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The Gpbar1 [G-protein-coupled BA (bile acid) receptor 1] is a re-
cently identified cell-surface receptor that can bind and is activ-
ated by BAs, but its physiological role is unclear. Using targeted
deletion of the Gpbarl gene in mice, we show that the gene plays
a critical role in the maintenance of bile lipid homoeostasis. Mice
lacking Gpbar1 expression were viable, developed normally and
did not show significant difference in the levels of cholesterol,
BAs or any other bile constituents. However, they did not form
cholesterol gallstones when fed a cholic acid-containing high-fat

diet, and liver-specific gene expression indicated that Gpbarl-
deficient mice have altered feedback regulation of BA synthesis.
These results suggest that Gpbarl plays a critical role in the
formation of gallstones, possibly via a regulatory mechanism
involving the cholesterol 7a-hydroxylase pathway.

Key words: bile acid, cholesterol, gall-bladder, gallstone, gene
ablation, G-protein-coupled bile acid receptor 1 (Gpbarl).

INTRODUCTION

Bile acids (BAs) are cholesterol derivatives essential for the
absorption of dietary lipids and fat-soluble vitamins [1-3].
BA biosynthesis represents a major pathway of cholesterol
catabolism and excretion. The primary BAs, CA (cholic acid)
and CDCA (chenodeoxycholic acid), are produced in the liver
from cholesterol in multiple synthetic steps, initiated either
by Cyp7al (cholesterol 7x-hydroxylase) of the classic/neutral
pathway or by mitochondrial Cyp27al (sterol 27-hydroxylase) of
the alternative/acidic pathway [1,2,4]. Most BAs are conjugated
post-synthetically with taurine or glycine, excreted into bile and
stored in the gall-bladder. After each meal, the gall-bladder
contracts to expel bile into the intestine where BAs serve as
detergents to facilitate the absorption of lipids. Upon completion
of their function, BAs are absorbed from the intestine and returned
to the liver, where they inhibit their own synthesis [5—7]. This
feedback regulatory loop prevents the accumulation of high levels
of BAs that can damage cell membranes, impair liver function and
cause cholestasis and cirrhosis.

BA homoeostasis is regulated by several nuclear receptors, two
of which, FXR (farnesoid X receptor) and PXR (pregnane X
receptor), have been shown to bind BA [8-13]. Recently, a new
cell-surface receptor has been cloned and shown to serve as a G-
coupled receptor for BAs [14,15]. This novel BA receptor, named
Gpbarl (G-protein-coupled BA receptor 1; aka M-BAR/BG37
and TGRS5), is located on chromosome 1qC3 and is only distantly
related to other known GPCRs (G-protein-coupled receptors), the
closest relative being hGPCR19 (human GPCR19) [15]. Cells
stably transfected with human Gpbarl are activated by a number
of BAs, including lithocholic acid, deoxycholic acid, CDCA and
CA [14,15]. The rank order of potency for these BAs is distinct

from that for the nuclear BA receptors FXR, PXR and VDR
(vitamin D receptor) [12,16], leading to the proposal that Gpbarl
is a novel membrane type BA receptor, distinct from the known
BA nuclear receptors [14,15].

Although previous studies have revealed the ability of Gpbarl
to bind BAs, they did not elaborate on the role of this receptor
in BA physiology [14,15]. We studied Gpbarl gene expression in
multiple mouse tissues and found that it is transcribed almost ex-
clusively in the gall-bladder. To gain insight into its physiological
function, we generated mice with targeted deletion of the Gpbarl
gene. In this paper, we show that mice lacking Gpbarl expression
are resistant to CGD (cholesterol gallstone disease) when fed a
lithogenic diet. Gpbarl~~ (Gpbarl-null) mice on this diet also
show alterations of several key cholesterol metabolism genes,
including Cyp7al and Cyp27al, pointing to potential mechanisms
for the gallstone resistance.

EXPERIMENTAL

Construction of the Gpbar1 targeting vector and generation
of Gpbar1 knockout mice

A DNA vector designed to remove the entire coding region of
the Gpbarl gene was constructed using sequencing information
from GenBank® accession number AC098570. DNA fragments
corresponding to the 5" and 3’ regions of the Gpbarl locus were
subcloned into a vector at either end of the neomycin resistance
gene (neo). This targeting vector was linearized using the
restriction enzyme Notl, electroporated into 129S3/SvImJ-
derived ES cells (embryonic stem cells), and colonies resistant to
G418 were picked and expanded for DNA analysis. DNAs

