels increased up to 10 �M concentra-
tion, the maximum induction of other enzymes was observed at
1 �M dose of BaP. Micromolar doses of BaP induced similar lev-
els of CYP1A1, CYP1B1, NQO1 and AKR1C9 mRNAs as 1 nM TCDD,
a model AhR ligand. Using relative quantification with TaqMan

probes, we found that CYP1A2 was barely detectable in WB-F344
cells even after TCDD treatment. Therefore, using FRET probes and
a plasmid-inserted PCR product as a standard, we performed abso-
lute quantification of CYP1A2 in WB-F344 cells treated with DMSO
(negative control) or 1 nM TCDD (positive control). We found that

O1 mRNAs in rat liver epithelial WB-F344 cells treated with BaP, as compared to
f BaP concentrations (1 nM to 10 �M) for 24 h. (B) AKR1A1 mRNA levels after 24 h
ith DMSO, TCDD, or BaP for 6, 24 and 48 h. Total RNA was isolated and quantitative
e normalized to maximum 1 nM TCDD-induced mRNA level of respective enzyme.
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Fig. 2. Induction of activities of 7-ethoxyresorufin-O-deethylase (EROD) in micro-
somal fractions, and quinone reductase (NQO1) or aldo–keto reductases (AKRs) in
cytosolic fractions of WB-F344 cells. The fractions were prepared from cells treated
for 24 h with BaP (1 �M), or with a prototypical AhR ligand, TCDD (1 nM). The enzy-
matic assays were carried out as described in Section 2. The results were expressed
as mean ± S.D. of three independent experiments. *Significant difference between
30 J. Vondráček et al. / Chemico-Biolo

n DMSO-treated cells, CYP1A2 levels were below the detection
imit of the assay (20 copies per reaction); in TCDD-treated sam-
les, we detected only 137 ± 58 copies of the transcript per �g
NA. These results seem to imply that even induced CYP1A2 lev-
ls are very low in WB-F344, and it is consequently unlikely that
YP1A2 plays any role in metabolic activation of BaP or other
AHs in WB-F344 cells. The levels of AKR1A1 were not induced
y either BaP or TCDD (Fig. 1B). We next compared time course
rofiles of CYP1A1, CYP1B1, NQO1 and AKR1C9 mRNAs induced
y 1 nM TCDD and 1 �M BaP (Fig. 1C). For CYP1B1 and NQO1
nduction, time course profiles were similar for both BaP and
CDD. In contrast, TCDD was a more potent inducer of CYP1A1
nd AKR1C9, especially after 48 h incubation. This might be related
o the metabolic clearance of BaP by induced enzymes. There-
ore, although both compounds were potent inducers of all four
nzymes, some target genes exhibited distinct profiles of expres-
ion in WB-F344 cells, when comparing persistent AhR ligand TCDD
nd BaP.

.2. AhR ligands induce EROD, quinone reductase and aldo–keto
eductase activities in WB-F344 cells

As all three types of enzymes were induced at the mRNA
evel, we next examined effects of BaP and TCDD on the respec-
ive enzymatic activities. As outlined in Fig. 2, TCDD was a more
otent inducer of EROD activity in WB-F344 cells than BaP, despite
aving similar impact on CYP1A1 or CYP1B1 mRNA levels. This
ight be related to the known inhibition of EROD activity by

aP, which has been observed previously in rat hepatocytes [39].
oth compounds were efficient inducers of NQO1 activity and
he specificity of this reaction was confirmed by using a spe-
ific inhibitor, dicoumarol [33], which significantly reduced both
asal and induced NQO1 activities in a dose-dependent man-
er. As further shown in Fig. 2, both TCDD and BaP induced a
ignificant increase of AKR activity in WB-F344 cells. As it has
een shown that human AKR1C enzymes specifically catalyze
he oxidation of 1-acenaphthenol [40], this seems to imply that
he observed activity was related to increased AKR1C9 expres-
ion.

