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Abstract
The farnesoid X receptor (FXR) is a bile acid-activated transcription factor belonging to the
nuclear receptor superfamily. FXR deficiency in mice results in cholestasis, metabolic disorders,
and tumorigenesis in liver and intestine. FXR is known to contribute to pathogenesis by regulating
gene transcription; however, changes in the post-transcriptional modification of proteins
associated with FXR modulation have not been determined. In the current study, proteomic
analysis of the livers of wild-type (WT) and FXR knockout (FXR-KO) mice treated with a FXR
synthetic ligand or vehicle was performed. The results identified five proteins as novel FXR
targets. Since FXR deficiency in mice leads to liver tumorigenesis, poly (ADP-ribose) polymerase
family, member 1 (Parp1) that is important for DNA repair, was validated in the current study by
quantitative real-time PCR, and 1- and 2-dimensional gel electrophoresis/western blot. The results
showed that Parp1 mRNA levels were not altered by FXR genetic status or by agonist treatment.
However, total Parp1 protein levels were increased in FXR-KO mice as early as 3 month old.
Interestingly, total Parp1 protein levels were increased in WT mice in an age-dependent manner
(from 3 to 18 months), but not in FXR-KO mice. Finally, activation of FXR in WT mice resulted
in reduction of phosporylated Parp1 protein in the liver without affecting total Parp1 protein
levels. In conclusion, this study reveals that FXR genetic status and agonist treatment affects basal
levels and phosphorylation state of Parp1, respectively. These alterations, in turn, may be
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associated with the hepatobiliary alterations observed in FXR-KO mice and participate in FXR
agonist-induced protection in the liver.
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Introduction
The farnesoid X receptor (FXR) is a ligand-activated transcription factor belonging to the
nuclear receptor superfamily. The endogenous ligands of FXR are bile acids (Forman et al.,
1995; Makishima et al., 1999; Parks et al., 1999; Wang et al., 1999). FXR regulates several
key hepatic functions including bile acid, cholesterol and lipid homeostasis and glucose
metabolism (Guo et al., 2003; Lambert et al., 2003; Ma et al., 2006; Mak et al., 2002; Sinal
et al., 2000; Sirvent et al., 2004; Zhang et al., 2006). Moreover, FXR deficiency leads to
liver and intestine tumorigenesis in mice (Kim et al., 2007; Maran et al., 2009; Modica et al.,
2008; Yang et al., 2007). Animal studies suggest that FXR is a potential target for the
prevention and/or treatment of gallstone disease, hepatocellular carcinoma (HCC), diabetes,
atherosclerosis, biliary cirrhosis and colon cancer (Zhu et al., 2011).

Most studies of FXR have determined FXR-mediated regulation on gene transcription with
very few studies determining the changes of protein levels. However, regulations at post-
transcriptional, translational, and post-translational levels are equally important as regulation
at the transcriptional level to affect cellular function. Moreover, transcriptional regulation
may not always affect protein level due to multiple layers of modification following gene
transcription.

Therefore, in the current study, we have determined the effects of FXR modulation at the
protein level by proteomic analysis of the livers of wild-type (WT) and FXR-knockout (KO)
mice treated with the FXR synthetic ligand (GW4064) or control vehicle. From this analysis,
we have identified novel hepatic protein targets associated with FXR modification.

