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TGRS agonist inhibits intestinal epithelial cell apoptosis via
cAMP/PKA/c-FLIP/JNK signaling pathway and ameliorates
dextran sulfate sodium-induced ulcerative colitis

Wen-ji Yang'?, Fang-hui Han', Yi-pei Gu', Hui Qu', Jia Liu?, Jian-hua Shen'?™ and Ying Leng'?™

Excessive apoptosis of intestinal epithelial cell (IEC) is a crucial cause of disrupted epithelium homeostasis, leading to the
pathogenesis of ulcerative colitis (UC). The regulation of Takeda G protein-coupled receptor-5 (TGR5) in IEC apoptosis and the
underlying molecular mechanisms remained unclear, and the direct evidence from selective TGR5 agonists for the treatment of UC
is also lacking. Here, we synthesized a potent and selective TGR5 agonist OM8 with high distribution in intestinal tract and
investigated its effect on IEC apoptosis and UC treatment. We showed that OM8 potently activated hTGR5 and mTGR5 with ECsq
values of 202 £ 55 nM and 74 + 17 nM, respectively. After oral administration, a large amount of OM8 was maintained in intestinal
tract with very low absorption into the blood. In DSS-induced colitis mice, oral administration of OM8 alleviated colitis symptoms,
pathological changes and impaired tight junction proteins expression. In addition to enhancing intestinal stem cell (ISC)
proliferation and differentiation, OM8 administration significantly reduced the rate of apoptotic cells in colonic epithelium in colitis
mice. The direct inhibition by OM8 on IEC apoptosis was further demonstrated in HT-29 and Caco-2 cells in vitro. In HT-29 cells, we
demonstrated that silencing TGR5, inhibition of adenylate cyclase or protein kinase A (PKA) all blocked the suppression of JNK
phosphorylation induced by OMS8, thus abolished its antagonizing effect against TNF-a induced apoptosis, suggesting that the
inhibition by OM8 on IEC apoptosis was mediated via activation of TGR5 and cAMP/PKA signaling pathway. Further studies showed
that OM8 upregulated cellular FLICE-inhibitory protein (c-FLIP) expression in a TGR5-dependent manner in HT-29 cells. Knockdown

of c-FLIP blocked the inhibition by OM8 on TNF-a induced JNK phosphorylation and apoptosis, suggesting that c-FLIP was
indispensable for the suppression of OM8 on IEC apoptosis induced by OM8. In conclusion, our study demonstrated a new
mechanism of TGR5 agonist on inhibiting IEC apoptosis via cAMP/PKA/c-FLIP/JNK signaling pathway in vitro, and highlighted the
value of TGR5 agonist as a novel therapeutic strategy for the treatment of UC.
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INTRODUCTION

Ulcerative colitis (UC) is a kind of inflammatory bowel disease (IBD)
that affects the colon involving the mucosal and submucosal
layers [1, 2]. Although the precise etiology of UC is still relatively
unknown, the breakdown of intestinal epithelial barrier has been
demonstrated to play a key role in the process of UC [3, 4l.
Destruction of intestinal epithelial homeostasis, manifested by
increased intestinal epithelial cell (IEC) apoptosis in activated
intestinal inflammatory regions of UC patients and murine colitis,
is tightly associated with defects in intestinal epithelial barrier
[5, 6]. IEC apoptosis occurs in the early stage of UC, and excessive
IEC apoptosis disrupts the epithelial defense system, facilitating
the invasion of luminal antigens, triggering an inflammatory
cascade and driving disease progression [7, 8]. Aberrant activation
of apoptotic pathways in response to inflammatory stimuli such as
tumor necrosis factor-alpha (TNF-a) are involved in the UC
pathology [9-11]. Thus, identifying agents that protect colonic
epithelial cells from apoptosis and restore the integrity of the gut

barrier might be helpful for the control of disease flares and
provide an invaluable strategy to the treatment of UC.

Takeda G protein-coupled receptor-5 (TGR5, also known as GP-
BAR1) belongs to the family of G-protein coupled receptors
(GPCRs) and is ubiquitously expressed in various tissues, such as
gallbladder, brown adipose and intestinal tract [12]. Activation of
TGR5 in enteroendocrine L cells of intestinal tract promotes the
secretion of incretins including glucagon-like peptide-1 (GLP-1)
and glucagon-like peptide-2 (GLP-2) [13]. TGR5 agonist has shown
promise in treating metabolic disease by elevating GLP-1 levels
[14]. Recently, a few studies provided interesting clues that TGR5
activation modulates intestinal epithelial barrier integrity. TGRS/~
mice exhibited impaired colonic mucosal epithelial morphology,
abnormal tight junction structure, increased intestinal perme-
ability and were more susceptible to DSS-induced colitis [15].
Deletion of TGR5 in the intestinal stem cell of mice resulted in
reduction of the proliferation and regeneration of crypt compart-
ment and accelerated the onset and progression of DSS-induced

'State Key Laboratory of Drug Research, Shanghai Institute of Materia Medica, Chinese Academy of Sciences, Shanghai 201203, China; “University of Chinese Academy of
Sciences, Beijing 100049, China and 3Shanghai Institute of Materia Medica, Chinese Academy of Sciences, Shanghai 201203, China

Correspondence: Jian-hua Shen (jhshen@simm.ac.cn) or Ying Leng (yleng@simm.ac.cn)

Received: 23 November 2022 Accepted: 15 March 2023
Published online: 30 March 2023

© The Author(s), under exclusive licence to Shanghai Institute of Materia Medica, Chinese Academy of Sciences and Chinese Pharmacological Society 2023

SPRINGER NATURE


http://crossmark.crossref.org/dialog/?doi=10.1038/s41401-023-01081-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41401-023-01081-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41401-023-01081-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41401-023-01081-y&domain=pdf
mailto:jhshen@simm.ac.cn
mailto:yleng@simm.ac.cn
www.nature.com/aps

TGR5 agonist inhibits IEC apoptosis and ameliorates UC
WIJ Yang et al.

colitis [16]. However, no studies have investigated the role of TGR5
in regulating IEC apoptosis in the pathogenesis of UC until now,
and the therapeutic effect of TGR5 agonist on UC has not yet been
fully elucidated.

Here, we discovered OM8 as a novel potent and selective TGR5
agonist with high distribution in intestinal tract after oral
administration, and demonstrated its therapeutic effect in DSS-
induced murine colitis. More importantly, we identified a new
mechanism of TGR5 agonist on inhibiting intestinal epithelial cells
apoptosis through cAMP/PKA/c-FLIP/JNK signaling pathway.

