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BACKGROUND AND PURPOSE
Low doses of aspirin (acetylsalicylic acid; ASA) and non-steroidal anti-inflammatory drugs (NSAIDs) increase the risk of
gastrointestinal bleeding. GPBAR1 is a bile acid receptor expressed in the gastrointestinal tract. Here, we have investigated
whether GPBAR1 was required for mucosal protection in models of gastrointestinal injury caused by ASA and NSAIDs.

EXPERIMENTAL APPROCH
GPBAR1+/+ and GPBAR1-/- mice were given ASA (10–50 mg.kg-1) or naproxen. Gastric and intestinal mucosal damage was
assessed by measuring lesion scores.

KEY RESULTS
Expression of GPBAR1, mRNA and protein, was detected in mouse stomach. Mice lacking GPBAR1 were more sensitive to
gastric and intestinal injury caused by ASA and NSAIDs and exhibited a markedly reduced expression of cystathionine-g-liase
(CSE), cystathionine-b-synthase (CBS) and endothelial NOS enzymes required for generation of H2S and NO, in the stomach.
Treating GPBAR1+/+ mice with two GPBAR1 agonists, ciprofloxacin and betulinic acid, rescued mice from gastric injury
caused by ASA and NSAIDs. The protective effect of these agents was lost in GPBAR1-/- mice. Inhibition of CSE by
DL-propargylglycine completely reversed protection afforded by ciprofloxacin in wild type mice, whereas treating mice with
an H2S donor restored the protective effects of ciprofloxacin in GPBAR1-/- mice. Deletion of GPBAR1 altered the morphology
of the small intestine and increased sensitivity to injury caused by naproxen.

CONCLUSION AND IMPLICATIONS
GPBAR1 is essential to maintain gastric and intestinal mucosal integrity. GPBAR1 agonists protect against gastrointestinal injury
caused by ASA and NSAIDs by a COX-independent mechanism.

Abbreviations
ASA, acetyl salicylic acid; CA, cholic acid; CAR, constitutive androstane receptor; CDCA, chenodeoxycholic acid; CBS,
cystathionine-b-synthase ; CSE, cystathionine-g-lyase; FXR, farnesoid X-receptor; GPBAR1, G protein bile acid activated
receptor 1; HUVEC, human umbilical vein endothelial cells; ICAM-1; intracellular adhesion molecule-1; LCA,
lithocholic acid; MPO, myeloperoxidase; MUC1 and 6, mucin 1 and 6; NSAIDs, non steroidal anti-inflammatory drugs;
PXR, pregnane X-receptor; TLCA, tauro-lithocholic acid; VDR, vitamin D receptor
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Introduction
Bile acids play an important role in regulating bile acid home-
ostasis, nutrient absorption and lipid and glucose metabolism.
They are also involved in liver and intestinal homeostasis
(Fiorucci et al., 2010). This homeostatic function is mediated
by the activation of a family of receptors expressed in entero-
hepatic tissues (Fiorucci et al., 2010). Because of their steroidal
nature, bile acids signalling has been linked to activation of a
specific subfamily of nuclear receptors that includes the far-
nesoid X receptor (FXR), the vitamin D receptor (VDR), the
pregnane X receptor (PXR) and the constitutive androstane
receptors (CAR) (Fiorucci et al., 2010; receptor nomenclature
follows Alexander et al., 2011). In addition, bile acids exert
a variety of non genomic effects that have been ascribed to
the activation of a cell surface receptor named GPBA or
membrane-type bile acid receptor (M-BAR), a member of the
rhodopsin-like superfamily of GPCR, also christened as TGR5
or bile acid-activated GPCR (GPBAR1) (Maruyama et al., 2002;
Kawamata et al., 2003). Expression of GPBAR1 is restricted to
gastrointestinal tissues including gallbladder, small and large
intestine and stomach (Maruyama et al., 2002; Kawamata
et al., 2003; Watanabe et al., 2006). In the stomach, expression
of GPBAR1 is mainly found in enteric ganglia of the myenteric
and submucosal plexus (Poole et al., 2010).

In target cells, GPBAR1 activation by secondary bile
acids, lithocholic acid (LCA), deoxycholic acid (DCA) and
their taurine-conjugates, tauro-LCA (TLCA) and tauro-DCA
(TDCA), increases the intracellular concentrations of cAMP
and causes internalization of the receptors (Maruyama et al.,
2002; Kawamata et al., 2003; Katsuma et al., 2005; Fiorucci
et al., 2010; Hong et al., 2010; Parker et al., 2012). In intestinal
endocrine L-cells, GPBAR1 activation stimulates the secretion
of glucagon-like peptide (GLP)-1, an hormone that regulates
insulin and glucagon secretion along with gastrointestinal
motility and appetite (Kawamata et al., 2003; Katsuma et al.,
2005; Parker et al., 2012). In the liver, expression of GPBAR1
has been detected in sinusoidal endothelial cells, and its
activation regulates the expression of endothelial NOS
(eNOS) via cAMP-responsive elements (Keitel et al., 2007).
GPBAR1 is essential to maintain mucosal integrity and its
genetic ablation worsens inflammation in rodent models
of colitis (Cipriani et al., 2011). Of relevance, GPBAR1 is
expressed in macrophages, and its activation counter-
regulates secretion of inflammatory mediators by a cAMP-
dependent pathway (Maruyama et al., 2002; Kawamata et al.,
2003; Cipriani et al., 2011).

