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Gpbar1 (TGR5), a membrane-bound bile acid receptor, is well-known for its roles
in regulation of energy homeostasis and glucose metabolism. Here, we show
that mice lacking TGR5 were much more susceptible to lipopolysaccharide
(LPS)-induced acute gastric inflammation than wild-type (WT) mice and TGR5 is
a negative regulator of gastric inflammation through antagonizing NF-«kB signaling
pathway. We found that the treatment of TGR5 ligands 23(S)-mCDCA and
GPBARA (3-(2-Chlorophenyl)-N-(4-chlorophenyl)-N,5-dimethylisoxazole-4-carboxamide)
suppressed gene and protein expression mediated by NF-kB signaling. TGR5
overexpression with ligand treatment inhibited gene expression of interferon-inducible
protein 10 (IP-10), TNF-a, and chemoattractant protein-1 (MCP-1) induced by LPS.
Furthermore, we revealed that TGRS activation antagonized NF-«B signaling pathway
through suppressing its transcription activity, the phosphorylation of IkBa and p65
translocation, which suggests that TGRS antagonizes gastric inflammation at least in
part by inhibiting NF-«kB signaling. These findings identify TGRS as a negative mediator
of gastric inflammation that may serve as an attractive therapeutic tool for human gastric
inflammation and cancer.

Keywords: tgr5, GPBAR1, GPCR, NF-«B, gastric inflammation

INTRODUCTION

Chronic inflammation is increasingly recognized as an important tumor promoter (Pikarsky et al.,
2004; Yoshizaki et al., 2010). The precise control of inflammation is essential for the prevention
of chronic inflammatory disorders, as well as for inhibiting the exacerbation or progression of
diseases, including many types of cancers. Gastric cancer is an inflammation-associated cancer
because Helicobacter pylori, which infects 50% of the world’s population, is now known to be
responsible for inducing chronic gastric inflammation that progresses to atrophy, metaplasia,
dysplasia, and gastric cancer (Fox and Wang, 2007). Thus, the control of gastric inflammation is
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important for the prevention and treatment of gastric cancer
(Karin and Greten, 2005; Hotamisligil, 2008).

Activated NF-kB is frequently detected in various
inflammatory diseases and tumors. The activation of NF-
kB is one of the critical cellular responses to acute infections
and inflammations (Aggarwal, 2004; Karin and Greten, 2005).
So NF-kB has received extensive attention as a key regulator
of inflammation and carcinogenesis (Pikarsky et al., 2004; Fox
and Wang, 2007). In response to lipopolysacchride (LPS) or
pro-inflammatory cytokines, NF-kB can be rapidly activated.
Pikarsky et al. and Greten et al. reported that the classical, IKK-
dependent NF-kB-activation pathway is a crucial mediator of
tumor progression (Greten et al., 2004; Pikarsky et al., 2004). The
classic form of NF-kB is the heterodimer of the p65/RelA and p50
subunits. It is activated in response to various stimuli, including
LPS, TNF-a, double-stranded RNA, and ultra-violet radiation.
Under normal conditions, NF-kB signaling are tightly controlled
by multiple negative feedback mechanisms. Conversely, chronic
activation of NF-kB signaling is frequently detected in numerous
human inflammatory diseases and cancer, including gastric
tumorigenesis (Hedvat et al., 2009; Lu et al., 2014; Yang et al,,
2015). Thus, constitutive NF-kB activation is fundamental to the
pathobiology of gastric cancer (D’Acquisto and Ianaro, 2006;
Lu et al., 2014). Therefore, defining new therapeutic targets that
inhibit prolonged activation of NF-kB signaling is crucial for
further understanding the regulation of this signaling pathway
and the development of novel therapeutic strategies to improve
disease symptoms in gastric inflammation and cancer (Israel
etal., 2001; Fox and Wang, 2007).

TGRS, as a bile acid membrane receptor, can regulate bile
acid homeostasis, energy homeostasis, and glucose metabolism
(Kawamata et al., 2003). It belongs to a member of the G-
protein-coupled receptor (GPCR) family which contains seven
transmembrane domains and transduces extracellular signals
through heterotrimeric G proteins (Duboc et al., 2014). We
and other group reported that TGR5 is a negative modulator
of NF-kB-mediated liver inflammation. TGR5 activation
suppressed NF-kB-mediated inflammation through
inhibiting phosphorylation of IkBa and nuclear translocation
of p65 in vitro and in vivo (Hedvat et al., 2009; Wang et al.,
2011). Helicobacter pylori infection upregulates NF-kB to induce
inflammation in the stomach (Yang et al, 2012). Chronic
inflammation is a frequent cause of cancer (Fox and Wang,
2007; Zhang et al., 2014). Disrupting the aberrant activation
of NF-kB signaling is able to dramatically suppress tumor
progression (Lu et al., 2014). Therefore, the previous results raise
the possibility that TGR5 may be a negative regulator of gastric
inflammation possibly through antagonizing NF-kB signaling in
stomach.

