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Bile acids (BAs) are digestive secretions that are necessary for the emulsification and absorption of dietary fats. Given the
episodic nature of BA secretion and intestinal re-absorption, the circulating and tissue levels of BAs, like those of the gut
hormones, fluctuate in fasting and fed states, and BA levels and forms are markedly affected by disease. BAs exert widespread
hormonal-like effects by activating receptors in the nucleus and at the plasma membrane. The nuclear steroid receptors
mediate the genomic actions of BAs on BA, glucose and lipid homeostasis. GPBA (TGR5) is a G-protein coupled plasma
membrane receptor for BAs that mediates many of the rapid, non-genomic actions of BAs. GPBA has been implicated in the
control of glucose homeostasis, inflammation and liver functions. Recent observations have revealed an unexpected role for
GPBA in the nervous system. GPBA is expressed by enteric neurons and enterochromaffin cells that control peristalsis, and
GPBA mediates the prokinetic actions of BAs in the colon that have been known for millennia. GPBA is also present on
primary spinal afferent and spinal neurons that are necessary for sensory transduction. BA-induced activation of GPBA in the
sensory nervous system promotes scratching behaviours and analgesia, which may contribute to the pruritus and painless
jaundice that are observed in some patients with chronic cholestatic disease, where circulating BA concentrations are
markedly increased. Thus, GPBA has emerged as an intriguing target for diverse metabolic, inflammatory, digestive and
sensory disorders, where agonists and antagonists may be of value.
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Introduction
Bile acids (BAs), a major component of bile, are digestive
secretions that are necessary for the emulsification and
absorption of dietary fats. Remarkably, BAs are also signalling
molecules. The levels of BAs fluctuate in the circulation under
physiological conditions and during disease states, rather like
the circulating levels of gut hormones, and BAs can regulate
cells throughout the body by activating specific BA receptors
in the nucleus and at the plasma membrane. These receptors
mediate the effects of BAs on diverse physiological processes,

ranging from the control of glucose homeostasis to peristaltic
contractions of the digestive tract, and have been implicated
in disorders as diverse as obesity and pruritus.

This review concerns GPBA (also called TGR5, GPBAR1,
M-BAR, or GPR131), a recently identified GPCR for BAs. This
nomenclature complies with the British Journal of Pharma-
cology’s guidelines (Alexander et al., 2013). In the past
decade, GPBA has been shown to mediate many of the non-
genomic actions of BAs on thermogenesis, insulin secretion
and glucose homeostasis, inflammation, digestive functions
and sensory transduction. As such, GPBA has emerged as a
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major therapeutic target for metabolic, inflammatory, diges-
tive and sensory disorders.

BAs are signalling molecules with
hormonal-like actions

BAs are a large complex family of amphipathic molecules
with a steroid backbone. They exhibit considerable structural
diversity within different cells, body compartments and
pathophysiological states, and there is considerable inter-
species variability. The complexity and diversity of BAs is
beyond the scope of this paper, but has been reviewed in
detail (Hofmann and Hagey, 2008). BAs are synthesized and
metabolized in mammalian cells and colonic bacteria by mul-
tiple and mostly well-characterized enzymatic pathways
(reviewed in Lefebvre et al., 2009). BAs are synthesized in
hepatocytes from cholesterol by an enzymatic pathway that
includes hydroxylation and side-chain shortening, which
confers BAs with detergent-like properties that are required
for their principal digestive function, namely the emulsifica-
tion and absorption of dietary fats and lipid-soluble vitamins
(Figure 1). Primary BAs, the direct products of cholesterol
metabolism in the liver, include chenodeoxycholic acid
(CDCA) and cholic acid (CA) in humans. Before secretion
into the biliary system, primary BAs are conjugated to taurine
or glycine. However, BAs can be further modified in the liver
by sulphation and glucuronidation. BAs are stored within
the gall bladder and are secreted into the intestinal lumen
after feeding in response to cholecystokinin, an intestinal
hormone that is released by luminal fats and which stimu-

lates contraction of the gall bladder. Primary BAs are actively
and efficiently absorbed in the terminal ileum by the apical
sodium-dependent BA transporter (ASBT) and the basolateral
heterodimeric organic solute transporter (Ostα/Ostβ). Despite
the efficiency of these transport processes, a small proportion
of BAs escape ileal absorption and pass to the colon, where
they are deconjugated, oxidized and dehydroxylated by bac-
terial enzymes to form secondary BAs, which include litho-
cholic acid (LCA) and deoxycholic acid (DCA) in humans
(Figure 1). These reactions increase the hydrophobicity of
BAs, which facilitates their passive flux across colonocytes.
The absorbed primary and secondary BAs then enter the
hepatic portal vein and recycle to the liver for reuse. This
pathway of BA secretion, reabsorption and recycling com-
prises the enterohepatic circulation of the BA pool, which
mostly comprises CA, CDCA and DCA.