To date, a limited number of GPBAR1 ligands have been
characterized. In addition to natural, LCA and DCA (Maru-
yama et al., 2002; Kawamata et al., 2003) and cholic acid
(CA)-derived semisynthetic bile acids (Pellicciari et al., 2009;
Wang et al., 2011), only few natural GPBAR1 agonists have
been discovered including triterpenoids such as betulinic
acids (Genet et al., 2010; Alexander et al., 2011) and oleanolic
acid (Sato et al., 2007). In the search of ligands for GPBAR1,
we have recently reported that ciprofloxacin, a well-known
antibiotic, is a GPBAR1 agonist that triggers cAMP accumu-
lation in L-cells and spleen-derived macrophages in a
GPBAR1-dependent manner (Cipriani et al., 2011).

Gastrointestinal bleeding caused by aspirin (acetylsali-
cylic acid; ASA) and non-selective non-steroidal anti-

inflammatory drugs (NSAIDs) are well-recognized
complications related to the use of these agents occurring at
a rate of ª3% (Wolfe et al., 1999; Fiorucci et al., 2007b;
Fiorucci and Santucci, 2011). Although inhibition of gastric
acid secretion by proton pump inhibitors is effective in reduc-
ing the incidence of gastric bleeding, this treatment is much
less effective in protecting against intestinal injury (Abraham,
2011). ASA and non-selective NSAIDs inhibit COX-1 and -2
(Catella-Lawson et al., 2001; Fiorucci et al., 2007b). While
non-selective NSAIDs are thought to injury the gastrointesti-
nal tract through a COX-1-related mechanism, selective
COX-2 inhibitors (coxibs) spare the gastrointestinal tract, but
their use is associated with an increased risk of cardiovascular
ischemic events (Fitzgerald, 2004).

Exposure to NSAIDs not only inhibits COXs but also
reduces the expression and activity of cystathionine-g-lyase
(CSE), a key enzyme in the generation of H2S (Fiorucci et al.,
2005). As with NO, H2S protects the gastric mucosa in a
prostaglandin-independent manner (Wallace, 2007; 2008;
Fiorucci and Santucci, 2011). Natural and synthetic FXR
ligands regulate expression of CSE by activating an FXR-
responsive element in the CSE promoter (Renga, 2011).

In the present study, we demonstrated that GPBAR1 ago-
nists protect the gastrointestinal tract against injury caused
by ASA and NSAIDs. These data suggest that exploitation of
GPBAR1-regulated pathways might represent a novel mecha-
nism for protecting gastric and intestinal mucosa from detri-
mental effects of ASA and NSAIDs.

Methods

Animals
All animal care and experimental protocols were approved by
the University of Perugia Animal Care Committee. The ID for
this project is #98/2010-B. The authorization was released to
Prof Stefano Fiorucci, as a principal investigator, on May 19,
2010. All studies involving animals are reported in accord-
ance with the ARRIVE guidelines for reporting experiments
involving animals (McGrath et al., 2010). The total number
of animal used in these experiments was 208. C57BL6 mice
were from Harlan Nossan (Udine, Italy); and GPBAR1 null
mice (GPBAR1-B6 = GPBAR1-/- mice, generated directly on a
C57BL/6NCrl background), and congenic littermates with
the same background were kindly donated by Dr Galya Vas-
sileva (Schering-Plough Research Institute, Kenilworth) (Vas-
sileva et al., 2006). Mice were housed under controlled
temperatures (22°C) and photoperiods (12:12 h light/dark
cycle), allowed unrestricted access to standard mouse chow
and tap water and allowed to acclimate to these conditions
for at least 5 days before inclusion in an experiment.

Acute gastric damage
Mice were deprived of food for 16 h before oral administra-
tion of ASA, 10, 30, 50 mg kg-1. Ciprofloxacin (30 mg kg-1

i.p.), betulinic acid (10 mg kg-1 i.p.) or DL-propargylglycine
(10 mg kg-1 i.p.) were administered for 5 days before admin-
istering ASA (50 mg kg-1,: orally, by gavage). Celecoxib
(30 mg kg-1 orally) and L-NAME (30 mg kg-1 i.p.) were admin-
istered 1 h before ASA (50 mg kg-1). Na2S (100 mmol kg-1 i.p.)
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was administered 30 min before ASA (50 mg kg-1). Three
hours after ASA administration, animals were killed by an
overdose of pentothal (50 mg kg-1). Gastric mucosal damage
was evaluated as described previously (Fiorucci et al., 2005).
Samples from mouse stomachs were removed, frozen in
liquid nitrogen and stored at -80°C for RNA extraction and
for measurement of myeloperoxidase (MPO) activity, or fixed
in formalin for histology and immunohistochemistry analy-
sis. Tissues sections (7 mm thick) were stained with haema-
toxylin and eosin (H&E). Generation of PGE2 by gastric
mucosa was measured according to previously published
methods (Fiorucci et al., 2005), using a specific ELISA kit
(Cayman Chemical Company, Ann Arbor, MI). MPO activity
was measured by a spectrophotometric assay using tri-
methylbenzidine (TMB) as a substrate and activity expressed
as mU per mg protein (Fiorucci et al., 2005).

Nitrate/Nitrite. The concentration of gastric nitrate/nitrite
was evaluated with the colorimetric Assay Kit from Cayman
Chemical.