MATERIALS AND METHODS

Animals

BALB/c mice (male, 20-22 g) and ICR mice (male, 26-28 g) were
obtained from Shanghai Lingchang Biotechnology Co. (Shanghai,
China). The animals were raised in the specific pathogen-free
conditions with a controlled room temperature (22-24 °C) under
12 h light-dark cycles and had free access to food and water. All
animal experiments were conducted with the approval of the
Institutional Animal Care and Utilization Committee (IACUC) of
Shanghai Institute of Materia Medica (SIMM), Chinese Academy of
Sciences (CAS).

In vitro TGR5 and FXR activity assay

OM8 (purity >98.5%) and 26a [17] were synthesized by the
laboratory of JHS, SIMM, CAS. HEK293 cells stably expressed with
h/mTGR5 and CRE-driven luciferase reporter were generated and
maintained as described [18]. The cells were seeded into 96-well
plates. The next day, fresh medium containing different concen-
trations of OM8 was added and incubated for 5.5 h. Human FXR
(hFXR) eukaryotic expression vector and reporter plasmid contain-
ing receptor response sequence were transferred into Huh7 cells
to detect the agonistic activity of OM8 on FXR [19]. The Steady-
Glo® Luciferase Assay System (Cat#E2510, Promega, Madison, WI,
USA) and PerkinElmer Envision microplate reader were employed
to detect the luciferase activity of cell lysates in accordance with
the instructions of the manufacture.

Distribution of OM8 in intestinal tract and serum after single oral
dose

OMB8 (100 mg/kg) was orally administered to overnight-fasted ICR
mice (n=6 per time point). Different intestinal segments and
blood samples were collected at 1, 2, 4, and 8 h after dosing. The
concentrations of OM8 in the duodenum, jejunum, ileum, colon
and serum were measured by LC-MS/MS.

Evaluation of gallbladder-filling effects

The ICR mice (n=6-7 per group) were orally administered with
OM8 (200 mg/kg) or 26a (100 mg/kg) for 3 days. The mice were
fasted overnight before the last dose. At 1h post dose, all mice
were refed for 3 h and then dissected. The width and length of the
gallbladder were measured using a Vernier caliper. The area of the
gallbladder was calculated: area=length x width. Bile samples
were then obtained and weighed.

Establishment of colitis mouse models and treatment

BALB/c male mice were assigned into four groups (n=10)
according to the body weight: normal group, DSS group,
DSS + OM8 (50 mg/kg) group and DSS + OM8 (200 mg/kg) group.
All animals except the normal group were given 3% (w/v) DSS
(Cat#160110, MP Biomedicals, Irvine, CA, USA) in drinking water
from day O to day 8, and then replaced with normal sterile
drinking water on day 9. OM8 was mixed with polyvinyl
pyrrolidone (PVP, Cat#30154480, Sinopharm Chemical Reagent
Co., Shanghai, China) at 1:5 ratio and then diluted in sterile water.
The mice were orally administered with OM8 (50 or 200 mg/kg)
once daily or vehicle (1g/kg PVP diluted in sterile water)
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throughout the experiment. Body weight, stool consistency and
fecal occult blood were determined every day. Fecal occult blood
test kit was bought from Nanjing Jiancheng Bioengineering
Institute (Cat#C027-1-1, Nanjing, China). Disease activity index
(DAI) scores of colitis was defined as previously described [20].
Mice were anesthetized with Zoletil (Virbac Laboratories, Carros,
France) on day 9, and the colon and blood samples were
collected.

Histological examination

The colonic segments were fixed in 10% (v/v) formaldehyde
solution, embedded in paraffin, and sliced into 4 um thickness
paraffin sections. Subsequently, the sections were deparaffinized
in xylene and rehydrated, followed by staining with Haematoxylin
and Eosin (H&E) for histopathological observation or Alcian-Blue
(AB) (Cat#G1560, Solarbio Life Sciences, Beijing, China) to evaluate
the abundance of goblet cells. The images were acquired with five
randomly selected fields in each section. The histological damage
was blindly evaluated according to a scoring system by Ning et al
at 200x magnification [21], taking account into inflammatory cell
infiltration, mucosal and crypt injury.

Measurement of myeloperoxidase (MPO) activity

Briefly, the distal colons were homogenized in 0.5% (w/v)
hexadecyltrimethylammonium bromide buffer (HTAB, Cat#57-09-
0, Sinopharm Chemical Reagent Co., Shanghai, China, dissolved in
50 mM potassium phosphate buffer, pH = 6.0; 50 mg/mL tissue)
and then centrifuged. Supernatants (7 pL) were added to 200 pL of
50 mM potassium phosphate buffer mixed with 0.167 mg/mL of o-
dianisidine dihydrochloride and 0.05pL of 1% (v/v) H,0,.
Absorbance was measured at 450 nm using a spectrophotometer.

TUNEL assay

One Step TUNEL Apoptosis Assay Kit (Cat#MA0223, Meilunbio,
Dalian, China) was used to assess the cell apoptosis in accordance
with the manufacturer’s instructions. Five random fields were
photographed from each section, and the average number of
TUNEL positive cells per field was calculated.

Immunohistochemical staining

Paraffin sections of colon tissue were dried at 60 °C, dewaxed by
xylene, dehydrated by gradient alcohol, and pretreated with 3%
(v/v) H,0; for 10 min to quench endogenous peroxidase activity.
Tissue sections were then boiled in 0.01 M citrate buffer (pH 6.0)
by microwave heating for 10 min to facilitate antigen recovery and
were then blocked with normal goat serum blocking solution at
room temperature for 45 min. Subsequently, the sections were
incubated with anti-F4/80 antibody (1:200, Cat#ab300421, Abcam,
Cambridge, UK) and anti-CD11b antibody (1:200, Cat#ab133357,
Abcam, Cambridge, UK) at 4°C overnight. After rewarming for
30 min, sections were incubated for 1 h at room temperature with
HRP-conjugated secondary antibody, stained with diaminobenzi-
dine tetrahydrochloride (DAB, Cat#91-95-2, Sangon Biotech
(Shanghai) Co., Ltd., Shanghai, China), and counterstained with
Hematoxylin. Images were acquired using Leica DM 6B upright
microscope.