.3. The shRNA-mediated AhR knock-down decreased CYP1A1,
YP1B1 and AKR1C9 mRNA induction

AhR is a critical regulator of CYP1 enzyme expression and its
ransactivation has been shown to play a role in NQO1 induction
reviewed in refs. [8,20]]. Nevertheless, the NQO1 has been also
hown to be induced by a number of redox cycling agents or oxida-
ive stress inducers through antioxidant response elements (ARE)
eing present in the enhancer region of the Nqo1 gene [reviewed

n refs. [21,41]]. Similarly, the human AKR1C enzymes have been
uggested to be regulated via ARE, as they are up-regulated by ROS,
AHs and bifunctional enzyme inducers, and not by TCDD in human
epatoma or colon carcinoma cells [16]. Nevertheless, as shown
bove, both TCDD and BaP induced AKR1C9 expression in WB-F344
ells, suggesting that AhR might be involved in rat AKR1C9 regula-
ion, at least in liver progenitor cells. Therefore, we next analyzed
he possible role of the AhR in the regulation of AKR1C9 expres-
ion in WB-F344 cells stably transfected with a construct coding for
hRNA targeted against AhR (Fig. 3A), using known AhR gene targets
CYP1A1 and CYP1B1) as a control for AhR-dependent expression.

As shown in Fig. 3B, induction of CYP1A1 was significantly

educed in the cells expressing the AhR shRNA, as compared to
ild-type cells or cells transfected with a control vector coding

or the shRNA targeting luciferase. Expression of anti-AhR shRNA
lso resulted in significant down-regulation of both CYP1B1 and
KR1C9 mRNA levels in cells treated with either BaP or TCDD. Nev-

control (0.1% DMSO) and treated samples (p < 0.05). #Significant difference between
samples treated with dicoumarol and the respective treatment with DMSO, TCDD
or BaP (p < 0.05).
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rtheless, the induction of CYP1B1 was reduced only approximately
y 50%, thus perhaps suggesting that the residual AhR is still suf-

cient for induction of Cyp1b1 gene expression. In contrast, NQO1
RNA levels were not affected by the presence of anti-AhR shRNA.

he present data suggested that AKR1C9 induction depends on the
resence of functional AhR.

ig. 3. Effects of AhR knock-down on the induction of CYP1A1, CYP1B1, AKR1C9, and NQO
gainst AhR resulted in a notable reduction of both AhR mRNA and protein. (B) Wild-ty
ere treated with DMSO (negative control), TCDD (1 nM) or BaP (1 �M) for 24 h. Total R

ection 2. The results were expressed as mean ± S.D. of two independent experiments ea
ells (p < 0.01).
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3.4. Neither AKR1C9 nor AKR1A1 are induced in rat 5L hepatoma
cells, and none of the enzymes are up-regulated either by TCDD or

by BaP in BP8 cells

In order to compare the pattern of enzyme induction in WB-
F344 cells with hepatoma-derived cells, we next employed two

1 mRNAs in WB-F344 cells. (A) Expression of construct coding for shRNA targeted
pe WB-F344 cells, cells expressing anti-AhR shRNA or non-specific control shRNA
NA was isolated and quantitative real-time RT-PCR was performed as described in
ch performed in triplicates. **Significant difference between wild-type and shAhR
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32 J. Vondráček et al. / Chemico-Biolo

at hepatoma cell lines, derived from rat hepatoma H4IIEC3 cell
ine, as a model: 5L cells, expressing functional AhR, and their vari-
nt clone, BP8 cell line, which lacks AhR protein [30]. Again, cells

ere treated for 24 h with either 1 nM TCDD or 1 �M BaP. Unlike

n WB-F344 cells, we found highly inducible CYP1A2 expression in
L cells (Fig. 4). Induction of CYP1A1, CYP1A2, CYP1B1 and NQO1
RNA, all representing the AhR battery genes, was completely