The synthesis, transport and secretion of BAs are tightly
regulated by multiple physiological mechanisms that can
regulate the concentration of BAs in different compartments
and tissues, and the overall composition of the BA pool. For
example, given the episodic nature of bile secretion, the con-
centrations of BAs in the intestinal lumen and portal and
systemic circulations wax and wane during feeding and
fasting, reminiscent of the circulating concentrations of gut
hormones. Moreover, disruption to the enterohepatic circu-
lation of BAs, which can occur during disease or therapy,
leads to marked alterations in the concentrations and com-
position of BAs in the intestinal lumen and the circulation.
For example, cholestatic diseases that are characterized by
diminished secretion of BAs from the gall bladder result in
diminished delivery of BAs to the intestinal lumen and
marked elevations in the circulating levels of BAs. These

Figure 1
The synthesis, metabolism, and enterohepatic circulation of BAs.
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physiological and pathological alterations in the concentra-
tions and composition of BAs are likely to be of direct rel-
evance to the hormonal-like actions of BAs.

In addition to their role in the solubilization of dietary
lipids and the fat-soluble vitamins A, K, D and E, BAs are
signalling molecules that regulate many cell types by activat-
ing specific receptors in the nucleus and at the plasma mem-
brane (Figure 2). Of these, the nuclear receptors have been
most thoroughly characterized. An in-depth discussion of
these receptors is beyond the scope of this paper, although
they have been reviewed in detail (Lefebvre et al., 2009).
Nuclear BA receptors include the farnesoid X receptor, the
pregnane X receptor, and the vitamin D receptor, which
mediate the transcriptional effects of BAs. The farnesoid X
receptor is a ligand-activated transcription factor that is
prominently expressed in the liver, intestine and kidney
(Makishima et al., 1999; Parks et al., 1999; Wang et al., 1999).
CDCA, LCA, DCA and CA can activate the farnesoid X recep-
tor, which plays a major role in the regulation of BA synthe-
sis, detoxification and transport, and mediates the actions of
BAs on lipoprotein metabolism and glucose homeostasis.
LCA can also activate the pregnane X and vitamin D
receptors, which protect against the toxic actions of BAs
(Staudinger et al., 2001; Xie et al., 2001; Makishima et al.,
2002).

GPBA is a GPCR for BAs

BAs can regulate the activity of several GPCRs (Figure 2).
Conjugated forms of LCA and DCA can modulate the activity
of muscarinic receptors expressed in CHO and chief cells

(Raufman et al., 1998; 2002), and DCA and CDCA are antago-
nists of the formyl-peptide receptor (Le et al., 2002). However,
multiple BAs can activate GPBA (also known as Gpbar1,
M-BAR and GPR131), which is recognized as a bona fide BA
receptor (Maruyama et al., 2002; Kawamata et al., 2003).
GPBA cDNA is encoded by a single exon gene located on
mouse chromosome 1c3 and human chromosome 2q35. The
open reading frame of the receptor encodes 330 amino acids
and is predictive of the seven transmembranes spanning
GPCR with 28% identity to human sphingosine-1-phosphate
receptor (EDG-1), a member of the class A (rhodopsin-like)
GPCR family (Maruyama et al., 2002). Several endogenous
BAs activate GPBA, albeit with graded potencies. The rank
order of potency with which the BAs stimulate cAMP genera-
tion in GPBA expressing CHO cells is tauro lithocholic acid
(TLCA, 0.33 μM) > LCA (0.53 μM) >> DCA (1 μM) > CDCA
(4.4 μM) > CA (7.7 μM), whereas ursodeoxycholic acid
(UDCA) and cholesterol have little activity (Kawamata et al.,
2003). Oleanolic acid (OA), an active component from the
leaves of the European olive tree Olea europaea, activates
GPBA with a similar potency to LCA, but does not activate
the farnesoid X receptor (Sato et al., 2007). Multiple steroidal
and non-steroidal GPBA ligands have been developed as
potential treatments for metabolic and inflammatory disor-
ders (Gioiello et al., 2012).

GPBA is widely expressed in various organs and cell types,
although there are marked differences in the level of expres-
sion. GPBA mRNA is highly expressed in the human liver,
gastrointestinal tract, gall bladder and immune tissues
(Maruyama et al., 2002; Kawamata et al., 2003). GPBA mRNA
and immunoreactivity have also been detected in the gall
bladder epithelium (Vassileva et al., 2006; Keitel et al., 2009),

Figure 2
BA receptors in the nucleus and at the plasma membrane.
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monocytes (Kawamata et al., 2003), sinusoidal endothelial
cells, Kupffer cells (Keitel et al., 2007; 2008), brown adipose
tissue and skeletal muscle (Watanabe et al., 2006), and in
neurons of the enteric nervous system, dorsal root ganglia
and CNS (Keitel et al., 2010a,b; Poole et al., 2010; Alemi et al.,
2013b).