Cell culture and treatment

Human colonic cell lines (HT-29 and Caco-2) were originated from
American Type Culture Collection (ATCC, Manassas, VA, USA). HT-
29 cells were cultured with McCoy's 5A Modified Medium
(Cat#16600082, Gibco, Grand Island, NY, USA) supplemented with
10% (v/v) fetal bovine serum (FBS, Cat#10099, Gibco, Grand Island,
NY, USA) and 1% (v/v) penicillin-streptomycin. Caco-2 cells were
cultured in Dulbecco’s Modified Eagle's medium (DMEM) supple-
mented with 10% FBS, 1% (v/v) penicillin-streptomycin, 1% (v/v)
glutamax and 1% (v/v) non-necessary amino acid. HT-29 cells or
Caco-2 cells were treated with 20 ng/mL TNF-a (Cat#300-01 A,
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Table 1. Primer sequences of qRT-PCR.
Gene Primers
TGR5 F 5'-GAGCGTCGCCCACCACTAGG-3/

R 5/-CGCTGATCACCCAGCCCCATG-3’
TGR5 (human) F 5’-CTACCACCCAAGCAGCCAAA-3’

R 5-TGAGCTGGACGGATGCTCT-3’
TNF-a F 5-TATGGCCCAGACCCTCACA-3/

R 5-GGAGTAGACAAGGTACAACCCATC-3’
IL-6 F 5’-CCACTTCACAAGTCGGAGGCTTA-3/

R 5-GCAAGTGCATCATCGTTGTTCATAC-3’
IL-18 F 5-TCCAGGATGAGGACATGAGCAC-3/

R 5-GAACGTCACACACCAGCAGGTTA-3’
iNOS F 5-CGCTTGGGTCTTGTTCACTC-3/

R 5/-GGTCATCTTGTATTGTTGGGCTG-3/
Z0-1 F 5'-AGGACACCAAAGCATGTGAG-3/

R 5/-GGCATTCCTGCTGGTTACA-3’
Occludin F 5'-TGGCAAGCGATCATACCCAGA-3’

R 5/-CTGCCTGAAGTCATCCACACTC-3’
Claudin F 5-GGACTGTGGATGTCCTGCGTTT-3/

R 5/-GCCAATTACCATCAAGGCTCGG-3’
GLP-2R F 5-TCATCTCCCTCTTCTTGGCTCTTAC-3/

R 5/-TCTGACAGATATGACATCCATCCAC-3/
EGF F 5-TTCTCACAAGGAAAGAGCATCTC-3’

R 5-GTCCTGTCCCGTTAAGGAAAAC-3/
LGR5 F 5-GTGGACTGCTCGGACCTG-3/

R 5/-GCTGACTGATGTTGTTCATACTGAG-3/
Ascl2 F 5-GTTAGGGGGCTACTGAGCAT-3/

R 5/-GTCAGCACTTGGCATTTGGT-3’
Olfm4 F 5-CAGCCACTTTCCAATTTCACTG-3'

R 5-GCTGGACATACTCCTTCACCTTA-3’
Mucin2 F 5’-ATGCCCACCTCCTCAAAGAC-3’

R 5/-GTAGTTTCCGTTGGAACAGTGAA-3/
TFF3 F 5-TAATGCTGTTGGTGGTCCTG-3’

R 5-CAGCCACGGTTGTTACACTG-3’
KLF4 F 5-CCAAAGAGGGGAAGAAGGTC-3’

R 5/-CTGTGTGAGTTCGCAGGTGT-3/
LYz F 5'-ATGGCGAACACAATGTCAAA-3’

R 5-GCGAGGAAGTGTGACCTCTC-3’
ChgA F 5'-CCAAGGTGATGAAGTGCGTC-3’

R 5-GGTGTCGCAGGATAGAGAGGA-3’
CCL2 F 5’-TTTTTGTCACCAAGCTCAAGAG-3’

R 5/-TTCTGATCTCATTTGGTTCCGA-3’
CXCL2 F 5'-CCCAGACAGAAGTCATAGCCAC-3/

R 5/-GCCTTGCCTTTGTTCAGTATC-3/
GAPDH F 5-AGGTCGGTGTGAACGGATTTG-3’

R 5-TGTAGACCATGTAGTTGAGGTCA-3’

Peprotech, New Jersey, CT, USA) in the presence or absence of
OMB8 for 24 h. In some cases, adenylate cyclase (AC) inhibitor MDL-
12330-A (3 uM) or protein kinase A (PKA) inhibitor H89 (5 uM) was
added simultaneously with TNF-a and OM8.

Measurement of intestinal epithelial monolayer barrier in vitro

Caco-2 cells at the density of 3 x 10° cells/well were seeded in 24-
well transwell chambers with 0.4 pm pore polyester membranes
(Cat#3470, Corning Inc., Grand Island, NY, USA) and cultured for
21 days to form monolayer. The cells were treated with 20 ng/mL
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TNF-a and OMS8 for 5 days, then the TEER values and permeability
of FITC-dextran were determined.

RNA interference

The siRNA pool targeted to human TGR5 was obtained from
Dharmacon (L-005519-00-0005, Lafayette, CO, USA). Three pairs of
c-FLIP siRNA and negative control siRNA were provided by
GenePharma (Shanghai, China). HT-29 cells were transfected with
selective siRNA using Lipofectamine™ 2000 (Cat#11668027,
Thermo Fisher Scientific,c, MA, USA) for 48 h according to the
manufacture’s illustration for the following experiments.

Immunofluorescence analysis

Paraffin sections of colon tissue were prepared as described in
immunohistochemical staining. HT-29 cells were supplemented
with 4% (v/v) paraformaldehyde and fixed for 30 min. Then the
sections and cells were blocked with 3% (w/v) BSA (diluted in PBS)
for 1h at room temperature, and incubated with anti-Ki67
antibody (1:100, Cat#ab279653, Abcam, Cambridge, UK), anti-
LGR5 antibody (1:50, Cat#abs120810, Absin Bioscience Inc.,
Shanghai, China), anti-LYZ antibody (1:100, Cat#ab108508, Abcam,
Cambridge, UK), anti-ZO-1 antibody (1:200, Cat#13663, Cell
Signaling Technology, Boston, MA, USA) and anti-Occludin anti-
body (1:200, Cat#ab216327, Abcam, Cambridge, UK) at 4°C
overnight, followed by FITC goat anti-rabbit IgG (H + L) secondary
antibody (1:100, AS011, ABclonal Technology, Wuhan, China), Cy3
goat anti-mouse IgG (H + L) secondary antibody (1:100, AS008,
ABclonal Technology, Wuhan, China) and donkey anti-rabbit IgG
(H+L) highly cross-adsorbed secondary antibody (1:500, Cat#A-
31572, Thermo Fisher Scientific, Waltham, CA, USA) incubation for
60 min. The nucleus was counterstained with DAPI (Cat#C1002,
Beyotime, Shanghai, China) for 2min, sealed with anti-
fluorescence quenching agent. The images were obtained under
a Leica two-photon microscopy.