Materials and methods
Animals and treatments

WT and FXR-KO male mice in the C57BL/6J genetic background were used. All mice were
housed in a pathogen-free animal facility under standard 12-h light/dark cycle, with free
access to food and water ad libitum. The study was carried out in accordance with the Guide
for the Care and Use of Laboratory Animals of the National Institute of Health. Animal
protocols and procedures were approved by the Institutional Animal Care and Use
Committee (IACUC) at the University of Kansas Medical Center. For proteomic analysis, 3-
month old male C57BL/6J (WT) and FXR-KO mice (n = 3 per group) were gavaged with
vehicle (1% methocellulose, 1% Triton X-100 in phosphate-buffered saline [PBS]) or
GW4064 (100 mg/kg) twice (first dose at 6 pm and second dose at 8 am next day), with
livers harvested 4 h after the second treatment. GW4064 was synthesized by the Chemical
Discovery Laboratory at the University of Kansas, Lawrence, KS. In addition, livers of male
WT and FXR-KO mice without treatment (n = 3 per group) at 3-, 6-, 12- and 18-month old
were used for western blot and at 3-month old were used for Q-PCR analysis.
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Proteomic analysis
Protein extraction—Individual livers were homogenized on ice in Urea/Thiourea lysis
buffer containing 7 M urea, 2 M Thiourea, 4% CHAPS, 40 mM Tris (pH 8–9), 0.5% Triton
X-100, 100 mM DTT 15.4 mg/ml, 0.2% Bio-Lyte ampholytes (Bio-Rad, cat. no. 163-2094,
Hercules, CA), and 1 mM PMSF. The homogenates were incubated at room temperature for
30 min and centrifuged at 20,000 ×g for 60 min at 15 °C. The supernatants were collected,
and the protein concentration was determined by Dye Reagent Concentrate (Bio-Rad, cat.
no. 500-0006, Hercules, CA).

Two-dimensional gel electrophoresis—Forty micrograms of protein and 7.5 µl of
standard marker (Bio-Rad, cat. no. 161-0320, Hercules, CA) were solubilized in 300 µl of
isoelectric focusing (IEF) rehydration buffer (7 M urea, 2 M thiourea, 2% CHAPS, 100 mM
DTT, 0.01% Bromophenol blue, and 0.2% Bio-Lyte ampholytes) to a total volume of 125 µl,
which was then rehydrated to 7-cm/PH 3–10 IPG strips (Bio-Rad, cat. no. 161-2000,
Hercules, CA). Passive rehydration was performed for 1 h and active rehydration at 50 V for
15 h. Isoelectric focusing was started at 250 V for 30 min and continued at 2000 V for 2 h
with a final progression to 4000 V for a total of 20000 V/h. The IEF strips were equilibrated
in first 1% DTT-containing and then 2.5% iodoacetamide-containing equilibration buffer
(50 mM Tris–HCl, pH 8.8, 6 M urea, 30% glycerol, 2% SDS, 0.01% bromophenol blue),
each for 15 min. The strips were then placed on the top of a 10%–15% gradient SDS–PAGE
gel and ran at 74 V for 30 min followed by 120 V for another 30 min until the bromophenol
blue was near the bottom of the gel. The proteins were stained using the Applied Sliver Stain
Plus Kit (Bio-Rad cat. no. 161-0449, Hercules, CA). Images were scanned on a GS-800
densitometer (Bio-Rad) and analyzed initially by the PD-Quest software (Bio-Rad,
Hercules, CA). Protein spots were matched, and gels were normalized by standard markers
in all gels. Protein spots that had at least 2-fold FXR-dependent changes were further
analyzed.