Abbreviations used: BA, bile acid; CA, cholic acid; CBC, complete blood count; CDCA, chenodeoxycholic acid; CGD, cholesterol gallstone disease;
CSl, cholesterol saturation index; Cyp27a1l, sterol 27-hydroxylase; Cyp7al, cholesterol 7a-hydroxylase; D2, type 2 iodothyroninedeiodinase; ES cell,
embryonic stem cell; FAM, 6-carboxyfluorescein; FGF, fibroblast growth factor; FGFR4, FGF receptor 4; FTF, a-fetoprotein transcription factor; FXR,
farnesoid X receptor; Gpbar1, G-protein-coupled BA receptor 1; GPCR, G-protein-coupled receptor; LXR, liver X receptor «; NSS, normal sheep serum;
PXR, pregnane X receptor; SHP, small heterodimer partner; TEA, triethanolamine; TG, triacylglycerol.
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from these colonies were screened for targeted Gpbarl gene
by a PCR-based strategy using one primer (5'-agaggaagagc-
tagcaagcaccacctg-3') corresponding to a region upstream of the
Gpbarl DNA and another primer (5'-cgccccgactgcatctgegtgtt-3")
corresponding to the neomycin resistance gene (neo) cassette.
Out of 759 129S3/SvImJ ES cell clones analysed, three yielded
the 1386 bp diagnostic PCR amplification product. The pre-
dicted structure of the targeted Gpbarl locus in the PCR-positive
cells was confirmed by Southern-blot analysis using probes that
hybridize outside of and adjacent to the construct arms. Cells from
several correctly targeted ES cell lines were injected into C57BL/6
blastocysts to generate chimaeric mice. Gpbarl heterozygous
(Gpbar1*/7) offspring were identified by a PCR-based screening
strategy using three oligonucleotide primers in a multiplex
reaction corresponding to the region of homology, the neo gene,
and the deleted region of the Gpbarl gene. These primers were
designed to detect both wild-type (363 bp) and targeted (503 bp)
alleles. Oligonucleotide sequences were as follows: Gpbarl
deleted region forward 5'-ctacgctagcgacagcacattatcactgaggctttg-
3, Gpbarl arm of homology reverse 5'-tggccagttactgtcctetcttg-3',
neo 5-cgccecgactgceatctgegtgtt-3’. Gpbarl ™/~ mice were then
interbred to generate Gpbarl~/~ mice. Disruption of Gpbarl
expression was confirmed by real-time quantitative PCR analysis.

Animals and diets

For the experiments described in this paper, we used
Gpbarl~/~ mice generated in a hybrid (129S3/SvImJ x C57BL/6)
background. Mice were bred in house and age- and gender-
matched animals were used between 6 and 12 weeks of age. All
mice were housed in an SPF (specific pathogen-free) environment
and all experiments with animals were conducted according to the
Schering-Plough Animal Care and Use Committee guidelines for
animal care.

Diets were prepared by Research Diets. Mice were maintained
on normal chow, containing <0.02% cholesterol, until 8§—
10 weeks of age. Then wild-type and knockout littermates were
fed a lithogenic diet (RD D12109), containing 1.2% (w/v)
cholesterol, 0.5% CA and 15% total fat. After feeding the
lithogenic diet for 8 weeks, cholecystectomy was performed and
gall-bladder bile was aspirated completely and used for analyses.

Collection and microscopic analysis of gall-bladder
bile specimens and galistones

After 8 weeks on the lithogenic diet, the Gpbarl*/* mice (n = 33)
and Gpbar~/~ littermates (n = 30) were fasted for 2 h but allowed
free access to water. Before killing, animals were weighed. After
cholecystectomy, gall-bladder was opened at the fundus, and bile
was examined under polarized light microscopy for the presence
of mucin gel, liquid crystals, cholesterol crystals and true stones,
according to published criteria [17].

Plasma, bile and hepatic lipid measurements

Total and lipoprotein cholesterol plasma levels were determined
by a modification of the cholesterol oxidase method of Allain et al.
[18] using kit reagents (Wako Pure Chemical Industries, Osaka,
Japan). TG (triacylglycerol) concentrations were determined by
a modification of the lipase—glycerol phosphate oxidase method
(GPO-Trinder; Sigma, St. Louis, MO, U.S.A.). Plasma lipoprotein
profiles were determined by FPLC with a Pharmacia Superose 6
column. FPLC fraction cholesterol levels were determined using
the Wako Cholesterol CII enzymatic colorimetric method (Wako
Chemicals U.S.A., Richmond, VA, U.S.A.). The accumulation
of hepatic free cholesterol and cholesteryl esters was used as
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a surrogate marker of cumulative cholesterol absorption and its
inhibition in mice [19]. Hepatic free cholesterol and cholesteryl
esters were extracted using a method described by Folch et al. [20].
Lipid extracts were dried under nitrogen into HPLC sample vials,
resuspended in hexane/propan-2-ol, and assayed for cholesteryl
ester and free cholesterol concentrations chromatographically as
previously described [21].

