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BACKGROUND AND PURPOSE

Lithocholic acid (LCA), the most toxic bile acid, induces cholestatic liver injury in rodents. We previously showed that LCA
activates the oxidative stress-responsive nuclear factor (erythroid-2 like), factor 2 (Nrf2) in cultured liver cells, triggering
adaptive responses that reduce cell injury. In this study, we determined whether Nrf2 protects the liver against LCA-induced
toxicity in vivo.

EXPERIMENTAL APPROACH

Nrf2 disrupted (Nrf2”") and wild-type mice were treated with LCA (125 mg-kg™' body weight) to induce liver injury. Levels of
mMRNA, protein and function of important Nrf2 target genes coupled with liver histology and injury biomarkers of mice were
examined.

KEY RESULTS

In 4 day LCA treatments, we observed a significantly higher hepatic induction of Nrf2 target, cytoprotective genes including
thioredoxin reductase 1, glutamate cysteine ligase subunits, glutathione S-transferases, haeme oxygenase-1 and multidrug
resistance-associated proteins 3 and 4 in the wild type as compared with the Nrf27~ mice. Moreover, basal and LCA-induced
hepatic glutathione and activities of glutathione S-transferases and thioredoxin reductases were higher in wild-type than in
Nrf2-"- mice. This reduced production of cytoprotective genes against LCA toxicity rendered Nrf27~ mice more susceptible to
severe liver damage with the presence of multifocal liver necrosis, inflamed bile ducts and elevation of lipid peroxidation and
liver injury biomarkers, such as alanine aminotransferase and alkaline phosphatase.

CONCLUSIONS AND IMPLICATIONS
Nrf2 plays a crucial cytoprotective role against LCA-induced liver injury by orchestrating adaptive responses. The
pharmacological potential of targeting liver Nrf2 in the management of cholestatic liver diseases is proposed.

Abbreviations

Abc, ATP-binding cassette; ALP, alkaline phosphatase; ALT, alanine aminotransferase; BDL, bile-duct ligation; DTNB,
5,5’-dithio-bis(2-dinitrobenzoic acid); Gclc, glutamate cysteine ligase catalytic subunit; Gclm, glutamate cysteine ligase
modulatory subunit; GSH, glutathione; GST, glutathione S-transferase; Hol, haeme oxygenase-1; LCA, lithocholic acid;
Mdr1, multidrug resistance protein 1; Mrp, multidrug resistance-associated protein; NAD(P)H:quinone oxidoreductase 1,
Nqgo1; Nrf2, nuclear factor (erythroid 2-related) factor 2; qRT-PCR, quantitative reverse-transcription PCR; Trx1,
thioredoxin reductase 1
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Introduction

Nuclear factor (erythroid 2-related) factor 2 (Nrf2) is
the chief oxidative stress-responsive transcription
factor that up-regulates a wide spectrum of cytopro-
tective genes through its cognate enhancer antioxi-
dant response element. Among the important Nrf2
target genes are the rate-limiting enzymes in glu-
tathione (GSH) biosynthesis: glutamate cysteine
ligase modulatory (Gclm) and catalytic subunits
(Gcle), glutathione S-transterases (GSTs), NAD-
(P)H:quinone oxidoreductase 1 (Nqgol), haeme
oxygenase-1 (Hol), thioredoxin reductase 1 (TRx1)
and the phase 3 membrane efflux transporters such
as the ATP-binding cassette C2 [Abcc2 or multidrug
resistance-associated protein 2 (Mrp2)], Abcc3
(Mrp3) and Abcc4 (Mrp4). These cytoprotective
genes possess essential roles in maintenance of cel-
lular redox balance and, hence, cell survival during
oxidative insults (Kensler et al., 2007; Maher et al.,
2007; Nguyen et al., 2009).

Impaired hepatic bile flow can lead to excessive
accumulation of toxic bile acids in the liver cells,
causing cholestasis and liver injury. We have shown
that exposure of human hepatoma cells to toxic
levels of bile acids, particularly lithocholic acid
(LCA), activates liver Nrf2 and up-regulates a panel
of antioxidant genes (Tan efal., 2007). LCA is a
highly toxic secondary bile acid produced by the
bacterial 7 a-dehydroxylation of chenodeoxycholic
acid in the intestine. Elevated circulating levels of
LCA have been reported in patients with chronic
cholestatic liver disease (Fischer etal., 1996).
Administration of LCA to rodents can cause liver
injury characteristic of cholestatic liver diseases with
concurrent occurrence of obstructive bile ducts and
cholangitis (Fickert et al., 2006). Hence, as an alter-
native to the bile-duct ligation (BDL) procedure,
LCA treatment in rodents has been widely used as a
model to study the role of toxic bile acids in the
pathogenesis of cholestatic liver damage (Staudinger
et al., 2001; Xie et al., 2001; Fickert et al., 2006).