Intestinal damage
Naproxen (100 mg kg-1 orally) was administered for 5 days.
On the fifth day, animals were anaesthetized with 50 mg kg-1

pentothal and killed; the small intestine was excised; and the
extent of intestinal damage measured, under a microscope,
by assessing the lengths of erosive and ulcerative lesions (in
mm) and then summing these to obtain an individual
damage score (Reuter et al., 1997). These measurements were
made without knowledge of the treatments the mice had
received. Small intestines from each mouse were frozen in
liquid nitrogen and stored at -80°C for measurement of MPO
activity. Small intestine samples removed from GPBAR1+/+

and GPBAR1-/- mice were fixed in formalin for histology and
immunohistochemistry. Tissues sections (7 mm thick) were
stained with H&E and Alcian Blue.

qRT-PCR
Quantization of the expression of selected genes was per-
formed by quantitative real-time PCR (qRT-PCR). RNA
(1 mg mL-1) were incubated with DNase I and reverse-
transcribed with Superscript II (Invitrogen, Milan, Italy)
according to manufacturer specifications. For real-time PCR,
50 ng of template was used in a 25 mL reaction containing a
0.2 mM concentration of each primer and 12.5 mL of 2 ¥ SYBR
Green PCR Master Mix (Bio-Rad Laboratories, Hercules, CA).
All reactions were performed in triplicate using the following
cycling conditions: 2 min at 95°C, followed by 50 cycles of
95°C for 10 s and 55 or 60°C for 30 s using an iCycler iQ
instrument (Bio-Rad Laboratories, Milan, Italy). The mean
value of the triplicates for each sample was calculated and
expressed as cycle threshold (CT). The amount of gene expres-
sion was then calculated as the difference (DCT) between the
CT value of the sample for the target gene and the mean CT

value of that sample for the endogenous control (GAPDH).
Relative expression was calculated as the difference (DDCT)
between the DCT values of the test and control samples for
each target gene. The relative level of expression was meas-
ured as 2-DDCT. All PCR primers were designed using the soft-
ware PRIMER3-OUTPUT using published sequence data
obtained from the NCBI database.

Primers used for quantitative RT-PCR were as follows:

mCSE: (s) tgctgccaccattacgatta and (as) gatgccaccctcctgaagta
mTNF-a: (s) acggcatggatctcaaagac and (as) gtgggtgaggagca
cgtagt
mCOX1: (s) tgccctctgtacccaaagac and (as) tgtgcaaagaagg
caaacag
mCOX2: (s) agaaggaaatggctgcagaa and (as) gctcggcttccagtat
tgag
meNOS: (s) agaagagtccagcgaacagc and (as) tgggtgctgaactgac
agag
miNOS: (s) acgagacggataggcagaga and (as) cacatgcaaggaag
ggaact
mGPBAR1: (s) ggcctggaactctgttatcg and (as) gtccctcttggctctt
cctc
mCBS: (s) agaagtgccctggctgtaaa and (as) caggactgtcgggatgaagt
mGAPDH: (s) ctgagtatgtcgtggagtctac and (as) gttggtggtgcag
gatgcattg
mMUC1s: (s) agtccacagtagtgcctccatc and (as) gtgcagagctgg
tagttgtgac
mMUC6s: (s) agaggaatgcccatgtgactat and (as) aaagcgttgtccat
caaaagtt
hGAPDH: (s) gaaggtgaaggtcggagt and (as) catgggtggaatcatatt
ggaa
hCBS: (s) tcgtgatgccagagaagatg and (as) ttggggatttcgttcttcag
hCSE: (s) cactgtccaccacgttcaag and (as) gtggctgctaaacctgaagc
hGPBAR1: (s) actgttgtccctcctctcccta and (as) gacactgctttggct
gcttg
heNOS: (s) agtgaaggcgacaatcctgtat and (as) agggacaccacg
tcatactcat

Immunohistochemistry
Immediately after killing, mouse stomachs were removed and
fixed in 10% buffered formalin phosphate, embedded in par-
affin and sections (7 mm thickness) processed for immunohis-
tochemistry. Briefly, sections were deparaffinized and washed
in PBS, soaked in 3% H2O2 for 8 min and incubated with 5%
BSA in PBS with Triton X-100 (0.1%) for 30 min. Sections were
then incubated with 10 mg mL-1 of anti-GPBAR1 primary anti-
body (NBP1-39749, Novus Biologicals, Cambridge, UK) in PBS
with 0.3% Triton X-100 and 1% BSA, at room temperature for
2 h. The sections were incubated with biotinylated anti-rabbit
IgG 1:200 (Vector, Burlingame, CA, USA) and then processed
by the avidin–biotin–peroxidase method with Vectastain ABC
kit (Vector). Diaminobenzidine was used as chromogen. For
immunohistochemistry, from small intestines of old mice,
sections were deparaffinized and, after antigen retrieval,
washed in PBS, soaked in 3% H2O2 for 8 min, and incubated
with 5% BSA in PBS with Triton X-100 (0.1%) for 30 min.
Sections were then incubated with 8 mg mL-1 rabbit anti-
zonulin-1 (Invitrogen), in PBS with 0.3% Triton X-100 and 1%
BSA, at room temperature for 2 h. The sections were incubated
with secondary biotinylated IgG 1:200 (Vector) and processed
by the avidin–biotin–peroxidase method with Vectastain ABC
kit (Vector). Diaminobenzidine was used as chromogen.