Mechanisms of GPBA signalling

When expressed in model cell lines (e.g. CHO or HEK cells)
GPBA couples to Gαs, leading to the stimulation of adenylyl
cyclase, formation of cAMP, and subsequent activation of
PKA (Maruyama et al., 2002; Kawamata et al., 2003). There
has been considerable interest in characterizing the down-
stream pathways of GPBA signalling that control prolifera-
tion and apoptosis in oesophageal and gastric cancer cells in
view of the potential role of BAs in cancer progression. In the
human gastric carcinoma cell line ACS, DCA promotes the
sustained activation of ERK1/2 by a mechanism that involves
transactivation of the EGF receptor (Yasuda et al., 2007).
siRNA knockdown indicated that DCA-stimulation of ERK1/2
required expression of GPBA and activation of the membrane
protease ADAM17, which liberates membrane-tethered
heparin-binding EGF-like growth factor, an agonist of the
EGF receptor. GPBA is also highly expressed in metastatic
gastric adenocarcinoma and taurodeoxycholic acid (TDCA)-
induced proliferation of ACS cells requires expression of
GPBA (Cao et al., 2013). In the oesophageal adenocarcinoma
cell line FLO, GPBA mediates TDCA-stimulated expression of
the NADPH oxidase NOX5-S, which is required for the gen-
eration of reactive oxygen species and cell proliferation
(Hong et al., 2010). In gastric and oesophageal adenocarci-
noma cell lines GPBA couples to Gαq, which appears to be
necessary for BA-stimulated proliferation (Hong et al., 2010;
Cao et al., 2013). GPBA signalling has also been implicated in
BA-induced apoptosis of hepatocytes, which can occur during
cholestasis. GPBA knockdown in a human hepatocyte cell
line Huh-BAT, attenuates BA-induced activation of JNK and
caspase 8, and suppresses BA-stimulated apoptosis, implicat-
ing GPBA in the hepatotoxic actions of BAs (Yang et al.,
2007).

Because GPBA attenuates macrophage activity (Pols et al.,
2011), there has been considerable interest in defining the
signalling pathways that underlie GPBA’s anti-inflammatory
effects. GPBA activation inhibits NF-κB-mediated inflamma-
tory signalling in activated B cells by a mechanism that
involves GPBA-induced interaction of IκBα with β-arrestin2, a
key regulator of GPCR signalling (Wang et al., 2011). The
deletion of GPBA exacerbates lipopolysaccharide-induced
hepatic inflammation, which highlights the importance of
this anti-inflammatory signalling.

Despite the interest in developing GPBA agonists as thera-
pies for metabolic, inflammatory and digestive diseases, very
little is known about the mechanisms that regulate GPBA
signalling. The signalling of most GPCRs is tightly regulated
by processes that control the interaction of receptors with
heterotrimeric G proteins, and by regulation of the subcellu-
lar location of the receptor. β-Arrestins play a major role in
this regulation. β-Arrestins interact with agonist-occupied
receptors and thereby sterically disrupt the interaction of

receptors with G-proteins, which desensitizes signalling.
β-Arrestins also couple GPCRs to clathrin and AP2,
and thereby mediate receptor endocytosis. By recruiting
GPCRs and downstream signalling proteins to endosomes,
β-arrestins can also actively participate in signal transduction
of internalized receptors. GPBA has been reported to
internalize after activation (Kawamata et al., 2003), and
β-arrestin2 has been shown to participate in GPBA signalling
(Wang et al., 2011). However, a detailed analysis of GPBA
trafficking and signalling failed to detect GPBA interaction
with GPCR kinases or β-arrestins (Jensen et al., 2013). Con-
sistent with lack of detectable interaction with β-arrestins,
GPBA did not traffic to endosomes and GPBA-mediated cAMP
signals were sustained, with no evidence of tachyphylaxis or
desensitization. Instead, activated GPBA redistributed to lipid
rafts, where it interacted with and transactivated the EGF
receptor. The anti-inflammatory effects of GPBA, serving to
partially protect against the development of atherosclerosis,
are also β-arrestin independent (Pols et al., 2011). The lack of
desensitization and endocytosis of GPBA (TGR5) may be rel-
evant for the development of agonists for treatment of meta-
bolic or inflammatory disorders.

