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BACKGROUND AND PURPOSE

Low doses of acetyl salicylic acid (ASA) and non-steroidal anti-inflammatory drugs (NSAIDs) cause gastrointestinal damage.
The farnesoid X receptor (FXR) is a bile acid sensor essential for maintenance of intestinal homeostasis. Here, we have
investigated whether FXR is required for mucosal protection in models of gastrointestinal injury caused by ASA and NSAIDs
and if FXR activation has potential in the treatment or prevention of gastrointestinal injury caused by these agents.

EXPERIMENTAL APPROACH

FXR** and FXR”~ mice were given ASA (10 to 100 mg-kg™") or NSAIDs. Gastric and intestinal mucosal damage assessed by
measuring lesion scores. FXR were activated by giving mice natural (chenodeoxycholic acid; CDCA) or synthetic (GW4064)
FXR agonists.

KEY RESULTS

FXR, mRNA and protein, was detected in human and mouse stomach. FXR”~ mice were more prone to develop severe gastric
and intestinal injury in response to ASA and NSAIDs and showed a severe reduction in the gastrointestinal expression of
cystathionine-y-lyase (CSE), an enzyme required for generation of hydrogen sulphide. CSE expression was reduced by =50% in
wild-type mice challenged with ASA. Treating wild-type mice but not FXR7~ mice with CDCA or GW4064 protected against
gastric injury caused by ASA and NSAIDs, by a CSE-dependent and cycloxygenase- and NO-independent, mechanism. FXR
activation by GW4064 rescued mice from intestinal injury caused by naproxen.

CONCLUSIONS AND IMPLICATIONS
FXR was essential to maintain gastric and intestinal mucosal barriers. FXR agonists protected against gastric injury caused by
ASA and NSAIDs by a CSE-mediated mechanism.

Abbreviations
ASA, acetyl- salicylic acid; CDCA, chenodeoxycholic acid; CSE, cystathionine-y- lyase; FXR, farnesoid X receptor;
L-NAME, N®-nitro-L-arginine methyl ester hydrochloride; MPO, myeloperoxidase
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Introduction

Acetyl salicylic acid (ASA) and other non-steroidal anti-
inflammatory drugs (NSAIDs) are widely used medications
because of their demonstrated efficacy in preventing platelet
aggregation and reducing pain and inflammation (Wolfe
et al., 1999; Pusztaszeri et al., 2007; Fiorucci, 2009). However,
long-term use of low doses of ASA and NSAIDs causes adverse
gastrointestinal effects with life-threatening complications,
gastrointestinal bleeding and perforation, occurring at a rate
of =3% (Abraham et al., 2010). The basic mode of action
of ASA and non-selective NSAIDs lies in the inhibition of
cyclooxygenases (COX), with COX-2 generating prostaglan-
dins at site of inflammation and COX-1 being responsible for
generation of prostaglandins involved in protecting the gas-
trointestinal mucosa (Catella-Lawson et al., 2001; Fiorucci
et al., 2007). While inhibition of COX-1 has provided an
important explanation, the pathogenesis of gastrointestinal
damage caused by ASA and NSAIDs is only partially under-
stood. Indeed, COX-1-derived prostaglandins are not essen-
tial for maintaining gastric mucosal integrity while locally
generated gaseous neurotransmitters, nitric oxide (NO) and
hydrogen sulphide (H,S), are able to maintain mucosal integ-
rity in a prostaglandin-depleted environment (Wallace, 2007;
2008, Fiorucci and Santucci, 2011). We have reported that, in
addition to COX inhibition, exposure to NSAIDs reduced the
expression and activity of cystathionine-y-lyase (CSE), a key
enzyme involved in the generation of H,S (Fiorucci et al.,
2005).