In our previous studies, Nrf2 silencing in
hepatoma cells by means of small-interfering RNA
led to aggravated LCA-induced apoptosis and necro-
sis (Tan et al., 2007). This finding confirms Nrf2-
mediated adaptive defense mechanism as a key
component of combating liver injury during
cholestasis. Despite convincing findings from cell
culture studies, the protective role of Nrf2 against
bile acid toxicity in vivo was not evident in a study
utilizing BDL procedure on the Nrf2 disrupted mice
(Aleksunes et al., 2006). In the latter study, the BDL
procedure paradoxically caused more severe liver
injury in the wild-type mice than the Nrf27/~ mice.
Puzzling observations have also revealed that the
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livers of Nrf27~ mice had reduced levels of bile acids
at the basal and post-BDL stages. This suggests a
possible biological adaptation event of these mice to
reduce bile acid biosynthesis following Nrf2 gene
knockout. With this difference inherent in bile acid
biosynthesis, the BDL model, which relies on
endogenous bile acids to induce cholestatic liver
injury, may not be ideal for examining the role of
Nrf2 in bile acid toxicity.

In the present study, the cytoprotective role of
Nrf2 in cholestatic liver injury was compared
between the wild-type and Nrf2 disrupted mice
using LCA as the exogenous cholestatic agent.
Administration of LCA has been shown previously
to increase nuclear accumulation of Nrf2 accompa-
nied by an induction of various Nrf2 target genes
(Tan et al., 2007). Whether this induction of Nrf2
target genes confers cytoprotection against LCA-
induced liver injury was therefore determined in
this study.

Methods

Chemicals and mouse experiments

All chemicals and reagents were purchased from
Sigma-Alrich (St. Louis, MO, USA), unless otherwise
indicated. The animal protocol, use and care were
approved by the Animal Care Committee of the
University of Toronto and were in accordance with
the guide to the care and use of experimental
animals by Canadian Council on Animal Care. The
Nrf27- mice of ICR/CD-1 background (Riken, Japan)
(Itoh etal., 1997) were mated with CD-1 mice
(Charles Rivers, Montreal, QC, Canada) to generate
heterozygous Nrf2*~ mice (a gift from Dr P. Wells,
University of Toronto, Toronto, ON with permission
from Dr M. Yamamoto, Tohoku University, Sendai,
Japan). The heterozygous colonies were back-
crossbred for >4 generations prior to experiments.
All mice were housed at an ambient temperature of
22-25°C, 12 h light/dark daily circle, and fed, ad
libitum, a standard animal chow and clean water.
The mice, at 9-11 weeks old, were subjected to acute
(125 mg-kg! body wt. LCA given as i.p. injection for
8 h) or extended (same dose as that for the acute
treatment but twice daily for 4 days) treatment pro-
tocols along with an equivalent volume of solvent
control vehicles (Staudinger et al., 2001; Tan et al.,
2007). Mice were killed 17-20 h after the last dose
by isoflurane inhalation, cardiac blood sampling
and cervical dislocation. This was done between
09.00 h and12.00 h to minimize circadian effects. At
necropsy, the median lobe of their livers was excised
for mRNA, protein and function analyses, whereas
the left lobes were fixed in neutral-buffered 10%



formaldehyde for histological tissue preparation.
The nomenclature of the transporters presented in
this paper conforms to BJP’s Guide to Receptors and
Channels (Alexander et al., 2009).

Quantitative reverse-transcription PCR
(qRT-PCR)

RNA extraction, reverse transcription to cDNA,
gRT-PCR and the AACt method to quantify relative
fold difference of gene transcripts calibrated by
internal control genes (TATA-box binding protein
and/or glyceraldehyde-3-phosphate dehydrogenase)
between control and treatments were performed
(Tan et al., 2007). Primer sequences for real-time
PCR are listed in Table 1.