HUVEC
HUVEC, from Gibco, Italy, were maintained in supplemented
Medium 200 at 37°C in a humidified atmosphere of 5% CO2 in
air according to the instructions of the supplier. HUVEC cells
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at the fifth passage were starved overnight and treated with
ciprofloxacin, 30 mM, or TLCA, 10 mM. Cells were then lysed in
Trizol, and mRNA was extracted. HUVEC grown on chamber
slides (Nunc, Inc., Naperville, IL, USA) were fixed with cooled
95% ethanol, 5% glacial acetic acid for 10 min, washed with
PBS and processed for immunocytochemistry. Briefly, cells
were treated with H2O2 0,75% for 8 min, washed and incu-
bated with (1:200) anti-GPBAR1 primary antibody (NBP1-
39749, Novus Biologicals) in PBS with 0.3% Triton X-100 and
1% BSA, at room temperature for 1 h. Cells were incubated
with biotinylated anti-rabbit IgG 1:200 (Vector) and processed
by the avidin–biotin–peroxidase method with Vectastain ABC
kit (Vector). Diaminobenzidine was used as chromogen.

Statistical analysis
GraphPad Prism version 3.0 was used for graphics and statis-
tical analyses (GraphPad Software, San Diego, CA). Data are

expressed as mean � SEM. For comparison of more than two
groups, a one-way ANOVA followed by Tukey’s test, was used.

Materials
ASA, betulinic acid , celecoxib, ciproflaxin, Na2S, L-NAME,
naproxen, DL-propargylglycine and TLCA were from Sigma
Chemical Co. (Milan, Italy).

Results

Detection of GPBAR1 expression
in the gastric mucosa and its
functional characterization
Immunoreactive GPBAR1 protein was detected in the gastric
submucosa with intense staining in endothelial cells of
gastric microvessels (Figure 1A, B, arrows). Expression of

Figure 1
GPBAR-1 deficiency exacerbates gastric injury caused by ASA. (A–C) Immunohistochemical analysis of GPBAR1 expression in the mouse stomach.
Magnification 20¥ and 40¥. (A and B) GPBAR1 protein is mainly expressed in submucosal vessels. (C) Negative control (magnification 20¥). The
secondary antibody was omitted. (D) qRT-PCR analysis of GPBAR1 mRNA expression in the stomach of GPBAR1+/+ and GPBAR1-/- mice (ct > 35,
denotes the cycle threshold) (n = 3–4). (E) Gastric mucosal injury scores in response to acute administration of 10, 30 and 50 mg kg-1 ASA to
GPBAR1+/+ and GPBAR1-/- mice (n = 4–8). (F–I). Representative examples of H&E staining of gastric mucosa of GPBAR1+/+ and GPBAR1-/- mice
exposed to ASA (50 mg kg-1). (*P < 0.05 vs. naïve GPBAR+/+; **P < 0.05 vs. naïve GPBAR1-/-).
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GPBAR1 gene in the gastric mucosa was confirmed by RT-PCR
analysis, and specificity of the assay was confirmed by the
absence of GPBAR1 mRNA in GPBAR1-/- mice (Figure 1D; n =
3–4 per group; P < 0.05). We then investigated whether this
gene was essential in maintaining gastric homeostasis in a
model of mucosal injury caused by oral administration of
ASA, by challenging GPBAR1-/- mice with increasing doses of
ASA. As illustrated in Figure 1E, the mucosal injury caused
by ASA was markedly exacerbated in GPBAR1-/- at any dose of
ASA tested (n = 4–8 per group; P < 0.05) and exposure of these
mice to 10 mg kg-1 ASA resulted in a mucosal damage score
that was comparable with that caused by 50 mg kg-1 in wild-
type mice.. Also, GPBAR1-/- mice spontaneously developed
gastric erosions in response to overnight fasting. An example
of the gastric injury caused by ASA in wild-type and
GPBAR1-/- mice is shown in Figure 1F–I.

To gain insights on the mechanisms that mediate the
enhanced susceptibility of GPBAR1-/- mice to gastric injury
caused by ASA, we have then assessed the expression of
mediators that are known to be mechanistically linked to

development of gastric injury in this model. Levels of mRNA
for COX-1 in gastric tissue were similar in the two mouse
strains and did not change in response to ASA (50 mg kg-1).
However, exposure to ASA did robustly induce COX-2 mRNA
in GPBAR1+/+ mice but not in GPBAR1-/- mice (Figure 2B). In
contrast to wild-type naïve mice, GPBAR1-/- mice had a
marked reduction (to about 50% of that of wild-type mice) in
gastric expression of CBS and CSE mRNA (Figure 2C, D).
Treating GPBAR1+/+ mice with ASA (50 mg kg-1) reduced the
gastric expression of CBS and CSE mRNA by 60–70%
(Figure 2C, D). In addition, we found that in comparison
with wild-type mice, GPBAR1-/- mice had reduced levels of
eNOS gene expression (about 60%) and generated less nitrites
and nitrates (Figure 2E–G). In addition, iNOS levels were also
reduced in GPBAR1-/- mice (about 70%), but exposure to ASA
resulted in comparable up-regulation of the enzyme in the
stomach of both wild-type and GPBAR1-/- mice (Figure 2F).
Because these data suggested that reduced levels of eNOS
might account for the enhanced susceptibility to gastric
injury in GPBAR1-/- mice, we challenged wild type and