Histological analysis

Mice were killed and various tissues were collected, immersion
fixed in 10 % (v/v) neutral-buffered formalin, paraffin-embedded,
and 5-6 um sections were stained by standard haematoxylin and
eosin methods. All tissues were examined by light microscopy
and graded for severity by one investigator. Slides were judged
against concurrent controls for the severity of the findings.

Blood analysis

Gpbarl =/~ and Gpbarl*/* littermate mice were fasted for 2 h and
anaesthetized, and blood was collected from the abdominal aorta.
Blood chemistry and CBC (complete blood count) analyses were
performed by AniLytics (Gaithersburg, MD, U.S.A.).

mRNA expression analysis

mRNA from various tissues was extracted utilizing the Ultraspec
RNA isolation kit from Biotecx (Houston, TX, U.S.A.)
following the manufacturer’s instructions. cDNA was generated
by reverse transcription using random hexamers (Promega,
Madison, WI, U.S.A.) and oligo-dT primers (Life Technologies,
Gaithersburg, MD, U.S.A.). Real-time quantitative PCR analysis
was performed on an ABI 7700 sequence-detection instrument
(TagMan) following the manufacturer’s instructions. For TagMan
analysis, 25ng of cDNA was used together with primers at
0.9 uM final concentration and an FAM (6-carboxyfluorescein)-
labelled diagnostic probe at a final concentration of 0.25 uM.
Gpbarl primers and probe sequences were as follows: forward
primer 5'-cctttccetgettgecaat-3', reverse primer 5'-ccggagtggctg-
caaca-3', probe 5'-6-FAM-tgctgctggtgcatg-MGB-3' (where MGB
is minor groove binder). Primer sequences for the genes involved
in the synthesis and metabolism of BAs, cholesterol, phospho-
lipids and fatty acids are shown in Supplementary Table S1 (http://
www.BiochemlJ.org/bj/398/bj3980423add.htm). Ribosomal RNA
primers and probe (PE Applied Biosystems, Foster City, CA,
U.S.A.) were used as an internal control. Quantitative PCR con-
ditions were as follows: 50°C for 2 min; 95°C for 10 min;
40 cycles of 95°C for 15 s, 60°C for 1 min. Plasmid containing
the Gpbarl gene was used as a standard, ranging from 1 ng to 1 fg.
Data were analysed using Sequence Detection Systems software
version 1.7.

In situ hybridization

RNA probes specific for mouse Gpbarl were generated as follows:
a plasmid containing the full-length ORF (open reading frame)
of mouse Gpbarl was used as a template to PCR-amplify a set of
approx. 250 bp fragments for in vitro transcription. Sequences
of the gene-specific primers containing T3 and T7 promoter
sequences at the 5'-end were as follows: forward primer 5'-aattaac-
cctcactaaagggtectgectecttetecacttgac-3’, reverse primer 5'-gtaa-
tacgactcactatagggcaggccataaacttccaggtagagg-3'. These PCR pro-
ducts were gel-purified and used for in vitro transcription
and digoxigenin labelling according to the manufacturer’s
instructions (Digoxigenin RNA Labelling kit; Roche Molecular
Biochemicals). Gall-bladder, liver and small intestine from
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Figure 1  Expression analysis of Gpbar1 gene

(A) Real-time quantitative PCR analysis (TagMan) was performed using C57BL/6 mouse tissues from three mice and in duplicates. EWAT, epididymal white adipose tissue; BAT, brown adipose
tissue; MLN, mesenteric lymph nodes; PLN, peripheral lymph nodes. (B) /n situ hybridization: gall-bladder. Magnification, x 40. AS, antisense probe; S, sense probe.