In this study, we show that TGR5 activation suppresses LPS-
induced gastric inflammation in vitro and in vivo. Furthermore,
we identified that TGR5 is a negative regulator of NF-kB
signaling pathways in gastric cancer cells via suppressing its
transcription activity, the phosphorylation of IkBa and p65
translocation, respectively. These findings suggest TGR5 may be
a potential target for therapeutic intervention in human gastric
inflammation through antagonizing NF-kB signaling.

liver

MATERIALS AND METHODS

Reagents and Plasmids

Lipopolysaccharide (LPS, from Escherichia coli 0111:B4) was
purchased from Sigma Chemical (St. Louis, MO). TGR5 ligand
23(S)-mCDCA was provided by Dr. Wendong Huang and Dr.
Donna Yu (City of Hope, Duarte, CA). 23(S)-mCDCA is a
synthetic, highly selective TGR5 agonist used in the previous
work (Pellicciari et al., 2007; Wang et al., 2011). GPBARA [TGR5
Receptor Agonist, 3-(2-Chlorophenyl)-N-(4-chlorophenyl)-N,5-
dimethylisoxazole-4-carboxamide] has been used in the previous
reports (Inoue et al., 2012; Jensen et al., 2013). It was purchased
from BioVision (Milpitas, CA). The pmTGR5 expression vector
was created in our laboratory. The p65 expression vector and
the phRL-TK vector were kindly provided by Xufeng Chen and
Akio Kruoda (both City of Hope, Duarte, CA), respectively.
The NF-kB-dependent reporter (NF-kBx3-LUC) was provided
by Dr. Peter Tontonoz (UCLA, Los Angeles, CA) and Dr. Bruce
Blumberg (UCLA, Los Angeles, CA).

Animals

Eight-week-old wild-type (WT) (C57BL/6]) and TGR5/~
female mice (on C57BL/6] background; Merck Research
Laboratories, Kenilworth, NJ) were maintained in a pathogen-
free animal facility under a standard 12-h light-dark cycle. In
the preliminary study, we screened the doses of TGR5 ligand
23(S)-mCDCA for in vivo use. It was found that diet containing
10 mg/kg of 23(S)-mCDCA was an optimal dose. So mice were
fed a diet containing 10 mg of 23(S)-mCDCA/kg diet or standard
rodent chow for 3 days. After that, mice were fasted overnight
and then injected intraperitoneally (i.p.) with a single dose of
LPS (20 mg/kg) or phosphate-buffered saline (PBS), followed by
feeding water ad libitum. Six hours after the injection, mice were
killed by CO, asphyxiation, and the stomach was removed for
further analysis. The animal study proposal was approved by
Beckman Research Institute of City of Hope Institutional Animal
Care and Use Committee (IACUC). All animal experiments were
carried out in accordance with an approved Beckman Research
Institute of City of Hope Institutional Animal Care and Use
Committee (IACUC) protocol.

Cell Culture and Transfection

Gastric cancer cell line SGC7901 was obtained from Institute
of Basic Medical Sciences (IBMS) of Chinese Academy of
Medical Sciences. Cells were grown in complete culture medium
(RPMI-1640 [with L-glutamihe] supplied with 10% (vol/vol)
inactivated fetal calf serum and 1% (vol/vol) antibiotics-
antimycotics). Cultures were fed with fresh medium twice
weekly. For experiments, 6 x 10> SGC7901 cells were seeded in
60-mm culture dishes with complete culture medium. Transient
transfection of SGC7901 cells with TGR5 expression plasmid
was performed using Lipofectamine 2000 (Invitrogen, Carlsbad,
CA). Twenty-four hours after transfection, cells were pre-
treated with 23(S)-mCDCA (10 uM) or GPBARA (3 uM) for
1 day. Then cells were treated with or without LPS or TNF-
a. Following a 6-h incubation for LPS or a 1-h incubation for
TNF-a, cells were harvested for Quantitative Real-Time PCR
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analysis. For protein assay, cells were transfected with TGR5
plasmid and then pre-treated with 23(S)-mCDCA (10 wM) or
GPBARA (3 M) for 1 day. Then cells were treated with TNF-
o (10 ng/mL) for 1 h. Finally, cells were collected for total protein
isolation and Western blot assay. For luciferase assay, transient
transfection of SGC7901 cells with the NF-kB reporter plasmid,
phRL-TK, and/or TGR5 expression plasmid was performed.
Twenty-four hours after transfection, cells were pre-treated with
23(S)-mCDCA (10 pM), GPBARA (3 uM) or vehicle (dimethyl
sulfoxide (DMSO)) for 24 h. Then cells were treated with/without
LPS (20 ug/mL) or TNF-a (10 ng/mL). After 6 h of incubation,
cells were harvested and the luciferase activity was determined
using a dual-luciferase reporter assay system in accordance
with the manufacturer’s instructions (Promega, Madison, WI).
Luciferase activities were normalized by co-transfection of
the control thymidine kinase-driven Renilla luciferase plasmid,
phRL-TK. Data are expressed as relative fold activation to that of
non-stimulated (-) sets.

