
ORIGINAL ARTICLE

TGR5 Attenuated Liver Ischemia-Reperfusion Injury
by Activating the Keap1-Nrf2 Signaling Pathway
in Mice
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Abstract— Hepatic ischemia/reperfusion injury (IRI) still remains an unavoidable problem in
hepatectomy. The inflammatory response plays an important role in its pathogenesis. The
plasma membrane-bound G protein-coupled bile acid receptor (TGR5), as one of G protein-
coupled receptor (GPCR) families, has been proved to serve a protective role in several liver
diseases. However, the exact function of TGR5 in modulating IRI remains obscure. We
injected wild mice with a small interfering RNA of TGR5 (si-TGR5) or TGR5 agonist (INT-
777) and established liver partial warm ischemia/reperfusion model. The results showed that
knockdown of TGR5 significantly aggravated hepatic tissue injury, but treatment with INT-
777 could reverse it, as evidenced by serum ALT and AST tests, liver histological injury,
cytokines expressions, liver immunohistochemical analysis, and TUNEL staining. The
apoptosis-associated proteins were evaluated after reperfusion. Moreover, we used primary
bone marrow–derived macrophages (BMDMs) to establish hypoxia/reoxygenation (H/R)
model to verify the anti-inflammation effect of TGR5. In in vivo experiments, we used
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TGR5-siRNA and TGR5 agonist (INT-777) to determine that TGR5 significantly attenuated
liver damage after IRI through activating the Keap1-Nrf2 pathway. In addition, we found that
overexpression of INT-777-activated TGR5 could reduce oxidative stress and inflammatory
response in H/R-induced BMDMs through regulation of Keap1-Nef2 pathway during in vitro
experiment. Importantly, these results were completely reversed in si-TGR5 BMDMs. In
conclusion, the results indicated that TGR5 could effectively alleviated inflammation re-
sponse via accelerating the activation of Keap1-Nrf2 signaling pathway during hepatic IRI,
which may be meaningful in reducing related inflammatory molecules and adjusting inherent
immunity.

KEYWORDS: TGR5; ischemia-reperfusion injury; inflammation; Keap1-Nrf2 pathway.

INTRODUCTION

Ischemia-reperfusion injury (IRI) remains a signifi-
cant complication after liver resection and liver transplan-
tation [1, 2], which leads to liver dysfunction and failure
[3], and it is a major challenge for liver surgery [4]. IRI is a
highly complex process that involves the activation of
innate immune reactions, oxidative stress, and cell apopto-
sis [3]. Recent studies have shown that the Keap1-Nrf2
signaling pathway serves an important role in IRI and the
activation of Keap-Nrf2 pathway could alleviate IRI [5].
During liver reperfusion, the acute inflammation response
has two phases, which is acute and subacute responses,
respectively. Obviously, the activation of Kupffer cells
plays a major role in hepatocyte damage during the acute
phase at 3–6 h after reperfusion [6, 7]. Thus, TGR5 in
Kupffer cells may play an important role in liver IRI, but
the explicit effects of TGR5 on acute inflammation
responses during liver IRI are still unclear.

The transmembrane G protein-coupled bile acid re-
ceptor (TGR5) is a novel cell membrane bile acid receptor
[8]. TGR5 is expressed in various organs and tissues in-
cluding the liver, spleen, placenta, stomach, heart, and
kidney [9]. Increasing evidence has reported the important
role of TGR5 in the regulation of many biological func-
tions, including energy homeostasis and glucose metabo-
lism. In addition, another special function of TGR5 is its
powerful anti-inflammatory effect. In hepatic tissue, TGR5
expression is detected in Kupffer cells. Recent studies have
proved that TGR5 contributes important protective actions
against inflammation by suppressing the NF-κB signaling
pathway [10, 11]. 6-Ethyl-23(S)-methyl-cholic acid (INT-
777), a specific TGR5 agonist, can effectively decrease the
LPS-triggered inflammatory response and apoptosis in
hepatic tissue [10, 12]. In our previous study, we have
demonstrated that TGR5 can inhibit inflammatory
responses in IRI through suppression of the TLR4-NF-

κB pathway [13]. In addition, TGR5 activation on hepato-
cytes has positive effects on hepatocellular apoptosis inhi-
bition [14, 15]. However, the physiological function of
TGR5 in inflammatory responses, and its immunoregula-
tory mechanism remains unknown.

In the present study, we sought to determine whether
TGR5 could ameliorate inflammation and hepatocellular
apoptosis due to liver IRI, proving the protective effects of
TGR5 in the liver inflammation response through the acti-
vation of the Keap1-Nrf2 signaling pathway.

MATERIALS AND METHODS

Animals

Eight-week-old WT male mice (16–18 g) (C57BL/
6 J; Laboratory Animal Resources Center of NanjingMed-
ical University, Nanjing, China) were maintained in a
pathogen-free animal facility under a standard 12-h light-
dark cycle and free access to standard rodent food and
water. Procedures were carried out in accordance with the
Guidelines for the Care and Use of Laboratory Animals.
The Institutional Animal Care & Use Committee (IACUC)
of Nanjing Medical University (Protocol Number
NJMU08-092) approved the animal protocol.