Gpbar1*/* and Gpbarl~/~ mice were cryo-sectioned at 10 um,
thaw-mounted on to microscope slides and fixed with 4 % (w/v)
paraformaldehyde in 1x PBS for 20 min at room temperature
(22°C). The sections were then washed in 1x PBS, dehydrated
through graded alcohols [75, 95 and 100 % (v/v) ethanol] and
stored at —80°C until further processing. Prior to the in situ
procedure, they were left at room temperature until thawed, and
then rehydrated through 100, 95 and 75 % ethanol and 1x PBS.
The sections were treated with 0.2 M HCl in 1 x PBS for 10 min at
room temperature, washed in 1 x PBS, and digested with 2 pg/ml
proteinase K for 30 min at room temperature. The reaction was
stopped with 4 % paraformaldehyde and the sections were washed
with 1x PBS. They were washed in 0.1 M TEA (triethanolamine)
buffer and treated with 0.1 M TEA and 0.25 % acetic anhydride
for 2 x 5 min at room temperature, further washed in 1x PBS,
and then dehydrated with graded alcohols as described above.
Prehybridization was carried out for 2 h at 55°C, in a buffer con-
taining 50 % (v/v) formamide, 2.5 x Denhardt’s solution (0.02 %
Ficoll 400, 0.02 % polyvinylpyrrolidone and 0.02 % BSA), 0.6 M
NaCl, 10 mM Tris/HCI, 1 mM EDTA, 0.1 % SDS and 10 mM
dithiothreitol. The buffer was filtered and 0.25 ml of 100 mg/ml
yeast tRNA was added per 50 ml of buffer. The tissues were
hybridized overnight at 55 °C with hybridization buffer containing
1 ng/pul of the probe that was denatured at 50 °C and then put on ice
prior to adding it to the buffer. On the following day, the sections
were washed as follows: 4x SSC (1x SSC is 0.15 M NaCl and
0.015 M sodium citrate) for 2 x 15 min at room temperature, 2 x
SSC for 2 x 15 min at 37 °C, RNase treatment for 30 min at 37 °C,
and finally 2x SSC and 50 % formamide at 60 °C for 2 x 30 min.
The antibody reaction for digoxigenin consisted of washing in
buffer 1 (100 mM Tris/HCI, pH 7.5, and 150 mM NacCl) from the
labelling kit for 5 min, blocking with 2 % (v/v) NSS (normal sheep
serum) in buffer 1 containing 0.1 % Triton X-100 for 2 h at room

temperature, and incubation in the anti-digoxigenin antibodies
(1:500 in buffer 1 containing 1.0% NSS and 0.1 % Triton X-
100) overnight at 4 °C. On the next day, the sections were washed
with buffer 1 for 2 x 15 min, followed by a change to buffer 2
(100 mM Tris/HCI, pH 9.5, 100 mM NaCl and 50 mM MgCl),
and developed in NBT (Nitro Blue Tetrazolium)/BCIP (5-bromo-
4-chloroindol-3-yl phosphate) for 4 h.

Statistical analysis

GraphPad Prism version 4 was used for graphics (GraphPad
Software, San Diego, CA, U.S.A.). Results shown are means +
S.D. Statistical comparisons for significance between groups were
performed using the Student’s ¢ test.

RESULTS
Gpbar1 is highly expressed in mouse gall-bladder

Real-time quantitative PCR analysis was carried out to assess
the expression levels of Gpbarl mRNA in 26 different mouse
tissues. Although Gpbarl is a BA-responsive receptor and BAs
are stored in the gall-bladder, previous analyses have not examined
its expression in this tissue. Gpbarl was expressed predominantly
in the gall-bladder where its mRNA level was 60-100 times
greater than in all the other tissues analysed (Figure 1A). In situ
hybridization histochemistry in gall-bladder revealed that hybrid-
ization signals for Gpbarl antisense probe were restricted to
epithelial cells. Hybridization of the sense probe for Gpbarl
resulted in only background labelling of the tissue sections
(Figure 1B). Cellular expression of the Gpbarl transcript in the
other tissues examined, including intestine, was also limited to
epithelial cells (results not shown).

© 2006 Biochemical Society
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Figure 2 Gene targeting of Gpbar1

(A) Top: wild-type Gpbar1 locus; black rectangle represents the exon; transcription is from left to right. Middle: targeting vector; thick lines represent regions of homology to Gpbar1 and shaded
rectangle represents neo cassette. The restriction enzyme sites used to subclone these regions are indicated; H, Hindlll; No, Notl; Nh, Nhel. Bottom: Gpbar1 targeted locus; the positions of the
oligonucleotide primers used to screen targeted ES cells are indicated with black arrowheads. (B) DNA probes (black rectangles) from 5’ upstream and 3’ downstream homologous regions of Gpbar1
gene and neo were used to screen the ES cells. An 11.3 kb and a 4.5 kb Hindlll fragment were expected for the wild-type Gpbar1 locus and for the targeted locus respectively when the 5’ probe was
used. An 11.3 kb and a 6.9 kb Hindlll fragment were expected for the wild-type Gpbar1 locus and for the targeted locus respectively when the 3’ probe was used. (C) Real-time quantitative PCR
analysis of Gpbar1 RNA from the gall-bladders of wild-type and knockout mice. No Gpbart mRNA is detected in the gall-bladders of Gpbar1 =/~ mice.

