FXR Signaling Represses SULT2A Expression 317

using RT-PCR as previously described.?® Single strand
cDNAs were constructed using an oligo(dT) primer with
the Ready-to-Go You-Prime First-strand Beads kit
(Amersham Pharmacia Biotech AB, Uppsala, Sweden).
These ¢cDNAs provided templates for PCRs using
specific primers at a denaturation temperature of 94°C
for 30sec, an annealing temperature of 57°C-61°C
(61°C for Sult2al) for 30sec, and an elongation
temperature of 72°C for 30sec in the presence of

dNTPs and Taq polymerase. The PCR cycle numbers
were titrated for each primer pair to assure amplifica-
tion in linear range. The reaction was completed at 7
min incubation at 72°C and PCR products were
analyzed in a 2% agarose gel (w/v) containing ethidium
bromide for visualization. Their intensities were
measured by use of the NIH image (version 1.59)
software (Bethesda, MD). The specific forward and
reversal primers for the genes examined by PCR were
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Influence of bile acid feeding on hepatic Sult2a protein expression levels.

A. Immunoblot analyses of hepatic Sult2a proteins. Hepatic cytosol was prepared from FXR-null and wild-type mice fed a LCA diet for 9 days
or fed a CDCA diet for 5 days. Hepatic cytosols (30 ug) were analyzed by immunoblotting with antibody to rat SULT2AL1. Intensified staining was
shown on the top. B. Quantification of hepatic Sult2a protein levels of mice fed a LCA diet, or a CDCA diet. Data are shown as the mean £5.D.
(n=4). *, significant difference from control group (p<0.05). **, (p<0.01). UT, untreated.

Table 1. Primers for RT-PCR

Gene Forward Primer Reverse Primer
mGAPDH 5’—TGCATCCTGCACCACCAACTG—3’ 5-GTCCACCACCCTGTTGCTGTAG-3’
mSult2al 5-CGATCTATCTCGTGAGAAATCCC-3" 5-TCTCTTCATAGTACAGTACCAAA-3’
mSHP 5'-CTAGCCAAGACACTAGCCTTCC-3” S*“TTCAGTGATGTCAACGTCTCC-3"
hGAPDH 5-TTCAACGGCACAGTCAAGG-3/ 5'-CACACCCATCAAACATG-3"
hSHP 5'-GCTGTCTGGAGTCCTTCTGG-3* 5'-GAGCCTCCTGCTGCAGGTGC-3/
hSULT2A1 5-TGGACAAAGCACAACTTCTG-3" 5*-TTATTCCCCATGGGAACAGCTC-3"

m; mouse, h; human,
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Fig. 2. Hepatic LCA and CDCA concentrations in bile acid-fed mice.
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Liver homogenates were prepared from FXR-null and wild-type mice fed a LCA diet for 9 days or fed a CDCA diet for 5 days. Hepatic LCA
and CDCA concentrations were determined by HPLC. Combined amounts of tauro and free forms are shown. Data are shown as the mean +S.D.

(n=4). ND, not detected. UT, untreated.

shown in Table 1.

Statistical analysis: All values are expressed as the
means+SD. All data were analyzed by unpaired
Student’s ¢ test or Dunnett’s multiple comparisons test
for significant differences between the mean values of
each group.

Results

Influence of bile acid feeding on hepatic content of
Sult2a protein: Hepatic Sult2a expression levels were
increased in FXR-null and PXR-null female mice as
compared to their wild-type counterparts.® Hepatic
contents of Sult2a protein in bile acid-treated mice were
determined by immunoblotting using rat SULT2A1
antibody to assess the influence of the bile acid-related
nuclear receptors in hepatic Sult2a expression. Consis-
tent with our previous data, Sult2a protein contents
were markedly higher in livers of FXR-null female mice
than in wild-type mice (Fig. 1A, B). Hepatic Sult2a
protein contents were increased 2.4-fold in wild-type
mice fed a 1% LCA diet. The Sult2a contents were also
increased 1.8-fold in wild-type mice fed a 0.5% LCA
diet. Significant increases (2.4-fold) in Sult2a protein
contents were also observed in FXR-null nice fed a 1%
LCA diet. Hepatic Sult2a protein contents were
markedly decreased to 20% of control in wild-type mice
fed a 0.5% CDCA diet (Fig. 1B). In contrast to
wild-type mice, Sult2a was significantly increased 2.1-
fold in FXR-null mice after feeding CDCA.

Hepatic LCA and CDCA concentrations: To
understand the mechanism of the change in hepatic
Sult2a expression in bile acid-fed mice, hepatic LCA
and CDCA concentrations were measured in mice fed a
LCA or CDCA diet. FXR-null female mice constitutive-
ly expressing high levels of Sult2a protein did not
accumulate LCA in livers.® As expected, hepatic LCA
concentrations were 6.9-fold higher in wild-type mice
than in FXR-null mice after feeding a 1% LCA diet for

9 days (Fig. 2). In addition, CDCA was detected as the
major bile acid in livers of FXR-null and wild-type mice
fed LCA (0.5% and 1%) diets. In the FXR-null mice fed
a 1% LCA diet, hepatic CDCA concentrations were
higher than LCA. Furthermore, hepatic LCA concen-
trations were 3.4-fold higher in wild-type mice fed a 0.5
% LCA diet than in FXR-null mice fed a 1% LCA diet.
In CDCA fed mice, CDCA was detected as the main bile
acid component in liver together with trace amounts of
LCA. Hepatic CDCA concentrations were 1.8-fold
higher in FXR-null mice fed a 0.5% CDCA diet than
those in wild-type mice. Hepatic levels of LCA and
CDCA in FXR-null and wild-type mice fed a control
diet were below the detection limits under our condi-
tions.

Expression and characterization of mouse Sult2al
and Sult2a2: Two distinct mRNAs of mouse Sult2a
were isolated from C57BL/6 wild-type mice by
RT-PCR. Onmne matched with Sult2al (Accession
Number:1.02335), and the other showed two nucleotide
differences from the reported Sult2a2 cDNA (Accession
Number:L27121) isolated from BALB/c mice. This
¢cDNA was judged to correspond to Sult2a2 in the
C57BL /6 strain. Although a clear correlation between
individual cytosolic LCA sulfation activity and Sult2a
protein content was demonstrated,® the correspondence
between Sult2a mRNA and protein remained unclear.
Thus, recombinant Sult2a (Sult2al and Sult2a2)
proteins were expressed in Escherichia coli. The
recombinant Sult2al protein showed the same elec-
trophoretic mobility on SDS-PAGE as the major cyto-
solic Sult2a protein detected by antibody generated
against rat SULT2A1, whereas the recombinant Sult2a2
protein exhibited a mobility different from the cytosolic
Sult2a protein (data not shown). These results indicate
that Sult2a protein quantified by Western blotting
corresponds to Sult2al.