RNA Isolation and Quantitative Real-Time

Polymerase Chain Reaction

Total RNA was extracted from SGC7901 cells using Tri-Reagent
(Molecular Research Center, Inc., Cincinnati, OH). Quantitative
real-time PCR was performed using the Power SYBR Green
PCR Master Mix protocol (Applied Biosystems, Foster City, CA).
Amplification of B-actin was used as an internal reference. f-
Actin primers were obtained from Ambion, Inc. (Austin, TX).
Quantitative PCR analysis was conducted using the ABI 7300
Sequence Detection System. Primers sequences are available on
request.

Immunoblot Analysis

At indicated time points after treatment, SGC7901 cells were
lysed for 30 min with lysis buffer and centrifuged at 12,000
x g at 4°C for 15min. The samples were resolved by
10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis,
transferred to nitrocellulose membranes, and blotted using
primary antibodies. The membranes were washed with Tris
Buffered Saline with 0.1% Tween® 20 (TBST) and then incubated
with anti-rabbit secondary antibody conjugated to horseradish
peroxidase (HRP) (1:5000) (Thermo Scientific, Waltham, MA).
Bands on blots were visualized using Tanon 5200 enhanced
chemiluminescence (ECL) detection system (Tanon, China) and
quantified with a computerized digital imaging system using
Tanon software.

Enzyme-Linked Immunosorbent Assay

(ELISA)

Mice were fed a diet containing 10 mg of 23(S)-mCDCA/kg
diet or standard rodent chow for 3 days. After that, mice were
fasted overnight and then injected intraperitoneally (i.p.) with
a single dose of LPS (20 mg/kg) or phosphate-buffered saline
(PBS), followed by feeding water ad libitum. Six hours after
the injection, mice were killed, and the stomach was removed
for further protein analysis. Stomach proteins were extracted in
cold PBS and MCP-1 and IP-10 protein levels were determined

using Enzyme-linked Immunosorbent Assay (ELISA) Kit in
accordance with the manufacturer’s instructions (Cloud-Clone
Corp., Houston, TX). For cell culture, the cells were treated with
the indicated reagents. Then proteins were extracted with cold
PBS and determined using ELISA kit in accordance with the
manufacturer’s instructions (Cloud-Clone Corp., Houston, TX).

Statistics

All data represent at least three independent experiments and are
expressed as the mean £ SD. The Two-way analysis of variance
(ANOVA), followed by Bonferroni’s post-hoc test, was performed.
A P < 0.05 was considered significant.

RESULTS

TGR5-/~ Mouse Stomach Displays
Elevated Expression of Proinflammatory

Genes

TGRS is expressed in many organs such as liver, colon, small
intestine, kidney, heart, and stomach. In this work, we found that
TGRS5 gene is expressed in stomach slightly higher than that in
liver (Figure 1A). Compared with WT controls, stomach from
TGR5~/~ mice had elevated messenger RNA (mRNA) levels of
some proinflammatory genes (Figure 1B). These elevated genes
include interferon-y (IFN-y) and inducible nitric oxide synthase
(iNOS).

TGRS Activation Suppresses Gastric

Inflammation /n vivo

If TGRS is a suppressor of gastric inflammation, TGRS5 activation
may suppress some proinflammatory gene expression. We
firstly tested whether ligand-activated TGR5 could inhibit NF-
kB-mediated proinflammatory genes in vivo. TGR5 activation
by 23(S)m-CDCA repressed LPS-induced interferon-inducible
protein 10 (IP-10), iNOS and monocyte chemoattractant protein-
1 (MCP-1) gene expression in WT stomach, but not TGR5™/~
stomach (Figure 2A). Protein levels of MCP-1 and IP-10 in
WT and TGR57/~ mouse stomach were also tested using
ELISA (Figure 2B). The results show that TGR5 activation
by 23(S)m-CDCA repressed LPS-induced IP-10 and MCP-1
protein expression in WT stomach, but not TGR5~/~ stomach
(Figure 2B).

Activation of TGR5 Antagonizes
NF-kB-Mediated Gene Expression in

Gastric Cancer Cells

Our previous work has indicated that TGR5 activation suppresses
NF-kB-mediated gene expression in hepatocytes (Wang et al,
2011). To investigate whether activation of TGR5 has any effect
on the NF-kB pathway in gastric cells, we tested the influence
of TGR5 agonists on the NF-kB-mediated gene expression in
SGC7901 gastric cancer cells. We firstly tested whether ligand-
activated TGR5 could inhibit NF-kB-mediated gene expression.
In SGC7901 gastric cancer cells, TGR5 ligand 23(S)-mCDCA
suppresses gene expression of IP-10, interleukin (IL)-6, IL-
18, and MCP-1 mediated by NF-kB while GPBARA treatment
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FIGURE 1 | TGR5 is expressed in stomach and TGR5 =/~ mouse stomach displays elevated expression of proinflammatory genes. (A) Levels of TGR5
gene expression in mouse stomach and liver (n = 5). (B) TGR5~/~ mouse stomach display elevated expression of proinflammatory genes compared with WT mice
(n=5)."P < 0.05 vs. WT mice. TGR5KO, TGR5~/~ mice.

