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SUMMARY

The major function of farnesoid X receptor (FXR) is to maintain bile acid and lipid homeostasis.
Fxr-null mice, in which the levels of hepatic bile acid and lipid have been elevated, develop
spontaneous liver tumors. We evaluated differences in hepatic bile acid and triglyceride
concentrations, and in generation of oxidative stress between wild-type mice and Fxr-null mice. The
hepatic levels of 8-hydroxy-2’-deoxyguanosine (80OHdG), thiobarbituric acid-reactive substance
(TBARS) and hydroperoxides, oxidative stress-related genes, and nuclear factor (erythroid-2 like)
factor 2 (Nrf2) protein in Fxr-null mice were significantly higher than those in wild-type mice. An
increase in the hepatic bile acid concentration in Fxr-null mice fed a cholic acid (CA) diet resulted
in an increase in the hepatic levels of hydroperoxides, TBARS and 80HdG, whereas a decrease in
the hepatic concentration in mice fed a diet containing ME3738 (223-methoxyolean-12-ene-3p, 24
(4B)-diol) resulted in a decrease in these oxidative stress marker levels. A good correlation was
observed between the hepatic bile acid concentrations and the hepatic oxidative stress marker levels,
although there was no significant correlation between the hepatic triglyceride concentrations and
oxidative stress. The results show that oxidative stress is spontaneously enhanced in Fxr-null mice,
which may be attributable to a continuously high level of hepatic bile acids.
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INTRODUCTION

Cholestasis is characterized by accumulation of toxic bile acids in the liver and associated with
reduced detoxification capacity 1). Imbalanced mitochondrial energy production and hepatic
levels of hydrophobic bile acid have been associated with enhancement in generation of
reactive oxygen species (ROS) and oxidative damage in hepatocytes 2' 3). It is well known
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that farnesoid X receptor (FXR) is a member of the nuclear hormone receptor superfamily and
plays an essential role in regulating bile acid, lipids and glucose homeostasis 4+ 5). Owing to
the absence of FXR expression, hepatic bile acid, lipids and glucose accumulate in Fxr-null
mice, which results in mild cholestasis, steatosis and type 2 diabetes 4+ 5). In addition to
controlling the levels of bile acid, lipid and glucose, FXR also helps accelerate normal liver
regeneration after 70% hepatectomy, which suggests that FXR also has a role in promoting
liver growth after injury 6). Increased bile acids stimulate liver regeneration, in which the
function of the bile acid receptor FXR in mice is required. The hepatoprotective role of FXR
is essential for maintaining the normal liver physiology and prevention of deleterious effects
of bile acids.

Indeed, it was reported that liver tumors spontaneously developed in aged Fxr-null mice 7
8). These mice showed high levels of hepatic and serum bile acids, increased expression levels
of cell cycle-related genes such as cyclin D and E, proinflammatory cytokine interleukin-1p,
tumor necrosis factor-a and interleukin-6 (IL-6), and elevated B-catenin and c-myc levels,
which are associated with tumorgenesis. One of general reasons for development of
endogenous liver tumors is considered to be oxidative stress generation 9). These reports
suggest that continuous generation of oxidative stress might occur in Fxr-null mice, and liver
tumors would be developed. The relationship between the absence of FXR and generation of
oxidative stress, however, has not been investigated yet. Moreover, it is not clear whether
increased hepatic bile acid or triglyceride concentration is involved in the generation of
oxidative stress.

In the present study, we observed histopathological changes and measured the hepatic levels
of oxidative stress markers such as 8-hydroxy-2’-deoxyguanosine (80OHdG), thiobarbituric
acid-reactive substance (TBARS) and hydroperoxide. Then we compared the oxidative stress-
related genes expression profiles and nuclear factor (erythroid-2 like) factor 2 (Nrf2) protein
levels between wild-type and Fxr-null mice. We also tested whether the high level of hepatic
bile acids might be involved in generation of hepatic oxidative stress in Fxr-null mice using
cholic acid (CA) and an experimental hepatic bile acid lowering compound ME3738 (22p-
methoxyolean-12-ene-3f3, 24(4p)-diol) that is not a radical scavenger 10).