Bile acids, the end product of cholesterol metabolism,
play a crucial role in integrating nutrient absorption and
lipid metabolism, with liver and intestinal homeostasis
(Makishima et al., 1999; Parks et al., 1999; Wang et al., 1999;
Fiorucci et al., 2010). This homeostatic function has been
linked to the activation of a family of receptors that includes
the farnesoid X receptor (FXR), a nuclear receptor expressed
in entero-hepatic tissues (Fiorucci efal.,, 2010; receptor
nomenclature follows Alexander et al., 2009). In the small
intestine, FXR regulates the expression of a number of
homeostatic pathways including release of the growth factor
fibroblast growth factor 19 (Inagaki et al., 2005), and lack of
FXR predisposes to dysregulated immune homeostasis and
intestinal damage in rodent models of colitis (Vavassori et al.,
2009). Whether FXR is expressed in the gastric mucosa and
exerts homeostatic functions in this tissue, however, is
unknown. In the present study, by using FXR” mice and
natural and synthetic FXR agonists, we have shown that FXR
is essential in protecting the gastrointestinal tract against
injury caused by ASA and NSAIDs. These data suggest that
exploitation of FXR-regulated pathways might represent a
novel mechanism for protecting gastrointestinal mucosa
from the detrimental effects of ASA and NSAIDs.

Methods

Animals

All animal care and experimental protocols were approved by
the local Animal Care and Ethics Committees of the Univer-
sity of Perugia. C57BL6 mice were from Harlan Nossan
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(Udine, Italy) and maintained on standard laboratory mouse
chow on a 12 h light/dark cycle. FXR”~ mice (C57BL/6BJ6
background) were originally provided by Dr F. Gonzales (NIH,
Bethesda) (Sinal et al, 2000). All mice were housed in a
temperature-controlled room and had free access to food and
water.

Acute damage

Mice were deprived of food for 16 h before being given one of
the following oral suspensions: ASA (10-100 mg-kg™),
indomethacin (10 mg-kg™), diclofenac (100 mg-kg™") or keto-
profen (30 mg-kg'). Mice were killed 3 h later, and gastric
mucosal damage was measured. In some experiments,
GW4064 (30 mg-kg™") and chenodeoxycholic acid (CDCA:
15 mg-kg') were given (i.p. or p.o.) for 5 days before the
NSAIDs. Gastric mucosal damage was assessed as described
previously (Fiorucci et al., 2005). These measurements were
made without knowledge of the treatments the mice had
received. In addition, samples of the body region of the
stomach were excised and divided for histology, RNA extrac-
tion and for measurement of myeloperoxidase (MPO) activ-
ity. To gain insights on the role of CSE, mice were pretreated
with DL-propargylglycine at a dose of 10 mg-kg'-day' i.p.
alone or in combination with GW4064 (30 mg-kg™) for S
days and then given ASA (100 mg-kg™') after 16 h fasting.
Mice were killed 3 h later, and gastric mucosal injury and
MPO activity assessed. To study the role of NO in the context
of the protective effects of GW4064 (30 mg-kg™' i.p. for 5 days
before ASA administration), the animals were treated with
N°-nitro-L-arginine methyl ester (L-NAME), 30 mg-kg™' i.p., a
non-selective NOS inhibitor, 1 h before ASA treatment and
killed 3 h later.

Gastric adaptation study

Mice weighing 20-25 g were given a daily dose of ASA,
100 mg-kg™”, alone or in combination with GW 4064
(30 mg-kg™") for one or 14 days. On day 14, the mice were
fasted overnight. On day 15, mice were treated orally with an
additional dose of ASA and killed 3 h later.

Intestinal damage, gastric and intestinal
mucosal prostanoids, MPO and TNFa levels
Groups of six mice (not fasted) were treated daily for 5 days
with naproxen (100 mg-kg' p.o.), in combination with
GW4064 (30 mg-kg' i.p.) or vehicle. Six hours after the final
administration of drugs, the mice were anesthetized with
sodium pentobarbital (100 mg-kg') and blood samples were
drawn, by intracardiac puncture, for determination of hae-
matocrit (Reuter et al., 1997). The small intestine was excised,
and the extent of haemorrhagic damage to the small intestine
quantified, under a microscope, by measuring the lengths of
each lesion in mm and then summing these to obtain a
damage score for each mice (Reuter ef al., 1997). These mea-
surements were made without knowledge of the treatments
the mice had received. Generation of PGE, and 6-keto-PGF,
by gastric and intestinal mucosa was measured according to
previously published methods (Fiorucci et al., 2005), using a
specific ELISA kit (Cayman Chemical Company, Ann Arbor,
MI). Gastric myeloperoxidase (MPO) activity was measured
using a spectrophotometric assay with tri-methylbenzidine



(TMB) as a substrate (Vavassori efal.,, 2009). Activity is
expressed as mU per mg protein. Stomach TNFo levels were
quantified by ELISA (Biosource).