Targeted deletion of the Gpbar1 gene and generation
of knockout mice

A gene-targeting vector was constructed using Gpbarl genomic
DNA (Figure 2A) and used to transfect ES cells. The vector
was designed to allow for excision of the entire coding region
of Gpbarl after homologous recombination with its gene locus.
Two independent 129S3/SvImJ-derived ES cell clones containing
the targeted locus were identified by Southern-blot analysis
(Figure 2B) and injected into C57BL/6 mouse blastocysts.
Chimaeras obtained from these clones were bred with C57BL/6
mice to generate heterozygotes (Gpbarl*/~). PCR analysis of tail
DNA from these mice confirmed germline transmission of the
targeted allele. Further intercrossing of Gpbarl heterozygous mice
yielded wild-type (Gpbarl™*), heterozygous (Gpbarl*/~) and
homozygous (Gpbarl~~) mice in the expected Mendelian ratio
of 1:2:1, demonstrating that Gpbarl expression is not essential
for embryonic development. Real-time quantitative PCR analysis
of mRNA prepared from the gall-bladders of Gpbarl*/* and
Gpbarl~~ mice confirmed that Gpbarl expression was detected
in the Gpbar1*/* mouse, but not in any of the Gpbarl~/~ mouse
lines (Figure 2C).

Gpbar1-/- mice are viable and develop normally

The Gpbarl~/~ mice appeared healthy and were fertile. To determ-
ine if any abnormalities would become apparent in older mice,
Gpbarl~/~ and Gpbarl*/* littermate mice were followed until
20 months of age, but no abnormalities were detected upon gross
examination.
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CBC and chemistry tests were performed on Gpbarl =/~
mice and Gpbarl*/* littermates. These analyses did not reveal
statistically significant differences between Gpbarl ~/~ mice and
Gpbarl*/7 littermate mice with regard to CBC, cholesterol, BAs,
TGs, HDL (high-density lipoprotein), LDL (low-density lipo-
protein) or bilirubin (results not shown). Similarly, no differences
were observed in the urine analysis, including glucose, bilirubin,
ketone, specific gravity, blood, pH, protein, urobilinogen, nitrite
and leucocytes (results not shown).

To determine whether the absence of Gpbarl results in abnor-
malities of any major tissue, we examined formalin-fixed tissue
sections of Gpbarl™/~ and Gpbarl*/* littermate mice by light
microscopy. Routine histological analysis of all organs was unre-
markable. No inflammation or developmental abnormalities were
noted in the gall-bladder, liver, stomach, duodenum, jejunum,
ileum, colon, lung, kidney, brain, heart, thymus, spleen, lymph
nodes, pancreas, gonads or muscle (results not shown), sug-
gesting that Gpbarl is not required for the development of these
organs.

Gpbar1-/- mice fed lithogenic diet do not develop galistones

Given the high expression of Gpbarl in the gall-bladder, the focus
of the initial analysis was placed on this organ. Since cholelithiasis
is the most common disease of the gall-bladder, we studied the
susceptibility of Gpbarl~~ mice to induced cholesterol gallstone
formation. Gpbar1~/~ (n = 30) and Gpbar1™/* (n = 33) littermates
were fed a lithogenic diet for 8 weeks. BW (body weights)
of both groups were similar at the start of the study, and
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Figure 3 Biliary cholesterol crystallization and liver histopathology

Gall-bladder from (A) Gpbar1+/+ mice on chow, (B) Gpbar1+/+ mice on lithogenic diet, (C) Gpbar1=/— mice on chow and (D) Gpbar1~/— mice on lithogenic diet. Polarizing light microscopy of gall-
bladder bile from (E) Gpbar1*/+ mice on chow, (F) Gpbar1*/+ mice on lithogenic diet, (G) Gpbar1=/= mice on chow and (H) Gpbar1~/~ mice on lithogenic diet. Histological images of liver
sections in portal triad from (1) Gpbar1+/+ mice on chow, (J) Gpbar1*/* mice on lithogenic diet, (K) Gpbar1=/— mice on chow and (L) Gpbar1—/= mice on lithogenic diet. Magnification, x 10

(A-D) and x 400 (E-H). (I-L) Scale bar, 50 zem.

animals from both groups gained similar weight on the lithogenic
diet, with a tendency for Gpbarl~/~ mice to be slightly lighter
than their wild-type littermates at the end of the study (see
Supplementary Figure S1 at http://www.Biochem].org/bj/398/
bj3980423add.htm). Upon completion of the treatment, animals
were killed and their gall-bladders were removed. Bile was
collected and examined microscopically for the presence of
cholesterol crystals. White gallstones were clearly visible through
the gall-bladder wall in 54 % of the Gpbar1*/* mice, but not in any
of the Gpbarl~/~ littermates (Figures 3A-3D). Histopathological
analysis revealed that the gall-bladders of Gpbarl™" mice
contained thick layers of mucus gel, interspersed with cholesterol
monohydrate crystals, aggregated liquid crystals and real
gallstones (Figure 3F). In contrast, gall-bladders of Gpbarl=/~
littermate mice appeared either clear or formed small crystals
(Figure 3H).