MATERIALS AND METHODS

Materials

ME3738 was synthesized at Meiji Seika Kaisha, Ltd. (Yokohama, Japan). Highly sensitive
enzyme-linked immunosorbent assay (ELISA) kit for mouse 80OHdG was obtained from Japan
Institute for the Control of Aging (Shizuoka, Japan). Human Nrf2 polyclonal antibody (c-20)
and human histone H1 polyclonal antibody (c-17) were obtained from Santa Cruz
Biotechnology, Inc (Santa Cruz, CA). CA, dichlorofluorescein diacetate, dichlorofluorescein,
phenylmethylsulfonyl fluoride (PMSF), dithiothreitol, diaminobenzidine, 1,1,3,3-
tetraethoxypropane, thiobarbituric acid, 4-Nonylphenylpolyethylene glycol, phosphatase
inhibitor cocktail and protease inhibitor cocktail were obtained from Sigma-Aldrich (St. Louis,
MO).

Animal treatment and sample collection

The creation of wild-type and Fxr-null mice has been described 4), and these mice were housed
under the standard 12 hr light/12 hr dark cycle. Nine-week-old to eleven-week-old male mice
were used for all experiments. The mice were fed a standard diet CE-2 (Clea, Tokyo, Japan)
and given free access to water for acclimation. As experimental diets, we used the standard
diet mixed with 0.15 (w/w)% ME3738, 0.25% CA, or 0.25% CA plus 0.15% ME3738. Eight
wild-type mice and 8 Fxr-null mice were fed a control diet. Four Fxr-null mice were fed 0.15%
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ME3738, 0.25% CA, or 0.25% CA + 0.15% ME3738 diet for 6 days. Wild-type and Fxr-null
mice fed a control diet were used in all experiments, and Fxr-null mice fed experimental diets
were only used in the measurement of hepatic oxidative stress levels, bile acid, triglyceride
and plasma ALT activity. Approximately 0.1 mL of blood was drawn into a heparinized tube
and centrifuged at 7,000 x g for 10 min at 4°C. The supernatant in the tube was taken as plasma.
After blood collection, the liver was removed quickly, cleaned of blood, and immediately
transferred to a container filled with ice-cold saline. The left lateral lobe of the liver was fixed
in 10% phosphate-buffered formalin. Approximately 0.5 g of the remaining liver in 4.5 mL of
ice-cold 1.15% KCI aqueous solution was homogenized in a Potter-Elvejhem homogenizer
under nitrogen gas. The experimental protocol was approved by the Animal Care and Use
Committee of Tohoku University. The animals were treated humanely, and animal experiments
were performed in accordance with the Guidelines for Animal Experiments of Tohoku
University.

Histological examination

After overnight fixation in 10% phosphate-buffered formalin, the livers were embedded in
paraffin. The paraffin-embedded livers were cut into consecutive sections (5um thick) and
stained with hematoxylin and eosin (H&E).

Measurement of biochemical parameters

The hepatic 8OHAG concentration was measured with a highly sensitive ELISA kit for BOHdG
(Japan Institute for the Control of Aging, Shizuoka, Japan) according to the manufacturer’s
recommended procedure.

The hepatic TBARS concentration was measured by the method of Ohkawa et al. with slight
modification 11). The reaction mixture containing 0.05 mL of 0.2% liver homogenate, 0.2 mL
of 8.1% sodium dodecyl sulfate (SDS), 0.75 mL of distilled water, and 1.5 mL of 0.8% aqueous
solution of thiobarbituric acid was prepared, and heated at 95°C for 60 min. 0. After being
cooled with tap water, with the reaction mixture was added with 1.0 mL of distilled water and
5.0 mL of the mixture of n-butanol and pyridine (15:1), and shaken vigorously. After
centrifugation of the mixture at 3,000 x g for 10 min, fluorescence of an organic layer (upper
layer) was measured at 515 nm excitation and 553 nm emission wavelengths by Fluoroskan
Ascent Fluorescence Spectrophotometer (Thermo Fisher Scientific, Inc., Waltham, MA). A
standard curve was plotted using 1,1,3,3-tetraethoxypropane.