Immunohistochemistry analysis of

FXR expression

Human gastric tissue were obtained, with informed written
consent, from patients during surgery for gastric cancer. The
patients (4 males 1 female; 47-65 years old) had no chemo-
therapy before surgery. The samples used here were macro-
scopically normal. Human and mouse gastric tissue were
cryoprotected in 0.1 M phosphate-buffered saline pH 7.4
(PBS), containing 30% sucrose for 24 h, then included in OCT
and stored at —80°C. Cryostat sections (7 um thickness) were
processed for immunohistochemistry. Briefly, sections were
washed in PBS, soaked in 3% H,O, for 8 min, and incubated
with 5% bovine serum albumin in PBS with Triton X-100
(0.3%) for 30 min. Sections were incubated with (as primary
antibody) anti-FXR (Ab 28676, Abcam) or anti-CSE (sc-
131905 Santa Cruz) in PBS with 0.3% Triton X-100 and 1%
bovine serum albumin, at room temperature for 2 h. The
sections were incubated with biotinylated anti-rabbit or anti-
goat 1gG (Vector) and then processed by the avidin-biotin-
peroxidase method with Vectastain ABC kit (Vector, UK) and
diaminobenzidine was used as chromogen.

Measurement of CSE activity

The CSE activity was assessed as described elsewhere
(Ogasawara et al., 2002; Fiorucci et al., 2005).

RT-PCRs

The method and conditions for RT-PCR are the same
described elsewhere (Fiorucci et al., 2005). Primers used were
as follows (all for the murine genes): CSE: (s)tgctgccaccattac-
gatta and (as)gatgccaccctcctgaagta; intracellular adhesion
molecule-1 (ICAM-1): (s)gggaatgtcaccaggaatgt and (as) tga
gttttatggectectect; TNFo: (s)acggcatggatctcaaagac and (as)
gtgggtgaggagcacgtagt; COX-1: (s)tgccctctgtacccaaagac and
(as) tgtgcaaagaaggcaaacag; COX-2: (s)agaaggaaatggctgcagaa
and (as) gctcggcttccagtattgag; endothelial NO synthase
(eNOS): (s)agaagagtccagcgaacagce and (as) tgggtgctgaactgaca-
gag; inducible NOS (iNOS): (s)acgagacggataggcagaga and
cacatgcaaggaagggaact; small heterodimer partner (SHP): tctctt
cttccgecectatca and aagggcttgetggacagtta; and FXR: tgtgaggg
ctgcaaaggttt and acatccccatctctctgeac.

Statistical analysis

All data are presented as the mean = SEM. Comparisons of
groups of data were performed using a one-way analysis of
variance followed by the Student-Newman-Keuls post hoc
test. An associated probability (P-value) of less than 5% was
considered significant.

Materials

ASA; indomethacin; ketoprofen; diclofenac; DL-
propargylglycine; N°-nitro-L-arginine methyl ester hydro-
chloride (L-NAME), chenodeoxycholic acid (CDCA) and all
other reagents were from Sigma Chemical Co. (Milan, Italy).

FXR and NSAID gastro-enteropathy

Results

Detection of FXR expression in the gastric
mucosa and its functional characterization

As illustrated in Figure 1, FXR gene and protein, was detected
in the gastric mucosa. The expression of the gene by quanti-
tative RT-PCR was =30% of that expressed in adult mouse
liver, the tissue that expresses the highest content of the gene
in the adult animal. Using immunohistochemistry, expres-
sion of FXR was detected in the mucosa, periglandular areas,
in the submucosa, with muscle layers of micro vessels
expressing the highest levels of immunoreactivity (Figure S1).
No staining was detected in gastric muscle layers (Figure S1).
This pattern of expression was confirmed in samples of
human stomach. The immunohistochemical analysis was
carried out on normal human gastric mucosa, obtained from
intact margins of surgically resected gastric cancers
(Figure 1C) and showed nuclear staining for FXR in gastric
epithelial cells.