Immunoblotting

Crude tissue homogenates were prepared for SDS-
PAGE electrophoresis and immunoblotting as
described (Tan et al., 2007). Primary antibodies with
working concentration used were: mouse mono-
clonal anti-B-actin (1:10 000) (Sigma), goat poly-
clonal anti-Mrp2 (1:200) (Santa Cruz Biotechnology,
Santa Cruz, CA, USA), goat polyclonal anti-Hol
(1:500) (Santa Cruz), rabbit polyclonal anti-Trx1
(Abcam, Cambridge, MA, USA) (1:500) and rabbit
polyclonal anti-glutamate cysteine ligase, catalytic
subunit (Gclc) (1:500) (Thermo Scientific, Fremont,
CA, USA). Densitometry of protein bands was mea-
sured with ImageJ] (National Institute of Health).

Lipid hydroperoxide and antioxidant

protein activities

Measurement of lipid hydroperoxide and total GSH
levels of liver homogenates was conducted as
described previously (Tan etal., 2007; 2008). Trx
activity of liver homogenates was measured based
on its selective ability to reduce 5,5’-dithio-bis(2-
dinitrobenzoic acid) (DTNB) to  5-thio-2-
nitrobenzoid acid, which can be measured
colorimetrically at A = 405 nm, in the presence of
NADPH (Gromer et al., 1998). To control for Trx-
independent reduction of DTNB, a specific Trx
inhibitor, aurothiomalate (30 uM) was included for
all samples (Smith etal.,, 1999). The absorbance
values from this inhibitor treatment were then sub-
tracted from those without inhibitor cotreatment to
ensure specific measurements of Trx activity. Total
GSTs activities of liver homogenates were measured
using the GST assay kit (Cayman Chemical, Ann
Arbor, MI, USA) according to the manufacturer’s
instruction. This assay measures the GST-mediated
conjugation rate of 1-chloro-2,4-dinitrobenzene in
the presence of excess reduced GSH.

Nrf2 ameliorates cholestatic liver injury

Liver histology and liver injury markers
Histological assessment of three representative hae-
motoxylin and eosin-stained cross-sections of each
liver sample was carried out by a veterinary patholo-
gist (GAW) in a blinded manner for severity and
frequency of necrotic lesions using a pre-validated,
semi-quantitative grading system: background
(grade 0), mild (grade 1), moderate (grade 2) and
extensive necrosis (grade 3). Sera were analysed for
liver injury biomarkers: alanine aminotransferase
(ALT) and alkaline phosphatase (ALP) by established
automated methods (Tan et al., 2007). The sample
size was calculated from the estimates of ALT varia-
tion (~50% of the mean value), threefold increase of
mean ALT level from 50 U-L™! in LCA-treated wild-
type to 150 U-L' in LCA-treated Nrf27~ mice.
Assuming B = 0.2, o = 0.05, seven mice per group
was required. The experiments were conducted with
at least eight mice in each group.

Statistical analyses

Results are expressed as means = SEM or median +
quartile. Guided by normality and equal variance
tests on data distributions of test variables, compari-
sons between two groups were done by Student’s
independent t-test (parametric) or the Mann-
Whitney U-test (non-parametric). Because of appar-
ent sex differences in the basal expression of some
cytoprotective genes, relative gene expression levels
were standardized within the same sex to those of
the corn oil-treated Nrf2"* mice before aggregating
them for statistical comparisons. P-values less than
0.05 were considered statistically significant.

Results

Altered hepatic expression of cytoprotective
proteins in mice with disrupted Nrf2

The mean body weights of mice between genotypes
at necropsy were in the range of 24 to 29 g and did
not differ significantly after vehicle or LCA treat-
ment. Hepatic expression profiles of two major
groups of cytoprotective genes, that is, antioxidant
enzymes and ABC transporters, known to be targets
of Nrf2 and may serve crucial roles in cytoprotection
against toxic bile acids were compared between
Nrf2** and Nrf2”- mice. The basal expression (in the
presence of corn oil vehicle) of a panel of antioxi-
dant enzymes important in regulating cellular
thiols, GSH and redox balances was significantly
lower in Nrf2”- mice compared with the wild-type
mice (Table 2). In addition, the basal expression of
ABC transporter genes, such as Mrp3, Mrp4, multi-
drug resistance protein 1 (Mdrl)a and Abcg2, were
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Table 1

Primer sequences for qRT-PCR

Mouse genes (accession#)

Abcg2/Bcrp1 (NM_011920)
Abcb11/Bsep1(NM_021022)

Gapdh (NM_001001303)
Gclm (NM_008129)

Gclc (NM_010295)

Gstm1 (NM_010358)
Gstal&2 (NM_008181) (NM_008182)
Gsta4 (NM_010357)

Gstp1 (NM_013541)