Figure 2
ASA administration differentially affects gene expression in the gastric mucosa of GPBAR1 +/+ and GPBAR1-/- mice. qRT-PCR analysis of expression
of COX-1, COX-2, CBS,CSE, eNOS, iNOS in GPBAR1-/- and wild-type mice treated with ASA (50 mg kg-1). n = 3–4; *P < 0.05. (G) Nitrites/nitrates
concentrations in the gastric mucosa of GPBAR1+/+ and GPBAR1-/- mice treated with ASA (50 mg kg-1). n = 8; *P < 0.05.
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GPBAR1-/- mice with L-NAME, a non-selective NOS inhibitor,
(30 mg kg-1 i.p.). Results of these experiments, shown in
Figure 3, demonstrate that wild-type and GPBAR1-/- mice
were equally sensitive to the NOS inhibitor and treatment
with L-NAME worsened the severity of gastric injury caused
by ASA to a comparable extent (n = 4–5 mice per group; P <
0.05), thereby indicating that differing levels of NO did not
explain the enhanced sensitivity to ASA of GPBAR1-/- mice.

Previous studies have shown that addition of ASA to
celecoxib, a selective COX-2 inhibitor, worsens the severity of
gastric injury caused by ASA in experimental and clinical
settings. We have therefore investigated whether GPBAR1

deficiency exacerbated gastric injury caused by the combina-
tion of these two agents. Indeed, as shown in Figure 4,
GPBAR1-/- mice developed more lesions than wild-type mice
when challenged with a combination of ASA + celecoxib
(30 mg kg-1 i.p.; Figure 4; n = 4–5 mice; P < 0.05).

Activation of GPBAR1 protects against
intestinal injury caused by NSAIDs
We then investigated whether GPBAR1 deletion exacerbated
intestinal damage caused by naproxen (100 mg kg-1 day-1 for
5 days). As illustrated in Figure 5, deletion of GPBAR1 altered
the morphology of distal ileum resulting in short villi
(Figure 5A, B, H&E staining) and reduced secretion of mucins
(Figure 5C, D, Alcian Blue staining) and abnormal distribu-

Figure 3
Effect of L-NAME (30 mg.kg-1) on gastric damage induced by ASA in
GPBAR1+/+ and GPBAR1-/- mice. (A) Gastric injury caused by ASA
alone is exacerbated by exposure to L-NAME in GPBAR1+/+ and
GPBAR1-/- mice. GPBAR1-/- mice show gastric lesions in response to
fasting. n = 4–5 mice per group. (B) MPO activity in the stomach of
GPBAR1+/+ and GPBAR1-/- mice treated with ASA alone or in combi-
nation with L-NAME. n = 4–5. *P < 0.05 versus naïve GPBAR1+/+;
**P < 0.05 versus GPBAR1+/+ treated with ASA; ***P < 0.05 versus
naïve GPBAR1-/-; #P < 0.05 versus GPBAR1-/- treated with ASA.

Figure 4
Different response of wild-type and GPBAR1-/- mice to gastric
damage induced by ASA and celecoxib. (A) Gastric injury caused by
ASA alone or in combination with celecoxib (30 mg kg-1) is exacer-
bated in GPBAR1-/- mice. (B) MPO activity measured in the stomach
of mice treated with ASA alone or in combination with celecoxib.
n = 4–5. *P < 0.05 versus naïve GPBAR1+/+; **P < 0.05 versus
GPBAR1+/+ treated with ASA; ***P < 0.05 versus naïve GPBAR1-/-;
#P < 0.05 versus GPBAR1-/- treated with ASA.
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tion of zonulin-1 (immunostaining; Figure 5E, F). These
changes become more evident with age. Intestinal injury
caused by naproxen in three-month-old mice was exacer-
bated in GPBAR1-/- mice (Figure 5G; n = 3–5; P < 0.05).

Activation of GPBAR1 protects against
gastrointestinal injury caused by ASA
and NSAIDs
Because these data highlight a functional role of GPBAR1 in
the gastric and intestinal mucosa that is protective in nature,
we then investigated whether activation of GPBAR1 by
natural and synthetic ligands would protect against gastric
injury caused by ASA. Data shown in Figures 6 and 7 dem-
onstrate that activation of GPBAR1 with ciprofloxacin or
betulinic acid, two GPBAR1 agonists, administered orally at
30 and 10 mg kg-1, respectively, for 5 days, protected against
development of acute gastric damage caused by 50 mg kg-1

ASA (n = 4–7; P < 0.05) in wild-type mice. Protection exerted
by GPBAR1 agonists resulted in a reduced mucosal injury
score (Figures 6A and 7A, P < 0.05 vs. ASA alone), attenuated
influx of neutrophils (MPO level) (Figures 6B and 7B, P <

0.05) and reduced expression of TNF-a mRNA (Figures 6D
and 7D; P < 0.05). Importantly these protective effects were
lost when ciprofloxacin and betulinic acid were administered
to GPBAR1-/- mice (Figures 6 and 7), though betulinic acid
was still able to reduce TNF-a mRNA in this strain
(Figure 7D). Protection afforded by GPBAR1 agonists was
prostanoid independent since both agents had no effect on
PGE2 inhibition caused by ASA (Figures 6C and 7C; P < 0.05.
As shown in Figures 6E and 7E, exposure to GPBAR1 agonists
failed to modulate the expression of eNOS, although it caused
a robust induction of CSE and CBS mRNA in wild-type mice
(Figures 6F, G and 7F, G; P < 0.05). Again, the effects exerted
by ciprofloxacin and betulinic acid were GPBAR1-dependent
and lost in GPBAR1-/- mice. In addition, treating mice with
GPBAR1 agonists resulted in the induction of MUC1 mRNA
in wild-type, but not in GPBAR1-/- mice (Figures 6H and 7H).