Gpbarl*/* and Gpbarl~/~ animals administered the lithogenic
diet had varying degrees of hepatocyte vacuolization. Gpbarl*/*
livers showed the expected bile duct hyperplasia, characterized
by bile ducts that were prominent, mildly ectatic, and lined by
hyperplastic epithelium characterized with occasional piling up
and increased mitotic activity. However, when compared with
their wild-type littermates, Gpbarl ~/~ mice showed a lower degree
of bile duct hyperplasia (Figures 31-3L).

Gpbar1—/— mice have lower bile CSI (cholesterol saturation index)

Bile was collected and grouped into pools to determine bile
lipid composition and CSI calculated from the critical tables
[22] (Figures 4A and 4B). Phospholipid levels were significantly
higher in Gpbarl~/~ mice fed a lithogenic diet (43.5 + 7.5 wmol/
ml) compared with Gpbarl™* controls (32.0 9.3 umol/ml),
P=0.03 (Figure 4A). As a consequence of the altered lipid

levels, the CSI values were significantly lower in Gpbarl™/~
mice fed a lithogenic diet (CSI=0.8140.08) compared with
Gpbarl*/* controls (CSI=1.16+0.12, P=0.03) (Figure 4B).
Cholesterol and TG levels in blood and hepatic samples were
not significantly different between Gpbarl~~ and Gpbarl™/*
littermates (Figures 4C and 4D).

The negative feedback regulation of BA synthesis is altered
in Gpbar1—/- mice

In order to investigate the molecular basis of the resistance of
Gpbarl~/~ mice to CA-induced gallstone formation, we per-
formed quantitative PCR analysis of 22 genes involved in
cholesterol homoeostasis on mRNA isolated from Gpbarl ~/~ and
Gpbarl*/* mouse livers and gall-bladders fed either chow or
lithogenic diet. The changes in the expression levels of these genes
in Gpbarl™* mice on chow and CA diet were in agreement with
published results [23-26] (results not shown). When compared
with their wild-type littermates, Gpbarl~~ mice on CA diet
showed significantly higher hepatic expression levels in four
genes involved in BA synthesis (Cyp7al and Cyp27al), and in
hepatocellular uptake [Ntcp! (Nat-taurocholate-co-transporting
protein 1) and Oatpl (organic anion-transporting polypeptide 1)]
(Figures 5A and 5B). Cyp7al is the rate-limiting enzyme in the
elimination of cholesterol via conversion into BAs. As expected,
upon feeding the lithogenic diet, Cyp7al mRNA expression
levels were decreased in Gpbarl™* mice. In contrast, Cyp7al
expression levels were significantly up-regulated in Gpbarl =/~
littermate mice (Figure 5C), indicating that Gpbarl is involved
in the regulation of Cyp7al expression. These results are in
agreement with previous observations that transgenic mice with
constitutive liver-specific expression of Cyp7al are protected
from gallstone formation [27].

© 2006 Biochemical Society
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Figure 4 Lipid profiles of mice fed on lithogenic diet

() Lipid compositions of gall-bladder bile. (B) CSI values of gall-bladder bile. (G) Serum
cholesteroland TG levels. (D) Hepatic cholesterol and TG levels. Individual values were measured
in from six to eight mice per group on lithogenic diet. Error bars represent S.D. *P < 0.05 when

compared with wild-type samples. PL, phospholipids; Chol, cholesterol.

The hepatic expression profile of an additional 11 genes known
to be implicated in the synthesis and metabolism of cholesterol,
phospholipids and fatty acids (Abcal, Hmgcr, Ldlr, Scarbl,
Fasn, Lp!l and Ptcp), and in canalicular bile secretion (Abcbl 1,
Abcb4, Abcg5 and Abcg8), was not altered in Gpbarl ™/~ mice
(see Supplementary Figures S2A and S2B at http://www.
BiochemlJ.org/bj/398/bj3980423add.htm).

At the same time, the expression profile of all 33 genes involved
in the BA, cholesterol and phospholipids metabolism was not
significantly affected in the gall-bladders of Gpbarl™~ mice
(results not shown).