Hol (NM_010442)
Abcb1a/Mdria (NM_013454)
Abcb1b/Mdr1b (NM_011075)
Abcc1/Mrp1 (NM_008576)
Abcc2/Mrp2 (NM_013806)
Abcc3/Mrp3 (NM_029600)
Abcc4/Mrp4 (NM_001033336)
Abcc5/Mrp5 (NM_013790)
Ngo1 (NM_008706)

Nrf2 (NM_010902)

Ntcp (NM_011387)

Tbp (NM_013684)
Trx1 (NM_001042523)

Sequence (sense and antisense)/*ABI Assay-on-demand
Tagman primer and probe sets (catalogue#)

5-GCGGAGGCAAGTCTTCGTTG-3’
5-GTGCCCATCACAACGTCATC-3’
5-ACGGAACAAGCTGTGGGTTG-3’
5-AAACCATCCGATTTCCATTCTC-3"
Mm99999915_g1*
5-CGAGGAGCTTCGGGACTGT-3’
5-CATGCCATGTCAACTGCAC-3’
5-GGGTGACGAGGTGGAGTACA-3’
5-AGGCGTTCCTTCGATCATGT-3’
5’-GAAAGCACCACCTGGATGGA-3’
5’-CTCTTGCCCAGGAACTCAGA-3’
5’-GACATGAAGGAGAGAGCCCTGA-3’
5’-CCATGGCTCTTCAACACCTT-3’
5-TGCGGCTGGAGTGGAGTTTG-3’
5"-TGTGTCAGCATCATCCCATC-3’
5’-GCATGCCACCATACACCATTG-3"
5"-CATACAGACAAGTGGGCTTGA-3’
5"-GCTAGCCTGGTGCAAGATACTG-3’
5"-CACATTGGACAGAGTTCACAGC-3’
5"-GCTTGCAGATACCATACAGAAATG-3’
5-GTAGGCACCGAACCGGAAAC-3’
5-CTTGAGATCTCTGGGAAGATTGC-3’
5-TGGCCTGGGTGAAGGAGAAC-3’
5-AGGGTGGAGAAAAGGTGGGTA-3"
5-CGATCTTGGCGATGTTGACC-3’
5-ACTCAACACACGCCCCATCA-3’
5-TGATCGTCTTAAACTTGCTGGTGA-3’
5-GGGCTCCAAGTTCTGGGAC-3’
5-CCGTCTTGAGCCTGGATAAC-3"
5’-AGCTTCAACGGTACTGGGATA-3’
5-TCGTCGGGGTCATACTTCTC-3’
5”-TTATCCAGCAATGATGTTCGTGTC-3"
5’-CGCTTTGACCCAGGCATACA-3’
5’-TGGCCGATTCAGAGTGGCATC-3’
5’-CTCCCAGACGGTTTCCAGAC-3’
5’-CCAGCTACTCCCAGGTTGC-3’
5-TGAGGGGCAGTGAAGACTGA-3’
5"-GGACATGAACCTCAGCATTGTG-3’
5-CTTTGTAGGGCACCTTGTCCTT-3’
MmO00446973_mT*
5"-TACGCAATCTGAGCTGCCGAAC-3’
5-CTCCTTAGCTGCTGCCAGTC-3’

Abc, ATP-binding cassette; Gclc, glutamate cysteine ligase catalytic subunit; Gclm, glutamate cysteine ligase modulatory subunit; Ho1, haeme
oxygenase-1; Mdr1, multidrug resistance protein 1; Mrp, multidrug resistance-associated protein; Nrf2, nuclear factor (erythroid 2-related)
factor 2; qRT-PCR, quantitative reverse-transcription PCR; Trx1, thioredoxin reductase 1.
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Table 2

Hepatic gene expression of antioxidant enzymes and ABC efflux transporters after a 4 day treatment with vehicle (corn oil) or LCA in mice