Protein identification by MALDI-TOF MS analysis
The protein spots on Coomassie blue stained two-dimensional gel were excised and
subjected to in-gel tryptic digestion by sequence grade modified trypsin (Promega, Madison,
WI). After in-gel digestion, the peptides were mixed with 1 µl α-cyano-4-hydroxycinnanmic
acid. Peptides samples were subject to peptide mass fingerprinting (PMF) using matrix
associated laser desorption/ionization time of flight mass spectrometry (MALDI-TOF-MS).
In general, peptide digest from each 2D spot was pressure loaded on a C18 reverse phase
nano-column (75 µm ID fused silica packed in-house with 9 cm of 100 Å, 5µ, Magic C18
particles, Michrom Bioresources). The column was mounted on the electrospray stage of a
FT IC mass spectrometer (LTQ FT, Thermo Finnigan) and the peptides were separated on-
line with an Eksigent 2D HPLC with a 0–90% acetonitrile gradient in 120 min at a flow rate
of 0.25 µl/min. An electrospray voltage of 1.9 kV was used with the ion transfer temperature
set to 200 °C. The mass spectrometer was controlled by the Xcalibur software to perform
continuous mass scan analysis on the FT followed by MS/MS scans on the ion trap of the six
most intense ions with a dynamic exclusion of two repeat scans of the same ion, 30 s repeat
duration and 90 s exclusion duration. Normalized collision energy for MS/MS was set to
35%. For data analysis, all MS/MS scans were searched by the Sequest algorithm included
in Bioworks 3.2 (Thermo Finnigan) using the human International Protein Index database
(IPI human, v3.17). The results of the search were filtered using the following set of criteria
for high confidence: minimum cross-correlation score of (Xcorr) of 1.9, 2.5 and 3.5 for 1, 2
and 3 charges ions, respectively, in addition to a delta correlation score (Δcorr) greater than
0.1, a probability of a random match lower than 0.001 and a minimum of 2 different
peptides per protein.
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RNA isolation and quantitative real-time PCR (Q-PCR)—Total RNA was isolated
from frozen livers using TRIzol reagent according to the manufacturer's instructions
(Invitrogen, Carlsbad, CA). The concentration of total RNA was determined by
spectrophotometry, and RNA integrity was confirmed by MOPS gel electrophoresis. The
mRNA expression levels of Fxr, Shp, Ostβ, and Parp1 were quantified using SYBR green
chemistry (Fermentas, Glen Burnie, MD) with a standard protocol in an ABI Prism 7900
Detection system (Applied Biosystems, Foster City, CA). The mRNA results were
normalized to Gapdh mRNA levels.

Western blot—Livers were homogenized in radioimmunoprecipitation assay lysis buffer
(50 mM Tris–HCl, PH 7.4, 150 mM NaCl, 0.25% deoxycholic acid, 1% NP-40, 1 mM
EDTA, 1% PMSF, and 1% protease inhibitor cocktail [Thermo Scientific, Rockford, IL]).
Protein concentrations were determined by the BCA protein assay kit (Pierce, Rockford, IL).
The samples were pooled from each group, and 50 µg of protein was electrophoresed on
10% SDS–polyacrylamide gels. The protein was transferred to a PVDF membrane and
blocked with 5% nonfat milk for 2 h at room temperature. The blots were incubated with
rabbit anti-Parp1 (Cell signaling, Danvers, MA) antibody at 4 °C overnight and then
incubated with a goat anti-rabbit HRP-conjugated secondary antibody (Santa Cruz
Biotechnology, Inc., Santa Cruz, CA) at room temperature for 2 h. Bands were visualized
with ECL western blotting detection reagents (GE Healthcare Bio-Sciences, Piscataway,
NJ). Gapdh (Millipore, Billerica, MA) was used as the loading control. Densitometric
quantification of immunoblots was performed using ImageJ 1.43 software (NIH, Bethesda,
MD).

Two-dimensional gel electrophoresis western blot—Two-dimensional gel
electrophoresis was performed using 100 µg of pooled protein samples extracted from livers
of WT mice treated with vehicle or GW4064 as described in the methods. Two gels were
run for each group with one gel used for Coomassie blue staining and the other gel for
western blot analysis. The procedures and antibodies for western blot were described above,
and ImageJ 1.43 software was used for the densitometric quantification of immunoblots.
The gel stained with Coomassie blue was used to identify spots detected in the western blot
gel.

Immunoprecipitation and protein phosphorylation analysis
For immunoprecipitation assays, aliquots of total liver protein (in lysis buffer containing
both protease and phosphorase inhibitors) were pre-cleared for 2 h at 4 °C using protein G
agarose slurry (Millipore). The mixtures were then centrifuged at 8,000× g for 5 min at 4 °C
with the cleared supernatants retained. Anti-Parp1 antibodies (Pierce) were added to the
supernatants and incubated overnight at 4 °C with rotation. The Parp1/antibody complexes
were captured by the addition of protein G sepharose slurry and incubating for 3 h at 4 °C
with rotation. Following washes with lysis buffer, immunoprecipitates were boiled in SDS
loading buffer (10% β-mercaptoethanol, 125 mM Tris–HCl (pH 6.8), 2% SDS, 10%
glycerol, 0.005% bromophenol blue) for 10 min before subjecting to western blot analysis as
described above. The phosphoprotein antibody sampler pack (Invitrogen) was used to
determine the phosphorylation of serine (S), threonine (T) and tyrosine (Y) sites in Parp1
protein.