ig. 4. Induction of CYP1A1, CYP1A2, CYP1B1, AKR1C9, AKR1A1 and NQO1 mRNAs in rat h
ells following 24-h treatment with BaP (1 �M), as compared to a prototypical AhR lig
erformed as described in Section 2. The results were expressed as mean ± S.D. of three in
reated samples (p < 0.05). **Significant difference between control (0.1% DMSO) and trea
Interactions 180 (2009) 226–237

absent in BP8 cells. In contrast to WB-F344 cells, we observed
no induction of AKR1C9 expression either in 5L or in BP8 cells
(Fig. 4). AKR1C9 mRNA was even slightly decreased in 5L cells

upon TCDD treatment. No inducibility of AKR1A1 was observed
either. Nevertheless, the absence of AhR in BP8 was associated
with approximately five times lower constitutive levels of AKR1C9
mRNA (Table 1), suggesting that AhR might participate in constitu-

epatoma 5L (grey columns; AhR-positive) and BP8 (white columns; AhR-negative)
and, TCDD (1 nM). Total RNA was isolated and quantitative real-time RT-PCR was

dependent experiments. *Significant difference between control (0.1% DMSO) and
ted samples (p < 0.01).
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Table 1
A comparison of basal mRNA levels of AhR-regulated enzymes and AKRs in 5L (AhR-
positive) and BP8 (AhR-negative) cells.

Enzyme BP8 5L

CYP1A1 0.00168 ± 0.00026a 0.97 ± 0.13
CYP1A2 1.18 ± 0.09 1.05 ± 0.04
CYP1B1 0.66 ± 0.09 1.05 ± 0.05
NQO1 1.11 ± 0.15 1.07 ± 0.07
AKR1C9 0.19 ± 0.02 1.05 ± 0.07
AKR1A1 2.36 ± 0.24 1.05 ± 0.06

Total RNA was isolated and quantitative real-time RT-PCR was performed as
described in Section 2. Values in bold indicate a significant difference (p < 0.05) from
the respective 5L cells value.

a The data were expressed as an amount of mRNA relative to 5L cells and they
represent means ± S.D. of three independent experiments.

Fig. 5. Comparison of effects of BaP and TCDD on AhR, CYP1A1 and CYP1B1 protein
levels in rat hepatoma BP8 cells (AhR-negative), rat hepatoma 5L cells (AhR-positive)
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Fig. 6. Effects of AhR ligands on AKR1C9 protein levels in rat liver epithelial WB-
F344 cells (A) or in rat hepatoma 5L (AhR-positive) and BP8 (AhR-negative) cells (B).

in Fig. 7B, BaP was found to induce NRF2 expression in WB-F344
nd rat liver epithelial WB-F344 cells. Cells were treated for 24 h with BaP (1 �M), or
ith a prototypical AhR ligand, TCDD (1 nM). Cell lysates were prepared as described

n Section 2 and subjected to Western blot analysis. The results are representative
f three experiments. �-actin served as a loading control.

ive AKR1C9 expression in hepatoma cells. This trend was similar
s for some other AhR battery genes, namely CYP1A1 and CYP1B1
Table 1). In contrast, AKR1A1 levels were slightly higher in BP8
ells.

Next, we compared also the protein levels of AhR, CYP1A1 and
YP1B1 in rat hepatoma cells vs. the WB-F344 model of liver
rogenitor cells. As shown in Fig. 5, WB-F344 cell line expressed
ignificantly higher AhR protein levels than 5L cells. The AhR levels
n WB-F344 were even somewhat higher than in another frequently
sed model for studies of enzymes metabolizing PAHs–mouse
epa-1 cells (data not shown). As expected, neither AhR protein
or CYP1A1/1B1 induction was observed in BP8 cells. There were
lso marked differences in the expression of CYP1A1 and CYP1B1
roteins between 5L and WB-F344 cells. Induction of CYP1A1 was
uch higher in 5L cells, whereas WB-F344 cells expressed sig-

ificantly higher CYP1B1 protein levels after both BaP and TCDD
reatment.