GPBA and metabolic regulation

Energy homeostasis requires an intimate balance between
energy input via caloric intake and energy expenditure. GPBA
may control thermogenesis through activation of the type 2
iodothyronine deodinase (D2), which converts the minimally
active thyroxine (T4) into active 3,5,3′-tri-iodothyronine (T3),
a key regulator of metabolism (Watanabe et al., <2006;
Figure 3). Dietary supplementation with CA reduced adipos-
ity and increased energy expenditure and expression of D2 in
brown adipose tissue in mice fed a high-fat diet. The effect of
dietary CA on adiposity was not observed in D2 knockout
mice, but was unaffected by antagonism of the farnesoid X
receptor, which confirms the importance of D2 in mediating
the anti-obesity actions of BAs and indicates that the mecha-
nism is independent of nuclear BA receptors. Evidence for a
role of GPBA in BA-induced energy expenditure is provided
by the observations that the GPBA-selective agonist benzyl
2-keto-6-methyl-4-(2-thienyl)-1,2,3,4-tetrahydropyrimidine-
5-carboxylate stimulated D2 activity in human skeletal
muscle myoblasts (Watanabe et al., 2006). Furthermore, the
synthetic GPBA agonist INT-777 (6α-ethyl-23(S)-methyl-CA)
was shown to increase energy expenditure in mice fed a
high-fat diet, as determined by indirect calorimetry (Thomas
et al., 2009). INT-777 also attenuated body weight in GPBA
wild-type and overexpressing transgenic mice, with no reduc-
tion seen in the GPBA knockout mice (Pols et al., 2011).
When fed a high-fat diet, female GPBA knockout mice weigh
more and have a higher body fat content than wild-type
mice, although lean body fat is unaffected (Maruyama et al.,
2006). However, another study failed to detect an effect of
GPBA deletion on body weight (Vassileva et al., 2006). Thus,
although several observations suggest the existence of a
BA-GPBA-cAMP-D2 pathway, the contribution of GPBA to the
regulation of energy expenditure and body weight requires
further investigation.

BJPGPBA (TGR5) bile acid receptor
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GPBA and glucose homeostasis
A profiling study of metabolites in the circulation of human
subjects after glucose challenge revealed marked increases in
the circulating levels of BAs after glucose that correlated with
measures of insulin sensitivity that are beneficial to glucose
metabolism (Shaham et al., 2008). OA extracted from olive
leaves is a GPBA-selective agonist that does not activate the
farnesoid X receptor (Sato et al., 2008). OA partially corrects
the diet-induced insulin resistance in mice fed a high-fat diet
as demonstrated by its ability to lower plasma glucose and
insulin levels (Sato et al., 2007). At least two mechanisms
may account for the anti-diabetic effect of GPBA agonists
(Figure 3). Firstly, GPBA activation may activate D2 and thy-
roxine, thereby increasing mitochondrial energy expenditure
in brown adipose tissue and skeletal muscle and improving
glucose utilization (Watanabe et al., 2006; Sato et al., 2007).
Secondly, GPBA agonists can promote secretion of glucagon-
like peptide 1 (GLP-1; Katsuma et al., 2005; Thomas et al.,
2009), a hormone derived from intestinal L-cells that stimu-
lates insulin secretion and suppresses appetite and gastroin-
testinal transit (Lim and Brubaker, 2006). Collectively, these
effects reduce circulating blood glucose. BAs and GPBA-
selective agonists stimulate the release of GLP-1 from the
murine enteroendocrine cell line STC-1 (Katsuma et al.,
2005), and GPBA-stimulated GLP-1 release improves liver and
pancreatic function and glucose tolerance in obese mice
(Thomas et al., 2009). The effects of a GPBA-selective agonist

on GLP-1 release from STC-1 cells is linked to an increased
ATP/ADP ratio, which causes the closure of ATP-dependent
potassium channels (KATP) and a subsequent calcium influx,
leading to GLP-1 secretion (Thomas et al., 2009). Interest-
ingly, the use of BA sequestrants, which complex with BAs in
the intestine and prevent reabsorption into the enterohepatic
circulation, has been associated with improvements in diabe-
tes mellitus type II (Shang et al., 2010; Potthoff et al., 2013).
The use of BA sequestrants correlates with increased GLP-1
release, which is known to improve glycaemic response
(Shang et al., 2010; Potthoff et al., 2013). Additionally, the
ability of BA sequestrants to induce GLP-1 release, and lower
glycaemia was decreased in mice lacking GPBA (Harach et al.,
2012; Potthoff et al., 2013) These anti-diabetic consequences
of GPBA activation provide mechanistic insights into
improved glycaemic control and have sparked interest into a
possible avenue for the development of alternative drug
therapy in type II diabetes mellitus.