Hepatic Sult2al mRNA levels in CDCA fed mice:
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Fig. 3.

Influence of CDCA feeding on expression levels of Sult2al and SHP mRNAs.

A. Changes in mRNA levels of hepatic mouse Sult2al and mouse SHP were analyzed by RT-PCR. Hepatic mRNAs were prepared from FXR-
null and wild-type mice fed a 0.5% CDCA diet for 5 days. Specific primers described in Table 1 were used. B. Quantification of Suli2al and SHP
mRNA levels. Data are shown as the mean+S.D. (n=4). *, significant difference from control group (p <0.05). UT, untreated.
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Fig. 4. Relationship between hepatic Sult2a protein and SHP
mRNA levels.

Data on FXR-null and wild-type mice fed a 0.5% CDCA diet or a
control diet are indicated.

Hepatic contents of Sult2a protein were higher in female
FXR-null mice than in the corresponding wild-type
mice. These results suggest the possibility that FXR
mediated suppression of Sult2a expression. Clear
decreases in hepatic Sult2a content in CDCA-fed mice
further support this finding. Liver Sult2al mRNA level
was detected by RT-PCR. Under the conditions
employed, Sult2a2 mRNA was undetectable. Hepatic
levels of Sult2al mRNA were reduced to 26% of the
wild-type control in mice fed a CDCA diet, which was
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Fig. 5. Influence of CDCA feeding on Sult2a expression in PCN-
treated mice.

Wild-type mice and FXR-null mice were fed a control diet or the
diet containing 0.5% CDCA for 5 days and injected with PCN (100
mg/kg, ip) the last 3 days. Hepatic cytosols were analyzed by
immunoblotting with antibody to rat SULT2A1. The expression level
of Sult2a protein was normalized to that of control wild-type mice.
Data are shown as the mean+S8.D. (n=4). **| significant difference
from corresponding PCN-treated groups (p <0.01).

consistent with the change in Sult2a protein levels.
However, no significant decrease in Sult2al mRNA
levels were observed in the FXR-null mice fed a CDCA
diet (Fig. 3A, B). As expected, the prototypical FXR
target gene, SHP mRNA levels were increased 1.9-fold
in wild-type mice fed a CDCA diet. The same treatment
decreased SHP mRNA levels in FXR-null mice, suggest-
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Fig. 6. Influence of FXR agonist on expression levels of human
SULT2A1 mRNA and protein in HepG2 cells.

Total mRNAs and cytosols were prepared from HepG2 cells treated
with CDCA, GW4064 or vehicle (DMSO) for 48 hrs. A. Human
SULT2A1 and SHP mRNA levels. Human SULT2AI1 and SHP
mRNA levels were analysed by RT-PCR using specific primers
described in Table 1. B. Relative SULT2A mRNA levels. The levels
were analysed by conventional PCR method. Data are shown as the
mean+S.D. (n=4). *, significant difference from control group
(p<0.05). ** (p<0.01). C. Human SULT2AI1 protein contents.
Human SULT2A1 protein was detected by immunoblots with
antibody to human recombinant SULT2AI.

ing a CDCA-mediated suppression of SHP expression.
A significant inverse relationship (r>=0.523) was found
between Sult2a protein levels and SHP mRNA levels
(Fig. 4). Furthermore, r? value is increased to 0.672 if
two points that show more than 1.5 of SHP mRNA level
are omitted.

Influence of CDCA feeding on Sult2a expression in
PCN-treated wild-type mice: Rodent SULTZ2A in liver
is increased after treatment with PXR ligands such as
dexamethasone and PCN.?” Thus, the influence of
CDCA feeding on Sult2a induction by PCN was
examined. Sult2a protein contents were increased 9.0-
fold in PCN-treated wild-type mice, compared to those
in control mice. (Fig. 5). The contents were reduced in
PCN-treated wild-type mice fed a 0.5% CDCA diet to
35% level of PCN-treated wild-type mice fed a control
diet. On the other hand, no significant differences in

Sult2a contents were observed between both the groups
in FXR-null mice.

Human SULT2A1 expression in HepG2 cells: The
influence of FXR agonists on human SULT2A1 levels in
HepG2 cells was assessed to determine whether human
SULT2AI1 was also negatively regulated by FXR signal-
ing. Human SULT2A1 mRNA levels were significantly
decreased in HepG?2 cells after addition of CDCA in a
dose-dependent manner (Fig. 6A, B). In contrast, SHP
mRNA levels were increased in these cells. These results
are consistent with the jn vivo data in the mice fed a
0.5% CDCA diet. Human SULT2A1 mRNA levels were
also decreased in HepG2 cells treated with GW4064, a
selective nonsteroidal FXR agonist. Human SULT2A1
protein levels were also decreased in HepG2 cells after
addition of 100 uM of CDCA (Fig. 6C).

Discussion

The present study demonstrates that SULT2A is
negatively regulated by CDCA signaling in vivo. The
negative influence of CDCA feeding on Sult2a
expression is likely to be FXR-dependent as suggested
by the inverse relationship (r*=0.523) between levels of
SHP mRNA and Sult2a protein. Human SULT2A1
mRNA levels were also reduced in HepG2 cells after
treatment with CDCA or GW4064, similar to the results
obtained with mouse Sult2al expression in vivo.
Consistent with these results, human SULT2A1 mRNA
levels are decreased in cultured human primary hepato-
cytes treated with CDCA.2® Although some differences
in transcriptional regulation has been demonstrated in
rodent and human SULT2A genes, human SULT2A1
expression is also likely to be suppressed by CDCA
activation of FXR. However, it cannot be excluded that
a CDCA-mediated FXR-independent mechanism such
as the c-Jun N-terminal kinase (JNK) signaling®-*® plays
a role in suppression of SULT2A expression.