As shown in Fig. 6A, both BaP and TCDD induced AKR1C9 pro-
ein expression in WB-F344. In rat hepatoma cells, no induction of
KR1C9 mRNA was observed and, moreover, AKR1C9 protein levels
ere significantly higher in the AhR-positive 5L cells (Fig. 6B). These

esults corresponded with the results of real-time RT-PCR detection

f AKR1C9 mRNA in all three cell lines. Taken together, there were
ignificant differences in the pattern of induction of enzymes, which
ay contribute to PAH activation, between the liver progenitor and

epatoma cell lines.
Cells were treated for 24 h with BaP (1 �M), or with a prototypical AhR ligand, TCDD
(1 nM). Cell lysates were prepared as described in Section 2 and subjected to Western
blot analysis. The results are representative of three independent experiments. �-
actin served as a loading control.

3.5. BaP induces formation of ROS and the AhR-dependent
expression of NRF2 in WB-F344 cells

The oxidative stress induced by PAHs or their mixtures may con-
tribute to up-regulation of both cellular defense against oxidative
stress, including induction of NQO1 [42,43], and to up-regulation
of genes further contributing to cellular and DNA damage, such as
human AKR1C enzymes [16]. Therefore, we next examined effects
of BaP on ROS formation in WB-F344 cells. As shown in Fig. 7A,
BaP was able to elicit increased ROS production after 6 h. Therefore,
we further investigated effects of model oxidative stress inducer,
hydrogen peroxide, and compared them with BaP, following 6 h
incubation. The shorter exposure period was selected based on
preliminary experiments revealing significant hydrogen peroxide
toxicity after longer treatments. As shown in Fig. 7B, hydrogen
peroxide was a potent inducer of NQO1 mRNA expression. It also
increased levels of HO-1 mRNA, an enzyme, which has been shown
to act in cellular defense towards ROS [44], and which induction
is considered to be a marker of oxidative stress [42]. Although BaP
induced ROS formation, we did not find a significant increase in
HO-1 expression, suggesting that the BaP-induced ROS production
might be too low to elicit significant early oxidant production and
activation of proteins involved in cellular defense towards oxidants.
Contrary to the above results, hydrogen peroxide did not induce
AKR1C9 mRNA significantly. These data seem to indicate that, at
least in WB-F344 cells, AKR1C9 induction proceeds through an
AhR-dependent mechanism, which does not require increased ROS
levels.

The transcription factor NRF2 plays a key role in induction of
expression of genes activated by oxidative stress, including NQO1
or HO-1 [45]. Apart from its activation at the protein level, following
its dissociation from Keap1 [46], its expression has been shown to
be induced by AhR ligands, thus providing a direct link between the
AhR activity and induction of ARE-regulated genes [22]. As shown
cells. Therefore, we next investigated if the induction of NRF2 was
dependent on the presence of AhR. As shown in Fig. 7C both TCDD
and BaP induced NRF2 mRNA and this effect was prevented in cells
expressing anti-AhR shRNA. This seems to indicate that the AhR-
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ependent NRF2 induction might also contribute to BaP control
f expression of enzymes participating in its metabolic activation
nd/or detoxification in WB-F344 cells.