To gain insights on the functional role of FXR in the
gastric mucosa, we have investigated whether the gene for
this receptor was essential to maintain intestinal homeosta-
sis in a setting of mucosal injury caused by ASA and
NSAIDs. Because a putative homeostatic activity of FXR
would manifest itself by an increased susceptibility of FXR”~
mice to injury caused by ASA and NSAIDs, we challenged
these mice with increasing doses of ASA. The severity of
the damage was significantly exacerbated in FXR”~ mice,
as the mucosal damage following 10 mg-kg' ASA was
sixfold higher in FXR”/~ mice than in wild-type mice
and close the the level of damage caused by treating FXR
wild-type mice with 100 mg-kg™ ASA. An example of the
gastric injury caused by ASA to FXR wild-type and FXR™-
mice is shown in Figure 1F and G. The differential suscep-
tibility of FXR”" mice, compared with wild-type mice, was
not due to a different inhibition of gastric prostanoids,
because as shown in Figure 1H and I, ASA caused a compa-
rable suppression of 6-keto-PGF,, and PGE, formation by
the gastric mucosa. We therefore assessed the expression
of a number of mediators that have been shown to be
mechanistically linked to development of gastric injury
in this model. As shown in Figure 2, FXR”~ mice had
higher mucosal levels of MPO and TNFo (P < 0.05; n = 6)
than wild-type mice, while expression of ICAM-1, an adhe-
sion molecule required for neutrophil margination into
the gastric mucosa, was similar in the two strains. We found
no difference in the level of regulation of COX-1 and
COX-2 in response to ASA, further confirming that the dif-
ferential susceptibility of FXR”~ mice to ASA was COX-
independent.

Figure 2F-G demonstrates that FXR”" mice were charac-
terized by a reduced expression of eNOS but had fivefold
higher levels of iNOS. However, there was no difference in
the level of expression of iNOS induced by ASA, a known
mechanism of adaptation to injury caused by this agent. A
striking difference between wild-type and naive FXR”-
mice was the reduced gastric expression of CSE mRNA in
FXR7 mice (P < 0.05 vs. FXR"*; n = 6). CSE mRNA was
reduced by 50% by treating FXR”* mice with ASA. Levels of
CSE mRNA in FXR™~ were =50% of that of wild-type mice.
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No further decrease was measured in these mice after expo-
sure to ASA. Changes in the expression of the CSE gene
were mirrored by a similar decrease in CSE activity
(Figure 2I). As shown in Figure 2L and M, CSE was abun-
dantly expressed in the gastric mucosa, from mice or
humans, with staining of glandular areas with a predomi-
nantly cytosolic localization.

Adaptation to ASA is a phenomenon characterized by a
reduction of the extent of gastric hemorrhagic and erosive
lesions, that occurs in rodents and humans, despite continu-
ous treatment with ASA or an NSAID. The mechanism is
COX-independent. To investigate whether FXR is involved in
gastric adaptation to ASA, wild-type and FXR”~ mice were
challenged with ASA, 100 mg-kg™, for 14 days and gastric
injury measured on day one and on day 14. As illustrated in
Figure S2, both wild-type and FXR”" mice adapted to ASA,
indicating that this phenomenon was independent of the
presence of FXR.
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Activation of FXR protects against
gastrointestinal injury caused by ASA

and NSAIDs

Because these data highlight a functional role for FXR in
the gastric mucosa that is protective, we have then investi-
gated whether activation of FXR by natural and synthetic
ligands will protect against gastric injury caused by ASA.
Data shown in Figure 3A demonstrate that activation of
FXR with GW4064, a synthetic FXR agonist, administered
orally or i.p. at adose of 30 mg-kg™', and by CDCA, a natural
FXR agonist, administered orally at a dose of 15 mg-kg”,
protected against acute gastric damage caused by
100 mg-kg™" ASA (n =6, P < 0.05). Protection exerted by FXR
agonists was confirmed by a reduced macroscopic score,
attenuation of histopathological changes, reduced release of
TNFo and attenuated influx of neutrophils (Figure 3A-G). In
addition, treating mice with GW4064 resulted in a strong
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(A-1) Assessment of biochemical markers of gastric damage in FXR+/+ (WT) and FXR™~ mice exposed to ASA. *P < 0.05 significantly different from
wild-type naive. (L,M) Expression of CSE in the mouse (upper) and human (below) gastric mucosa. Magnification 20x. Insets. Magnification 40x.

induction of CSE, mRNA and activity (Figure 3H and I).
Finally, to ascertain whether protection exerted by FXR
agonists extended to NSAIDs, mice left untreated or pre-
treated with GW4064 (30 mg-kg™') were given indometha-
cin, ketoprofen or naproxen. As indicated in Figure 3L,
damage caused by these non-selective NSAIDs was signifi-
cantly attenuated by pretreatment with GW4064 (n = 6;
P < 0.05).