suppresses gene expression of IP-10, IL-1p, and MCP-1 mediated
by NF-kB (Figure 3A). TGR5 overexpression with the ligands
23(S)-mCDCA or GPBARA treatment repressed gene expression
of IP-10, TNF-a, and MCP-1 mediated by NF-kB (Figure 3B).
Furthermore, TGR5 activation suppressed LPS or TNEF-a-
induced MCP-1 expression (Figure 3C). Some of the results were
also confirmed using ELISA assay to reveal TGR5 activation
suppressed MCP-1 and IP-10 protein expression in gastric cancer
cells (Figure S1 in Supplementary Material).

Activation of TGR5 antagonizes NF-xB
Transcriptional Activity in Gastric Cancer

Cells

Because TGR5 activation by 23(s)m-CDCA and GPBARA
inhibited the expression of NF-kB target genes, we next tested
whether TGR5 activation inhibited NF-kB activity at the level
of gene transcription. We cotransfected SGC7901 cells with
an NF-kB reporter plasmid and the control plasmid phRL-
TK and assessed the effects of GPBARA on the regulation
of NF-kB reporter activity. Treatment with a known NF-
kB pathway activator LPS resulted in 1.5-fold greater NF-kB
reporter activity (Figure 4A). NF-kB activity induced by LPS
was inhibited by GPBARA treatment. Transfection of these
cells with TGR5 inhibited NF-kB activity in the absence of
ligand. However, addition of GPBARA further enhanced this
repression (Figure 4A). Furthermore, we used TNF-a to induce

NEF-kB reporter activity. TNF-a resulted in 4.2-fold greater NF-
kB reporter activity (Figures 4B,C). TGR5 overexpression with
23(S)-mCDCA or GPBARA represses TNF-a-induced NF-kB
reporter activity by about 35% (Figure 4B) and 60%, respectively
(Figure 4C). To eliminate the possibility that the compound was
affecting other pathways, we used p65 overexpression to activate
the NF-kB reporter. Overexpression of p65 significantly activated
the NF-kB reporter (Figures 4D,E). NF-« B activity was inhibited
by both TGR5 ligands in the absence of TGRS, but the presence
of TGR5 enhanced this repression.

TGRS Inhibits IkBa Phosphorylation and
p65 Translocation in Gastric Cancer Cells

Next, we tested the suppression of TGR5 activation on
phosphorylation of IkBa. Compared with the control group,
TNF-o induced phosphorylation of IkBa in SGC7901
cancer cells in a time-dependent manner (Figure S2A in
Supplementary Material). TGR5-transfected SGC7901 cells with
ligand treatment (23(S)-mCDCA) inhibited TNF-a-induced
IkBa phosphorylation by about 65% (Figures5A,B). The
nuclear translocation of p65 leads to activation of NF-kB.
Overexpression of p65 induced the translocation of p65 in
a time-dependent manner (Figure S2B in Supplementary
Material). TGR5 activation by GPBARA dramatically
suppressed the nuclear translocation of p65 induced by
p65 overexpression in gastric cancer cells (Figures 5C,D).
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FIGURE 2 | TGR5 activation suppresses gastric inflammation in vivo. Mice were fed a diet containing 10 mg of TGR5 ligand 23(S)-mCDCA/kg diet or standard
rodent chow for 3 days. After that, mice were fasted overnight and then injected intraperitoneally (i.p.) with a single dose of LPS (20 mg/kg) or phosphate-buffered
saline (PBS). Six hours after the injection, mice were sacrificed and the stomach was removed for Real-Time PCR analysis or ELISA analysis. Ligand, 23(S)-mCDCA.
(A) TGRS ligand 23(S)-mCDCA treatment repressed LPS-induced proinflammatory gene expression in WT, but not TGR5~/~ mouse stomach (1 = 5-6). “P <0.05vs.
the only LPS-treated WT groups. (B) TGR5 ligand 23(S)-mCDCA treatment repressed LPS-induced MCP-1 and IP-10 protein expression in WT, but not TGR5~/~
mouse stomach (n = 5-6). P < 0.05vs. the only LPS-treated WT groups.

These results demonstrated that TGR5 activation is able to
suppress IkBa phosphorylation and nuclear translocation
of p65.