. Discussion

For many years, the very existence of liver progenitor cells was a
atter of an intensive debate. However, the existence of both rodent

nd human liver progenitor cells is now generally acknowledged
nd they are observed in many liver disease conditions, including
.g. chronic viral hepatitis, liver cirrhosis or alcoholic and non-
lcoholic fatty liver diseases [7]. As many of these chronic liver
iseases have been linked to hepatocellular carcinoma or cholan-
iocarcinoma development, it seems likely that liver progenitor
ells may participate in hepatocarcinogenesis [7]. However, little
s known about the expression and/or activity of enzymes par-
icipating in metabolic activation of environmental carcinogens,
uch as PAHs. As shown recently, environmental PAH exposure may
nhance the hepatocarcinogenicity of other critical factors involved
n etiology of hepatocellular carcinoma, such as chronic hepati-
is B virus infection [47]. Therefore, it is important to understand
he regulation of PAH metabolism not only in hepatocytes, but
lso in other liver cell populations, such as liver progenitor cells.
he principal aim of the present study was therefore to analyze
he impact of BaP, a model PAH, on regulation of the xenobiotic-

etabolizing enzymes in a cell-specific context of model liver
rogenitor cell line and to evaluate the role of AhR in their regu-

ation.
The CYP1 family enzymes play a crucial role both in detoxifi-

ation and in metabolic activation of PAHs into their respective
ihydrodiol epoxide metabolites [8,15]. Previous studies have
eported that in freshly isolated or undifferentiated liver pro-
enitor cells, there seems to be very little, if any, CYP1A1 or
YP1A2 expression. This increases with their differentiation into
epatocyte-like cells [2,10–12,14]. The present data confirmed
hat WB-F344 cells contain inducible CYP1A1 and CYP1B1 pro-
eins, as well as the corresponding EROD activity. On the other
and, we found that they have barely inducible CYP1A2 mRNA,
principal CYP1 family member found in mature hepatocytes

r hepatocyte-like cells [48]. This seems to indicate that their
nzyme profile does not resemble mature hepatocyte-like cells.
he lack of CYP1A1 and CYP1B1 expression in oval cells and oval
ell lines reported previously is intriguing, as even less differen-
iated cells, such as e.g. murine embryonic stem cells, seem to
ossess inducible CYP1A1 and/or CYP1B1 expression [49,50]. How-
ver, some of the early studies employed either pan-specific P450
ntibodies or used AhR inducers acting simultaneously as CYP1
nhibitors. They also often concentrated only on CYP1A2 as a prin-

ipal liver CYP1 form. Therefore, it cannot be excluded that e.g.
YP1B1 is indeed inducible in oval cells. This CYP1 enzyme is a
otent metabolic activator of PAHs and we have recently observed
hat its up-regulation might be critical for formation of DNA adducts
nder conditions of CYP1A1 suppression [26]. Moreover, CYP1B1

ig. 7. Induction of oxidative stress in WB-F344 cells by BaP and its impact on regulation o
reated with DMSO (negative control), TCDD (1 nM), BaP (10 �M) or with hydrogen perox
ytometry as fluorescence of dichlorofluorescein (DCF). Hydrogen peroxide (400 �M, 5-m
f results of at least three independent experiments. *Significant difference between con
ontrol (0.1% DMSO) and treated samples (p < 0.01). (B) Induction of AKR1C9, NQO1, HO
ith BaP (1 �M), as compared to a hydrogen peroxide (500 �M). Total RNA was isolated

esults were expressed as mean ± S.D. of three independent experiments, relative to con
reated samples (p < 0.05). **Significant difference between control (0.1% DMSO) and treat
nd TCDD. Wild-type WB-F344 cells, cells transfected with anti-AhR shRNA or with non
aP (1 �M) for 24 h. Total RNA was isolated and quantitative real-time RT-PCR was perfo

ndependent experiments each performed in triplicates. *Significant difference between c
ild-type and shAhR cells (p < 0.01).
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has been shown to metabolize a variety of other genotoxic com-
pounds, such as heterocyclic amines, aromatic amines, steroid
hormones, etc. [51]. Therefore, it might play a significant role in
metabolic activation of PAHs and related genotoxins in liver pro-
genitor cells.