It should also be noted that Sult2a protein contents
were increased in mice fed a LCA diet, thus supporting
the view that Sult2a is involved in protection against
LCA-induced toxicity through sulfation of LCA. LCA
serves as an agonist for PXR and VDR¥* and it was
shown that transcription of rodent SULT2A is positive-
ly regulated by several nuclear receptors such as PXR,
CAR, VDR and PPAR. %2343 Thys, hepatic Sult2a
protein is likely at least in part induced by PXR and
CAR signaling through LCA.

Although 3- to 4-fold higher hepatic LCA concentra-
tions were observed in wild-type mice fed a 0.5% LCA
diet, as compared to LCA in FXR-null mice fed a 1%
LCA diet, the extents of increase in Sult2a protein was
lower in the former mice than that in the latter. These
results also support the idea that CDCA-mediated FXR
activation negatively regulates hepatic Sult2a expression
because CDCA as well as LCA were detected as the
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main bile acid component in these mice. LCA serves asa
weak agonist for FXR, while it strongly antagonizes
CDCA-mediated FXR activation.’® Thus, Sult2al
expression in LCA-fed mice might be regulated by
complex networks with negative FXR signaling and
positive PXR /CAR signaling through CDCA and LCA,
respectively. Furthermore, PCN-mediated increases in
Sult2a protein levels were attenuated by CDCA feeding
in wild-type mice. This result also suggests the possibili-
ty of CDCA-mediated negative FXR signaling and the
potential for cross-talk between FXR and PXR in the
regulation of Sult2a expression.

It was reported that CDCA-mediated FXR activation
stimulates reporter CAT expression directed vig the rat
SULT2A1 promoter from —366 to +38 in HepG2
cells.™ An FXR binding site, designated IR0, in this
promoter region was also demonstrated in this study.
Furthermore, PXR, CAR and VDR were found to bind
to this element and enhance reporter activity. The IR0
element has also been detected in the mouse Sult2al
promoter, but not in the human SULT2A1 promoter.
Our results using FXR-null mice and HepG2 cells
suggest that the mouse and human SULT2As are
negatively regulated by FXR signaling. Two possible
mechanisms for negative transcriptional regulation of
target genes by FXR activation have been proposed.
One is an indirect mechanism vie FXR-mediated
induction of negative transcription factor such as SHP.
The other is a direct mechanism vie FXR binding to the
negative response element of the target gene. Further
studies are needed to understand whether FXR regulates
SULT2A expression directly or indirectly.

SULT?2A seems to facilitate the excretion of toxic bile
acids such as LLCA from body because human and
mouse SULT2A predominantly catalyze LCA sulfation,
but not primary bile acid, CA and CDCA sulfation.®
Under physiological conditions, the main components
of mouse hepatic bile acids, muricholic acid and cholic
acid, are effectively conjugated with amino acids but not
sulfated and excreted into bile and about 95% of the
biliary amino-conjugated bile acids are reabsorbed in
the intestine. On the other hand, under cholestasis, toxic
bile acids such as LCA accumulate in liver and liver in-
jury is accelelated. Thus, the nuclear receptor-mediated
enhancement of bile acid sulfation that stimulates the
excretion of toxic bile acids into feces might be an
adaptive response to protect from bile acid-induced
toxicity. Indeed, feeding of the primary bile acid CDCA
suppresses hepatic Sult2a expression in wild-type mice,
whereas LCA feeding increases its expression. Rodent
CYP7AL1, the rate-limiting enzyme in bile acid synthesis,
is positively and negatively regulated by LXR signaling
and FXR/SHP signaling respectively. These play key
roles in bile acid and cholesterol homeostasis. SULT2A,
involved in the bile acid excretion, seems to also be

positively and negatively regulated by several bile acids
through a complex nuclear receptor network to main-
tain bile acid homeostasis.

The hepatic bile acid components and concentration
were analyzed and correlated with the hepatic Sult2a
expression profile. Hepatic bile acid concentrations were
significantly different between wild-type mice and FXR-
null mice after feeding bile acids. Furthermore, unlike
in vitro LCA treatment, CDCA was detected as the
main bile acid component in livers of LCA-fed mice,
suggesting hepatic accumulation of the LCA metabo-
lite, CDCA in vivo. Hepatic bile acids are critical
determinants for hepatic gene expression regulated by
nuclear receptors such as PXR, CAR and FXR. The
analyses of hepatic bile acids are thus important in order
to compare wild-type mice and null mice treated with
bile acids.

In the present study, we have demonstrated that
SULT2A-mediated LCA sulfation 1is negatively
regulated by CDCA-mediated FXR activation. Further
studies are needed to elucidate the precise mechanism
for this suppression and to determine the physiological
significance of this response.
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Abstract

The efficient clearance of toxic bile acids such as lithocholic acid (ILCA) requires drug-metabolizing
enzymes. We therefore assessed the influence of pregnenolone 16a~carbonitrile (PCN) treatment on
IL.CA-induced hepatotoxicity and disposition of LCA metabolites using female farnesoid X receptor
(FXR)-null and wild-type mice. Marked decreases in serum aspartate aminotransferase (AST) and
alanine aminotransferase (ALT) activities, and hepatic taurolL.CA (TLCA) concentrations were found
in LCA-fed wild-type mice co-treated with PCN. Whereas induction of Cyp3a and hydroxysteroid
sulfotransferase (Sult2a) proteins was observed in FXR-null and wild-type mice, clear increases in
biliary 3e-sulfated TLCA but not total 6a-hydroxy LCA (taurohyodeoxycholic acid and hyodeoxy-
cholic acid) were only observed in PCN-treated wild-type mice. Biliary 3a-sulfated TLCA output
rate was increased 7.2-fold, but accounts for only 4.2% of total bile acid output rate in LCA and
PCN-co-treated wild-type mice. Total 3a-sulfated LCA (IL.CA and TLCA) was, however, the most
abundant bile acid component in faeces suggesting that efficient faecal excretion of biliary 3a-sulfated
TLCA through escape from enterohepatic circulation. FXR-null mice, which have constitutively
high levels of the Sult2a protein, were fed a diet supplemented with 1% LCA and 0.4%
dehydroepiandrosterone (DHEA), a typical Sult2a substrate/inhibitor. The faecal total 3a-sulfated
bile acid excretion was reduced to 62% of FXR-null mice fed only the LCA diet. Hepatic
TLCA concentration and serum AST activity were significantly higher in FXR-null mice fed
DHEA and LCA diet than in FXR-null mice fed the LCA diet or DHEA diet. These results suggest
that hepatic formation of 3a-sulfated TL.CA is a crucial factor for protection against LCA-induced
hepatotoxicity.
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Introduction