Recently, it has been shown that mice lacking the BKlotho
gene are resistant to gallstone formation [28]. We analysed the
mRNA expression levels of SKlotho in the livers of Gpbarl™/*
and Gpbarl~/~ mice fed chow and lithogenic diet. Interestingly,
BKlotho expression levels were decreased in Gpbarl™/™ mice
on lithogenic diet, but significantly up-regulated in Gpbarl~/~
littermate mice (Figure 5D).

DISCUSSION

CGD is one of the most common disorders of the GI (gastro-
intestinal) tract, but its aetiology is poorly understood. The
genetics of this disease is complex because biliary cholesterol
homoeostasis is regulated by multiple genes [29]. Formation of
cholesterol microcrystals from supersaturated bile is considered a
critical step in gallstone formation. Cholesterol precipitates in bile
when its concentration relative to BA and phospholipids becomes
excessive [27,30]. Defects in cholesterol or BA metabolism are
likely to be involved in the development of cholelithiasis. Gpbarl
is a recently cloned putative BA receptor gene shown to bind
and internalize BAs. It is the first identified membrane-bound BA
receptor that belongs to the GPCR family. However, the functional
role of Gpbarl in vivo is not known.

Our analysis of the Gpbarl expression pattern in mice showed
that the gene is transcribed at high levels in the gall-bladder,
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Figure 5 Gene expression analysis

Real-time quantitative PCR analysis was performed on mRNA from livers of Gpbar1—/— and Gpbar1+/+ littermate mice. (A, B) BA synthesis-, regulation- and uptake-related genes. Individual values
were measured from six mice per group on lithogenic diet. (G) Cyp7at expression and (D) Klotho expression. Individual values were measured from nine mice per group on chow (C) and lithogenic

(L) diet. Error bars represent S.D. *P < 0.05 when compared with wild-type samples.
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suggesting a functional role in this organ. Gpbarl gene deletion
in mice revealed that its product plays an important function in the
formation of gallstones. Gpbarl~~ mice were viable, developed
normally and had no physiological abnormalities when compared
with their normal Gpbarl*/* littermates. Further analysis of
bile from Gpbarl~/~ and Gpbarl*/* animals did not show any
significant differences in the content of cholesterol, BAs and
phospholipids. However, when challenged with a CA-containing
high-fat diet, Gpbarl~/~ mice responded differently than their
normal Gpbarl*/* littermates. In mice with normal expression of
Gpbarl gene, 54 % developed cholelithiasis with gallstones
of cholesterol type. In contrast, mice with targeted disruption of
the gene did not show a single occurrence of gallstones. This
dramatic difference in response to lithogenic diet clearly indicates
that gallstone formation during increased consumption of a high-
fat CA diet requires a functional Gpbarl gene.

Since the molecular mechanisms of gallstone formation are
still poorly understood, it is difficult to explain the role of
Gpbarl in this process. Cholesterol is soluble in bile where it is
incorporated in mixed micelles with bile salts and phospholipids.
Cholesterol precipitation and crystallization from supersaturated
bile are known to be affected by the ratio between bile salts and
phospholipids [31,32]. In supersaturated bile, excess cholesterol is
kept in vesicles, consisting of spherical bilayers of cholesterol
and phospholipids. In the presence of excess phospholipids,
resulting in a low bile salt/phospholipids ratio, excess cholesterol
is solubilized in vesicles and crystal formation is slow. When bile
salts are in excess, resulting in a high bile salt/phospholipid ratio,
vesicles are absent and cholesterol crystals precipitate at a faster
rate. In the biles of Gpbarl™* mice fed a lithogenic diet, the high
bile salt/phospholipid ratio resulted in cholesterol crystallization
and formation of gallstones. In contrast, Gpbarl ~/~ mice produced
an excess of phospholipids in their gall-bladders, resulting in a low
bile salt/phospholipids ratio unfavourable for gallstone formation.
At this time, it is not clear how Gpbarl activity could contribute
to increased phospholipid levels.