DISCUSSION

The known functions of TGR5 in vivo have recently expanded
rapidly from initial roles in regulating energy homeostasis and
metabolic diseases to also participating in inflammation and
carcinogenesis (Cipriani et al, 2011; Pols et al, 2011; Wang
et al,, 2011; Cao et al, 2013; Guo et al., 2015). The novel
roles of TGRS5 in suppressing inflammation are consistent with
TGR5’s previous roles in defending against diabetes and obesity.
In contrast to its well-established mechanism in regulating
glucose and energy homeostasis, little is known about how
TGR5 functions in gastric inflammation and carcinogenesis.
Our results suggest that one potential role for TGR5 in
protecting against gastric inflammation is by modulating NF-
kB-mediated gastric inflammatory responses. TGR5 activation
strongly suppresses the activity of NF-kB in gastric cell culture
experiments in vitro. This is further supported by animal studies
in vivo.

TGR5 belongs to GPCR family (Wang et al, 2011).
GPCRs play a crucial role in physiology and pathophysiology

in humans through regulating cell migration, proliferation,
differentiation and survival. They are very promising targets
for the development of drugs having therapeutical impact on
many diseases such as chronic inflammation, neurodegeneration,
diabetes, stress, and osteoporosis (Couvineau and Laburthe,
2012; Saxena et al., 2012). Many GPCRs induce NF-kB activation
(Islam et al., 2013), whereas only a few GPCRs inhibit NF-
kB-mediated inflammation (Linden, 2006). Two GPCRs, the
A2A and A2B adenosine receptors, suppress the NF-kB pathway
in a specific gene- and cell-type-dependent manner (Lappas
et al., 2005; Linden, 2006; Sun et al., 2006). Activation of
B2-adrenergic receptor, a subtype of GPCRs, inhibits NF-kB
activity by means of P-arrestin interaction with IkBa. Our
previous data show that TGR5 is a potential suppressor of
NF-kB-dependent inflammatory response through regulating
interaction of PB-arrestin2 and IkBa in liver inflammation
(Wang et al, 2011). Other groups also reported that TGR5
activation is associated with different inflammation (Cipriani
et al, 2011; Pols et al., 2011). Here, we found that TGR5
activation inhibited gastric inflammation. Furthermore, it is
found that TGR5 activation antagonizes NF-kB signaling in
gastric cancer cells through inhibiting its transcriptional activity,
phosphorylation of IkBa and p65 translocation. These results
suggest that TGR5 is a suppressor of gastric inflammation
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FIGURE 3 | Activation of TGR5 antagonizes NF-kB-mediated gene expression in gastric cancer cells. (A) TGRS5 ligand treatment suppresses
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cotransfected with the NF-kB reporter plasmid (pNF-kB-LUC), phRL-TK, and TGR5 expression plasmid. After transfection, cells were treated with GPBARA
(8M) or vehicle (DMSQ) for 24h and then treated with LPS (20 ng/mL) for 6h. (B) TGR5 ligand 23(S)-mCDCA suppressed NF-«B transactivity induced by
TNF-a (10 ng/mL) for 6h. (C) TGR5 ligand GPBARA suppressed NF-«kB transactivity induced by TNF-a (10 wg/mL) for 6h. (D) TGR5 ligand 23(S)-mCDCA
suppressed NF-kB transactivity induced by p65 overexpression. (E) TGRS ligand GPBARA suppressed NF-kB transactivity induced by p65 overexpression.
"P < 0.05. RLU, relative luciferase units (n = 3).

through antagonizing NF-«kB signaling. It indicates that TGR5
has much broader role than previously thought in suppressing
inflammation.

We noted that activation of TGR5 repressed specific sets of
NF-kB target genes, but not all the target genes in response
to the NF-kB activators that we used in this study (LPS, and
TNF-a). This phenomenon has also been observed for the
function of TGR5 in liver inflammation (Wang et al., 2011).
Similar results obtained indicate the molecular mechanisms
by which TGR5 suppressed NF-kB in liver and gastric
inflammation may be similar. It would be interesting to define the

mechanism by which TGR5 activation inhibits NF-kB in gastric
cancer cells.

It is noted that transfection of gastric cancer cells with TGR5
inhibited NF-«kB activity in the absence of ligand, suggesting
that TGR5 may suppress NF-kB activity without the addition of
exogenous ligand, possibly resulting from the fact that GPCRs
have constitutive activity as previously reported (Tao, 2008; Senft
etal, 2011; Wang et al., 2011).

It has been reported that TGR5 could be a potential target
for the treatment of diabesity and associated metabolic disorders
(Watanabe et al, 2006; Thomas et al., 2008). For example,
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FIGURE 5 | TGRS5 inhibits IkBo. phosphorylation and p65 translocation in gastric cancer cells. (A) TGR5 overexpression with ligand treatment suppressed
TNF-a-induced phosphorylation of IkBa in SGC7901 cells. Cells were transfected with TGR5 plasmid and then treated with ligand for 24 h. Finally, cells were treated
with TNF-a for 1 h (n = 3) p-IkBa, phosphorylated IkBa; T-IkBa, total IkBa. (B) The data of relative protein levels in (A) are expressed as fold change over the ratio of
p-lkBa to T-IkBa in the control group (lane 1). (C) TGR5 overexpression with ligand treatment suppressed p65 overexpression-induced the translocation of p65 in
SGC7901 cells. Cells were cotransfected with TGRS and/or p65 plasmids and then were treated with the ligand GPBARA for 24 h. (D) The data of relative protein
levels in (C) are expressed as fold change over the ratio of p65 to Lamin B1 in the control group (lane 1). P < 0.05.