Beneficial effects of GPBAR1 ligands are
mediated by CSE
To gain further insights on the protective mechanisms
exerted by GPBAR1 agonists, we gave ciprofloxacin to wild-

Figure 5
GPBAR1 is required to maintain the integrity of the small intestine. (A, B) H&E staining of small intestine from 9-month-old GPBAR1+/+ and
GPBAR1-/- mice. (C, D) Alcian blue staining of small intestine from 9-month-old GPBAR1+/+ and GPBAR1-/- mice. (E, F) Immunohistochemical
detection of zonulin-1 in small intestine from 9-month-old GPBAR1+/+ and GPBAR1-/- mice. Zonulin- 1 is shown by a brown staining, and tissue
sections are counterstained with haematoxylin, violet staining The staining of the protein increases in GPBAR1-/- animals, but its cellular
localization appears to be discontinuous. Original magnification, 20¥. (G) Intestinal damage score and (H) MPO activity in small intestines from
GPBAR1+/+ and GPBAR1-/-, 3-month-old mice treated with naproxen (100 mg kg-1). n = 4–5. *P < 0.05 versus naïve GPBAR1+/+ mice, **P < 0.05
versus GPBAR1+/+ mice treated with naproxen.
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type and GPBAR1-/- mice and then treated them with with
Na2S, an H2S donor, or DL-propargylglycine (10 mg kg-1 i.p.),
a CSE inhibitor, before exposure to ASA, 50 mg kg-1. Data
shown in Figure 8 demonstrate that while ciprofloxacin
effectively protected wild-type mice against gastric injury
caused by ASA, and its effect was unchanged by administer-
ing Na2S (Figure 8; n = 4–5; P < 0.05), inhibition of CSE
activity with DL-propargylglycine (10 mg kg-1) completely
prevented the protection exerted by ciprofloxacin (Figure 8;
n = 4–5; P < 0.05). The opposite was observed in
GPBAR1-/- mice. Indeed, while ciprofloxacin failed to protect
against injury caused by ASA and treatment with DL-
propargylglycine (10 mg kg-1) failed to exacerbate the sever-
ity of gastric injury caused by ASA, treating GPBAR1-/- mice
with Na2S effectively rescued the animals from injury caused
by ASA (Figure 8; P < 0.05).

Detection of GPBAR1 in HUVEC cells and
CSE modulation
Because these data highlighted a functional role for H2S gen-
erating enzymes in protection afforded by GPBAR1 agonists
and immunohistochemical analysis demonstrated that

GPBAR1 was mainly located in endothelial cells of gastric
mucosa, we investigated whether GPBAR1 was expressed in
human endothelial cells and whether exposure of these cells
to GPBAR1 ligands regulated the expression of genes involved
in H2S and NO generation. For this purpose, HUVEC were
used. By immunocytochemistry (Figure 9A, B), we detected
GPBAR1 mRNA in these cells with a typical cell surface stain-
ing, and the presence of GPBAR1 gene was further confirmed
by RT-PCR (Figure 9C). Furthermore, exposure of HUVEC
to TLCA (10 mM) and ciprofloxacin (30 mM) significantly
increased the expression of CSE (ciprofloxacin only), CBS and
eNOS mRNA (Figure 9D–F).

Discussion

Gastrointestinal side effects including ulcerations, bleeding
and perforations are well-recognized complications of the
clinical use of ASA and NSAIDs. The risk of gastrointestinal
bleeding in patients taking low doses of ASA (<100 mg day-1)
or medium doses of any NSAID increases approximately four-
fold in comparison with untreated populations (Wolfe et al.,

Figure 6
GPBAR1 activation by ciprofloxacin protects against gastric damage induced by ASA in GPBAR1+/+ but not in GPBAR1-/- mice. (A) Mucosal damage
score. (B) MPO activity. (C) PGE2 level. (D–I) qRT-PCR of TNF-a, eNOS, CSE, CBS, MUC1, MUC6 expression in GPBAR+/+ and GPBAR1-/- mice
treated with ASA alone (50 mg kg-1) or in combination with ciprofloxacin (30 mg kg-1). (n = 4–7; *P < 0.05).

BJP S Cipriani et al.

232 British Journal of Pharmacology (2013) 168 225–237



1999). The pathogenesis of gastrointestinal injuries caused by
ASA and NSAIDs is ascribed to the suppression of COX-1;
however, additional mechanisms are involved (Fiorucci et al.,
2003).

In the present study, we have provided evidence that the
bile acid receptor GPBAR1 is required for maintenance of
gastrointestinal mucosal integrity, and that this protective
effect is prostaglandin independent. This contention emerges
from the results of studies carried out in GPBAR1-/- mice.
Despite these mice showing normal gastric morphology, they
developed severe and extensive injury when challenged with
ASA. This enhanced susceptibility was COX-independent
because expression of COX-1 and COX-2 mRNAs in the
gastric mucosa was regulated similarly in wild-type and
GPBAR1-/- mice, and the magnitude of the suppressive effect
exerted by ASA on the formation of PGE2 was comparable
in the two mouse strains. The enhanced susceptibility of
GPBAR1-/- mice to COX-inhibiting agents extended beyond
the stomach, because GPBAR1-/- mice also developed severe
intestinal injury in response to naproxen, in a validated
model of intestinal damage.