RNA and Quantitative RT-PCR

Total RNA of colon tissues and cells was extracted using TRIzol
reagent (Thermo Fisher Scientific, Waltham, CA, USA) and the RNA
concentration was determined. Total RNA was reversely tran-
scribed into complementary DNA (cDNA) by a Primer Script RT
reagent kit (TaKaRa Biotechnology, Dalian, China). Quantitative RT-
PCR was performed in CFX96 real-time PCR detection (Bio-Rad,
Hercules, CA, USA) systems using SYBR Premix Ex Taq kit (Takara
Biotechnology, Dalian, China). All of the primer sequences used in
our study were synthesized by Thermo Fisher Scientific Co., Ltd.,
(Waltham, CA, USA) as shown in Table 1. Relative mRNA
expression of individual gene was normalized against GAPDH.

Western blot analysis

The tissues and cells were lysed with lysis buffer. The protein
concentration was measured and adjusted by adding the
appropriate amount of 5x loading buffer. Then the lysates were
boiled for 15 min to denature the protein. After centrifugation, the
proteins were separated by 10% (v/v) sodium dodecyl sulfate-
polyacrylamide gel electrophoresis gels (SDS-PAGE) and wet-
transferred onto the polyvinylidene fluoride (PVDF) membrane.
The membrane was blocked and incubated with primary
antibodies at 4°C overnight, and then incubated with HRP-
conjugated secondary antibody (Bio-Rad, Hercules, CA, USA) for
2 h. Chemiluminescence (ECL) working solution (GE Healthcare,
Buckinghamshire, UK) was used for protein detection, and the
quantification analysis was performed using the Quality One
software (Bio-Rad, Hercules, CA, USA). The primary antibodies
against ZO-1 (Cat#13663), phospho-CREB (Ser133) (Cat#9198),
CREB (Cat#9197), cleaved caspase-3 (Cat#9664), p-JNK (Cat#4668),
p-JNK (Cat#9252), p-p38 (Cat#9211), c-FLIP (Cat#8510), GAPDH
(Cat#5174) and B-actin (Cat#4970) were purchased from Cell
Signaling Technology (Boston, MA, USA). The primary antibody

SPRINGER NATURE



TGR5 agonist inhibits IEC apoptosis and ameliorates UC

WIJ Yang et al.
a (o)
S ' N
\ K/s
(0]
Cl
Cl =
CF3COO0
d-
c o 'il/\/_,.\
1401 = OMB
120 1 i = [CA
100 1 '
< 801
X
= 601
O
2 401
%201 .
OM8 EC,=74+17 nM
01°¢ * ® | CAEC,=3876+285nM
-20 T T T T T |

0 1 2 3 4 5 6
Log concentration [nM]

600

400 i\

200 1 o
3 o

150 =

100 =

Concentration (ug/mL or ug/g)
()}
o
|

b 1201

- OM8
100 = LCA

Effect (%)
iy
o

OM8 EC,,=202+55 nM

04
LCAEC,=5709+428 nM
-20 T T T T T |
0 1 2 3 4 5 6
d Log concentration [nM]
i - OM8
120 - OCA
100 1 ]
80 1
& 601
g 40 - OCAEC,,;=294+33 nM
5 201
0 B ‘-0—0—0—.—.
490 T T T T T 1

0 1 2 3 4 5 6
Log concentration [nM]

—@— Serum
—#— Duodenum
== Jejunum
—— lleum

—— Colon

g ) ¢ ) g
0 ] 4
Time (h)
5_ *x
® e
8 4
c _ e
53
25 7 .
28
Sg 27 °
28 . ey
< 14 —— N P
& b T o o ._f_‘
0 T ' ¢ T
Control 26a OM8

6 8 10
g 6 = ok
©
L J
= T
.CA 4_
s vie
e o ®
99
a2 ©
0 ©
23T 24
®© o L ]
&"'\"/ o L J
| o e | o®e
0 T T T
Control 26a oms8
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against Occludin (Cat#ab216327) was bought from Abcam
(Cambridge, UK).

Statistical analysis

The statistical analysis was fulfilled using GraphPad Prism 8.0 soft-
ware. All the data were displayed as mean * standard deviation.
One-way analysis of variance (ANOVA) was applied to compare
data among multiple groups followed by Dunnett’s or Tukey's post
hoc test. P <0.05 indicated significant difference.
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RESULTS

OM8 is a potent and selective TGR5 agonist with high distribution
in intestinal tract

In this study, we generated a novel TGR5 agonist OM8 (Fig. 1a).
This small molecule exhibited potent activity with ECs, values of
202 +55nM on hTGR5 and 74+ 17 nM on mTGR5, which was
much more active than LCA, the natural ligand of TGR5 (Fig. 1b, c).
Moreover, OM8 showed no agonistic activity on hFXR, whereas
the FXR agonist obeticholic acid (OCA) activated hFXR with an

Acta Pharmacologica Sinica (2023) 44:1649 - 1664



Table 2. Concentrations of OM8 in serum and intestinal tract at
different time points after oral administration.
Oh 1h 2h 4h 8h

Serum (ug/mL) BLQ 0.14 0.10 0.03 0.01
Duodenum (ng/g) BLQ 128.86 227.68 64.99 25.12
Jejunum (ug/g) BLQ 105.09 58.95 15.00 1.16
lleum (ug/g) BLQ 41517 17874 4175 3.31
Colon (ng/g) BLQ 7.51 1819 4252 1134

BLQ Below limit quantification.

ECso value of 294 + 33 nM (Fig. 1d). The concentration of OM8 in
serum and intestinal tract at 1, 2, 4, 8 h post dose was examined in
mice with an oral dose of 100 mg/kg. As shown in Fig. 1e and
Table 2, the serum concentration of OM8 reached 0.14 ug/mL at
1h, and then fell to 0.01Tpg/mL at 8h post dose. The
concentration of OM8 at 1 h post dose in intestinal tissue was
relatively high, with 128.86, 105.09, 415.17, 7.51 ug/g in duode-
num, jejunum, ileum and colon, respectively. And the level of OM8
in colon was still kept as 11.34 ug/g even at 8 h post dose. The
results indicated that the absorption of OM8 in the blood was
quite low, and a large amount of OM8 was maintained in intestinal
tract after oral administration. Then, the effect of OM8 on
gallbladder filling was examined in ICR mice. 26a, a previous
reported TGR5 agonist with gallbladder-filling effects [17], was
utilized as positive control here. As shown in Fig. 1f, g, 26a
significantly increased gallbladder area and bile weight compared
with control group, while OM8 showed no significant impact on
gallbladder area and bile weight, demonstrating that OM8 can
effectively avoid gallbladder side effects. Therefore, OM8 was a
potent and selective TGR5 agonist with high distribution in
intestinal tract.