Gastric bypass surgery can lead to a major improvement
in glycaemic control and a complete resolution of type II
diabetes mellitus. Gastric bypass can increase postprandial
GLP-1 and insulin secretion (le Roux et al., 2006) and elevate
total fasting serum BAs (Nakatani et al., 2009; Patti et al.,
2009). Subfractionation analysis of the total serum BA
revealed increases in multiple primary and secondary BAs,
which correlated with the elevated postprandial GLP-1 levels
(Patti et al., 2009). In addition, alteration of the gastrointes-
tinal anatomy after gastric bypass affects the enterohepatic

Figure 3
Proposed functions of GPBA.
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recirculation of BAs, which leads to undiluted delivery of BAs
to the distal intestines (Pournaras et al., 2012; Kohli et al.,
2013). Similarly, ileal transposition into the upper jejunum of
rats also results in increased serum BAs and GLP-1, with
similar metabolic benefits to those seen in human subjects
after gastric bypass surgery (Kohli et al., 2010). It is possible
that the increased delivery of undiluted BAs to the ileum,
where most of the reabsorption occurs, results in enhanced
enterohepatic circulation, resultant spillover of BAs into the
serum, activation of GPBA in adipose tissue and skeletal
muscle, and increased energy expenditure (Watanabe et al.,
2006). However, one study showed that resting energy
expenditure, insulin sensitivity and insulin response were all
unaffected in patients after gastric bypass surgery (Kohli et al.,
2013). Therefore, despite promising improvements of glycae-
mic control and energy metabolism, further studies are
needed to substantiate whether bariatric surgery positively
correlates with improved metabolic benefits.

GPBA, hepatic inflammation and injury

Hepatobiliary diseases, such as obstructive jaundice, viral
hepatitis and cirrhosis, result in 10–20-fold increases in the
circulating concentrations of BAs (normally < 10 μM). At
high concentrations, BAs can exhibit immunosuppressive
effects that may be mediated by GPBA (Figure 3). GPBA is
prominently expressed by human monocytes and mac-
rophages (Kawamata et al., 2003). In alveolar macrophages
from rabbits, activation of GPBA by BAs stimulates the
formation of cAMP and inhibits phagocytic activity and
lipopolysaccharide-induced expression and secretion of
cytokines including TNF-α, IL-1α, IL-1β, IL-6 and IL-8
(Kawamata et al., 2003). These effects may be GPBA-
dependent, because GPBA expression in a human monocyte
cell line (THP-1), which normally expresses low levels of
GPBA, conferred on the cells the ability of BAs to suppress
TNF-α secretion. BAs and the GPBA-selective agonist OA also
suppress cytokine release from Kupffer cells, the resident mac-
rophages of the liver (Keitel et al., 2008). Obstruction of the
common bile duct up-regulates GPBA on Kupffer cells, where
GPBA may serve to protect against liver injury (Keitel et al.,
2008). Furthermore, activation of GPBA in macrophages by
the synthetic BA agonists 6-EMCA and INT-777 attenuates
pro-inflammatory cytokine production (Pols et al., 2011).

GPBA may also regulate the microcirculation of the
enterohepatic blood flow (Figure 3). GPBA is localized to
sinusoidal endothelial cells, which are exposed to varying
concentrations of BAs from the portal vein (Keitel et al.,
2007). BAs that activate GPBA induce cAMP production,
expression of endothelial NOS and NO release, which dilates
the hepatic microvasculature and reduces portal pressure.
Insufficient NO is implicated in the pathogenesis of portal
hypertension (Vallance and Moncada, 1991), and NO is over-
expressed in cirrhotic patients with portal hypertension com-
pared with non-cirrhotic patients (Yokomori et al., 2002).
Thus, GPBA may play an important role in maintaining
homeostasis within the hepatic microcirculation.

Consistent with the aforementioned anti-inflammatory
properties of GPBA in the liver, GPBA may serve as a negative
regulator of hepatic inflammation (Wang et al., 2011). GPBA

knockout mice are more susceptible to lipopolysaccharide-
induced activation of NF-κB, resulting in exacerbated hepatic
inflammation compared with wild-type mice.

In contrast to the protective, anti-inflammatory actions of
GPBA agonists, GPBA has also been linked to apoptosis.
Chronic cholestasis is a well-known cause of cirrhosis and
liver failure secondary to the intrahepatic accumulation of
toxic BAs that induce hepatocyte injury and ultimately
apoptosis (Guicciardi and Gores, 2002). GPBA activation of
Huh-BAT cells (BA cotransporter transfected into human
hepatocellular carcinoma cell line) and KMBC cells (human
cholangiocarcinoma cell line) results in activation of JNK and
recruitment of caspase 8 to the death-induced signalling
complex (DISC), which results in apoptosis (Yang et al.,
2007). Thus, GPBA agonists could have detrimental as well as
protective effects.

GPBA and biliary functions

GPBA is highly expressed in the gall bladder, where GPBA
regulates epithelial cells and smooth muscle functions
(Figure 3). Immunoreactive GPBA is localized to the apical
membrane and cilia of cholangiocytes and biliary epithelial
cells (Keitel and Haussinger, 2011) as well as to gall bladder
smooth muscle (Lavoie et al., 2010). In the epithelium, GPBA
agonists promotes cAMP formation, which results in activa-
tion of the cAMP-dependent chloride channel cystic fibrosis
transmembrane conductance regulator and resultant chloride
secretion. BAs also stimulate the proliferation of cholangio-
cytes by a GPBA-dependent process. Thus, GPBA mediates the
secretory and proliferative actions of BAs in the gall bladder,
where GPBA may protect against the toxic effects of BAs.