In the present study, we have also shown that the loss of Gpbarl
function impairs the negative feedback regulation of BA synthesis,
resulting in the failure of Gpbarl~~ mice to repress Cyp7al
mRNA in response to CA feeding. Multiple regulatory pathways
have been proposed for the inhibition of BA synthesis through
the suppression of Cyp7al activity when BA concentrations
increase by enterohepatic circulation [1,2,4,33,34]. In one of these
receptor-mediated mechanisms, also referred to as the SHP (small
heterodimer partner)-dependent mechanism, BA-activated FXR
induces SHP, which in turn interacts with FTF («-fetoprotein
transcription factor) and inhibits Cyp7al gene transcription. It has
been reported that mice with targeted deletion of FXR and SHP
genes have increased Cyp7al expression [35-37]. In addition,
several negative feedback regulatory pathways independent of
SHP have been proposed. In one of these receptor-mediated
pathways, Cyp7al activity is repressed by PXR [2]. In another
proposed negative feedback suppression of BA synthesis, FGFR4
[FGEF (fibroblast growth factor) receptor 4] and its ligand, FGF15,
have been implicated as components of a gut-liver signalling
pathway acting through hepatic SHP to control Cyp7al expression
[38,39]. The lack of differences in the expression of the three
key components of the SHP-dependent pathway (FXR, SHP
and FTF) (Figures 5A and 5B), as well as in the expression
levels of PXR (Figure 5A) and FGFR4 (results not shown) in
the livers of Gpbarl*/™ and Gpbarl™~ mice fed a CA diet,
does not support a role of Gpbarl in these mechanisms. There
were also no significant differences between Gpbarl~/~ mice
and their wild-type littermates in the expression levels of LXR
(liver X receptor «), which is a known feedforward regulator

of Cyp7al activity (Figure 5B). In addition, we did not observe
any significant difference in the expression levels of the FXR
target genes (Abcbll and Abcb4) and of the genes controlled
by LXR (Abcg5 and Abcg8) (see Supplementary Figure S2B at
http://www.BiochemJ.org/bj/398/bj3980423add.htm).

Another recently proposed BA synthesis control pathway in-
volves a yet unclear mechanism implicating SKlotho in Cyp7al
regulation [28,33]. Since mice lacking the BKlotho gene are resis-
tant to gallstone formation, we analysed the mRNA expression
levels of BKlotho in the livers of Gpbarl*™/* and Gpbarl~/~ mice
fed chow and lithogenic diet. Interestingly, SKlotho expression
levels were decreased in Gpbarl™* mice fed on a lithogenic
diet, but significantly up-regulated in Gpbarl =/~ littermate mice
(Figure 5D). At this point, it is not clear how Gpbarl regulates
the expression of Cyp7al and whether it acts through one of the
established regulatory pathways. Further studies of Cyp7al regu-
lation in Gpbarl~/~ mice may help to elucidate the molecular
mechanisms of the negative feedback control.

‘We have shown that the hepatic expression levels of the Cyp7al,
Cyp27al, Ntcpl and Oatpl genes are significantly higher in
Gpbarl~/~ mice than in their wild-type littermates when fed a
CA diet. At this point, however, it is unclear whether or not these
alterations are due to a direct role of the Gpbarl gene, even
though its expression in the liver is very low. Since the expression
levels of the genes implicated in BA, cholesterol and phospholipid
metabolism are not significantly altered in the gall-bladders of
Gpbarl~/~ mice, one can speculate that the changes in the hepatic
gene expression levels are due to a signalling factor secreted from
the gall-bladder.

Recently, Watanabe et al. [40] suggested that Gpbar1 regulates
the energy expenditure through the induction of cAMP-
dependent thyroid hormone activating enzyme D2 (type 2
iodothyroninedeiodinase). In their study, administration of BAs
to mice caused increased energy expenditure in brown adipose
tissue, preventing obesity. Diet supplementation with CA reversed
120 days of diet-induced weight gain in wild-type mice. In
contrast, CA addition to a high-fat diet did not show an effect on
mice deficient in D2 enzyme. In the same study, in vitro analysis
of cultured cells suggested that these effects are mediated by
increased cAMP production that stems from the binding of BAs
with Gpbarl. Watanabe et al. [40] were unable to knock down
the Gpbarl signal with shRNAs (short hairpin RNAs) and these
findings have not been confirmed in vivo. Our results do not reveal
significant differences in weight gain between Gpbarl~/~ mice
and their wild-type littermates after 8 weeks on lithogenic diet,
although Gpbarl~/~ mice were slightly lighter than Gpbarl*/*
littermates at the end of the study (see Supplementary Figure S1
at http://www.BiochemJ.org/bj/398/bj3980423add.htm). Further
in vivo studies are required to define whether Gpbar1 function is
required for the regulation of energy expenditure.

In summary, we have demonstrated that the targeted deletion
of the Gpbarl gene in mice is well tolerated and does not appear
to cause any physiological abnormalities when the mice are not
challenged. The marked reduction in gallstone development in
Gpbarl~/~ animals on a lithogenic diet suggests that Gpbarl may
represent a novel therapeutic target for prevention or treatment of
cholelithiasis.

We thank Drs M. Bayne and H. Lan (Department of Discovery Technologies, Schering-
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