Watanabe et al. reported that TGR5 activation by bile acids
induces energy expenditure in muscle and brown adipose tissue
(Watanabe et al., 2006). Thomas et al. found that TGR5 activation
improves glucose tolerance and insulin sensitivity in fat-fed
mice (Thomas et al, 2008). These diseases, such as obesity,
insulin resistance, and type 2 diabetes, are also closely associated
with chronic inflammation characterized by abnormal cytokine
production, increased acute-phase reactants, and activation of
a network of inflammatory signaling pathways (Hotamisligil,
2008). Combining with our previous study (Wang et al., 2011),
our results show that TGRS is a negative modulator of gastric and
liver carcinogenesis probably by antagonizing NF-kB pathway.
Therefore, there is a potential link between anti-cancer and
treatment of obesity and diabetes through TGR5. TGR5 may be
an attractive therapeutic target not only for metabolic disorders
but also for cancer.

In conclusion, our results reveal that TGR5 is a suppressor
of gastric inflammation and TGR5 activation suppresses NF-
kB signaling pathway, indicating that TGR5 ligands have utility
in anti-gastric inflammation. These findings suggest that TGR5
is a potential target for anti-inflammatory drug design, and

FUNDING

This work is supported by the National Natural Science
Foundation of China (Grant No. 81370537) and the Fundamental
Research Funds for the Central Universities (Grant No. YS1407
and 2050205) to YW, the National Natural Science Foundation of
China (Grant No. 81270522 and Grant No. 81472232), Program
for Science and Technology Innovation Talents in Universities of
Henan Province (HASTIT, Grant No. 13HASTIT024), and Plan
for Scientific Innovation Talent of Henan Province to WC.

ACKNOWLEDGMENTS

The authors thank Dr. Galya Vassileva in Merck Research
Laboratories and Merck Research Laboratories for TGR5™/~
mice, Dr. Peter Tontonoz, Dr. Bruce Blumberg, Xufeng Chen,
and Akio Kruoda for plasmids.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found

its agonist ligands offer possible therapies to prevent and treat  online at: http://journal.frontiersin.org/article/10.3389/fphar.
inflammatory gastric diseases. 2015.00287
Frontiers in Pharmacology | www.frontiersin.org 8 December 2015 | Volume 6 | Article 287


http://journal.frontiersin.org/article/10.3389/fphar.2015.00287
http://www.frontiersin.org/Pharmacology
http://www.frontiersin.org
http://www.frontiersin.org/Pharmacology/archive

Guo et al.

TGR5 Inhibits Gastric Inflammation

REFERENCES

Aggarwal, B. B. (2004). Nuclear factor-kappaB: the enemy within. Cancer Cell 6,
203-208. doi: 10.1016/j.ccr.2004.09.003

Cao, W, Tian, W., Hong, J., Li, D., Tavares, R., Noble, L., et al. (2013). Expression
of bile acid receptor TGR5 in gastric adenocarcinoma. Am. J. Physiol.
Gastrointest. Liver Physiol. 304, G322-G327. doi: 10.1152/ajpgi.00263.2012

Cipriani, S., Mencarelli, A., Chini, M. G., Distrutti, E., Renga, B., Bifulco, G.,
et al. (2011). The bile acid receptor GPBAR-1 (TGR5) modulates integrity
of intestinal barrier and immune response to experimental colitis. PLoS ONE
6:€25637. doi: 10.1371/journal.pone.0025637

Couvineau, A., and Laburthe, M. (2012). The family B GPCR: structural aspects
and interaction with accessory proteins. Curr. Drug Targets 13, 103-115. doi:
10.2174/138945012798868434

D’Acquisto, F., and Ianaro, A. (2006). From willow bark to peptides: the
ever widening spectrum of NF-kappaB inhibitors. Curr. Opin. Pharmacol. 6,
387-392. doi: 10.1016/j.coph.2006.02.009

Duboc, H., Tache, Y., and Hofmann, A. F. (2014). The bile acid TGR5 membrane
receptor: from basic research to clinical application. Dig. Liver Dis. 46, 302-312.
doi: 10.1016/j.d1d.2013.10.021

Fox, J. G., and Wang, T. C. (2007). Inflammation, atrophy, and gastric cancer.
J. Clin. Invest. 117, 60-69. doi: 10.1172/JCI30111