Protection exerted by FXR agonists is
NO-independent but requires activity of CSE
Because previous studies have demonstrated that FXR acti-
vation might regulate the expression and activity of eNOS
and CSE, two enzymes involved in the formation of NO and
H,S, we then investigated whether inhibition of these path-
ways affected the ability of FXR agonists to attenuate
damage caused by ASA. L-NAME is a non-selective inhibitor
of eNOS, known to exacerbate gastric injury caused by ASA
and NSAIDs. As illustrated in Figure 4A, exposure to
L-NAME, 30 mg-kg! i.p. administered 1 h before ASA, exac-
erbated the severity of gastric injury caused by ASA in wild-
type mice, although it failed to do so in FXR’ mice.
Additionally, protection exerted by GW4064, in FXR wild-

type mice exposed to 100 mg-kg™' ASA was maintained, indi-
cating that protection exerted by GW4064 in this setting
was NO-independent.

DL-propargylglycine is a non-specific CSE inhibitor that
reduces H,S formation in the stomach (Fiorucci et al., 2005).
As illustrated in Figure4B and C, treatment with
DL-propargylglycine increased significantly the extent of
gastric injury caused by ASA and almost completely reversed
protection exerted by GW4064 in this setting. Similar data
were obtained by measuring MPO activity in the stomach
(n = 4-6; P < 0.05 vs. ASA alone or ASA plus GW4064.)

FXR activation protects against intestinal
injury caused by NSAIDs

Because FXR has a role in maintaining the integrity of intes-
tinal mucosa, we then investigated whether intestinal
damage caused by treatment with naproxen, 100 mg-kg™ day
for 5 days, would be exacerbated in FXR™~ mice and whether
FXR activation by GW4064 would rescue wild-type mice from
intestinal damage in this model. Figure SA demonstrates that
naproxen-induced injury of small intestine was attenuated by
activation of FXR in wild-type mice (P < 0.05 vs. naproxen
alone; n = 6). In contrast, FXR gene ablation resulted in a
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S Fiorucci et al.

F 150‘
A 5
o 207 = 100
(o)} 3 Qo
: i3
© = =T
°S £ 50
g3 2
8 5 10 1 ™ o ~
=] -* 0
REIRCH G
£ * 100
o =
(O] 2
. °
Naive ip. os. 0.8 £a L
5 ° mmm NSAID = NSAID + GW4064
Alone GW 4064 CDCA g [ .
40+
ka—! o E -
ASA 100 mg-kg L R
5 5}
£ ® =
= T 9
0w n
o o
S <
H > E2
TE
2]
]
0]

CSE expression
mRNA levels

75

(o)
o

EEEE

protein)

25

ASA+ GW4064

ASA+ CDCA

CSE activity
(Abs 727 nm-30 pg~ of

Figure 3

Naive Alone GW4064

ASA 100 mg-kg™

FXR activation by natural and synthetic ligands protects against development of gastric injury caused by ASA and NSAIDs. (A) Administration of
GW4064 (30 mg-kg™) either i.p. or p.o.. and CDCA (10 mg-kg™) p.o.. attenuates gastric injury caused by dosing wild-type rats with ASA. #P <
0.05 significantly different from naive; P < 0.05 significantly different from ASA alone (n = 5-7). (B-E) H&E staining of gastric mucosa of wild-type
mice exposed to ASA alone or in combination with GW4064 or CDCA. Magnification 4x. (F-I) Assessment of biochemical markers of gastric
damage in wild-type mice exposed to ASA alone or in combination with GW4064. #P < 0.05 significantly different from naive; *P < 0.05
significantly different from ASA alone (n = 5-7). (L) Activation of FXR by GW4064 protects against gastric damage caused by NSAIDs. *P < 0.05
significantly different from naive; **P < 0.05 significantly different from NSAID alone (n = 6).