Corn oil vehicle

Nrf2+/+

Antioxidant enzymes

Gclm 1.00 = 0.05 0.82 = 0.06 0.024 1.96 = 0.12 1.53 = 0.10 0.016
Gclc 1.00 = 0.08 0.55 = 0.04 <0.001 2.03 = 0.13 1.07 = 0.10 <0.001
Trx1 1.00 = 0.05 1.09 = 0.11 0.509 3.74 = 0.57 1.39 = 0.14 <0.001
Ngo1 1.00 = 0.06 0.28 = 0.06 <0.001 2.83 = 0.43 0.48 = 0.08 <0.001
Hol 1.00 = 0.09 0.79 = 0.06 0.007 3.35 = 0.37 1.10 = 0.15 <0.001
Gstal/2 1.00 = 0.11 0.45 = 0.05 <0.001 8.56 = 1.44 0.70 = 0.11 <0.001
Gsta4 1.00 = 0.05 0.69 = 0.04 <0.001 2.65 = 0.36 1.16 = 0.10 <0.001
Gstm1 1.00 = 0.05 0.37 = 0.03 <0.001 1.72 = 0.07 0.57 = 0.03 <0.001
Gstpl 1.00 = 0.06 0.89 = 0.08 0.239 1.15 = 0.23 1.24 = 0.18 0.157
Transporters
Abccl (Mrp1) 1.00 = 0.05 1.02 = 0.10 0.946 2.70 = 0.31 1.54 = 0.10 0.002
Abcc2 (Mrp2) 1.00 = 0.03 0.96 = 0.05 0.474 1.35 = 0.09 0.89 = 0.10 0.005
Abcc3 (Mrp3) 1.00 = 0.07 0.17 = 0.03 <0.001 1.92 = 0.16 0.33 = 0.05 <0.001
Abcc4 (Mrp4) 1.00 = 0.08 0.55 = 0.06 <0.001 2.79 £ 0.27 0.82 = 0.16 <0.001
Abcc5 (Mrp5) 1.00 = 0.05 0.99 = 0.09 0.921 2.23 = 0.34 0.97 = 0.07 0.007
Abcbla (Mdr1a) 1.00 = 0.05 0.66 = 0.12 0.004 14.45 £ 5.19 2.09 = 0.74 0.017
Abcb1b (Mdr1b) 1.00 = 0.07 1.14 = 0.15 0.389 12.04 * 6.65 1.60 = 0.39 0.069
Abcg2 (Berpl) 1.00 = 0.05 0.78 = 0.09 0.032 1.47 = 0.12 1.02 = 0.10 0.013
Abcb11 (Bsep1) 1.00 = 0.06 1.73 = 0.08 0.005 213 £ 0.36 2.73 £ 0.22 0.059
Ntcp 1.00 = 0.10 0.71 = 0.05 <0.001 0.56 = 0.03 0.50 = 0.03 0.064

Expression levels of each gene were standardized to mean mRNA levels in corn oil-treated Nrf2*/* mice. LCA treatment (125 mg-kg™' body
wt.): LCA was administered twice daily for 4 days. Mean * SEM (n = 8-12).

Pair-wise comparison between the genotypes within the respective treatment. Note that all genes within the Nrf2*"* mice group are
significantly different between corn oil and LCA except for Gstp1.

Abc, ATP-binding cassette; Gclc, glutamate cysteine ligase catalytic subunit; Gclm, glutamate cysteine ligase modulatory subunit; Ho1, haeme
oxygenase-1; LCA, lithocholic acid; Mdr1, multidrug resistance protein 1; Mrp, multidrug resistance-associated protein; Nrf2, nuclear factor
(erythroid 2-related) factor 2; Trx1, thioredoxin reductase 1.

also repressed in Nrf27~ mice (Table 2). In an inbred
CS57BL/6 strain, Nrf2 gene knockout also led to
lower basal expression (treated with vehicle corn oil)
of Mrp2 (Maher et al., 2007). To examine possible
effects of vehicle corn oil, which is rich in poten-
tially biologically active n-6 polyunsaturated fatty
acids, a separate group of mice, matched for age, sex
and weight, which received no treatment was
included in gene expression comparison (Table S1).
Comparative gene expression profiles of the Nrf2/-
mice, relative to the wild type, were similar in the
untreated (Table S1) and corn oil vehicle-treated
groups (Table 2), except for Mrp2 that was signifi-
cantly lower in the untreated Nrf27/~ mice, and
Abcg2 that in turn was significantly lower in the
corn oil-treated Nrf27~ mice. These observations
indicate a possible modulatory role of the vehicle
solvent, which may, to a certain extent, affect the
expression of some transporter genes. It is notewor-

thy that the Nrf2”~ mice had significantly higher
basal expression of Bsepl but lower Ntcp than the
wild-type mice (Table 2). Changes in expression of
these important bile salt transporters suggest the
possible occurrence of compensatory mechanisms
in response to altered basal regulation of other ABC
transporters following Nrf2 knockout. These obser-
vations were absent in human liver carcinoma cells
subjected to transient Nrf2 knockdown by small-
interfering RNA (K.P. Tan and S. Ito unpubl. data).