Greten, F. R, Eckmann, L., Greten, T. F,, Park, J. M., Li, Z. W, Egan, L. ], et al.
(2004). IKKbeta links inflammation and tumorigenesis in a mouse model of
colitis-associated cancer. Cell 118, 285-296. doi: 10.1016/j.cell.2004.07.013

Guo, C,, Su, J., Li, Z., Xiao, R., Wen, ], Li, Y., et al. (2015). The G-protein-coupled
bile acid receptor Gpbarl (TGR5) suppresses gastric cancer cell proliferation
and migration through antagonizing STAT3 signaling pathway. Oncotarget 6,
34402-34413. doi: 10.18632/oncotarget.5353

Hedvat, M., Huszar, D., Herrmann, A., Gozgit, J. M., Schroeder, A., Sheehy,
A, et al. (2009). The JAK2 inhibitor AZD1480 potently blocks Stat3
signaling and oncogenesis in solid tumors. Cancer Cell 16, 487-497. doi:
10.1016/j.ccr.2009.10.015

Hotamisligil, G. S. (2008). Inflammation and endoplasmic reticulum stress
in obesity and diabetes. Int. ]. Obesity 32(Suppl. 7), S52-S54. doi:
10.1038/ijo.2008.238

Inoue, T., Wang, J. H., Higashiyama, M., Rudenkyy, S., Higuchi, K., Guth,
P. H,, et al. (2012). Dipeptidyl peptidase IV inhibition potentiates amino
acid- and bile acid-induced bicarbonate secretion in rat duodenum. Am.
J. Physiol. Gastrointest. Liver Physiol. 303, G810-G816. doi: 10.1152/ajpgi.
00195.2012

Islam, K. N., Bae, ]. W., Gao, E., and Koch, W. J. (2013). Regulation of nuclear
factor kappaB (NF-kappaB) in the nucleus of cardiomyocytes by G protein-
coupled receptor kinase 5 (GRK5). J. Biol. Chem. 288, 35683-35689. doi:
10.1074/jbc.M113.529347

Israel, D. A., Salama, N., Arnold, C. N., Moss, S. F., Ando, T., Wirth, H. P.,
et al. (2001). Helicobacter pylori strain-specific differences in genetic content,
identified by microarray, influence host inflammatory responses. J. Clin. Invest.
107, 611-620. doi: 10.1172/JCI11450

Jensen, D. D., Godfrey, C. B., Niklas, C., Canals, M., Kocan, M., Poole, D. P., et al.
(2013). The bile acid receptor TGR5 does not interact with beta-arrestins or
traffic to endosomes but transmits sustained signals from plasma membrane
rafts. J. Biol. Chem. 288, 22942-22960. doi: 10.1074/jbc.M113.455774

Karin, M., and Greten, F. R. (2005). NF-kappaB: linking inflammation and
immunity to cancer development and progression. Nat. Rev. Immunol. 5,
749-759. doi: 10.1038/nri1703

Kawamata, Y., Fujii, R., Hosoya, M., Harada, M., Yoshida, H., Miwa, M., et al.
(2003). A G protein-coupled receptor responsive to bile acids. J. Biol. Chem.
278, 9435-9440. doi: 10.1074/jbc.M209706200

Lappas, C. M., Sullivan, G. W, and Linden, J. (2005). Adenosine A2A agonists in
development for the treatment of inflammation. Expert Opin. Investig. Drugs
14, 797-806. doi: 10.1517/13543784.14.7.797

Linden, J. (2006). New insights into the regulation of inflammation by adenosine.
J. Clin. Invest. 116, 1835-1837. doi: 10.1172/JCI29125

Lu,J., Zhang, L., Chen, X,, Lu, Q., Yang, Y., Liu, J., et al. (2014). SIRT1 counteracted
the activation of STAT3 and NF-kappaB to repress the gastric cancer growth.
Int. J. Clin. Exp. Med. 7, 5050-5058.

Pellicciari, R., Sato, H., Gioiello, A., Costantino, G., Macchiarulo, A., Sadeghpour,
B. M, etal. (2007). Nongenomic actions of bile acids. Synthesis and preliminary
characterization of 23- and 6,23-alkyl-substituted bile acid derivatives as
selective modulators for the G-protein coupled receptor TGR5. J. Med. Chem.
50, 4265-4268. doi: 10.1021/jm070633p

Pikarsky, E., Porat, R, M., Stein, L, Abramovitch, R., Amit, S., Kasem, S.,
et al. (2004). NF-kappaB functions as a tumour promoter in inflammation-
associated cancer. Nature 431, 461-466. doi: 10.1038/nature02924

Pols, T. W., Noriega, L. G., Nomura, M., Auwerx, J., and Schoonjans, K. (2011).
The bile acid membrane receptor TGR5 as an emerging target in metabolism
and inflammation. J. Hepatol. 54, 1263-1272. doi: 10.1016/j.jhep.2010.12.004