Statistical analysis
Data are presented as mean ± SD. The differences between two groups were analyzed by
Student's t-tests after determining samples were normally distributed. The difference among
multiple groups was analyzed by one-way ANOVA followed by Duncan's test. The results
were considered statistically significant with p < 0.05.
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Results
Novel FXR targets identified in mouse livers by proteomic analysis

In the 2D-DIGE assay, no spot was identified with more than 2-fold difference in density
between WT and FXR-KO mice. However, in WT mice treated with GW4064, 5 spots were
identified with more than a 2-fold difference (Table 1, Figs. 1 and 2). These five spots were
identified as the following proteins: hypoxia up-regulated 1 (Hyou1), enolase1 (Eno1), poly
(ADP-ribose) polymerase family, member 1 (Parp1), 3-hydroxyanthranilate 3,4-dioxygenase
(Haao), and mitochondrial aldehyde dehydrogenase 2 (Aldh2) (Table 1). Specifically,
GW4064 increased the relative protein amount of Hyou1 and decreased the relative protein
volume of the other four proteins (Fig. 2B).

Modulating FXR function did not affect Parp1 mRNA levels
Studies have shown that deficiency of FXR leads to spontaneous HCC development in mice
(Kim et al., 2007; Yang et al., 2007), but the underlying mechanism is not clear. In the
current study, activation of FXR in WT mice by GW4064 treatment significantly reduced
Parp1 protein levels in the liver in a FXR-dependent manner (Fig. 2). Since Parp1 plays
critical roles in DNA repair and carcinogenesis (Krishnakumar and Kraus, 2010; Min et al.,
2010), we decided to further focus on determining the effect of FXR modulation on Parp1
expression.

Shown in Fig. 3, FXR activation in WT mice was first confirmed by induction of classical
FXR target genes, including small heterodimer partner (Shp) and organic solute transporter
β (Ostβ) (Li et al., 2010; Teodoro et al., 2011). The mRNA levels of Parp1 did not change in
WT mice treated with GW4064 (Fig. 3). Parp1 mRNA levels were slightly increased in
FXR-KO mice compared to those in WT mice, although this change was not statistically
significant (Fig. 3).

Induction of Parp1 total protein levels by FXR deficiency
To further determine the changes in total Parp1 protein levels in WT and FXR-KO mice,
Parp1 protein was measured in livers of 3-, 6-,12-, and 18-month old WT and FXR-KO
mice. There was an age-dependent increase in the total hepatic Parp1 protein in WT mice
(Fig. 4). Furthermore, Parp1 protein levels appeared to be markedly increased in young
FXR-KO mice compared to age-matched WT mice. However, in contrast to WT mice, aging
did not affect Parp1 protein levels in FXR-KO mice (Fig. 4). Therefore, WT and FXR-KO
mice tended to have similar Parp1 protein levels by 18 months of age.

Activation of FXR reduced a modified form of Parp1 protein, but not the total Parp1 protein
We have shown that deficiency of FXR increased total Parp1 protein levels in the livers of
mice (Fig. 4). Therefore, the effect of FXR activation on Parp1 protein levels was
determined in livers of 3-month old WT and FXR-KO mice treated with vehicle or
GW4064. The result showed that activation of FXR by GW4064 did not result in significant
changes of total Parp1 protein levels (Fig. 5).

We then carefully examined the proteomic results obtained from Fig. 1 and found that the
absence of detectable Parp1 in the WT mice treated with GW4064 was a form of Parp1 with
a pI value of 6.7. The theoretical pI value of Parp1 by calculation is approximately 9 without
consideration of protein modifications (Fig. 1). These results indicate that FXR activation
reduces a modified form of Parp1 rather than total Parp1 protein, indicating that FXR
modulation may alter the post-translational modification of Parp1 protein. To further test
this hypothesis, we performed a two-dimensional gel electrophoresis followed by western
blot analysis to determine the pI and amount of Parp1 following GW4064 administration.
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The result showed that a modified form of Parp1 was indeed reduced by FXR activation
(Figs. 6A and B).