Hydroperoxides were measured by conversion of nonfluorescent dichlorofluorescein
(nonfluorescent DCF) to fluorescent dicholofluorescein (DCFein) 12: 13). Nonfluorescent
dichlorofluorescein diacetate (DCF-DA) is hydrolyzed to nonfluorescent DCF by endogenous
esterase in liver homogenate. In the presence of intracellular hydroperoxides (hydrogen
peroxide and lipid hydroperoxides), nonfluorescent DCF is converted to DCFein. Since DCF-
DA itself does not react with hydroperoxides, only hydroperoxides in the liver homogenate are
detected in this method. Ten % of the liver homogenate was diluted to 1:200 by adding DCF
buffer containing 200 mmol/L sucrose, 100 mmol/L NaCl, 10 mmol/L 3-(N-morpholino)
propanesulphonic acid (MOPS), and 2 mmol/L KoPO4 (pH7.4), which was then added with
0.8 mmol/L DFC-DA. After incubation at 37°C for 0, 5, 10 and 20 min, fluorescence was
measured at 485 nm excitation and 527 nm emission wavelengths by Fluoroskan Ascent
Fluorescence Spectrophotometer (Thermo Fisher Scientific, Inc., Waltham, MA). The amount
of DCF-DA converted to DCFein was determined from a standard curve that was constructed
using 2,7-dichlorofluorescein solutions added with the liver homogenate.

Plasma ALT activity was measured using a commercially available kit of Transaminase CIl-
B-test Wako (Wako Pure Chemicals, Osaka, Japan). Hepatic bile acid, cholesterol, and
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triglyceride concentrations were measured using the following kits, Total Bile Acid Test Wako,
Cholesterol E-test Wako, and Triglyceride E-test Wako, respectively (Wako Pure Chemicals,
Osaka, Japan).

Plasma IL-6 concentration was measured using a commercially available kit for Mouse IL-6
immunoassay (BioSource International, Inc., Camarillo, CA) according to the manufacturer’s
recommended procedure.

Real-time quantitative polymerase chain reaction (PCR)

The expression of MRNA levels for glutathione S-transferase alpha2 (Gsta2), glutathione S-
transferase mu3 (Gstm3), heme oxygenase 1 (Hmox1), nicotinamide adenine dinucleotide
phosphate (NAD[P]H) quinone oxidoreductase 1 (Ngol), and metallothionein 1 (Mt1) were
determined by quantitative real-time PCR.

The total RNA from mouse liver was isolated with an RNeasy-kit (Qiagen GmbH, Hilden,
Germany) according to the manufacturer’s instructions. For cDNA synthesis, Tagman reverse
transcription reagents were used (Roche Diagnostics, Indianapolis, IN). Relative quantification
of gene expression was performed as described in the manual using glyceraldehyde-3-
phosphate dehydrogenase (Gapdh) as an internal control.

The Tagman probes and primers for Gsta2 (assay identification No. Mm00833353_m1,
Accession No. NM_010295.1), Gstm3 (assay identification No. Mm00833923_m1, Accession
No. NM_010359.1), Hmox1 (assay identification No. Mm00516004_m1, Accession No.
NM_010442.1), Ngo1l (assay identification No. Mm00500821_m1, Accession No.
NM_008706.3) and Mt1 (assay identification No. Mm00496660_g1, Accession No.
NM_013602.2) were assay-on-demand gene expression products (Applied Biosystems, Foster
City, CA). Gapdh gene was used as endogenous control (catalog No. 4308313, Accession No.
NM_008084.2, Applied Biosystems, Foster City, CA). The gene-specific probes were labeled
using reporter dye FAM™  and the Gapdh internal control probe was labeled with a different
reporter dye VIC® at the 5' end. A nonfluorescent quencher and a minor groove binder were
linked at the 3' end of probe as quenchers. Thermal cycler conditions were as follows: hold for
10 min at 95°C, followed by two-step PCR for 40 cycles at 95°C for 15 s and then at 60°C for
1 min. PCR reactions were carried out using a PCR master mix (Applied Biosystems, Foster
City, CA) in a 7900HT Fast real-time PCR System (Applied Biosystems, Foster City, CA).
All procedures were repeated in triplicate. Amplification data were analyzed with an Applied
Biosystems Sequence Detection Software version 2.2 (Applied Biosystems, Foster City, CA).
The efficiency of the target gene amplification and the efficiency of Gapdh amplification were
approximately equal, which was proven by examining the absolute value (less than 0.1) of the
slope of log input amount versus A Cy. The AACt method recommended by the manufacturer
was used to compare the relative expression levels.