Bile acids, the major products of cholesterol catabolism in the liver, are critical for the
absorption of dietary fat and vitamins in the intestine and the regulation of the enzymes
and transporters involved in the lipid homeostasis through activation of nuclear receptors
such as farnesoid X receptor (FXR), pregnane X receptor (PXR) and constitutive
androstane receptor (CAR) (Eloranta and Kullak-Ublick 2005; Handschin and Meyer
2005). Under physiological conditions, approximately 5% of the bile acids are excreted
in the faeces while the remaining 95% are recirculated back to the liver through
enterohepatic circulation (Hofmann 1994). Hepatic bile acid levels are modulated by
a balance between hepatic uptake, biosynthesis and efflux of bile acids regulated by
FXR (Sinal et al. 2000). FXR-null mice, in which bile acid homeostasis is disrupted,
are susceptible to cholic acid (CA)-induced toxicity. Transporter-mediated bile acid
excretion, which is regulated by FXR, is a critical factor for protection against CA-induced
toxicity (Zollner et al. 2003; Miyata et al. 2005; Zollner et al. 2005). On the other hand,
female FXR-null mice, expressing constitutively higher levels of hydroxysteroid sulfotrans-
ferase (Sult2a), are resistant to LCA-induced toxicity, suggesting that Sult2a is involved
in protection against LCA-induced toxicity (Kitada et al. 2003).

Lithocholic acid (I.CA) is a hydrophobic secondary bile acid formed in the large intestine
by bacterial 7o-dehydroxylation of chenodeoxycholic acid (CDCA). In humans, elevated
levels of 1.CA are found in patients with chronic cholestatic liver disease (Fischer et al.
1996). LCA administration to experimental animals is known to cause hepatotoxicity,
however, species differences in the susceptibility to LCA-induced toxicity have been
reported (Palmer 1976; Hofmann 2004); rabbit and rhesus monkey are the most susceptible,
rodents are intermediate whereas humans and chimpanzee are resistant.

Certain steroids protect against chemically induced toxicity through acceleration of the
their metabolism. The synthetic steroid, pregnenolone 16a~-carbonitrile (PCN) was found
to prevent LCA-induced hepatotoxicity in rodents (Selye 1972). PCN, a prototypical
agonist of the nuclear receptor PXR in rodents (Kliewer et al. 1998), is a potent inducer
of various drug-metabolizing enzymes and transporters including CYP3A, CYP2B,
hydroxysteroid sulfotransferase (SULT2A) and OATP2. Thus, these proteins are thought
to play critical roles in PCN-mediated protection against LCA-induced toxicity. Indeed,
PXR-null mice were used to demonstrate that PXR signalling prevents LCA-induced
toxicity (Staudinger et al. 2001; Xie et al. 2001). Recent studies using CAR-null and
PXR-null mice revealed that LCA-induced toxicity is protected through CAR as well as
PXR activation (Saini et al. 2004; Zhang et al. 2004; Uppal et al. 2005; Wagner et al. 2005).

LCA metabolism through hydroxylation and sulfation reactions, alter the hydrophilicity
of the molecule to facilitate its excretion from body. In mice, LLCA hydroxylaton and
sulfation catalysed by Cyp3a and Sult2a, are enhanced by PXR and CAR activation
(Sonoda et al. 2002; Assem et al. 2004; Echchgadda et al. 2004). These results suggest
that Cyp3a and Sult2a play central roles in the nuclear receptor mediated protective
mechanisms in mice. Although a large number of studies have been carried out on
the protective mechanisms of LCA-induced toxicity through nuclear receptor signalling,
little is known about the role of LCA metabolism, pharmacokinetics and excretion pathways
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in LCA toxicity. These latter data are necessary in order to extrapolate properly animal
model studies to humans.

In the present study, to explore the protective mechanisms for LCA-induced
hepatotoxicity, I.CA metabolism and disposition were assessed in FXR-null and wild-type
mice treated with PCN. Furthermore, the influence of DHEA, a typical SULT2A substrate/
inhibitor on LCA-induced toxicity was examined. Our results indicate that the increase
in the production of hepatic Sult2a-mediated 3a-sulfated TLCA and efficient faecal
excretion contributes to the protection against LCA-induced toxicity.

Materials and methods
Materials

Taurochenodeoxycholic acid (TCDCA), urusodeoxycholic acid (UDCA), deoxycholic acid
(DCA), cholic acid (CA), chenodeoxycholic acid (CDCA), taurclithocholic acid (TLCA),
lithocholic acid (I.CA), 3w-sulfated TLCA, 3a-sulfated LCA, dehydroepiandrosterone
(DHEA), choloylglycine hydrolase and pregnenolone 16a-carbonitrile (PCN) were
purchased from Sigma-Aldrich Co. (St. Louis, MO, USA). Hyodeoxycholic acid
(HDCA), raurohyodeoxycholic acid (THDCA), muricholic acid (MCA) and murideoxy-
cholic acid (MDCA) were purchased from Steraloids, Inc. (Newport, RI, USA). The HPLC
columns, Chemcosorb 5-ODS-H (6.0 x 150 mm) were purchased from Chemco Scientific
Co. (Tokyo, Japan) and L-column ODS (2.1 x 150mm) from Chemical Evaluation and
Research Institute (Tokyo, Japan). Enzymepak 30-HSD column was obtained from Jasco

(Tokyo, Japan).

Animal trearment and sample collection

FXR-null mice (Sinal et al. 2000) and the wild-type mice (C57BL/6N) were housed under
standard 12hr light/12hr dark cycle. Prior to the administration of special diets, mice were
fed standard rodent chow (CE-2) (Clea, Tokyo, Japan) and water ad libitum for acclimation.
Age matched groups of 8-12-week-old animals were used for all experiments and were
allowed access to water ad libitum. FXR-null mice and wild-type mice were fed a control
diet supplemented with 1% LCA or 1% L.CA and 0.4% DHEA for 9 days and co-treated
with PCN (100mgkg™ ", in corn oil) or vehicle for last 4 days. Bile, blood, faeces and tissue
samples were taken for biochemical assays after 9 days of feeding special diets. Each mouse
was placed in metabolic cages for the last one day to collect faeces and urine. Biliary
excretion was monitored in mice anaesthetized with ethyl ether as previously described
(Miyata et al. 2005). Afier ligation of the common bile duct, the gall bladder was cannulated
with a polyethylene tube (PE-10) with an internal diameter of 0.28 mm. The cannula
was ligated into the gall bladder to obtain bile samples. After a 5min equilibration
period, bile was collected for 30 min. All experiments were performed in accordance with
Guidelines for Animal Experiments of Tohoku University.