Nrf27~ mice had a lower hepatic expression of
cytoprotective proteins upon LCA challenge

After the 4 day treatment with LCA, a coordinated
increase of all antioxidant protein and transporter
genes, except for Gstpl and Ntcp, were noted in the
wild-type Nrf2”* mice (Table 2). However, the
response in mice with disrupted Nf2 was signifi-
cantly less than that in the wild-type mice. Ntcp

British Journal of Pharmacology (2010) 161 1111-1121 1115
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Figure 1

Basal and LCA-induced expression of antioxidant and transporter proteins was suppressed in Nrf2 disrupted mice. (A) Representative immunoblot
images of cytoprotective and antioxidant proteins (50 ug per lane) for Nrf2** and Nrf2- mice administered vehicle corn oil or LCA (125 mg-kg™
body wt. twice daily for 4 days). (B) Densitometric measurement of protein abundance of gel images from (A). Repeated analysis of other liver
samples yielded similar results. B-Actin was used as equal protein loading control and denominator adjuster for all target proteins; mean values
of two representative images. Gclc, glutamate cysteine ligase catalytic subunit; Ho1, haeme oxygenase-1; LCA, lithocholic acid; Mrp, multidrug
resistance-associated protein; Nrf2, nuclear factor (erythroid 2-related) factor 2; Trx1, thioredoxin reductase 1.

mRNA was significantly reduced by LCA treatment.
The induction of most antioxidant enzyme and
transporter genes had already occurred as early as
8 h after the LCA treatment (Table S2), at a time
when any symptoms suggestive of liver damage,
histological and biochemical evidence, was still
absent (data not shown). This implies that induc-
tion of Nrf2-dependent cytoprotective genes is as an
early response to LCA toxicity.

Reduced hepatic antioxidant activities in
Nrf27~ mice exposed to LCA treatment

The results from the immunoblot analysis show that
changes in mRNA levels of cytoprotective genes
largely parallel changes in protein expression
(Figure 1A,B). In particular, protein levels of the
known Nrf2 target genes such as Gclc, Trx1, Hol
and Mrp2 were quantitatively lower by more than
twofold in the Nrf27- mice than those of the wild
type after LCA treatment. Indeed, protein levels of
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Gclc, Hol and Mrp2 at the basal level (vehicle treat-
ment) were 1.5-2-fold lower in mice with disrupted
Nrf2. A difference in the LCA-induced Mrp2 protein
levels between the wild-type and the Nrf27~ mice
was much higher (approximately fivefold) than that
of mRNA (~1.6-fold). This may indicate the presence
of Nrf2-dependent post-translational regulations of
this transporter.

We next determined whether the reduction in
mRNA and/or protein levels of the antioxidant
enzymes observed would have led to significant
activity changes that could be detected by validated
functional assays. After LCA treatment, total hepatic
GSH and Trx and GST activities were significantly
lower, by 1.5-2-fold, in the Nrf27~ mice compared
with the wild-type mice (Figure 2). In the vehicle-
treated groups, mice with disrupted Nrf2 also
showed significantly lower hepatic GSH and GST
activities, consistent with lower Gclc/Gclm and
GSTs gene transcripts respectively. However, the
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Figure 2

Nrf2 disruption led to decreased antioxidant protein activities upon
LCA challenge in mice. Total hepatic GSH levels (lower panel), Trx
(middle panel) and GST (upper panel) activities of mice treated with
vehicle or LCA (125 mg-kg™" body wt. twice daily for 4 days). Mean
+ SEM: n = 6-8. **P < 0.01 from Nrf2/* mice within vehicle or LCA
treatment group; *P < 0.01 from Nrf2*"* mice administered vehicle
control; n = 6-8. GSH, glutathione; GST, glutathione S-transferase;
LCA, lithocholic acid; Nrf2, nuclear factor (erythroid 2-related) factor
2; Trx1, thioredoxin reductase 1.

increase in GST activities of the wild-type mice after
LCA treatment was modest (~25%) relative to the
marked increase (twofold to eightfold) observed
from gene expression analysis of multiple GST sub-
types (Table 2). However, the possibility that the
GST assay utilized in this study may not be able to
analyse activities of all GST isoform at equal effi-
ciency cannot be ruled out. Reliable antibodies to
detect distinct subtypes of GST are not available,
therefore, the decreased activity of GST observed
here may not reflect the exact levels of protein
expression.