Extraction of liver nuclei and measurement of Nrf2 and histone H1 proteins

Approximately 0.1g of mouse liver was homogenated by a Potter-Elvejhem homogenizer with
3 mL of ice cold hypotonic buffer A containing 10 mmol/L Hepes-KOH (pH7.4), 10 mmol/L
KCI, 0.1 mmol/L ethylenediamine-tetraacetic acid (EDTA), 0.1 mmol/L O'-Bis (2-aminoethyl)
ethyleneglycol-N,N,N",N'-tetraacetic acid (EGTA), 1 mmol/L dithiothreitol, 1. mmol/L PMSF,
phosphatase inhibitor cocktail, and protease inhibitor cocktail. The homogenate was incubated
at 4°C for 10 min and centrifuged at 1,000 x g for 10 min at 4°C. The pellet was suspended in
1.4 mL of ice cold buffer A containing 90 pL of 10% 4-nonylphenyl-polyethylene glycol. The
sample was incubated at 4°C for 10 min and centrifuged at 12,000 x g for 30 sec at 4°C. The
supernatant was removed, and the residue was added with 0.2 mL of hypertonic buffer B
containing 20 mmol/L Hepes-KOH (pH7.4), 400 mmol/L KCI, 1 mmol/L EDTA, 1 mmol/L
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EGTA, 1 mmol/L dithiothreitol, 1 mmol/L PMSF, phosphatase inhibitor cocktail, and protease
inhibitor cocktail. The sample was centrifuged at 12,000 x g for 10 min at 4°C and the
supernatant was obtained as nuclei extract.

Liver nuclei extract was loaded onto 10% SDS-polyacrylamide gel (25 ug protein/lane), which
was then transferred to polyvinylidene fluoride membrane (Bio-Rad Laboratories, Inc.,
Hercules, CA) at 15 V for 30 min. The membrane was immunostained with Nrf2 or histone
H1 polyclonal antibodies (1:200 dilution) for 2 hr. The membrane was washed five times with
0.01% Tween 20 containing phosphate buffer saline, and incubated with horseradish
peroxidase-conjugated goat anti-rabbit IgG (for Nrf2, 1:2000 dilution, Zymed Laboratories,
San Francisco, CA) or horseradish peroxidase-conjugated donkey anti-goat IgG (for histone
H1, 1:2000 dilution, Santa Cruz Biotechnology, Inc., Santa Cruz, CA) for 1 hr. The membrane
was washed five times with 0.01% Tween 20 containing phosphate buffer saline again, and
the membrane was stained with ECL Western Blotting Detection Reagents (Amersham
Biosciences, Buckinghamshire, UK) and exposed to a film for 30 sec. The film was scanned
using Epson GT-8700 scanner, and the band intensities were measured using Scion image
software (version beta 4.02, Frederick, MD).

Statistical analysis

RESULTS

All data are shown as mean * standard deviation (S.D.). Statistically significant differences
between wild-type and Fxr-null mice were assessed by Student’s t test. Statistically significant
differences among groups in Fxr-null mice were assessed by Analysis of Variance (ANOVA)
followed by Tukey’s multiple comparison. Probability values of less than 0.05 were considered
to be statistically significant.