GPBA activation of gall bladder smooth muscle promotes
relaxation and gall bladder filling with bile (Li et al., 2011).
Hydrophobic bile salts activate GPBA on gall bladder smooth
muscle, leading to stimulation of cAMP/PKA pathway,
opening of KATP channels, and membrane hyperpolarization
that decreases contractility (Lavoie et al., 2010). The treat-
ment of mice with BAs and a GPBA-selective agonist increases
gall bladder volume, an effect that is absent from GPBA-
deficient mice (Li et al., 2011). These agents also promote
relaxation of gall bladder muscle, by a GPBA-mediated
process.

GPBA is implicated in bile–lipid homeostasis in the gall
bladder, with implications for gallstone formation. Gallstones
are made up from cholesterol and other components of bile.
GPBA deletion protects mice from formation of cholesterol
gallstones when fed a CA-containing high-fat diet (Vassileva
et al., 2006). Two genes that play a major role in cholesterol
metabolism, cholesterol 7 α-hydroxylase (Cyp7a1) and sterol-
27-hydroxylase (Cyp27a1), were markedly up-regulated in
GPBA knockout mice, providing a possible mechanism for
resistance to gallstone formation.

GPBA and intestinal functions

The small and large intestine are episodically exposed to high
concentrations of BAs after feeding, and BAs have well known
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effects on intestinal motility and fluid and electrolyte secre-
tion (reviewed in Bajor et al., 2010). Moreover, abnormal BA
delivery to the intestine, which can occur due to disease or
therapy, is associated with defects in digestive functions. For
example, a reduced colonic delivery of BAs, which can occur
during cholestatic disease or after administration of BA
sequestrants to treat lipid disorders, is frequently associated
with constipation (Knodel and Talbert, 1987; Ghaffari et al.,
2004). Conversely, an increased colonic delivery of BAs, due
to decreased ileal absorption that is a consequence of inflam-
matory bowel disease or surgical resection or due to continu-
ous secretion in cholecystectomy patients, is often associated
with diarrhoea (Miettinen, 1971; Arlow et al., 1987). Recent
observations have implicated GPBA as a mediator of these
well-known pathophysiological actions of BAs on colonic
motility and secretion (Figure 3).

GPBA is localized to enteric neurons that regulate gastro-
intestinal motility and secretion (Poole et al., 2010). In a
detailed survey of the localization and expression of GPBA in
the mouse, GPBA immunoreactivity was detected in defined
populations of myenteric and submucosal neurons, and
GPBA mRNA was detected in nerve plexuses. Examination of
the chemical coding of these neurons revealed that GPBA
colocalized with NOS in the inhibitory motor neurons of the
myenteric plexus of the large intestine. DCA, a GPBA agonist,
inhibited spontaneous, phasic contractions of isolated seg-
ments of colonic longitudinal muscle by a neurogenic and
nitrergic mechanism that is consistent with the GPBA locali-
zation in NOS-positive neurons. Notably, this inhibitory
effect of DCA was not observed in tissues from GPBA-
deficient mice, which indicates that DCA inhibits spontane-
ous contractions of mouse colonic longitudinal muscle by
activating GPBA (Alemi et al., 2013b). Together, these find-
ings suggest that GPBA activation of myenteric inhibitory
motor neurons suppresses spontaneous contractility of the
colon by a neurogenic and nitrergic pathway. Luminal
administration of DCA also delays gastric emptying and small
intestinal transit in mice (Poole et al., 2010), and BAs have
variable effects on motility in different regions of the gut
(Bajor et al., 2010), which may also depend on GPBA.

Studies of colonic peristalsis, transit and defecation in
mice with a loss (knockout) or gain (transgenic) of GPBA
function have revealed a pivotal role for GPBA in colonic
motility and normal defecation (Alemi et al., 2013b). In
addition to expression in inhibitory motor neurons, GPBA
immunoreactivity in the mouse colon colocalizes with two
transmitters of the afferent limb of the peristaltic reflex:
5-hydroxytryptamine (5-HT) in enterochromaffin cells and
calcitonin gene-related peptide (CGRP) in intrinsic primary
afferent neurons. The mucosal application of physiological
concentrations of DCA and LCA (<100 μM) to a flat sheet
preparation of mouse colon evokes an ascending contraction
and descending relaxation of circular muscle, consistent
with stimulation of peristalsis, and concomitantly stimulates
release of the peristaltic transmitters 5-HT and CGRP. GPBA
deletion abolishes these effects of BAs on peristalsis and trans-
mitter release, and antagonism of 5-HT4 receptors and of
CGRP receptors blocks BA-evoked peristalsis, consistent with
the localization of GPBA to enterochromaffin cells and
intrinsic primary afferent neurons. Further support for an
involvement of GPBA in peristalsis is the finding that the