As the CYP1-dependent metabolic activation of PAHs to dihy-
drodiol epoxides is functional in the present liver progenitor cell
line, we next concentrated on further enzymes contributing to
metabolic activation of PAHs. Rat liver AKR1C9 is constitutively
expressed at high levels in rat liver [52] and it catalyzes the second
step in the metabolism of nearly all circulating steroid hormones,
being simultaneously essential for the biosynthesis of bile acids
[53]. It is its dihydrodiol dehydrogenase activity, which activates
PAH trans-dihydrodiols by forming reactive and redox-active o-
quinones [19]. As shown in Figs. 1, 2 and 6, AKR1C9 mRNA and
protein expression, as well as AKR activity, were inducible in WB-
F344 cells by both types of AhR agonists, persistent TCDD and the
readily metabolized BaP, which can also induce production of ROS.
As the induction of AKR1C9 was largely prevented by the shRNA-
mediated AhR knock-down, effects of PAHs seem to be mediated by
this transcription factor. Although AKR1C9 was not induced by AhR
ligands in rat hepatoma 5L cells, its levels in AhR-positive 5L cells
were significantly higher than in AhR-negative BP8 cells, thus sug-
gesting a possible role of AhR in AKR1C9 regulation. Moreover, we
have recently observed a significant induction of AKR1C9 mRNA
expression by TCDD or BaP in rat lung epithelial cells (data not
shown), which again indicates that AhR is involved in regulation of
AKR1C9 expression. The increased AKR activity might perhaps con-
tribute to the observed induction of ROS formation by BaP. However,
oxidative stress did not seem to contribute to AKR1C9 induction
by BaP. This conclusion is based on the observation that hydro-
gen peroxide did not increase AKR1C9 mRNA levels significantly.
The AhR-dependent regulation of AKR1C9 transcription is likely to
be indirect, as no XREs have been found in the 5′-flanking region
of the rat AKR1C9 gene [54]. It has been suggested that activated
AhR may also act as a co-activator for some yet unidentified tran-
scriptional regulators [55], and such a mechanism might provide
the necessary link between AhR activation and AKR1C9 regula-
tion. The induction of AKR1C9 might further depend on cell-specific
factors. It seems plausible to hypothesize that it can be more signif-
icant in liver progenitor cells, and not e.g. in hepatocytes, which
have high constitutive AKR1C9 levels. The differential inducibil-
ity and relatively low basal expression of AKR1C9 in the present
model of liver progenitors might be also related to the fact that
WB-F344 do not express a full set of transcription factors found
in differentiated hepatocytes, such as e.g. hepatocyte nuclear fac-
tors [56]. The mRNA of the second AKR enzyme investigated in the
present study, AKR1A1, which human counterpart has been shown

to catalyze o-quinone formation [18], was constitutively expressed
in WB-F344 and it was not up-regulated in rat hepatoma cells
either.

In the present study, BaP was found to increase ROS levels
in WB-F344 cells. Induction of oxidative stress by BaP or related

f mRNA expression of enzymes involved in BaP metabolism. (A) WB-F344 cells were
ide for 6 h and the level of reactive oxygen species in cells was determined by flow
in exposure) was used as a positive control. The results are expressed as mean ± S.D.
trol (0.1% DMSO) and treated samples (p < 0.05). **Significant difference between

-1 and NRF2 mRNAs in rat liver epithelial WB-F344 cells following 6-h treatment
and quantitative real-time RT-PCR was performed as described in Section 2. The

trol treated with DMSO. *Significant difference between control (0.1% DMSO) and
ed samples (p < 0.01). (C) Effects of shRNA knock-down on induction of NRF2 by BaP
-specific shRNA were treated with DMSO (negative control), TCDD (1 nM) or with
rmed as described in Section 2. The results were expressed as mean ± S.D. of two
ontrol (0.1% DMSO) and treated samples (p < 0.05). #Significant difference between
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ompounds, either through dihydrodiol dehydrogenases, or other
echanisms, has been shown to be linked to oxidative DNA dam-