striking exacerbation of the injury caused by naproxen and
the protective effect exerted by GW4064 was lost. These data
were supported by the analysis of MPO activity and blood
haematocrit. A striking reduction of =10% in haematocrit
levels, a measure of intestinal bleeding, was observed in wild-
type mice-given naproxen and this fall was significantly
attenuated by GW4064 (P < 0.05; n = 6). A similar pattern was
observed in FXR”" mice, but, in this case, GW4064 failed to
protect against gastrointestinal bleeding (n = 6; P < 0.05 vs.
naive and P < 0.05 GW4064 vs. naproxen alone). As shown in
Figure 5D, protection exerted by GW4064 was COX-
independent (n = 6; P < 0.05 vs. naive; not significant
GW4064 vs. naproxen alone).

1934 British Journal of Pharmacology (2011) 164 1929-1938

Discussion

In the present study, we have provided evidence that the bile
acid sensor FXR is expressed in the human and rodent
stomach and that this nuclear receptor provides signals that
are essential for maintenance of mucosal integrity. This pre-
viously unrecognized role of FXR was revealed by challenging
mice with ASA and NSAIDs. Gastrointestinal injury, ranging
from acute erosions to ulcer bleeding and perforation, repre-
sents a well recognized complication of the use of ASA and
NSAIDs. The risk of gastrointestinal bleeding in patients
taking low doses of ASA (<100 mg-day ') or medium doses of
any NSAID increases approximately fourfold in comparison
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with untreated populations (Wolfe et al., 1999). The patho-
genesis of injury caused by ASA and NSAIDs is largely related
to the suppression of COX-1-derived prostanoids in the gas-
trointestinal tract; however, additional mechanisms seem to
be involved. This contention is well exemplified by the dem-
onstration that COX-1 gene ablation results in mutant mice
that survive well, have no gastric pathology, and show less
indomethacin-induced gastric ulceration than wild-type
mice, even though their gastric PGE; levels are only =1% of
wild-type mice (Langenbach et al., 1995).

In the present study, we have provided evidence that the
bile acid sensor FXR is required for maintenance of gas-
trointestinal mucosal integrity in a model of ASA and
NSAIDs-induced injury and that this protective effect is
prostaglandin-independent. This contention emerges from
the results of studies carried out in FXR”" mice. Although
these mice show normal gastric morphology, they develop
severe gastric and intestinal lesions when challenged with
ASA or NSAIDs. This enhanced susceptibility is COX-
independent because expression of COX-1 and COX-2
mRNAs in the gastric mucosa was regulated in a similar
manner and ASA caused a comparable suppression of the
formation of 6-keto-PGF,, and PGE,. This enhanced suscep-
tibility to COX-inhibiting agents extends beyond the
stomach, because FXR deficiency predisposes to the develop-
ment of more severe intestinal injury in response to
naproxen, a validated model of intestinal damage. Again, the
mechanisms underlying this enhanced susceptibility were
COX-independent because exposure of FXR** and FXR”-
mice to naproxen caused a similar suppression of PGE, for-
mation in the intestine.

In the search for a mechanism that could support the
enhanced susceptibility of FXR™~ to gastrointestinal damage
caused by ASA and NSAIDs, we have investigated the role of
NO and H,S, two gaseous mediators that exert homeostatic
functions in the gastric mucosa. A previous study has dem-
onstrated that the eNOS promoter contains an imperfect
inverted repeat DNA motif, -628AGCTCAgtGGACCT-641,
that might function as a putative FXR-responsive element.
The activation of this non-canonical response element trig-
gered eNOS transcription and exposing vascular endothelial
cells to an FXR ligand up-regulated the expression of eNOS
mRNA and protein and increased the production of nitrite/
nitrate (Li et al., 2008). One important finding of the present
study is that FXR”~ mice had reduced levels of eNOS in their
gastric mucosa, highlighting the functional relevance of FXR
in regulating eNOS gene transcription. However, we believe
that these reduced levels of eNOS did not represent the main
cause for the enhanced susceptibility of FXR”~ mice to ASA
and NSAIDs for at least two reasons. Firstly, eNOS deficiency
seems to be compensated by a robust induction of iNOS
(=fivefold in comparison to naive FXR”* mice) and secondly,
activation of FXR by CDCA and GW4064 attenuated gastric
injury in wild-type mice treated with L-NAME.