GPBA-selective agonist OA also provokes GPBA-dependent
peristalsis and release of 5-HT and CGRP. Considered
together, these results suggest that luminal BAs trigger the
afferent limb of the peristaltic reflex by activating GPBA on
enterochromaffin cells and intrinsic primary afferent neurons
to stimulate release of 5-HT and CGRP. The important con-
tribution of GPBA to peristalsis has implications for transit
and defecation (Alemi et al., 2013b). GPBA deletion delays
colonic transit whereas GPBA overexpression has the oppo-
site effect. Moreover, GPBA-deficient mice are constipated,
excreting fewer pellets of lower water content. Thus, GPBA
mediates the prokinetic actions of BAs and is required for
normal defecation. Whether GPBA on submucosal neurons
mediates the well-defined prosecretory actions of BAs in the
colon (Bajor et al., 2010), which are also essential for normal
defecation, remains to be determined.

In line with the immunosuppressive properties of GPBA
in the immune system, GPBA serves to protect against
colonic inflammation in mice by maintaining integrity of
the colonic epithelial barrier (Cipriani et al., 2011). GPBA-
deficient mice exhibit altered architecture of the colonic
mucosa at 12 months of age that is characterized by disrup-
tion of epithelial tight junctions and a redistribution of
zonulin-1 from tight junctions, which results in increased
mucosal permeability, a recognized feature of intestinal
inflammatory disorders. Following challenge with disodium
sulphate, a barrier-breaking agent, GPBA-deficient mice
exhibit increased susceptibility to development of colitis, as
exemplified by worsened macroscopic and histopathological
damage scores compared with wild-type littermates. There is
an influx of GPBA-expressing mononuclear cells into the
inflamed colon of mice with 2,4,6-trinitrobenzene sulphonic
acid-induced colitis and of patients with Crohn’s disease.
Ciprofloxacin, an antibiotic that appears to activate GPBA,
and OA, a naturally occurring GPBA-selective agonist, protect
mice against trinitrobenzene sulphonic acid-induced colitis.
Whether BAs and GPBA agonists protect against inflamma-
tory bowel disease in patients remains to be determined.

Given the role of GPBA in intestinal motility and inflam-
mation, genetic variations in this receptor could lead to diges-
tive abnormalities. Genetic variations in GPBA, particularly
single nucleotide polymorphism (SNP rs11554825), have
been proposed to contribute to altered small-bowel transit
and colonic transit (Camilleri et al., 2011). An analysis of the
association between GPBA SNP rs11554825 and symptom
phenotypes suggests that genetic variations of GPBA could
alter small-bowel and colonic transit in patients with
lower functional gastrointestinal disorders, in particular, the
diarrhoea-predominant variant of irritable bowel syndrome.

The involvement of GPBA in bile homeostasis and inflam-
mation suggests a potential role in primary sclerosing chol-
angitis, a chronic inflammatory disease of the bile duct that is
associated with ulcerative colitis (Hov et al., 2010; 2011).
Moreover, the GPBA gene is localized at chromosome 2q35,
in close proximity to a genetic variant associated with
primary sclerosing cholangitis and ulcerative colitis. An
analysis of the sequence of GPBA in primary sclerosing chol-
angitis patients and healthy control subjects identified six
non-synonymous mutations, five of which resulted in a loss
of GPBA function when expressed in epithelial cell lines.
These studies reveal possible associations between GPBA
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mutations and biliary and intestinal inflammatory diseases
that warrant further investigation.