Nrf2 ameliorates cholestatic liver injury

Evidence of increased sensitivity of Nrf27~
mice to LCA-induced hepatic injury

Nrf27- mice following 4 day LCA treatment had
significantly more severe multifocal liver necrosis
than did the wild-type mice. This was accompanied
by inflammation of the bile ducts, characterized by
inflammatory cells surrounding ducts and present
within the lumen. Necrosis of the ductal epithelium
was also noted more frequently in mice with dis-
rupted Nrf2 (Figure 3A). Serum ALT was higher in
the Nrf27~ mice administered LCA than the wild
type (Figure 3C), although statistical significance
was not reached due to a higher attrition rate than
expected. Serum ALP, which is produced by injured
bile canaliculi during cholestasis, was also signifi-
cantly elevated in Nrf27~ mice administered LCA
(Figure 3C), consistent with pathological evidence
of inflamed bile ducts. To relate the severity of liver
injury to oxidative stress state, we found that the
liver lipid peroxidation occurring in the Nrf2”/~ mice
treated with LCA was significantly higher than that
in the wild-type mice (Figure 3D). Taken together,
our findings provide in vivo evidence of a height-
ened susceptibility of mice with disrupted Nrf2 to
LCA-induced liver damage.

Discussion and conclusions

There is considerable evidence suggesting that the
degree of liver damage due to cholestatic liver dis-
eases in humans is causally associated with the
extent of intrahepatic oxidative stress (Tsai et al.,
1993; Bomzon et al., 1997; Ono et al., 1997). Studies
of experimental cholestasis in rats have revealed a
systemic phenomenon of oxidative stress, which is
linked to extrahepatic tissue damage in the kidney,
brain and heart (Ljubuncic et al., 2000). Hydropho-
bic bile salts, particularly LCA and its conjugates, are
capable of inducing rapid oxidative stress which, if
not overcome quickly, will trigger cleavage of
caspases, membrane localization of CD95 and apo-
ptosis of liver and colon cells (Reinehr et al., 2005;
Katona et al., 2009). In agreement with these previ-
ous reports and our in vitro observations (Tan et al.,
2007), the present study provides in vivo evidence of
increased hepatic lipid peroxidation, as an indicator
of oxidative stress, in response to LCA treatment in
mice (Figure 3D).

The results of the present study demonstrate that
hepatic Nrf2 is a critical player in the adaptive
response against bile acid toxicity by coordinately
up-regulating many cytoprotective genes that
encode important antioxidant enzymes and efflux
transporters. The simultaneous induction of these
cytoprotective genes probably works in concert and
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Figure 3

Heightened sensitivity of Nrf2—/— mice to LCA-induced liver injury. (A) Representative haematoxylin and eosin-stained liver sections from
LCA-treated mice (125 mg-kg™' body wt. twice daily for 4 days). Upper panel shows liver histology with arrows pointing to necrotic foci. Arrows
on the lower panel shows representative bile ducts. (B) Comparison of liver necrosis grade between the Nrf2*/* (n = 8) and Nrf2”~ mice (n = 10).
Values are shown as box-and-whisker plots with median (thick horizontal bar), inter-quartile ranges (box) and extreme values (whisker).
Non-parametric comparison was applied using the Mann-Whitney U-test. (C) Serum ALT and serum ALP (right) of mice treated for 4 days with
LCA or vehicle corn oil. The group means are shown as horizontal bars with the actual values in parentheses. Statistical analysis was by the
Mann-Whitney U-test. (D) Analysis of hepatic lipid hydroperoxide levels in corn oil- (vehicle) and LCA- (4 day treatment, see above) treated mice.
Data shown are means = SEM; Student’s independent t-test was used for statistical comparisons. ALP, alkaline phosphatase; ALT, alanine
transferase; LCA, lithocholic acid; Nrf2, nuclear factor (erythroid 2-related) factor 2.

synchronicity to ameliorate liver injury during the response, were more susceptibile to LCA-induced
insurgence of toxic bile acids. Compared with the liver damage.

wild-type mice, the Nrf27~ mice, which had a The enzymes controlling GSH biosynthesis,
blunted cytoprotective and antioxidative defense Gclm and Gcelc have been of particular interest in
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this study. GSH governs adaptive responses such as
hepatic cell growth and death, mitochondrial sur-
vival, inflammatory response and fibrogenesis
(Fernandez-Checa and Kaplowitz, 2005; Fu etal.,
2008), which are critical determinants in the pro-
gression of cholestatic liver diseases. Dysregulation
of hepatic GSH biosynthesis, due to impaired Nrf2
activity and the resultant reduction in Gclm and
Gcle proteins, was reported in chronic bile duct
occlusion, causing cholestatic liver damage in mice
(Yang et al., 2009). Thus, the sustained activity of
Gclm and Gcle subunits and GSH biosynthesis is
imperative for normal hepatic cell function and sur-
vival during prolonged oxidative stress due to toxic
bile acid insults. Replenishing GSH levels by admin-
istering N-acetyl-L-cysteine, a GSH precursor, is
associated with positive outcomes in parenteral
nutrition-induced cholestatic liver diseases in pae-
diatric patients (Mager et al., 2008).