OM8 attenuated DSS-induced colitis

The mice were challenged with 3% DSS to establish DSS-induced
colitis model, and the protective effect of OM8 on colitis was
evaluated. During the experimental process, all mice survived
and mice in DSS group developed severe weight loss, diarrhea
and stool occult blood, 50 and 200 mg/kg OMS8 significantly
improved these alterations and decreased DAI scores (Fig. 2a).
Meanwhile, the shortened colon length and increased colon
weight/length ratio caused by DSS were also ameliorated by
OM8 (Fig. 2b-d). H&E staining revealed that OM8 treatment
significantly attenuated inflammatory cell infiltration and
retained more intact crypt architecture in the colon of DSS-
induced mice (Fig. 2e, f). Notably, a decreased mRNA level of
TGR5 was observed in the colon of DSS-induced mice, which was
remarkably recovered by OMS8 treatment (Fig. 2g). OMS8
administration significantly reduced colonic MPO activity,
decreased the mRNA levels of proinflammatory cytokines iNOS
and TNF-a, and the gene expression of IL-18 and IL-6 also
showed decreased tendency (Fig. 2h-I). The elevated gene
expression of chemokines CCL2 and CXCL2 caused by DSS was
also significantly abrogated (Fig. 2m, n). Moreover, the
hyperinfiltration of immune cells was restrained by OMS8
treatment, as evidenced by decreased immunostaining of F4/
80 and CD11b in colon sections (Fig. 20). Therefore, OM8 could
ameliorate the DSS-induced colitis.

OMB8 restored tight junction proteins expression in DSS-induced
colitis mice

Tight junction proteins are important components of intestinal
epithelial barrier. The colonic mRNA expression of ZO-1, Occludin
and Claudin were significantly decreased in DSS-induced colitis,
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but could be restored by OM8 intervention (Fig. 3a-c). Moreover,
OM8 also significantly increased ZO-1 and Occludin protein
expression in the colon of DSS-treated mice (Fig. 3d). Immuno-
fluorescence staining showed that ZO-1 and Occludin were
distributed orderly and completely in colon of normal mice, while
the obvious deficiency was observed in DSS-treated mice, and
OM8 treatment significantly maintained the intact distribution of
Z0O-1 and Occludin (Fig. 3e, f). These data suggested that OM8
could restore tight junction proteins expression and distribution in
DSS-induced colitis mice.

OMS8 drove ISCs proliferation and differentiation in DSS-induced

colitis mice

Ordinated intestinal stem cell proliferation and differentiation
was essential for maintaining intestinal epithelial barrier func-
tion. Immunofluorescence analyses showed that OM8 treatment
significantly reversed the sharp decrease of Ki67* cells in the
colonic epithelium caused by DSS (Fig. 4a, b). Meanwhile, the
loss of LGR5" ISCs in the colon crypt caused by DSS was
improved by OM8, and a higher amount of LGR5"Ki67" cells
was noticed in the colon crypt of colitis mice after OM8
administration (Fig. 4c, d). Though no obvious change of Olfm4
gene expression was observed, the mRNA levels of the other two
intestinal stem cell marker gene LGR5 and Ascl2 were
significantly enhanced in the colon of DSS-induced colitis mice
after OM8 intervention (Fig. 4e-g). Moreover, OM8 administra-
tion obviously increased the gene expression of goblet cell
marker (Mucin2, TFF3 and KLF4), Paneth cell marker LYZ and
enteroendocrine cell-associated marker ChgA in the colon of
colitis mice (Fig. 4h-I). Alcian Blue (AB) staining analysis showed
that DSS led to tremendous loss of goblet cells, and this effect
could be markedly reversed by OM8 treatment (Fig. 4m).
Immunofluorescence labeling for Lysozyme showed that OM8
obviously preserved the number of LYZ-positive cells in the
colon of colitis mice (Fig. 4n). These results suggested that OM8
treatment could promote intestinal stem cell proliferation and
differentiation in DSS-induced colitis.

OMS8 inhibited intestinal epithelial cell apoptosis both in vivo and
in vitro

Excessive intestinal cell apoptosis is related to the destruction of
intestinal epithelial barrier function. As shown in Fig. 5a, b, the
TUNEL-positive cells were obviously increased in the colonic
epithelium of DSS-induced colitis mice, and OM8 treatment
significantly decreased the rate of TUNEL-positive cells, suggesting
that OM8 might reduce intestinal epithelial cell apoptosis in DSS-
induced colitis mice. Meanwhile, the enhanced protein expression
of cleaved caspase-3 in DSS-induced colitis was apparently
suppressed with OM8 treatment (Fig. 5c).

TNF-a was the key driver of cell apoptosis in intestinal tissue of
IBD patients. To investigate whether OM8 has a direct effect on
intestinal epithelial cell apoptosis, HT-29 cells and Caco-2 cells
were incubated with TNF-a to induce apoptosis in vitro. As shown
in Fig. 5d, the proportion of TUNEL-positive cells was markedly
increased upon TNF-a incubation in HT-29 cells, and this effect
could be blocked by OM8 treatment. The enhanced protein
expression of cleaved caspase-3 induced by TNF-a was signifi-
cantly abolished by OM8 treatment in HT-29 cells (Fig. 5e).
Meanwhile, OM8 treatment could also reduce the increased
protein expression of cleaved caspase-3 caused by TNF-a in Caco-
2 cell (Fig. 5f). Then, the effects of OM8 on TNF-a-induced Caco-2
monolayer damage were determined. As shown in Fig. 59, OM8
treatment significantly increased the impaired TEER value of Caco-
2 monolayers induced by TNF-a. Meanwhile, the increased
permeability of FITC-dextran in Caco-2 monolayers caused by
TNF-a was also significantly reduced by OM8 (Fig. 5h). The above
results suggested that OM8 inhibited TNF-a induced intestinal
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epithelial cell apoptosis and improved the intestinal epithelial
monolayer barrier dysfunction.

OMS8 suppressed TNF-a induced intestinal epithelial cell apoptosis
in a TGR5-dependent manner

In order to explore the involvement of TGR5 in the inhibition
by OM8 on TNF-a induced intestinal epithelial cell apoptosis, TGR5
RNAi was conducted in HT-29 cells. As shown in Fig. 6a, both TNF-a
and OM8 treatment had no effect on the gene expression of TGR5 in
HT-29 cells, which was significantly decreased by transfection with
siRNA targeting TGR5. TUNEL staining showed that silencing TGR5
completely blocked the inhibition by OM8 on TNF-a induced
apoptosis in HT-29 cells (Fig. 6b). Meanwhile, the suppression of
TNF-a induced cleaved caspase-3 protein expression by OM8 was
totally vanished in TGR5-deficient HT-29 cells (Fig. 6¢). Furthermore,
immunofluorescence staining showed that OM8 improved the
disruption of ZO-1 protein expression and distribution induced by
TNF-q, while knockdown of TGR5 interrupted the restoration of ZO-
1 protein expression and distribution by OM8 (Fig. 6d). Collectively,
these data demonstrated that OM8 prevented TNF-a induced
intestinal epithelial cell apoptosis in a TGR5-dependent manner.