Parp1 is subject to several post-translational modifications, including SUMOylation,
acetylation, and phosphorylation (Pic et al., 2011). Phosphorylation is one of the most
important post-translational modifications that shift the pI value by several pH units. Indeed,
there were more than 2 pI-units difference between the theoretical pI and the experimental
pI of the Parp1 protein (Fig. 1), which suggests that altered phosphorylation may be a major
modification of Parp1 in this study. To determine whether phosphorylation of Parp1 at
specific phosphorylation sites are altered by FXR activation, antibodies against phospho-
serine, -threonine or -tyrosine were used on samples immunoprecipitated with Parp1. Within
the Parp1 protein, phosphorylation was associated primarily on serine site(s), while it was
low on theronine and tyrosine sites. Furthermore, activation of FXR with GW4046
decreased the levels of phosphoserine in immunoprecipitated Parp1 protein in WT mice
(Fig. 6C). There are 89 serines within Parp1 (almost 9% amino acid composition). To shift
the pI value from 9.0 to 6.7, theoretically, 22 serines would need to be phosphorylated. Forty
six of the 89 serines within Parp1 were predicted to be potential phosporylation sites (Blom
et al., 2004) (Fig. 6D). The specific site of serine phosphorylation in Parp1 after FXR
activation could be determined in future studies.

Discussion
We report a novel study of altered protein expression in mouse livers following FXR
activation. Novel protein targets, including Parp1, were identified using a proteomics
approach. FXR deficiency resulted in increased total Parp1 protein levels without affecting
the mRNA levels of Parp1. Moreover, activation of FXR by the FXR agonist, GW4064,
reduced the levels of serine-phosphorylated Parp1 protein without affecting Parp1
expression at the mRNA or total protein level.

In the current study, 5 proteins (Hyou1, Enol1, Parp1, Haao and Aldh2) were altered at least
2-fold in a FXR-dependent manner by proteomic analysis. Hyou1 is involved in
cytoprotection in hypoxia-induced cellular perturbation (Kitao et al., 2004), Parp1
participates in the regulation of various cellular processes such as differentiation,
proliferation and tumor transformation, and also plays a role in molecular events involved in
the recovery from DNA damage (Ji and Tulin, 2010). Haao is an enzyme that catalyzes the
formation of quinolonate from tryptophan via the biosynthetic pathway (Zhang et al., 2005).
Eno1 and Aldh2 are both associated with metabolism of glucose, tryptophan and alcohol
(Crabb et al., 2004; Gerlt et al., 2005). Among these 5 proteins, only Hyou1 was identified
as heat shock protein 8, which belongs to the heat shock 70 kDa protein family, in a
previous FXR-proteomics study (Gardmo et al., 2011).

These four novel proteins found in the current study were not reported previously by
Gardmo et al. (2011) and this may be due to the following reasons: (1) the current study
used a FXR synthetic ligand, GW4064 rather than INT-747. INT-747 is a derivative of
chenodeoxycholic acid (CDCA) and is potent in activating FXR (Pellicciari et al., 2002).
GW4064 is a selective and potent activator of FXR with an EC50 of 90 nM (Maloney et al.,
2000). These two agonists may have different potencies in activating FXR in the liver,
which may lead to differential protein expression profile; (2) silver and Coomassie blue
staining were used for the detection of proteins in the 2D-DIGE assay in our study, which
differs from the cyanine dyes used in the other study (Gardmo et al., 2011).