Histochemical changes

Vacuolation and hypertrophy were observed in hepatocytes of Fxr-null mice (Fig. 1). In
contrast, these histochemical changes were not noted in wild-type mice.

Biochemical parameters

Hepatic 80OHAG concentration was measured by ELISA. The ELISA assay is highly sensitive,
and the linearity of hepatic 80OHdG concentration from 0.125 to 10 nmol/L was observed
(correlation coefficient (r) = 0.99). The hepatic 8OHdG concentration in Fxr-null mice was
significantly higher than that in wild-type mice (Fig. 2A).

The hepatic TBARS concentration in Fxr-null mice was significantly higher than that in wild-
type mice (Fig. 2B). In addition, the hepatic hydroperoxide concentration in Fxr-null mice was
also higher than that in wild-type mice (Fig. 2C).

The hepatic bile acid and triglyceride concentrations in Fxr-null mice were approximately 4-
and 2-fold higher than those in wild-type mice, respectively, which was consistent with the
previous data 4' 14+ 15) (Figs. 2D, E). The hepatic cholesterol concentration in Fxr-null mice
was 2.8 + 0.4 mg/g liver, and not significantly higher than that in wild-type mice (2.5 £ 0.6
mg/qg liver).

Plasma ALT activity in Fxr-null mice was 108 + 54 IU/L and higher than that in wild-type
mice (10 £ 2 IU/L), which was consistent with the previous reports 14+ 15). Furthermore,
plasma AST activity in Fxr-null mice was also higher than that in wild-type mice, as noted in
the result of ALT activity (Data not shown).
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Plasma IL-6 concentration in Fxr-null mice was 9.6 = 6.7 pg/mL and higher than that in wild-
type mice (below limit of quantification (<3.9 pg/mL)).

Real-time quantitative PCR

Nrf2 protein

The hepatic oxidative stress marker levels in Fxr-null mice were higher than those in wild-type
mice. The levels of hepatic oxidative stress-related gene expression were measured by real-
time quantitative PCR. The mRNA levels of Gsta2, Gstm3, Hmox1 and Ngol in Fxr-null mice
were approximately 2~7-fold higher than those in wild-type mice. Furthermore, the mRNA
level of Mt1 was approximately 35-fold higher than that in wild-type mice (Fig. 3).

level in liver nuclei

Several kinds of hepatic oxidative stress-related gene expressions in Fxr-null mice were higher
than those in wild-type mice and it was reported that these genes were regulated by Nrf2 16~
18). We therefore measured the Nrf2 protein level in liver nuclei of wild-type mice and Fxr-
null mice. Figure 4 shows a representative result of hepatic Nrf2 protein level in wild-type and
Fxr-null mice. Some bands with smaller molecular weights than 66 kDa were detected, and
the other bands shown in Fig. 4 were not detected. The histone H1 protein levels were not
significantly different between these two types of mice, however the Nrf2 protein level in
Fxr-null mice was approximately 2.4-fold higher than that in wild-type mice.

Effect of ME3738 in biochemical parameters in Fxr-null mice

To investigate whether the bile acid level contributes to the generation of oxidative stress, we
measured hepatic oxidative stress markers in Fxr-null mice fed a control, and ME3738, CA,
or CA plus ME3738 diet. We have reported that feeding of the diet mixed with ME3738 and
CAto Fxr-null mice increased biliary bile acid and cholesterol excretion and decreased hepatic
bile acid concentrations 10). Feeding with ME3738 decreased the hepatic bile acid,
hydroperoxide, TBARS and 80OHdG concentrations and plasma ALT activity (Table 1).
Apparent increases in the hepatic bile acid, hydroperoxide, TBARS and 80OHdG concentrations
and plasma ALT activity were observed in Fxr-null mice fed CA diet. These concentrations
and the activity were lower in the mice fed CA plus ME3738 diet as compared with those in
the mice fed CA diet (Table 1). Furthermore, good correlations were observed between the
hepatic bile acid concentrations and hepatic 8SOHdG or TBARS levels (r?=0.815 and 0.863,
respectively). A correlation between the hepatic triglyceride concentrations and hepatic
80HdG or TBARS levels was, however, coarse (r2=0.341 and 0.206, respectively) when
analyzed in all groups of Fxr-null mice fed the control, and ME3738, CA, or CA plus ME3738
diet (Fig. 5).