ge both in vitro and in vivo, and it has been hypothesized to be
ssociated with carcinogenic properties of PAHs [57–61]. NQO1
s an enzyme belonging to the battery of AhR-regulated genes,

hich has been suggested to contribute to cellular protection from
xidative stress by at least three different mechanisms, including
eduction of quinones, maintenance of endogenous antioxidants
n their reduced forms or stabilization of p53 tumor suppressor
62–65]. In the present study, both AhR ligands and hydrogen per-
xide have been found to be potent inducers of NQO1 expression
nd activity. Although the AhR knock-down did not prevent either
aP- or TCDD-induced up-regulation of NQO1 mRNA, it should be
oted that the residual AhR expression might be sufficient to drive
QO1 induction. As shown in Fig. 5, WB-F344 cells express rela-

ively high levels of AhR protein and also CYP1B1 induction was
ot fully suppressed in cells expressing anti-AhR. In contrast, both
QO1 and CYP1B1 induction were fully prevented, when AhR was
ompletely absent, in the AhR-negative BP8 hepatoma cells.

Despite increasing intracellular ROS formation, BaP failed to
nduce HO-1 mRNA expression. HO-1 is an inducible mammalian
eme oxygenase, which has been shown to be activated in vari-
us organs in response to oxidative stress, and which has been
uggested to play potentially a hepatoprotective role [66], e.g. in
rotection against redox-active environmental toxicants, such as
uinones [67,68]. In contrast to BaP, hydrogen peroxide was a potent
nducer of HO-1 expression, which might indicate that the BaP-
nduced production of ROS did not reach a threshold necessary
or HO-1 up-regulation. The transcription factor NRF2 regulates
oth NQO1 and HO-1 expression [21,66]. It has been shown that
RF2 and AhR cooperate in NQO1 regulation, possibly through
direct or indirect interaction between those two transcription

actors [69,70], and that AhR activation may lead to induction of
RF2 expression. The interplay between AhR and NRF2 could be
ven more complex, as another recent study suggested that NRF2
s involved in control of AhR expression and may thus modulate
ownstream events of the AhR signaling, including induction of
YP1 enzymes [71]. In WB-F344, both BaP and TCDD induced NRF2
RNA expression in the AhR-dependent manner, thus suggesting

hat they might activate expression of ARE-regulated genes in this
anner. Nevertheless, induction of NQO1 probably did not rely

pon this mechanism, as it was not affected by inhibition of NRF2
nduction in cells expressing anti-AhR shRNA.

Taken together, the above data seem to indicate that at least
wo major pathways contributing to genotoxic effects of PAHs, the
YP1A1/1B1-dependent metabolic pathway catalyzing production
f PAH dihydrodiol epoxides forming covalent DNA adducts, and the
KR1C9-dependent pathway leading to an increased ROS formation
nd oxidative DNA damage, can be induced in rat liver progenitor
ell line. Of particular note is the role of AhR in AKR1C9 induction;
hR might also play some role in the constitutive AKR1C9 expres-
ion, as found in hepatoma cells. In contrast, increased levels of ROS
o not seem to play a major role in AKR1C9 up-regulation, at least

n the WB-F344 cell model. Future studies should establish the pre-
ise role of AhR in regulation of AKR1C9. BaP also activated cellular
efense mechanisms against oxidative stress, such as induction of
QO1 expression and activity. This in vitro model of liver progen-

tor cells might provide a further interesting insight into possible
mpact of genotoxic compounds on liver progenitor cells; neverthe-
ess, further studies should confirm, whether the observed effects
lso apply to oval cells in vivo.
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J. Vondráček, Tumor necrosis factor-alpha potentiates genotoxic effects of
benzo[a]pyrene in rat liver epithelial cells through upregulation of cytochrome
P450 1B1 expression, Mutat. Res. 640 (2008) 162–169.
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