Our results clearly showed that the hepatic total Parp1 protein levels were consistently
induced by FXR deficiency or aging, but not both. Moreover, the mRNA levels of Parp1
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were not affected by FXR modulation. In addition, the total Parp1 protein levels were not
altered by FXR activation in WT mice, but it was in the KO. These results led us to
hypothesize that FXR affects Parp1 post-transcriptional modification. This was confirmed
by differences in the observed versus theoretical pI and the selective down-regulation of the
phosphoserine form of Parp1. Many proteins exist in several charged isoforms that can be
resolved on the 2D-DIGE assay but appear as a single band on western blot. In addition, the
immunoblotting results could be affected significantly by the specificities and sensitivities of
the antibodies used (Li et al., 2011).

Parp1 is one of the most abundant nuclear proteins involved in DNA repair and intracellular
transport (Abd Elmageed et al., 2012; Schreiber et al., 2006). Parp1 inhibitors have been
used as chemo- and radio-sensitizers to enhance and/or prolong the antitumor effects of
several anticancer therapies (Sandhu et al., 2010; Yap et al., 2011). Our previous studies
have shown that FXR-KO mice develop spontaneous HCC, and deficiency of FXR enhances
intestinal tumorigenesis (Kim et al., 2007; Maran et al., 2009; Modica et al., 2008; Yang et
al., 2007). Our results showed that Parp1 was induced in the liver by FXR deficiency and
FXR-KO mice have increased bile acids. It is likely that bile acids accumulate to such a
toxic level in livers of FXR-KO mice that cell and DNA damage occur. This damage leads
to activation of Parp1, which in turn helps to repair damaged DNA or trigger apoptosis.
However, Parp1 protein levels were not further induced in FXR-KO mouse livers with
increased bile acids (data not shown), indicating either saturation of Parp1 induction by bile
acids or bile acids are not the only mechanism to induce Parp1 expression in FXR-KO mice.
Moreover, Parp1 phosphorylation was reduced in livers of WT mice treated with GW4064,
further indicating that FXR modulation affect Parp1 protein in a variety of manners. FXR is
a transcription factor and thus is not likely to be directly involved in post-translational
modifications of proteins. In addition, no report has shown direct transcriptional regulation
of genes encoding kinases and/or phosphatases by FXR. However, it cannot be excluded of
a possible involvement of an intermediate FXR-dependent protein(s) as a potential
modulator of Parp1. Furthermore, FXR is known to regulate homeostasis of bile acids and
other lipids, which are signaling molecules that are known to directly or indirectly activate
the intracellular signaling pathways (reviewed by Zhu et al., 2011). Therefore, it is possible
that FXR alters protein modification via interactive cellular networks. Future studies are
warranted to determine the underlying mechanism.