Serum AST and ALP activities

Serum aspartate aminotransferase (AST) and alkaline phosphatase (ALP) activities were
determined by the POP-TOOS method using a commercial kit, Transaminase CII-B-test
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Wako (Wako, Osaka, Japan). Bile, liver and serum 3a-hydroxy bile acid concentrations
were estimated by an enzyme-colorimetric method using the Total bile acid-test kit from
Wako (Wako, Osaka, Japan).

Content of bile acid components in lvver, bile and faeces

Hepatic, biliary and faecal 3a-hydroxy bile acid contents were measured by HPLC as
previously described (Kitada et al. 2003). A porton (100 ul) of liver homogenate was mixed
with 1 ml ethanol containing 2nmol of androstandiol and treated at 85°C for 1 min, and
then centrifuged at 1000 g for 5 min. After the supernatant was isolated, the precipitate was
extracted twice with 1ml ethanol and the combined extracts were dried and redissolved
in 200 pl methanol. Faeces was homogenized in 50% of tertiary-butanol and centrifuged
at 1000 g for 5 min. The supernatants were diluted with methanol. To analyse biliary 30-OH
bile acid components, biliary bile acids were deconjugated by choloylglycine hydrolase.
Bile (2 pl) was diluted 50-fold with 100mM of sodium acetate buffer (pH 5.6) and was
treated with choloylglycine hydrolase (5 units) from Clostridium perfringens for 12h at 37°C.
The reaction mixture was diluted with methanol. HPLC analyses were performed with
a Jasco intelligent model PU-980 pump (Jasco, Tokyo, Japan), Waters M-45 pump
(Waters, Milford, MA, USA) and FP-920S fluorescence detector (Jasco, Tokyo, Japan).
Bile acids were separated at 35°C with an L-column ODS (2.1 x 150mm) (Chemical
Evaluation and Research Institute). The eluates were mixed with an NAD™ solution prior
to introduction of 3o-hydroxysteroid dehydrogenase immobilized on an Enzymepak
3a¢-HSD column. The NADH produced was measured by fluorescence using an excitation
wavelength of 365 nm and an emission wavelength of 470 nm. The separation was started at
a flow rate of 0.5 mlmin~" with a 60 min linear gradient of solution A/solution B mixture
(25:75) to solution A/solution B mixture (55:45), and then continued with solution A/
solution B mixture (55:45) for 25 min. (Solution A; 10mM phosphate buffer (pH 7.2)/
acetonitrile (60:40); solution B; 30 mM phosphate buffer (pH 7.2)/acetonitrile (80:20).) The
eluates were passed through a 3e-HSD column after mixing with solution C (1:1). (Solution
C; 10mM phosphate buffer (pH 7.2), 1mM EDTA, 0.05% 2-mercaptoethanol, and
0.3mM NAD™)

Measurement of 3a~sulfared bile acid

Total 3a-sulfated bile acid concentrations were determined by an enzyme-colorimetric
method using UBASTEC-AUTO (Daiichi Pure Chemical, Tokyo, Japan) (Tazuke et al.
1994; Kato et al. 1996). The LClelectrospray ionization-MS method was employed for
the detection of 3a-sulfated bile acids. The LLC/MS system consisted of Quattro Ultima
(Micromass, Manchester, UK) and HP1100 system (Agilent Technologies, Palo Alto, CA,
USA). Bile acid extracts were separated with an L-column ODS (2.1 x 150 mm) (Chemical
Evaluation and Research Institute) with a gradient mobile phase of acetonitrile containing
formic acid (solution A) and 50 mM ammonium-acetate buffer (solution B). The separation
was started at a flow rate of 0.4 mlmin~' with a 5 min linear gradient of solution A/solution
B mixture (2:98) to solution Afsoluton B mixture (95:5), and then contnued with
solution A/solution B mixture (95:5) for 1 min. The MS conditions were as follows: negative
ion mode; capillary volt, 3.0kV; cone volt, 50V. Detection was performed in the selected
ion monitoring mode. The [M-H] ions, m/z 455.2 and 562.2 were monitored for
quantification of 3a-sulfated 1.CA and 3a-sulfated TLCA, respectively.
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Western blot analysis

Cytosolic proteins (3 pg/lane) or microsomal proteins (2 ug/lane) were loaded onto a 10.5
or 8.0% polyacrylamide gel, respectively, isolated and transferred to nitrocellulose filters.
The filters were immunostained with a polyclonal antibody prepared against the purified
recombinant rat SULT2A1 protein (1:1000 dilution) that reacts with mouse Sult2a
(Shimada et al. 2001) and a polycional antibody against rat CYP3A2 (1:1000 dilution) that
cross-reacts with mouse Cyp3a. These antibodies do not react with other family isoforms.
The sheets were stained with horseradish peroxidase conjugated goat anti-rabbit IgG and
3,3 -diaminobenzidine tetrahydrochloride. The stained sheets were scanned with a GT-8700
spectrophotometer (Epson, Suwa, Japan) and their intensities measured by use of the NIH
image quant (version 1.59) software (Bethesda, MD, USA).

LCA 6a-hydroxylase activities

A typical incubation mixture consisted of 0.1 M phosphate buffer (pH 7.4), 4.8 mM MgCl,,
0.32mM NADP*, 2.4mM glucose 6-phosphate, 0.26 Uml™' glucose 6-phosphate
dehydrogenese, 0.25uM LCA, and 250pug microsomal protein in a final volume of
500 pl. The mixture was incubated for 20 min at 37°C. The incubation was terminated by
addition of 1 ml of ethyl acetate. LCA 6a-hydroxylation (HDCA) was determined by HPLC.

Estimation of faecallbiliary ratios of bile acid excretion

Faecal bile acid excretion amount per day was measured in faeces collected for 24h.
Biliary bile acid excretion amount per day was estimated by multiplying biliary bile acid
amount in bile collected for 30min by 48. Faecal/biliary ratios of bile acid excretion
were calculated by dividing faecal bile acid excretion amounts per day by biliary bile acid
excretion amounts per day.

Statistical analysis

All values are expressed as the means tstandard deviation. All data were analysed by an
unpaired Student’s -test or a Dunnett’s multiple comparisons test for significant differences
between the mean values of each group.