Acta Pharmacologica Sinica (2023) 44:1649 - 1664

OM8 inhibited TNF-a induced JNK phosphorylation in intestinal
epithelial cells through TGR5/cAMP/PKA signaling pathway
Activation of JNK pathway is closely related to the initiation and
acceleration of TNF-a induced cell apoptosis [22-25]. Besides, p38
MPAK signaling may also be involved in cell apoptosis stimulated
by TNF-a [24, 25]. As shown in Fig. 7a, TNF-a dramatically
increased JNK phosphorylation in HT-29 cells, and this effect could
be significantly compromised by OM8 treatment. Meanwhile,
OM8 showed no effect on TNF-a induced p38 phosphorylation in
HT-29 cells (Fig. 7b). Furthermore, transfection with siRNA
targeting TGR5 abolished the inhibition by OM8 on TNF-a induced
JNK phosphorylation in HT-29 cells (Fig. 7c), suggesting that
activation of TGR5 is indispensable for the inhibition by OM8 on
TNF-a induced JNK phosphorylation. As a selective TGR5 agonist,
OM8 significantly elevated intracellular cAMP levels in HT-29 cells
(Fig. 7d). Then, AC inhibitor MDL-12330-A and PKA inhibitor H89
were employed to ascertain whether TGR5/cAMP/PKA axis is
involved in the inhibition by OM8 on TNF-a induced JNK
phosphorylation in HT-29 cells. As shown in Fig. 7e, the
suppression of TNF-a induced JNK phosphorylation and apoptosis
induced by OMS8 was entirely blocked by MDL-12330-A.
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Consistently, H89 fully vanished the inhibition by OM8 on TNF-a
induced JNK phosphorylation and apoptosis in HT-29 cells (Fig. 7f).
These results revealed that OM8 inhibited TNF-a induced JNK
phosphorylation through TGR5/cAMP/PKA signaling pathway in

intestinal epithelial cells.
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apoptosis.

OM8 dose-dependently

elevated

Upregulation of c-FLIP expression by TGR5/cAMP/PKA axis is
indispensable for the inhibition by OM8 on TNF-a induced JNK
phosphorylation and apoptosis in intestinal epithelial cells

c-FLIP is one of the main mediator in regulating TNF-a induced

the protein
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Fig.5 OMS inhibited intestinal epithelial cell apoptosis both in vivo and in vitro. BALB/c mice were fed with 3% DSS in drinking water and
orally administered with OM8 (200 mg/kg) or vehicle. The colon samples were collected on day 9. a Section of colon was subjected to TUNEL
staining, Bar = 50 um. b Quantitative result of TUNEL staining. ¢ The protein levels of cleaved caspase-3 in colon. HT-29 cells were treated with
or without 20 ng/mL TNF-a in the presence or absence of OM8 with the indicated concentrations for 24 h. d Apoptotic cells was analyzed by
TUNEL staining, Bar =50 um. e Cleaved caspase-3 expression was determined by immunoblot assay. f Caco-2 cells were treated with or
without 20 ng/mL TNF-a in the presence or absence of OM8 with the indicated concentrations for 24 h, cleaved caspase-3 expression was
determined by immunoblot assay. Caco-2 cell monolayers were treated with or without 20 ng/mL TNF-a in the presence or absence of OM8
for 5 days. g The TEER value was determined. h FITC-dextran permeability was measured. Data are presented as mean £ SD (a-c: n = 10; d-h:

n=3-5). *P <0.05; **P < 0.01.
<

expression of ¢-FLIP in HT-29 cells (Fig. 8a). To further investigate
the role of c-FLIP in the inhibition by OM8 on TNF-a induced JNK
phosphorylation and apoptosis, the RNAi was applied in HT-29
cells. As shown in Fig. 8b, the expression of c-FLIP protein was
decreased with c-FLIP siRNA transfection and si-c-FLIP-3 with the
highest silencing efficiency was chosen for subsequent experi-
ments. With the knockdown of c-FLIP protein expression in HT-29
cells, the suppression of TNF-a induced JNK phosphorylation
induced by OM8 was rescued (Fig. 8c). TUNEL staining showed
that the inhibition by OM8 on TNF-a induced apoptosis was
abrogated by silencing c-FLIP (Fig. 8d). Accordingly, the suppres-
sion of TNF-a induced cleaved caspase-3 protein expression
induced by OM8 was also blocked in c-FLIP-deficient cells (Fig. 8e).
Meanwhile, the restoration of TNF-induced damage to ZO-1
protein expression and distribution in HT-29 cells by OM8 was
reversed by silencing c-FLIP (Fig. 8f). These data indicated that
c-FLIP was indispensable for the inhibition by OM8 on TNF-a
induced JNK phosphorylation and apoptosis in intestinal epithelial
cells.

Then, further study was conducted to clarify the involvement of
TGR5/cAMP/PKA axis in the upregulation of c-FLIP protein
expression induced by OM8. As shown in Fig. 8g, silencing TGR5
interrupted the promotion effect of OM8 on c-FLIP protein
expression in HT-29 cells. In addition, the enhancement of c-FLIP
protein expression by OM8 was abolished by simultaneous
treatment with MDL-12330-A or H89 (Fig. 8h, i), accompanied
with the same change of CREB phosphorylation, indicating that
OM8 promoted c-FLIP protein expression through TGR5/cAMP/
PKA signaling pathway. The above results were further verified
in vivo. As shown in Fig. 8j, OM8 administration significantly
increased the levels of CREB phosphorylation and c-FLIP protein
expression in the colon of DSS-treated mice. Meanwhile, the
enhanced JNK phosphorylation induced by DSS was obviously
inhibited by OMS8 intervention. Taken together, these data
suggested that OM8 upregulated c-FLIP protein expression
through TGR5/cAMP/PKA signaling pathway, then suppressed
JNK phosphorylation, and thereby inhibited TNF-a induced
apoptosis in intestinal epithelial cells.