In the search for a mechanism that could support the
enhanced susceptibility of GPBAR1-/- to gastrointestinal
damage caused by ASA and NSAIDs, we have investigated the
role of NO and H2S, two gaseous mediators that exert homeo-
static function in the gastric and intestinal mucosa (Fiorucci,
2001; Fiorucci et al., 2007a). Previous studies have shown that
bile acids increase the expression of eNOS by a GPBAR1 and
cAMP-dependent mechanism in isolated sinusoid endothelial
cells, a liver-specific endothelial cell subtype (Keitel et al.,
2007). Here, we report that GPBAR1-/- mice had reduced levels
of eNOS mRNA in the gastric mucosa, highlighting a func-
tional role for GPBAR1 in regulating eNOS gene transcription.
However, these reduced levels of eNOS did not represent the
sole cause for the enhanced susceptibility of GPBAR1-/- mice to
injury caused by ASA and NSAIDs, as eNOS deficiency was
compensated for by a robust induction of iNOS (about 5-fold
in comparison with naïve GPBAR1+/+ mice).

In addition to the NOS isoforms, CSE, an enzyme
involved in biosynthesis of H2S from homocysteine and
L-cysteine, is selectively targeted by NSAIDs in the gastric
mucosa (Fiorucci et al., 2005; Wallace, 2008). In a previous

Figure 7
GPBAR1 activation by betulinic acid protects against gastric damage induced by ASA in GPBAR1+/+ but not in GPBAR1-/- mice. (A) Mucosal damage
score. (B) MPO activity. (C) PGE2 level. (D–I) qRT-PCR of TNF-a, eNOS, CSE, CBS, MUC1, MUC6 expression in GPBAR1+/+ and GPBAR1-/- mice
treated with ASA alone (50 mg kg-1) or in combination with betulinic acid (10 mg kg-1). (n = 3–7; *P < 0.05).
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study, we have shown that exposure of wild-type mice to
NSAIDs attenuates CSE expression in the gastric mucosa and
impairs the generation of H2S (Fiorucci et al., 2011). Of rel-
evance, H2S reversed the gastric injury caused by NSAIDs in a
COX- and NOS-independent manner (Wallace, 2008). Here
we report that that GPBAR1-/- mice have an impaired expres-
sion of CSE mRNA in the stomach (ª50% of wild-type mice)
and develop gastric injury in response to fasting. To our
knowledge, this is the first model in which the simple food
deprivation causes erosive lesions, strongly supporting a
homeostatic role of GPBAR1 in gastric mucosa. In addition,
GPBAR1-/- mice were more sensitive to gastric and intestinal
injury caused by ASA and NSAIDs. Because these animals
were rescued by exposure to an H2S donor and the severity of
gastric injury was not further exacerbated by exposure to a
CSE inhibitor, these data suggest that reduced expression of
CSE and H2S generation provides a robust mechanistic expla-
nation of the enhanced susceptibility of GPBAR1-/- mice to
the gastrointestinal injuries caused by ASA and NSAIDs.

We speculated that GPBAR1 activation could protect
against gastric injury induced by ASA through the regulation
of CSE and CBS expression in endothelial cells in the gastric
microcirculation. Thus, not only expression of GPBAR1 was
detected in endothelial cells of gastric mucosa and in an
endothelial cell line, but treatment of HUVEC with TLCA

Figure 8
Na2S (100 mmol kg-1 i.p.) and DL-propargylglycine (10 mg kg-1 i.p.)
modulate the activity of ciprofloxacin in GPBAR1+/+ and GPBAR1-/-

mice. Ciprofloxacin protects against gastric injury caused by ASA in
GPBAR1+/+ mice and DL-propargylglycine (DL-Pro) reverses protection
exerted by ciprofloxacin. Failure of ciprofloxacin to protect against
injury caused by ASA in GPBAR1-/- mice is reversed by co-treatment
with Na2S. GPBAR1-/- mice show gastric lesions in response to
fasting. n = 4–5. P < 0.05 versus naïve; ** versus ASA in GPBAR+/+

mice; § versus naïve, § § versus ASA in GPBAR1-/- mice.

Figure 9
Human endothelial cells express GPBAR1. (A, B) Immunohistochemical analysis of GPBAR1 in HUVEC cells. Arrows indicate cell membrane staining
of GPBAR1 in HUVEC. qRT-PCR analysis of (C) GPBAR1, (D) CSE, (E) CBS and (F) eNOS mRNA in HUVEC left untreated (NT) or treated with TLCA
(10 mM) or ciprofloxacin (CIPRO; 30 mM). (*P < 0.05 vs. control).
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and ciprofloxacin up-regulated the expression of CSE (cipro-
floxacin), CBS and eNOS mRNA. Present data are consistent
with the reported ability of TLCA to increase the expression/
activity of eNOS via a cAMP-responsive element in liver sinu-
soidal cells (Keitel et al., 2007).