DISCUSSION

Cholestatic injury is associated with the accumulation of bile acids and activation of
proinflammatory cytokines in the liver. Cholestasis causes systemic and intrahepatic retention
of potentially toxic bile acids, which results in liver injury and ultimately leads to biliary fibrosis
or cirrhosis 19). Elevated bile acid levels are likely to induce toxicity, and therefore bile acid
synthesis and enterohepatic circulation are tightly controlled. The present study demonstrated
the involvement of FXR in development of liver injury, an early stage of cholestasis, and in
generation of hepatic oxidative stress in mouse in vivo.

FXR functions are now well established as a primary bile acid sensor 4). In accordance with
this role, many FXR-target genes have been identified to be involved in bile acid and lipid
metabolism 20722). We therefore measured the hepatic bile acid and triglyceride
concentrations in both wild-type and Fxr-null mice. As expected, these concentrations in
Fxr-null mice were higher than those in wild-type mice (Fig. 2), and vacuolation and
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hypertrophy were observed in the hepatocytes of only Fxr-null mice (Fig. 1). These results
suggested that FXR maintains homeostasis of the hepatic bile acid and lipid levels, and protects
against liver injury, an early stage of cholestasis.

ROS induces oxidative damage in various cell constituents such as DNA, protein and lipids.
In particular, oxidative DNA damage causes mutations and abnormal expression of genes
involved in carcinogenesis 23+ 24). 80OHdG, which is produced by oxidation of
deoxyguanosine, was reported to be one of the most sensitive markers for oxidative stress
25727), and an elevation in the BOHAG level is believed to play an important role in chemically
induced carcinogenesis 28). In the present study, the hepatic 80OHdG, TBARS and
hydroperoxide levels were significantly higher in Fxr-null mice as compared with wild-type
mice (Fig. 2). There was not a large difference in these oxidative stress related parameters
between Fxr-null mice and in wild-type mice, because the Fxr-null mouse model does not
show drastic pathological changes, but shows light endogenous cholestasis. The hepatic bile
acid and triglyceride concentrations in Fxr-null mice were only 4- and 2-fold higher than those
in wild-type mice, respectively, which is supported by these results of oxidative stress related
parameters.

TBARS is composed primarily of malondialdehyde, an end product of peroxidative
decomposition of polyunsaturated fatty acids 29731). Furthermore, the levels of oxidative
stress-related genes such as metallothionein 1 (Mt1), glutathione S-transferase mu3 (Gstm3),
alpha2 (Gsta2), NAD(P)H: quinone oxidoreductase 1 (Nqol), and heme oxygenase 1 (Hmox1)
in Fxr-null mice were significantly higher than those in wild-type mice. In particular, the
mMRNA level of Mtl in Fxr-null mice was approximately 35-fold higher than that in wild-type
mice.