Results

Influence of PCN treatment on LCA-induced hepatotoxicity and
hepatic bile acid concentrations

To understand the mechanism by which PCN protects against LCA-induced toxicity,
FXR-null mice and wild-type mice were fed a diet supplemented with 1% 1L.CA for 9 days
and co-treated with PCN (100mgkg ™", in corn oil) or vehicle for the last 4 days. Marked
decreases in levels of the diagnostic markers for liver damage, serum aspartate
aminotransferase (AST) and alanine aminotransferase (ALT) were found in the wild-type
mice co-treated with PCN as compared with vehicle treated mice (Figure 1). FXR-null mice
were resistant to LCA-induced hepatotoxicity. Low levels of these activities were observed
in both groups of FXR-null mice.
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Figure 1. Influence of PCN treatment on serum AST and ALT activides in LCA-fed mice. Sera
were isolated from wild-type and FXR-null mice fed a 1% LCA diet for 9 days and injected with PCN
(100mgkg™!, intraperitoneally) or vehicle (corn oil) the last 4 days. Data are shown as the
mean £ standard deviation (n=135). **Significantly different from corresponding control group

(p<0.01).
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Figure 2. Influence of PCN treatment on hepatic bile acid concentrations. Livers were isolated from
wild-type and FXR-null mice fed a 1% L.CA diet for 9 days and injected with PCN (100mg kg™,
intraperitoneally) or vehicle (corn oil) the last 4 days. Hepatic TLCA and TCDCA concentrations
were measured by HPLC. Data are shown as the mean £ standard deviaton (n=35). Significantly

different from the corresponding control group (*p <0.05,**p<0.01).

TLCA and TCDCA were detected as the hepatic major bile acid components (Figure 2).
Marked decreases in hepatic TLCA concentrations were observed in FXR-null and the
wild-type mice co-treated with PCN compared with the vehicle-treated mice. Hepatic
TCDCA concentrations were also low in PCN-treated wild-type and FXR-null mice.
A clear correlation was observed between AST activity and hepatic TL.CA concentrations

in the wild-type mice (data not shown).

Influence of PCN treatment on hepatic contents of Sult2a and Cyp3a proteins
and LCA 6a-hydroxylase activity

Hepatic contents of Sult2a protein were higher in LCA-fed FXR-null mice than in the
wild-type mice (Figure 3A, B). Significant increases in Sult2a protein contents were
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Figure 3. Influence of PCN treatment in hepatic Sult2a and Cyp3a protein contents and LCA
6o-hydroxylase activity. (A) Immunoblot analysis of hepatic Sult2a and Cyp3a. Livers were isolated
from wild-type and FXR-null mice fed a 1% LCA diet for 9 days and injected with PCN (100 mgkg™},
intraperitoneally) or vehicle (corn oil) the last 4 days. Three representative samples were shown.
Cytosolic proteins (10 ug) and microsomal proteins (2 jg) were loaded. (B) Quantification of hepatic
Sult2a protein content. {C) Hepatic microsomal LCA 6x-hydroxylase activity. Data are shown as the
mean =+ standard deviation (n=05). Significantly different from the corresponding control group

(*p<0.05, **p<0.01).

observed in the wild-type and FXR-null mice co-treated with PCN, although Sult2a protein
levels were higher in FXR-null mice than in PCN-treated wild-type mice. Hepatic levels
of Cyp3a proteins were also increased with PCN treatment in both wild-type and FXR-null
mice. Cyp3a protein levels were higher in wild-type mice treated with PCN than in
FXR-null mice treated with the vehicle. Consistent with hepatic Cyp3a protein levels,
microsomal LCA 6a-hydroxylation was increased 6.1-fold in PCN-treared wild-type and
2.7-fold in FXR-null mice (Figure 3C).

Ourput rates of biliary bile acids

Bile acid output rates (biliary 3a-hydroxy bile acid excretion rate) were determined to
estimate the biliary bile acid excretion capacity. No significant difference in bile acid
output rates was observed in wild-type and FXR-null mice with or without PCN treatment.
CDCA, MDCA, HDCA, LCA, UDCA, DCA, CA and MCA were detected in bile treated
with choloylglycine hydrolase. The main bile acid components, CDCA, MDCA, HDCA,
LCA and UDCA were quantified (Table I). Total CDCA (TCDCA and CDCA) was
detected as the most abundant biliary 3¢-OH bile acid components. In spite of LCA feeding,
biliary total LCA levels were less than 10% of the total bile acids in each group. Although
microsomal LCA 6a-hydroxylase activities were markedly increased in both wild-type
and FXR-null mice after treatment with PCN, biliary total 6a-hydroxy LCA (THDCA and
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Table I. Biliary bile acid output rate in wild-type and FXR-null mice.

Biliary bile acid output rate (nmol/min/100g BW) (%)

Wild-type FXR-null
Metabolite LCA LCA+PCN LCA LCA+PCN
Total COCA 75.0+£54.1 (48.7) 128.0£27.6 (75.1) 127.8+43.6 (50.5) 120.54+57.0 (73.2)
Total MDCA 46.6£28.4 (30.3) 9.142.9* (5.3) 44.0+29.2 (17.4) 4.9+£2.0* (3.0)
Total LCA 14.8+10.9 (9.6) 10.5+7.6 (6.2) 20.4:+11.2 (8.1) 3.8:42.2% (2.3)
Total HDCA 7.9+34 (5.1) 6.542.7 (3.8) 8.2+4.6 (3.2) 5.742.7 (3.5)
Sulfated TLCA 1.0+£1.3 (0.6) 7.2£5.0** (4.2) 15.2:4£11.9 (6.0) 25.245.6 (15.3)
Sulfated LCA ND ND ND ND

Total CDCA, CDCA and TCDCA; Total MDCA, MDCA and TMDCA; Total LCA, LCA and TLCA;
Total HDCA, HDCA and THDCA. Values are mean + standard deviation (n=>5). *, p<0.05 vs LCA group;
**, p<0.01 vs LCA group. Values in parentheses were expressed as a percentage of total main bile acids (total
CDCA, total MDCA, rtotal L.CA, total HDCA, total UDCA, and sulfated TLCA). ND, not detected.