We have previous reported that ciprofloxacin, a well-
known antibiotic, exerted non-antibiotic activities that were
mediated by its interaction with GPBAR1 (Cipriani et al.,
2011). In mouse monocytes, ciprofloxacin increased cAMP
concentrations and attenuated TNF-a release in a GPBAR1-
dependent manner. Furthermore, ciprofloxacin prevents
signs and symptoms of inflammation in mouse models of
colitis by a GPBAR1-dependent mechanism. Betulinic acid is
a naturally ocurring compound and a potent GPBAR1 agonist
(Genet et al., 2010; Alexander et al., 2011). Using these two
agents, we have shown that GPBAR1 activation rescued wild
type mice from gastric injury caused by ASA and that
this protective effect relied on the regulation of CSE/CBS
expression in the gastric mucosa. Support for this concept
came from the finding that co-administration of DL-
propargylglycine with ciprofloxacin reversed the protective
effects exerted by this antibiotic. Altogether, these data
support the notion that a dysregulated expression of CSE in
the gastrointestinal mucosa makes an important contribution
to the enhanced susceptibility of GPBAR1-/- mice to damage
caused by ASA and NSAIDs.

Gastric expression of membrane (MUC1) and secreted
(MUC5AC, MUC6) mucins is altered in models of reactive
gastropathy (Mino-Kenudson et al., 2007). Importantly,
MUC-1 expression is reduced in stomach of patients exposed
to NSAIDs (Guang et al., 2010; Costa et al., 2011; Saeki et al.,
2011). The finding that GPBAR1-/- mice react to exposure to
ASA by a marked reduction of MUC1 expression and that
ciprofloxacin increases the expression of this gene in wild-
type mice challenged with ASA highlight a possible regula-
tory role for GPBAR1 on MUC1 expression.

Bile acids activate several nuclear receptors and G-protein-
coupled cell surface receptors exerting a wide range of
genomic and non-genomic effects (Fiorucci et al., 2011). We
have recently reported that FXR, the main bile acid sensor in
enterohepatic tissues, is also essential to maintain gastroin-
testinal homeostasis; and that its ablation enhances sensitiv-
ity to gastric and intestinal injury caused by ASA and NSAIDs
as well as to inflammation in rodent models of colitis (Vavas-
sori et al., 2009; Fiorucci et al., 2011). Gastric protection
exerted by FXR ligation by the potent synthetic agonist
GW4064 was partially mediated by induction of CSE in the
gastric mucosa. The effect exerted by FXR on CSE expression
appears to be mediated by a direct binding of this nuclear
receptor to an FXR-responsive element in the CSE promoter
and is therefore different from the non-genomic, cAMP-
mediated effect exerted by GPBAR1 (Keitel et al., 2007). The
fact that FXR and GPBAR1 converge on regulation of eNOS,
CSE and CBS by genomic and non-genomic effects might
explain the enhanced susceptibility of FXR- and GPBAR1-
deficient mice to ASA and NSAIDs (Fiorucci et al., 2010).

Previous observations have shown that bile acids func-
tion as barrier breakers in the gastric mucosa and enhance
gastric and intestinal injury caused by ASA and NSAIDs
(Zhou et al., 2010). Because bile acids, especially secondary
bile acids, are directly cytotoxic for a variety of cells and

tissues, their intracellular concentrations are tightly regu-
lated by the intervention of a family of nuclear receptors
(FXR, CAR and PXR) that orchestrate their import, conjuga-
tion and excretion (Fiorucci et al., 2010). FXR-/- mice develop
a number of intestinal and liver pathologies due to the accu-
mulation of toxic concentrations of bile acids. GPBAR1-
deficient mice had a reduced bile acid pool (Maruyama et al.,
2006), but because the liver expression of the gene encoding
CYP8B1, an enzyme that regulates the ratio between cholic
acid (CA) and chenodeoxycholic acid (CDCA) is increased,
they have higher levels of CA. Thus, the fact that mice
lacking FXR and GPBAR1 are more prone to develop gas-
trointestinal injury in response to ASA is fully consistent
with the observation that locally applied bile acids are barrier
breaking agents (Zhou et al., 2010). Furthermore, because
GPBAR1 activation by ciprofloxacin and betulinic acid
rescues cells from injury caused by ASA and NSAIDs, it is a
strong demonstration that toxic effects exerted by bile acids
in these models are receptor-independent.

The present findings might have important translational
outcomes. Indeed, the GPBAR1–CSE–H2S pathways could be
exploited therapeutically by designing novels COX inhibitor
hybrids that release H2S or activate the GPBAR1–CSE pathway
to spare the intestinal mucosa (Wallace et al., 2010; Fiorucci
and Santucci, 2011). Thus, while a number of approaches are
presently available to effectively protect the gastric mucosa
against damage caused by ASA and NSAIDs, the same is not
true for the intestinal injury caused by these agents (Laine
et al., 2008). Intestinal complications caused by COX-1 inhibi-
tors are not efficiently prevented by co-treatment with proton
pump inhibitors (Goldstein et al., 2007) and, while selective
COX-2 inhibitors spare the intestinal mucosa (Goldstein et al.,
2007), their use is associated with an increased risk of cardio-
vascular ischemic events (Fitzgerald, 2004). In this context,
development of GPBAR1 agonists to protect the intestinal
mucosa might have relevance in the management of patients
taking ASA or NSAIDs who are at a high risk of developing
gastrointestinal and cardiovascular complications for whom
the selective COX-2 inhibitors could not be recommended.

In summary, we have shown that GPBAR1, a bile acid
receptor, plays an essential role in maintaining gastric and
intestinal barrier integrity. Exploitation of GPBAR1-regulated
pathways might represent a novel mechanism for protecting
gastric and intestinal mucosa from injury caused by ASA and
NSAIDs.
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