Mt1 is a protective protein against toxicity of heavy metals and ROS, and several lines of
evidence indicated that Mt had capacity to scavenge reactive oxygen, particularly hydroxyl
radicals 32). Indeed, increased generation of oxidative stress and elevated Mt1 mRNA levels
were observed in rats administered with carbon tetrachloride 33). Min et al. reported that an
elevation in the Mt level protects against the generation of 8OHdG in rat hepatocytes treated
with ferric nitrilotriacetate 34), suggesting that higher Mt1 mRNA expression in Fxr-null mice
may be an adaptive response to elevated hepatic oxidative stress levels, especially 80OHdG
level. Moreover, it was reported that the Mt1 mRNA levels were inducible by addition of IL-6
33). We measured plasma IL-6 concentrations by ELISA, and compared these concentrations
between both types of mice. As a result, the plasma IL-6 concentrations in Fxr-null mice were
much higher than those in wild-type mice, suggesting that higher Mt1 mRNA levels in Fxr-
null mice may be attributable to higher IL-6 concentration in Fxr-null mice. Glutathione S-
transferases catalyze detoxification of electrophilic xenobiotics such as activated chemical
carcinogens and chemotherapeutic drugs 35) and were important modulators for the toxicity
of such compounds. Hmox1 is a cytoprotective enzyme that plays a critical role in protecting
the body against oxidant-induced injury during inflammatory processes 36~38). Hmox1
catalyzed the first and rate-limiting step in the oxidative degradation of heme to CO, biliverdin,
and ferrous iron 39741). Ngol is a flavoprotein that catalyzes reduction of quinones and
quinone imines, thereby protecting cells against ROS-mediated mutagenicity and
carcinogenicity 42). Based on the results of present and earlier studies, oxidative stress is
generated spontaneously in Fxr-null mice. Nuclear factor (erythroid-2 like) factor 2 (Nrf2), a
basic leucine zipper transcription factor, is known to be a multiorgan protector against various
toxic reactive compounds such as chemical carcinogens 43), acetaminophen 44) and
hydrophobic bile acid 45). Antioxidant-related genes and phase Il drug-metabolising enzymes
mentioned above are regulated by Nrf2 16718). We thus measured the Nrf2 protein levels in
liver nuclei of both types of mice. As expected, the Nrf2 protein levels in Fxr-null mice were
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higher than those in wild-type mice, suggesting that Nrf2 signaling is activated in Fxr-null
mice. It supports the results that oxidative stress is spontaneously enhanced in Fxr-null mice.

The bile acid and triglyceride levels, and hepatic oxidative stress markers in Fxr-null mice
were higher than those in wild-type mice (Fig.2). In order to determine whether the hepatic
bile acid concentration contributes to generation of oxidative stress in Fxr-null mice, we
compared the hepatic oxidative stress marker levels in mice fed a control diet, 0.25% CA diet,
0.15% ME3738 diet, or 0.25% CA plus 0.15% ME3738 diet. As a result, an increase in the
hepatic concentrations of bile acids in Fxr-null mice fed CA diet led to an increase in the hepatic
levels of hydroperoxide, TBARS and 80HdG. On the other hand, a decrease in hepatic bile
acid concentrations in the mice fed ME3738 diet lowered the hepatic oxidative stress marker
levels to those in wild-type mice. Furthermore, the hepatic oxidative stress marker levels in
the Fxr-null mice fed CA+ME3738 diet were lower than those in CA-fed Fxr-null mice (Table
1). A good correlation between hepatic bile acid concentrations and the level of hepatic 8SOHdAG
or TBARS was observed in Fxr-null mice. The hepatic triglyceride concentrations were not
significantly correlated with the hepatic SOHdG or TBARS level (Fig. 5). These results suggest
that chronic high levels of hepatic bile acids may contribute to the generation of oxidative stress
in Fxr-null mice. Indeed, as shown in rats intravenously infused with bile acids 46) and in bile-
duct ligated rats 47: 48), sustained high level of bile acids was involved in generating oxidative
stress.

Some reports described mechanisms for oxidative stress generation by an elevation in the bile
acid levels. Krahenbuhl et al. showed that bile acids inhibited the state 3 respiration and reduced
the activity of complex | and |11 of the mitochondrial respiratory chain 1). Moreover, bile acids
directly stimulated hydroperoxides generation in hepatic mitochondria, which induced
cytochrome c release 13). Mitogen-activated protein (MAP) kinase and c-Jun N-terminal
kinase (JNK) signaling pathways appeared to regulate death receptor translocation to the
plasma membrane in response to hydrophobic bile acid 49).

Recently, it was reported that aged Fxr-null mice spontaneously developed liver tumors, and
the high level of hepatic bile acid may contribute to tumorgenesis 7: 8). One of general reasons
for development of endogenous liver tumors is considered to be generation of oxidative stress
9). An increase in hepatic bile acid concentrations through aging in Fxr-null mice is suggested
to cause excessive oxidative stress generation, which may develop liver tumors.