Trx1, which maintains cellular thiol and reduced
thioredoxin levels, showed relatively high responses
(approximately fourfold vs. ~1.4-fold induction in
Nrf2"* and Nrf27~ mice, respectively) to the 4 day
LCA treatment (Table 2). This increase in Trx1 was
even more marked at 8 h (Table S2). Trx1 and the
thioredoxin system work collaboratively with the
GSH system and have essential roles in cellular
redox signalling, anti-inflammatory and in anti-
apoptotic effects and in preserving cell survival
during oxidative stress (Rundlof and Arnér, 2004;
Kobayashi-Miura et al., 2007). Although the precise
mechanisms underlying Trx1 participation in the
adaptive response to bile acid toxicity remain
unknown, Grattagliano et al. (2007) reported that
the hepatic thioredoxin system may suppress intra-
cellular reactive nitric oxide levels, which contribute
to cholestatic liver injury by cleaving nitrosothiols.

The induction of various subtypes of hepatic
GSTs, as seen in the present study and others (Ale-
ksunes et al., 2006), appears to be a common obser-
vation during bile acid toxicity. The significance
of individual GST subtypes in cholestatic liver
injury remains an intriguing subject of future
studies. Although speculative, GSTs, especially the
alpha subtypes, may limit oxidative injury by scav-
enging 4-hydroxynonenal, a destructive reactive
by-product produced from lipid peroxidation on
membrane-borne arachidonic acid (Awasthi et al.,
2004). Therefore, the compromised activity of GSTs
may sensitize Nrf2”~ mice to increased liver damage
following exacerbation of lipid peroxidation.

The differential expression of hepatic ABC trans-
porters at different stages of cholestatic liver diseases
represents a dynamic adaptive response of liver cells
to prevent excessive accumulation of bile acids and
toxic metabolites (Geier et al., 2007). Many ABC

Nrf2 ameliorates cholestatic liver injury

transporters are known to transport bile and biliru-
bin conjugates (Kullak-Ublick et al., 2004), and there
is evidence that Mrp4 is particularly protective
against cholestatic liver damage (Mennone et al.,
2006). In consensus with previous reports (Maher
et al., 2007), the results of the present study confirm
that mouse Mrps 1-4 are regulated by Nrf2. We also
showed that the expression of Mdrla, Mdrlb and
Abcg2 in mice is probably dependent on the Nrf2
signalling pathway (Table 2).

Disparities in hepatic transporter gene expression
and bile acid synthesis may exist in targeted Nrf2
knockout mice generated from two different mouse
strains. Using the outbred CD-1/ICR strain, Okada
etal. (2008) as well as the present study noticed
significantly lower basal (vehicle-treated) expression
of hepatic Mrp4 in Nrf2”~ mice (Table 2). However,
in the inbred C57BL/6 mice following Nrf2 knock-
out, the basal Mrp4 remains rather unchanged
(Maher et al., 2007). Moreover, reduced total bile
acid synthesis, as reported in the livers of Nrf27/-
mice of the C57BL/6 strain (Aleksunes et al., 2006),
was not evident in the CD1/ICR strain (Okada et al.,
2008). Despite these differences, a reduced induc-
tion of Mrp4 to oxidative stress was invariably seen
in both strains of Nrf2”- mice compared with their
respective wild-type mice, suggesting that this trans-
porter is induced and up-regulated in the liver
through the Nrf2 signalling pathway.

In summary, we showed that Nrf2 acts as a pro-
tector against cholestatic liver damage by activating
important adaptive responses. The potential of tar-
geting Nrf2 in the management of clinical chole-
static liver diseases has indeed been suggested.
Ursodeoxycholic acid, the only FDA-approved drug
for primary biliary cirrhosis, a chronic form of
cholestatic liver disease, was recently reported to
activate Nrf2 signalling as part of its therapeutic
effects (Okada et al., 2008; Yang et al., 2009). Further
studies are needed to determine whether targeting
solely the Nrf2 cytoprotective pathway is adequate
and effective for the prevention of cholestatic liver
injury.
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