HDCA) contents were not increased compared with vehicle-treated mice. On the other
hand, the biliary 3a-sulfated TL.CA excretion rate was clearly increased (7.2-fold) in wild-
type mice treated with PCN, compared with vehicle-treated wild-type mice. The biliary
3a-sulfated TL.CA excretion rate, however, was only 4.2% of the total bile acids (total
CDCA, total MDCA, total HDCA, total LCA, total UDCA and 3eg-sulfated TLCA)
excretion rate, and TCDCA excretion was estimated at 75% of total bile acid excretion
in wild-type mice treated with PCN. 3w-sulfated LCA was not detected in biliary bile acids.

Faecal bile acid excretion amount

In wild-type mice treated with PCN, faecal total 3w-sulfated LCA (3o-sulfated L.CA and
3g-sulfated TL.CA) excretion was higher (1.6-fold) than faecal total CDCA (CDCA
and TCDCA) excretion (Figure 4). Total 3e-sulfated LCA was the most abundant bile
acid component in the faeces. In FXR-null mice, faecal amounts of total 3e-~sulfated 1L.CA
were more than 20-fold higher than those of faecal total CDCA. The ratios of faecal
excretion to biliary excretion of total CDCA and total 3a-sulfated LCA were 0.02 and 0.49,
respectively, in wild-type mice treated with PCN (Table II). These results suggest extremely
high excretion of 3a-sulfated L.CA excretion from bile to faeces.

Faecal and urinary 3o-sulfated LCA excretion

To compare 3c-sulfated bile acid excretion from the body to urine and faeces, urine
and faeces were collected for 24h after diet change from LCA supplemented to the
normal. Total 3e-sulfated bile acid levels in faeces were significantly increased by treatment
of wild-type mice with PCN, but the levels were still lower than those in FXR-null mice
treated with vehicle (Figure 5). No significant difference in urinary amounts of 3a-sulfated
bile acid was found between FXR-null and wild-type mice treated with or without PCN
pretreatment. Furthermore, urinary levels of 3a-sulfated bile acids were much lower
compared with the faecal excretion. Urinary and serum levels of 3e-sulfated bile acids
were not increased in PCN-treated wild-type mice, although hepatic Mrp3 mRNA levels
were significantly increased (data not shown).
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Figure 4. Influence of PCN treatment in faecal excretion of sulfated LCA and CDCA. Faeces were
isolated for 24 h from wild-type and FXR-null mice fed a 1% LCA diet for 9 days and injected with
PCN (100 mgkg™*, intraperitoneally) or vehicle (corn oil) the last 4 days. Total CDCA (TCDCA and
CDCA), total sulfated LCA (sulfated TL.CA and sulfated LCA) and total sulfated bile acids were
measured by HPLC, LC/MS and enzyme-colorimetric method, respectively. Data are shown as the
mean + standard deviation (#=75). Significantly different from the corresponding control group
(**p <0.01).

Table II. Relatdve faecal/biliary ratios of total sulfated LCA and CDCA excretion levels.

Wild-type FXR- null
Metabolite LCA LCA+PCN LCA LCA+PCN
Total sulfated LCA >1.0 0.49 0.28 0.68
Towal CDCA 0.047 0.023 0.004 0.010

Total sulfated L.CA, 3o-sulfated LCA and 3e-sulfated TLCA; Total CDCA, CDCA and
TCDCA. The ratio (R) was calculated from the following equation. R = faecal bile acid
(nmol/day/100 g BW)/biliary bile acid output rate (nmol/30 min/100 gBW) x 48.

Influence of DHEA feeding on LCA-induced toxicity and faecal 3o-sulfated LCA excretion

To assess the influence of Sult2a on LCA-induced hepatotoxicity, FXR-null female mice
expressing high level of Sult2a protein were fed a diet supplemented with 1% LCA and 0.4%
DHEA as DHEA is known to competitively inhibit sulfation catalysed by Sult2a in vitro
(Nagata and Yamazoe 2000). Serum AST activity was significantly increased in FXR-null
mice fed both DHEA and LCA (Figure 6). No significant increases in AST activity were
observed in FXR-null mice fed a DHEA or an LCA diet compared with control FXR-null
mice. Furthermore, when wild-type mice were fed 0.5% LCA and 0.4% DHEA diets,
no significant increases in the activity were observed, compared with wild-type mice
fed either control or 0.5% I.CA diets (data not shown). The influence of DHEA on
LCA-induced toxicity was observed in FXR-null mice expressing high Sult2a protein,
but not in wild-type mice thus indicating that the DHEA effect in FXR-null mice is likely
to depend on LLCA sulfation. No significant changes in hepatic Sult2a protein level were
observed in FXR-null mice fed a DHEA diet.

Consistent with the increase in the serum AST activity, the hepatic TLCA concentration
was significantly increased in FXR-null mice fed the DHEA and L.CA diet compared with
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Figure 5. Faecal and urinary excretion of sulfated bile acids. Faeces and urine were collected for 24h
from wild-type mice and FXR-null mice fed a control diet after the mice were fed a 1% LCA diet for
9 days and injected with PCN (100 mgkg™", intraperitoneally) or vehicle (corn oil) the last 4 days.
Faecal and urinary sulfated bile acids were measured by enzyme-colorimetric method. Data are
shown as the mean =+ standard deviation (n=5). Significantly different from the corresponding control

group (*p<0.05).
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Figure 6. Influence of DHEA feeding in serum AST activity of LCA fed FXR-null mice. FXR-null
mice were fed 1% LCA, 0.4% DHEA or 1% LCA and 0.4% DHEA diet for 9 days. Data are shown
as the mean + standard deviation (n=3 — 5). Significantly different from control group (*p <0.05).

FXR-null mice fed the LCA diet (Figure 7A). As expected, faecal excretion of total
3a-sulfated LLCA in FXR-null mice fed the LCA and DHEA diet was reduced to 62%

of FXR-null mice fed a diet containing only LCA (Figure 7B).