DISCUSSION

Breakdown of intestinal epithelial homeostasis characterized by
uncoordinated ISC proliferation and IEC apoptosis is recognized as
a hallmark of the UC pathophysiology [26-29]. While activation of
TGR5 has been reported to facilitate ISC proliferation and crypts
growth [16, 30], its role in IEC apoptosis remains unknown.
Moreover, the beneficial effects of TGR5 agonist for the treatment
of UC also need to be further evaluated. Here, we reported that a
potent and selective TGR5 agonist OM8 could ameliorate DSS-
induced colitis, which was mediated by the maintenance of
intestinal epithelial homeostasis through reducing IEC apoptosis
and promoting ISC proliferation. More importantly, the direct
inhibition by OM8 on TNF-a induced IEC apoptosis with a TGR5-
dependent manner was demonstrated in vitro, and a novel
mechanism of TGR5 agonist on inhibiting IEC apoptosis through
cAMP/PKA/c-FLIP/JNK signaling pathway was unraveled.

SPRINGER NATURE

Although a few studies indicated that the activation of TGR5
might play a role in the prevention of colitis, the direct evidence
from selective TGR5 agonists is still lacking. Hyodeoxycholic acid
(HDCA) showed protective effects in DSS-induced colitis, but the
involvement of FXR cannot be ruled out since HDCA is a non-
selective TGR5 agonist [31]. Genistein might ameliorate the DSS-
induced murine colitis by inhibition of NLRP3 inflammasome in
macrophages through TGR5/cAMP signaling pathway, but the
direct activation by genistein on TGR5 was absent [32]. Betulinic
acid could ameliorate the DSS-induced murine colitis partially by
activating TGR5 and stimulating GLP-2 secretion [33], but as a
naturally occurring compound, the TGR5-independent activities
including anti-inflammatory effect and FXR activation might also
be involved [34]. In the present study, OM8, a novel potent and
selective TGR5 agonist was generated. More importantly, the
serum concentration of OM8 was quiet low, and a large amount of
OMB8 could be maintained in intestinal tract after oral administra-
tion, indicating that this compound might be more ascendant for
the treatment of UC due to the persistent stimulation on TGR5 in
the gut. Moreover, OM8 showed no significant impact on
gallbladder area and bile weight, demonstrating that OM8 can
effectively avoid gallbladder side effects. Oral treatment with OM8
relieved the weight loss, diarrhea, occult blood symptoms and
shortening of colon length in DSS-induced colitis mice. Colonic
mucosal inflammation, ulceration and architectural distortion,
which are the major pathophysiological characteristics of colitis
[35], were improved by OMS8 treatment. In addition, OM8
administration dramatically reversed the impaired colonic expres-
sion of TJ proteins, which strengthened the finding concerning
the modulation effect of TGR5 on TJ proteins expression [15], and
indicated that the activation of TGR5 could improve intestinal
epithelial barrier dysfunction in DSS-induced colitis. These findings
suggested OM8, a potent and selective TGR5 agonist, could
effectively attenuated DSS-induced colitis.

Extensive evidences have indicated that excessive IEC apoptosis
contributes to the development of UC by augmenting intestinal
permeability and amplifying inflammatory response [36, 37]. IEC
apoptosis and enterocyte proliferation are tightly regulated. The
continuous self-renewal of intestinal epithelium was impaired in
UC progression, which is not only caused by aberrant apoptosis at
the villous tip but also resulted from stunted enterocyte
proliferation within the crypts, ultimately leading to imbalanced
intestinal epithelial homeostasis and barrier dysfunction [33, 34].
Recently, lithocholic acid was reported to foster intestinal
organoid proliferation through TGR5 [16]. In addition, activation
of TGR5 in enteroendocrine L cells increased the release of GLP-2,
which could also stimulate ISC proliferation [30]. Despite TGR5
activation has been reported to suppress apoptosis in multiple
cells such as neurons and cholangiocytes [38, 39], its direct effect
on IEC apoptosis is still unknown. Here, OM8 treatment
significantly elevated the proliferating cell marker Ki67 [40] and
ISC marker LGR5 [41] levels and increased the number of
LGR57Ki67" cells in colon of DSS-induced colitis mice, suggesting
that OM8 could promote ISC proliferation. Moreover, reduction of
gene expression of various functional IECs markers induced by
DSS, including goblet cells, paneth cells and enteroendocrine cells,
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Fig. 6 OMS8 suppressed intestinal epithelial cell apoptosis in a TGR5-dependent manner. HT-29 cells were transfected with TGR5 siRNA for
48 h and then treated with or without TNF-a in the presence or absence of OM8 for 24 h. a The efficiency of TGR5 siRNA was verified by RT-
PCR. b Apoptotic cells were analyzed by TUNEL staining, Bar = 50 um. ¢ Cleaved caspase-3 expression was determined by immunoblot assay.
d Confocal microscopy visualization of ZO-1 (red) and DAPI (blue), Bar =10 um. Data are presented as mean*SD (n=3-5). *P < 0.05;
**P <0.01.
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Fig. 7 OMS8 inhibited TNF-a induced JNK phosphorylation in intestinal epithelial cells through TGR5/cAMP/PKA signaling pathway.
a, b HT-29 cells were treated with or without 20 ng/mL TNF-a in the presence or absence of OM8 with the indicated concentrations for 24 h, p-
JNK, JNK and p-p38 expression levels were detected by immunoblot assay. ¢ HT-29 cells were transfected with TGR5 siRNA for 48 h and then
treated with or without TNF-« in the presence or absence of OM8 for 24 h, p-JNK and JNK expression levels were detected by immunoblot
assay. d ELISA analysis of cCAMP levels in HT-29 cells followed by OM8 treatment for 1 h. HT-29 cells were treated with or without TNF-« in the
presence or absence of OM8 for 24 h, supplemented with 3 pM MDL-12330-A (e) or 5 uM H89 (f), cleaved caspase-3, p-JNK and JNK expression
were detected by immunoblot assay. Data are presented as mean £ SD (n = 3-5). *P < 0.05; **P < 0.01.

was significantly alleviated by OM8 treatment, suggesting that
OM8 promoted ISC differentiation and preserved the specification
of mature IECs in experimental colitis mice. Beyond the effect on
ISC proliferation and differentiation, OM8 treatment significantly
reduced the increased TUNEL-positive cells number in colonic
epithelium and decreased the enhanced expression of cleaved
caspase-3 protein in colon, suggested that OM8 might inhibit IEC
apoptosis and further lead to improvement of intestinal epithelial
barrier function and amelioration of colitis.