In the past few years, we and others have shown that CSE,
an enzyme involved in H,S generation from homocysteine
and L-cysteine, is selectively targeted by NSAIDs in the gastric
mucosa (Fiorucci et al., 2005; Fiorucci and Santucci, 2011).
The mechanistic readout of this interaction is that the
stomach of rodent exposed to NSAIDs generates less H,S than
control animals. Because exogenous H,S attenuates gastric
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injury caused by NSAIDs despite a continuous inhibition of
COXs and NOSs, it has been proposed that H,S alone is able
to protect the gastric mucosa (Fiorucci et al., 2005). We have
previously shown that the CSE promoter contains a canonical
FXR-responsive element in its 5" flanking region and that this
regulatory element has a functional relevance in controlling
the level of expression of CSE, mRNA and protein, in the liver
(Renga et al., 2009). We have now confirmed these findings
by demonstrating FXR”~ mice express =50% of CSE mRNA in
the stomach and that the activity of this enzyme was pro-
foundly impaired by FXR deficiency. Considering that admin-
istration of ASA reduced the gastric expression and activity of
CSE in wild-type mice; that CSE was localized in the gastric
mucosa in human and rodents, that protection by GW4064
against damage caused by ASA was accompanied with a
robust induction of CSE expression and activity, and that
inhibition of CSE with DL-propargylglycine attenuated pro-
tection afforded by FXR agonists, all our results support the
view that a dysregulated expression of CSE in the gastrointes-
tinal mucosa makes an important contribution to the
enhanced susceptibility of FXR™" mice to damage caused by
ASA and NSAIDs. However, due to the lack of selectivity of
DL-propargylglycine for CSE, more specific inhibitors are
required to fully establish the specificity of this interaction.

Taken together with previous findings showing an
enhanced susceptibility of FXR”~ mice to develop unchecked
inflammation in the intestine and colon (Inagaki et al., 2005;
Vavassori et al., 2009) as well as an enhanced tendency to
develop intestinal cancer (Maran et al., 2009), our present
results seem to support the notion that FXR plays an impor-
tant homeostatic function in these tissues. Loss of FXR trans-
lates in a variety of functional deficiencies and subtle
alterations in the balance of protective mechanisms includ-
ing an altered expression of COXs, eNOS and iNOS and CSE.
Because FXR orchestrates the integration of nutrient metabo-
lism with intestinal homeostasis, it might be that alterations
of this gene could have a role in the development of disorders
of the gastrointestinal tract in humans.

These findings might have important translational read-
outs (Wallace, 2007; Wallace et al., 2010). Indeed, the FXR-
CSE-H,S pathways could be exploited therapeutically by
designing novel COX inhibitor compounds that also release
H,S or activate FXR-CSE, to spare the gastrointestinal mucosa.
Indeed, while a number of approaches are presently available
to protect the gastric mucosa against damage caused by ASA
and NSAIDs, the same is not true for intestinal injury caused
by these agents (Goldstein et al., 2007). Intestinal complica-
tions caused by COX-inhibiting agents are not efficiently
prevented by co-treatment with proton pump inhibitors
(Fiorucci, 2009) and, while selective COX inhibitors spare the
intestinal mucosa (Laine et al., 2008), their use is associated
with an increased risk of cardiovascular ischaemic events
(Fitzgerald, 2004). In this context development of FXR ago-
nists to protect the intestinal mucosa might have relevance in
the treatment of patients taking ASA or NSAIDs who are at
high risk of developing gastrointestinal and cardiovascular
complications and for whom selective COX-2 inhibitors are
not recommended.

In summary, we have shown that FXR, a bile acid recep-
tor, plays an essential role in maintaining gastric and intesti-
nal barrier integrity. Exploitation of FXR-regulated pathways



might represent a novel mechanism for protecting gastric and
intestinal mucosa from damage induced by ASA and NSAIDs.
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Figure S1 Immunostaining for FXR in mouse gastric
mucosa. FXR immunoreactive cells were detected in the
mucosa (B) and in the vessel (A) of submucosa.

Figure S2 Gastric adaptation to ASA is not impaired by FXR
gene deletion. Mice were given ASA 100 mg-kg™' for 1 or 12
days and mucosal injury assessed 24 h after the last adminis-
tration. #P < 0.05 versus naive; *P < 0.05 versus acute (1 day).
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