Saxena, H., Deshpande, D. A., Tiegs, B. C., Yan, H., Battafarano, R. J., Burrows,
W. M, et al. (2012). The GPCR OGR1 (GPR68) mediates diverse signalling
and contraction of airway smooth muscle in response to small reductions
in extracellular pH. Br. J. Pharmacol. 166, 981-990. doi: 10.1111/j.1476-
5381.2011.01807.x

Senft, C., Priester, M., Polacin, M., Schroder, K., Seifert, V., Kogel, D., et al. (2011).
Inhibition of the JAK-2/STAT3 signaling pathway impedes the migratory and
invasive potential of human glioblastoma cells. J. Neurooncol. 101, 393-403.
doi: 10.1007/s11060-010-0273-y

Sun, C. X., Zhong, H., Mohsenin, A., Morschl, E., Chunn, J. L., Molina, J. G.,
etal. (2006). Role of A2B adenosine receptor signaling in adenosine-dependent
pulmonary inflaimmation and injury. J. Clin. Invest. 116, 2173-2182. doi:
10.1172/JCI27303

Tao, Y. X. (2008). Constitutive activation of G protein-coupled receptors and
diseases: insights into mechanisms of activation and therapeutics. Pharmacol.
Ther. 120, 129-148. doi: 10.1016/j.pharmthera.2008.07.005

Thomas, C., Auwerx, J., and Schoonjans, K. (2008). Bile acids and the membrane
bile acid receptor TGR5-connecting nutrition and metabolism. Thyroid 18,
167-174. doi: 10.1089/thy.2007.0255

Wang, Y. D., Chen, W. D,, Yu, D., Forman, B. M., and Huang, W. (2011). The G-
protein-coupled bile acid receptor, Gpbarl (TGR5), negatively regulates hepatic
inflammatory response through antagonizing nuclear factor kappa light-chain
enhancer of activated B cells (NF-kappaB) in mice. Hepatology 54, 1421-1432.
doi: 10.1002/hep.24525

Watanabe, M., Houten, S. M., Mataki, C., Christoffolete, M. A., Kim, B.
W., Sato, H., et al. (2006). Bile acids induce energy expenditure by
promoting intracellular thyroid hormone activation. Nature 439, 484-489. doi:
10.1038/nature04330

Yang, Y. J., Chuang, C. C, Yang, H. B, Lu, C. C, and Sheu, B. S. (2012).
Lactobacillus acidophilus ameliorates H. pylori-induced gastric inflammation
by inactivating the Smad7 and NFkappaB pathways. BMC Microbiol. 12:38. doi:
10.1186/1471-2180-12-38

Yang, Z., Guo, L., Liu, D., Sun, L., Chen, H., Deng, Q., et al. (2015). Acquisition of
resistance to trastuzumab in gastric cancer cells is associated with activation of
IL-6/STAT3/Jagged-1/Notch positive feedback loop. Oncotarget 6, 5072-5087.
doi: 10.18632/oncotarget.3241

Yoshizaki, T., Schenk, S., Imamura, T., Babendure, J. L., Sonoda, N., Bae, E. ], et al.
(2010). SIRT1 inhibits inflammatory pathways in macrophages and modulates
insulin sensitivity. Am. J. Physiol. Endocrinol. Metabolism 298, E419-E428. doi:
10.1152/ajpendo.00417.2009

Zhang, S., Lee, D. S., Morrissey, R., Aponte-Pieras, J. R., Rogers, A. B., and Moss,
S. F. (2014). Early or late antibiotic intervention prevents Helicobacter pylori-
induced gastric cancer in a mouse model. Cancer Lett. 355, 106-112. doi:
10.1016/j.canlet.2014.09.010

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2015 Guo, Qi, Yu, Zhang, Su, Yu, Huang, Chen and Wang. This
is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) or licensor are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Pharmacology | www.frontiersin.org

December 2015 | Volume 6 | Article 287


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Pharmacology
http://www.frontiersin.org
http://www.frontiersin.org/Pharmacology/archive

	The G-Protein-Coupled Bile Acid Receptor Gpbar1 (TGR5) Inhibits Gastric Inflammation Through Antagonizing NF-κB Signaling Pathway
	Introduction
	Materials and Methods
	Reagents and Plasmids
	Animals
	Cell Culture and Transfection
	RNA Isolation and Quantitative Real-Time Polymerase Chain Reaction
	Immunoblot Analysis
	Enzyme-Linked Immunosorbent Assay (ELISA)
	Statistics

	Results
	TGR5-/- Mouse Stomach Displays Elevated Expression of Proinflammatory Genes
	TGR5 Activation Suppresses Gastric Inflammation In vivo
	Activation of TGR5 Antagonizes NF-κB-Mediated Gene Expression in Gastric Cancer Cells
	Activation of TGR5 antagonizes NF-κ B Transcriptional Activity in Gastric Cancer Cells
	TGR5 Inhibits Iκ Bα Phosphorylation and p65 Translocation in Gastric Cancer Cells

	Discussion
	Funding
	Acknowledgments
	Supplementary Material
	References