TNF-a is a common pathological factor that responsible for IEC
apoptosis in colitis [7, 36]. Herein, the direct inhibition by OM8 on
IEC apoptosis was further investigated in HT-29 and Caco-2 cells.
OMS8 toned down TNF-a induced apoptosis in HT-29 and Caco-2
cells. Meanwhile, OM8 alleviated the decreased TEER value and
increased FITC-dextran flux caused by TNF-a in Caco-2 cells
monolayer, suggesting that OM8 inhibited TNF-a induced IEC
apoptosis and restored intestinal epithelial barrier function.
Furthermore, knockdown of TGR5 by siRNA in HT-29 cells blocked
the suppression of TNF-a induced apoptosis and disruption of ZO-
1 protein expression and distribution induced by OM8, suggesting

SPRINGER NATURE

that OM8 inhibited TNF-a induced IEC apoptosis in a TGR5-
dependent manner. Thus, our study showed the first evidence
that activation of TGR5 could directly inhibit IEC apoptosis,
thereby maintain intestinal epithelial barrier function and
contribute to the mitigation of DSS-induced colitis.

The exact mechanism by which TGR5 activation inhibited IEC
apoptosis was studied. Previous evidence suggested that JNK
activation plays a crucial role in promoting TNF-a induced cell
apoptosis [22-25]. Inhibition of JNK phosphorylation could reduce
epithelial cell apoptosis in colitis mice [42, 43]. Besides, p38 MAPK
signaling might also engage in cell apoptosis stimulated by TNF-a
[24, 25]. It is also known that cAMP could inhibit the activation of
JNK, thereby suppressed apoptosis [44, 45]. As a Ga, protein, TGR5
activation has been recognized to initiate subsequent cAMP/PKA
signaling pathway [46]. Here, OM8 suppressed JNK phosphoryla-
tion and showed no obvious effect on p38 phosphorylation in HT-
29 cells upon TNF-a stimulation. The inhibition by OM8 on TNF-a
induced JNK phosphorylation could be obstructed upon knock-
down of TGR5, indicating that OM8 inhibited TNF-a induced JNK
phosphorylation in a TGR5-dependent manner. Meanwhile, AC
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inhibitor MDL-12330-A or PKA inhibitor H89 could also completely
block the suppression of TNF-a induced JNK phosphorylation and
apoptosis induced by OM8 in HT-29 cells, demonstrating that
TGR5 activation suppressed JNK phosphorylation by cAMP/PKA
signaling pathway, thereby inhibited IEC apoptosis.
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Cellular FLICE-inhibitory protein (c-FLIP), a master anti-
apoptotic regulator, has been reported to inhibit apoptosis by
suppressing JNK activation in certain types of cells [44, 47, 48].
Zhang et al. found that cAMP pathway could mediate c-FLIP
protein expression in fibroblasts in a CREB-mediated manner [44].
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Fig. 8 Upregulation of c-FLIP expression by TGR5/cAMP/PKA signaling pathway is indispensable for the inhibition by OM8 on TNF-a
induced JNK phosphorylation and apoptosis in intestinal epithelial cells. a HT-29 cells were treated with OM8 with the indicated
concentrations for 1 h, c-FLIP expression was detected by immunoblot assay. b The efficiency of three pairs of c-FLIP siRNA in HT-29 cells was
determined by immunoblot assay. HT-29 cells were transfected with c-FLIP siRNA for 48 h and then treated with or without TNF-« in the
presence or absence of OM8 for 24 h. ¢ c-FLIP, p-JNK and JNK expression levels were determined by immunoblot assay. d Apoptotic cells were
analyzed by TUNEL staining, Bar =50 um. e c-FLIP and cleaved caspase-3 expression was determined by immunoblot assay. f Confocal
microscopy visualization of ZO-1 (red) and DAPI (blue), Bar = 10 um. g HT-29 cells were transfected with TGR5 siRNA for 48 h and then treated
with OM8 for 1 h, c-FLIP expression was determined by immunoblot assay. HT-29 cells were treated with OM8 in the presence or absence of
3 uM MDL-12330-A (h) or 5 pM H89 (i) for 1 h, p-CREB, CREB and c-FLIP expression levels were detected by immunoblot assay. j The protein

levels of p-CREB, CREB, c-FLIP, p-JNK and JNK in colon. Data are presented as mean + SD (a-i: n = 3-5; j: n = 10). *P < 0.05; **P < 0.01.
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Fig.9 Mechanisms of TGR5 agonist on inhibiting intestinal epithelial cell apoptosis and ameliorating ulcerative colitis. Activation of TGR5
by OM8 enhanced cAMP/PKA signaling, which led to upregulation of c-FLIP expression, and subsequently suppressed JNK phosphorylation,

thereby antagonizing TNF-a induced intestinal epithelial cell apoptosis.

Nevertheless, the effect of TGR5 activation on c-FLIP protein
expression has not been investigated and the role of c-FLIP in the
pathogenesis of UC remained controversial [49, 50]. Here, OM8
upregulated c-FLIP protein expression in HT-29 cells. Knockdown
of TGR5 completely abolished the upregulation of c-FLIP protein
expression induced by OMS8, suggesting that OM8 increased
c-FLIP protein expression in a TGR5-dependent manner. More-
over, similar results were observed in treatment with MDL-12330-
A or H89, indicating that TGR5 activation upregulated c-FLIP
protein expression via cAMP/PKA signaling pathway. Silencing
c-FLIP reversed the inhibition by OM8 on TNF-a induced JNK
phosphorylation and apoptosis in HT-29 cells, implying that
upregulation of c-FLIP protein expression by TGR5/cAMP/PKA axis
was indispensable for the suppression of TNF-a induced JNK
phosphorylation and apoptosis by OM8 in IEC. Consistently, in
DSS-induced colitis mice, OM8 treatment significantly stimulated
CREB phosphorylation, increased the impaired expression of
c-FLIP protein and suppressed JNK phosphorylation in colon of

SPRINGER NATURE

colitis mice. These data suggested that TGR5 activation upregu-
lated c-FLIP protein expression through cAMP/PKA signaling
pathway, further suppressed JNK phosphorylation, and thereby
inhibited apoptosis in IEC in vitro.

CONCLUSION

In conclusion, the present study reported a novel potent and
selective TGR5 agonist OM8 with high distribution in intestinal
tract, and demonstrated the beneficial effects of TGR5 activation
for the treatment of DSS-induced colitis. More importantly, our
study discovered that OM8 could directly inhibit TNF-a induced
IEC apoptosis in a TGR5-dependent manner and identified a new
mechanism that TGR5 activation inhibited IEC apoptosis via CAMP/
PKA/c-FLIP/JNK signaling pathway (Fig. 9). These findings uncov-
ered an unrecognized mechanism of TGR5 agonist on directly
inhibiting IEC apoptosis in vitro, and highlighted its value as a
novel therapeutic strategy for UC treatment.
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