Discussion

The present study provides evidence that hepatic 1.CA sulfation is critical for protection
against LCA-induced hepatotoxicity. LCA-induced toxicity was attenuated in PCN-treated
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Figure 7. Influence of DHEA feeding in hepatic TLCA concentration and faecal sulfated bile
acid contents. FXR-null mice were fed 1% LCA, 0.4% DHEA or 1% LCA and 0.4% DHEA diet for
9 days. (A) Hepatic TLCA concentration. Hepatic TLCA concentratons were measured by HPLC.
(B) Faecal sulfated bile acid contents. Faecal sulfated bile acid contents were measured by enzyme-
colorimetric method. Data are shown as the meansstandard deviation (z=3—5). Significantly
different from the corresponding control group (*p <0.05).

wild-type mice in which hepatic Sult2a protein, biliary total 3e-sulfated LCA and faecal rotal
3o-sulfated LCA were markedly increased. Furthermore, LCA-induced toxicity was
enhanced after feeding DHEA to FXR-null mice, in which faecal total 3a-sulfated 1L.CA
were significantly decreased. These results suggest that hepatic formation of 3a-sulfated
TLCA is a crucial factor for protection against LCA-induced hepatotoxicity. Furthermore,
our data demonstrate that 3a-sulfated TLCA produced in liver was efficiently excreted into
faeces, which is direct in contrast to the main metabolite TCDCA. Thus, 3a-sulfated TLCA
might be poorly reabsorbed by the ileal bile acid transporter or other systems, whereas
biliary 30-OH bile acids are efficiently reabsorbed. The excretion rate of sulfated TLCA
from bile to faeces is more than tenfold higher than that of TCDCA (Table II). Even though
the biliary total 3a-sulfated LCA level is less than 5% of total bile acids, it may be sufficient
to reduce hepatic LCA contents in mice fed 1% LCA diet.

Biliary and faecal total 3o-sulfated LCA (TLCA and LCA) levels were positively
correlated with hepatic Sult2a protein levels in FXR-null and wild-type mice treated with
PCN or vehicle. Thus, hepatic formation but not transport of 3a-sulfated TLCA, is likely
the rate limiting step for faecal LCA excretion. Biliary and faecal total 3o-sulfated LCA
levels in FXR-null mice fed a 1% LCA diet were higher than those in PCN-treated wild-type
mice fed a 1% LCA diet. These results also support the idea that animal species possessing
a potent capacity to produce 3e-sulfated LL.CA like humans, are resistant to LCA-induced
hepatotoxicity. 3o-sulfated TLCA, but not 3e-sulfated LCA was detected in biliary bile
acid (Table I). This raises the possibility that tauro-conjugation of LCA is a preferential
metabolic step and/or the biliary excretion system of 3c-sulfated LCA is absent in the
canalicular membrane. The appearance of 3e-sulfated LLCA together with 3a-sulfated
TLCA in faeces, suggest the occurrence of deconjugation by intestinal bacteria.

In humans and rodents, hepatic LCA is mainly transformed to LCA amino acid
conjugates in liver. A portion of LCA amino acid conjugates further undergo 3o-sulfation
by SULT2A. Hepatic 3a-sulfated LCA amino acid conjugates are transported into bile
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by the canalicular transporter, Mrp2 (Kuipers et al. 1988; Takikawa et al. 1991; Stieger
et al. 2000) or also transported into blood by the basolateral transporters, Mrp3 and
Mrp4 (Hirohashi et al. 2000; Zelcer et al. 2003). It has been suggested that Sult2al and
Mrp4 participate in an integrated pathway mediating elimination of sulfated bile acids
from mouse liver (Assem et al. 2004). The present study suggests that the contribution
of urinary excretion of 3a-sulfated bile acids might be of limited significance in protection
against LCA-induced toxicity, because of no clear increase in contents even after PCN
treatment. Furthermore, the rate of urinary excretion was more than 100-fold lower than
faecal excretion in PCN-treated wild-type mice. Thus, LCA sulfate seems to be selectively
excreted into the faeces in mice. These results are consistent with the observation in humans
intravenously injected with radiolabelled LCA where LCA was rapidly and predominantly
excreted as sulfated conjugates in bile (Cowen et al. 1975a, b). In FXR-null mice, 43% of
biliary excreted total LCA was 3wo-sulfated derivatives. High hepatic production of LCA
sulfate is likely to be responsible for the resistance to L.CA-induced toxicity in humans and
FXR-null mice.

Faecal 3o-sulfated bile acid excretion was decreased in DHEA-fed mice in the current
study. Sulfated DHEA is not excreted by Mrp2, which transports 3o-sulfated TLCA
(Sasaki et al. 2002; Zelcer et al. 2003). Thus, the observed enhancement of the L.CA-
induced toxicity in FXR-null mice fed a DHEA diet was likely due to DHEA-mediated
competitive inhibition of heparic TL.CA sulfation but not biliary 3o-sulfated TLCA
excretion. It has been reported that DHEA activates PXR and induces Cyp3a (Ripp et al.
2002). However, hepatic LCA clearance was decreased in the DHEA co-treated mice.
Thus, DHEA-mediated competitive inhibition of hepatic TLCA sulfation is likely to be
primary determinant of increase in hepatic LCA concentration.

Cyp3a-mediated hydroxylation of LCA has also been considered important for protection
against LCA-induced toxicity (Hofmann 2004). Under conditions used in the present study,
CYP3A-mediated metabolism was not important for protection against LCA-induced
toxicity. Mouse Cyp3a isoforms catalyse LCA 6«-hydroxylation and thus, PCN treatment
was expected to increase biliary total HDCA (60-OH 1.CA). However, a decrease in biliary
total HDCA was observed in PCN-treated wild-type mice. Although the possibility that
THDCA is further hydroxylated or glucuronidated remains to be clarified, our data support
a minor contribution of Cyp3a to PCN-mediated protection against LCA-induced
heparotoxicity, as compared with Sult2a.

Monohydroxy bile acids such as LLCA are preferentially sulfated, compared with di- and
trihydroxy bile acids (Kitada et al. 2003). Thus, small amounts of monochydroxy, secondary
bile acids produced by bacterial dehydroxylation of primary bile acids during enterohepatic
circulation are preferably sulfated and efficiently excreted into the faeces. This latter
system, which is active under normal conditions, is likely a critical defence mechanism
to prevent the accumulation of toxic hydrophobic bile acids. It has been reported that
human SULT2A1 mRNA is induced in human primary hepatocytes treated with
PXR agonists such as dexamethasone or rifampicin (Duanmu et al. 2002; Fang et al.
2005). Thus, PXR agonists that induce SULT2A may be useful for the improvement
of hepatic function under conditions of cholestasis where hydrophobic bile acids such as
L.CA accumulate.

In the present study, we have provided direct evidence that heparic production
of 3a-sulfated LCA contributes to decrease hepatic TLCA concentrations in LCA-fed
mice. The data raise the possibility that the sulfated bile acid excretion pathway is a potential
therapeutic target for treatment of cholestatic liver disease.
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