It was also reported that absence of FXR disrupted normal glucose homeostasis, and a blood
glucose level in Fxr-null mice was higher than that in wild-type mice 5). We, however, could
not clarify if the glucose levels contribute to the generation of oxidative stress in Fxr-null mice.
Hyperglycemia may lead to increase ROS production in endothelial cells, livers and pancreatic
B-cells 50752), and higher levels of 80OHAG and 4-hydroxynonenal modified proteins are
observed in a model of type 2 diabetes mellitus 51). Moreover, obesity is associated with
induction of endoplasmic reticulum (ER) stress predominantly in the liver. Under
hyperglycemic conditions, the production of glucosamine pathway may initiate ER stress. This
stress can promote JNK-dependent serine phosphorylation of insulin receptor substrate 1,
which results in suppression of insulin-receptor signaling pathway 53). These reports support
that continual generation of oxidative stress is occurred in Fxr-null mice.

In conclusion, the absence of FXR disrupted the hepatic bile acid and lipid levels and
spontaneous generation of oxidative stress. The generation of oxidative stress in Fxr-null mice
may be attributable to a continuously high level of hepatic bile acids.
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(A)

()

Fig. 1.

Histological changes in the livers of wild-type (A) and Fxr-null (B) mice

H&E stained sections of liver tissue show normal morphology in wild-type mice, and
vacuolation (Arrows) and hypertrophy in Fxr-null mice (x 50).
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Fig. 2.

Hepatic 8OHdG (A), TBARS (B), hydroperoxide (C), bile acid (D) and triglyceride (E)
concentrations

Hepatic 80OHdG concentrations were measured by ELISA. Hepatic TBARS, bile acid and
triglyceride concentrations were measured by enzyme-colorimetric method. Hepatic
hydroperoxide concentrations were measured as fluorescence of dichlorofluorescein.

Data are shown as mean + S.D. (n=8). #, ##: significantly different from CA group (p<0.05,
p<0.01, respectively)
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Fig. 3.

Oxidative stress-related genes expression

Real-time quantitative PCR was carried out using cDNA that was synthesized from the liver
of Fxr-null mice and wild-type mice. Data are shown as mean + S.D. (n=8). #, #*: significantly
different from wild-type mice (p<0.05, p<0.01, respectively).
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Fig. 4.

Hepatic Nrf2 protein level

Nrf2 protein levels were measured by Western blot analysis. Liver nuclei proteins were
subjected to SDS-polyacrylamide gels and electrically transferred to polyvinylidene fluoride
membrane for immunostaining with anti-human Nrf2 antibody. Numbers in parenthesis show
the expression ratio to wild-type. #: significantly different from wild-type mice (P<0.01)

Biol Pharm Bull. Author manuscript; available in PMC 2010 March 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Nomoto et al.

(A)

Hepatic 80OHdG (ng/g liver)

(©)

Hepatic 80HdG(ng/g liver)

10 r

8

6

4

2 O y=14x-28
I (*=0.815)

0 A A A A A A A ]
0 1 2 3 4

Hepatic bile acid concentration
(umol/g liver)

10 p

0 10 20 30 40 50

Hepatic triglyceride concentration
(mglg liver)

Fig. 5.

w
o
o

200

100

Hepatic TBARS(nmol MDA/g liver)
o

(D)

w
(=}
o

200

100

Hepatic TBARS(nmol MDA/g liver)
o

Page 15

(*=0.863)

0 1 2 3

Hepatic bile acid concentration
(umol/g liver)

I *A
A

i A

A .

I °

| %0

0 10 20 30 40 50

Hepatic triglyceride concentration
(mgl/g liver)

Correlations between hepatic bile acid concentrations and 8OHdG (A) or TBARS (B) level,
and hepatic triglyceride concentrations and 80HdG (C) or TBARS (D) level These
concentrations and levels in Fxr-null mice fed control diet (closed circle), ME3738 diet (open
circle), CA diet (closed triangle) and CA+ME3738 diet (open triangle) for 6 days were plotted.
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