GPBA and sensory transduction

Recent observations have implicated GPBA in the defects in
sensation that can accompany cholestatic diseases (Figure 3).
Cholestatic liver diseases are characterized by diminished
delivery of bile into the intestine, which leads to a 10–20-fold
increase in the circulating and tissue concentrations of BAs.
Cholestatic patients can experience a pruritus that is so severe
and intractable pruritus that it is an indication for liver trans-
plantation (Bergasa, 2011). Moreover, cholestatic patients can
also exhibit abnormal pain perception. In contrast to acute
obstruction of the bile duct with gallstones, which is painful,
the gradual malignant obstruction of the biliary tract does
not cause pain (‘painless jaundice’), as recognized by Cour-
voisier a century ago (Fitzgerald et al., 2009). Patients with
cholestatic diseases undergoing liver transplantation have
lower post-operative pain than patients undergoing liver
resection (Moretti et al., 2002), and bile duct ligation in mice
also induces a mechanical analgesia (Nelson et al., 2006).
Recent observations indicate that GPBA mediates BA-evoked
itch and analgesia in mice (Alemi et al., 2013b). GPBA immu-
noreactivity and mRNA are expressed by a subpopulation of
small-diameter neurons of the dorsal root ganglia that par-
ticipate in itch and pain transmission. These neurons coex-
press gastrin-releasing peptide, an itch-selective transmitter,
and the transient receptor potential vanilloid 1 and ankyrin 1
ion channels, which participate in pain and itch transmis-
sion. GPBA is also present in spinal neurons and dermal
macrophages that are known to contain opioids. Patch clamp
recordings of dorsal root ganglia neurons indicate that BAs
and OA, a GPBA-selective agonist, evoke an increased excit-
ability and stimulate action potential discharge by a mecha-
nism that requires expression of GPBA. GPBA agonists also
stimulate the release of gastrin-releasing peptide and leucine-
enkephalin, transmitters of itch and analgesia, from segment
of spinal cord with attached dorsal root ganglia fibres. Behav-
ioural studies of scratching in mice indicate that i.d. injec-
tions of BAs and OA to the neck stimulate a robust site-
directed scratching that is attenuated in GPBA knockout mice
yet amplified in GPBA transgenic mice, which also exhibit
spontaneous pruritus. Administration of antagonists of
gastrin-releasing peptide and μ-opioid receptors inhibit DCA-
evoked scratching, supporting an involvement of these trans-
mitters. Of note, the intrathecal administration of DCA does
not induce scratching behaviour, suggesting that activation
of GPBA mediates itch in the periphery, but not in the spinal
cord. In contrast, the intraplantar or intrathecal injection of
BAs and GPBA agonists induces analgesia to mechanical
stimulation of the planter surface of the paw with von Frey
filaments. GPBA deletion and antagonism of μ-opioid recep-
tors inhibit this analgesia, which indicates that BAs cause
analgesia by peripheral and central mechanisms that require
activation of GPBA and release of opioids that activate
μ-opioid receptors. Considered together, these results reveal a
new role for GPBA in mediating the pruritogenic and analge-
sic actions of BAs in mice. Further studies are required to

assess the contributions of BAs and GPBA to cholestatic
itch and painless jaundice in patients with cholestatic liver
diseases.

Neurosteroids as GPBA agonists in
the nervous system

Most studies have focused on defining the role of GPBA in
cells and tissues that are normally exposed to high concen-
trations of BAs, such as the liver and gastrointestinal tract.
However, GPBA is also expressed by primary spinal (Keitel
et al., 2010a) afferent and spinal neurons (Alemi et al., 2013a).
Although sensory nerve endings in peripheral tissues are
likely to be exposed to fluctuating levels of BAs during
feeding and fasting, it remains to be determined whether BAs
are the physiological agonists of GPBA in the CNS, or
whether there are other physiological agonists in these loca-
tions. One possibility is that neurosteroids, which are struc-
turally related to BAs, are the physiological agonists of GPBA
in the nervous system.

Neurosteroids are steroids transmitters that are synthe-
sized in the brain, where they participate in the regulation of
neuronal development and myelination, and have been
implicated in epilepsy, anxiety, stress, depression, learning
and pain transmission (reviewed in Reddy, 2010). Neuroster-
oids rapidly regulate neuronal excitability by non-genomic
mechanisms that are independent of activation of nuclear
steroid receptors and are dependent instead on modulation of
neuronal membrane receptors and channels. Abundant
evidence indicates that neurosteroids are positive allosteric
modulators of GABAA receptors, although neurosteroids
can also modulate NMDA-type glutamate receptors. Certain
neurosteroids can also activate GPBA (Sato et al., 2008;
Keitel et al., 2010a). For example, 5β-pregnan-3α-ol-20-one,
5β-pregnan-3α-17α-21-triol-20-one and 5α-pregnan-3α-ol-
20-one (allopregnanolone) can activate GPBA-expressing
HEK cells to stimulate the formation of cAMP, and 5β-
pregnan-3α-ol-20-one stimulates cAMP formation and
increases intracellular calcium levels in astrocytes and cortical
neurons, possibly by a GPBA-dependent mechanism. GPBA
agonists, including 5β-pregnan-3α-ol-20-one, also stimulate
the generation of reactive oxygen species by cultured astro-
cytes. Further studies are required to determine whether
GPBA contributes to the well-defined pathophysiological
actions of neurosteroids in the CNS.

Conclusions and future perspectives

GPBA is a target for metabolic diseases and disorders of diges-
tion and sensation. GPBA is expressed in various organs
including the nervous system and has pleiotropic effects
involving anti-inflammatory, digestive, and sensory sensa-
tion pathways. Future studies in GPBA receptor biology may
yield identification of additional ligands (agonists or antago-
nists) giving us a better insight into its pharmacology. There-
fore, elucidation of the biological and physiological functions
of GPBA holds great potential promise for the intervention of
many pathophysiological diseases.
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