Although studies have found that mice with Parp1 deletion are susceptible to HCC
development, the function of Parp1 in HCC is yet not well known (Min et al., 2010). More
recently, studies showed that Parp1 binds to the HBV core promoter (HBVCP) and increases
the replication efficiency of HBV, which potentially contributes to the development of HCC
(Ko and Ren, 2011). Moreover, other reports have shown that the protein amplified in liver
cancer 1 (Alc1) is recruited to the nucleus and activated via interaction with Parp1 (Ahel et
al., 2009; Gottschalk et al., 2009). Alc1 is a chromatin remodeling enzyme and has been
shown to be over-expressed in more than 50% of human HCC samples (Ma et al., 2008;
Wong et al., 2003). Over-expression of Alc1 exhibits induced colony formation in vitro and
increased tumorigenesis rate in vivo (Ma et al., 2008). These results suggest that Alc1
functions as an oncogene to enhance HCC development. Moreover, IPA analysis of the
Parp1 network in HCC shows potential protein candidates that may be associated with Parp1
during liver carcinogenesis (Supplemental Fig. 1). These results also predict other potential
biological functions of Parp1 in HCC development. Thus, activation of Parp1 may be related
to the activation of oncogenes, such as Alc1, which may contribute to liver carcinogenesis in
FXR-KO mice. In contrast, inhibition of Parp1 by FXR activation may prevent HCC
development. In the future, the role of Parp1 in HCC development especially with FXR
deficiency warrants further study.
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In summary, the present study identified 5 novel hepatic FXR targets at the protein level in
livers of mice by proteomics analysis. Among these new targets, FXR deficiency or aging
increased total Parp1 protein levels, whereas FXR activation reduced serine-phosphorylated
but not total Parp1 protein.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Novel FXR target proteins identified in mouse livers by proteomic analysis. Total protein
was isolated from four groups of mouse livers and was used for 2D-DIGE assay. Forty
micrograms of protein and 7.5 µl of standard marker were separated on 7-cm/PH 3–10 IPG
strips followed by separation on 10–15% gradient SDS–PAGE gels. Four standard markers,
including bovine muscle actin, rabbit muscle GAPDH, soybean trypsin inhibitor and equine
myoglobin, were labeled with their protein names, molecular weights and pI values on the
gels. The gels were stained by silver staining.
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Fig. 2.
A detailed analysis of 5 proteins with at least 2-fold FXR-dependent changes in 2D-DIGE
analysis of livers of mice following FXR activation. (A) 2D-DIGE analysis of the 5 proteins
that were different between livers of WT and FXR-KO mice treated with vehicle or
GW4064. The gels were stained with silver staining and were identified by MALDI-TOF
MS analysis. (B) Normalized relative volume of each protein in mouse livers. n = 3 mice per
group. An asterisk indicates P<0.05 between vehicle and GW4064 treated groups.
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Fig. 3.
The mRNA levels of Fxr, Shp, Ostβ, and Parp1 with FXR modulation in the liver. FXR was
activated in the livers of WT mice by GW4064 treatment. FXR-KO mice and vehicle
treatment were served as controls. Shp and Ostβ are classical FXR target genes and their
expression levels served as positive controls to indicate FXR activation. An asterisk
indicates P<0.05 between vehicle and ligand treatment groups. Double asterisks mean
P<0.01 between vehicle and ligand treatment groups.
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Fig. 4.
Induction of Parp1 total protein levels in livers of FXR-KO mice. Western blot was
performed with pooled liver protein samples (n = 3 per group) from 3-, 6-, 12-, and 18-
month old WT (FXR +) and FXR-KO (FXR −) mice. Fifty µg of protein were
electrophoresed on 10% SDS–polyacrylamide gels. Gapdh was used as a loading control.
The density of bands was normalized to Gapdh and quantified by ImageJ software.
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Fig. 5.
Activation of FXR does not affect total Parp1 protein levels. Pooled liver protein samples
(50 µg/well) from 3-month old WT and FXR-KO mice treated with vehicle or GW4064 (n =
3 per group) were used for western blot after separation on 10% SDS–polyacrylamide gels.
Gapdh was used as a loading control. The density of bands was normalized to Gapdh and
quantified by ImageJ software.

Zhu et al. Page 15

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2014 January 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 6.
FXR activation reduced serine-phosphorylated Parp1 protein. (A) WT mice were treated
with vehicle or GW4064 (n = 3 per group), and the liver proteins were isolated and pooled
for each group. A total of 100 µg of protein and 7.5 µl of standard marker were separated on
7-cm/PH 3–10 IPG strips, followed by 10–15% gradient SDS–PAGE gels and western blot.
(B) The density of spots was normalized and quantified by ImageJ software. (C)
Phosphorylated Parp1 at sites of serine, threonine, and tyrosine were determined by
immunoprecipitation. (D) Predicted serine phosphorylation sites in Parp1. The amino acid
sequence of mouse Parp1 was analyzed using the NetPhos 2.0 software program with the
corresponding probability scores >0.50 marked.
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Table 1

Liver proteins changed by FXR modulation in mice by 2D-DIGE assay.

Spot Protein name Gene
symbol

Protein
score

Sequence
coverage (%)

1814 Hypoxia up-regulated 1 hyou1   73   99.642

3407 Enolase1 eno1 128 100

3602 Poly(ADP-ribose) polymerase Family, member 1 parp1   77   99.844

4301 3-Hydroxyanthranilate 3,4-dioxygenase haao 108 100

4401 Mitochondrial aldehyde dehydrogenase 2 aldh2 116 100
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