Surgical Procedure and Treatment

A well-established mouse model of segmental (70%)
warm hepatic IRI was used in this study [16]. Briefly, a
midline laparotomy was performed under 10% chloral hy-
drate (0.3 g/kg, intraperitoneally) anesthesia in mice. Mice
were injected with heparin (100 U/kg), artery/portal vein
blood supply to the left/median hepatic lobes and bile duct in
left were interruptedwith an atraumatic bulldog clamp.After
90 min of ischemia, the clip was removed, and a continuous
4-0 silk was used to close the abdomen immediately. The
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mice were sacrificed at required times after reperfusion, and
blood and liver tissue samples were harvested for analysis.
Six groups of mice were included: sham, sham + si-TGR5,
sham + INT-777, IR6, IR6 + si-TGR5, and IR6 + INT-777.
Three mice were used in each group. Mice in sham + si-
TGR5 group and IR6 + si-TGR5 group received a single
injection of si-TGR5 (2 mg/kg, tail vein injection, Invitro-
gen, Carlsbad, CA) 2 days earlier before the surgery.Mice in
sham + INT-777 group and IR6 + INT-777 group were fed
with INT-777 (30 mg/kg/day, Invitrogen, Nanjing, China)
for 2 days prior to IR injury. Mice were killed by dislocation
of the neck after 6 h of reperfusion.

Cell Culture and Hypoxia/Reoxygenation Model

Murine bone marrow–derived macrophages
(BMDMs) were dissociated from the bone marrow from
8-week-old C57BL/6 J mice after injection of sodium
pentobarbital (30 mg/kg) prior to euthanasia and cultured
in Dulbecco’s Modified Eagle Medium (DMEM; Gibco,
USA) containing 10% fetal bovine serum (FBS; Gibco
BRL, USA), 1% penicillin/streptomycin, and 10% L929-
conditioned medium for 6 days. Cell purity was assayed to
range from 94 to 99% CD11b+. The experiments were
divided into six groups: control, control + si-TGR5,
control + INT-777, H/R, H/R + si-TGR5, and H/R +
INT-777. The cells of control + INT-777 and H/R + INT-
777 were pretreated with INT-777 (3 μm for 1 h, Invitro-
gen, Nanjing, China), and cells of control + si-TGR5 and
model + si-TGR5 were transfected with TGR5-siRNA by
using Lipofectamine® RNAiMax (Life technologies,
USA). Cells of three model groups were placed in a cham-
ber with AnaeroPack-Anaero system (MGC, Tokyo, Ja-
pan) working as an oxygen absorber and CO2 generator.
When the O2 concentration was < 5%, the chamber was
placed in cell culture incubator for 90 min and then
returned to normoxic (20% O2) conditions for 6 h to
establish the hypoxia/reoxygenation (H/R) model.

Serum Biochemical Examination

Blood samples (1 ml) were collected 6 h after
ischemia/reperfusion from orbit and centrifuged to obtain
serum. The degree of hepatic damage was assessed by the
serum levels of alanine aminotransferase (ALT) and aspar-
tate aminotransferase (AST) using an automated chemical
analyzer (Olympus Automated Chemistry Analyzer
AU5400, Tokyo, Japan).

Quantitative Real-Time PCR Analyses

Total RNA was extracted with TRIzol® reagent (Invi-
trogen; Thermo Fisher Scientific, Inc.) and then used as a
template for reverse transcription into cDNA using the re-
verse transcription kit (BioTek, Beijing, China). The mRNA
levels were amplified by quantitative PCR using SYBR
Green (Platinum SYBR Green qPCR Kit; Invitrogen). The
relative expression of each mRNA was normalized against
β-actin. The results were analyzed by the 2-ΔΔCt method for
relative quantization. All experiments were performed three
times (Table 1).

Western Blot Analysis

Tissues and cells were lysed using an RIPA lysis
buffer containing a protease inhibitor (Thermo Fisher Sci-
entific, China) according to the manufacturer’s instruc-
tions. The total protein concentration in supernatants was
detected and evaluated using a BCA protein assay kit (Bio-
Rad, Hercules, CA). Proteins were separated in 10% sodi-
um dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and then transferred to PVDF membrane.
These membranes were blocked with 5% skim milk in
TBST for 2 h and then incubated with primary antibodies
for TGR5 (Abcam Trading Shanghai Company, Shanghai,
China), Bax, Bcl-2, cleaved caspase-3, cleaved caspase-9,
Keap1, nuclear Nrf2, HO-1, tubulin, and histone H3 (Cell
Signaling Technology, Danvers, MA) at 4 °C overnight.

Table 1. The primer information for RT-PCR

Genes Forward Reverse

TGR5 CAGTCTTGGCCTATGAGCGT CTGCCCAATGAGATGAGCGA
Keap1 ATGTGATGAACGGGGCAGTC AAGAACTCCTCCTCCCCGAA
Nrf2 TCTGACTCCGGCATTTCACT TGTTGGCTGTGCTTTAGGTC
HO-1 CACGCATATACCCGCTACCT CCAGAGTGTTCATTCGAGCA
β-actin
IL-6
IL-10
TNF-ɑ

TGACGGGGTCCCACACTGTGCCCATCTA
TAGTCCTTCCTACCCCAATTTCC
GCTCTTACTGACTGGCATGAG
CCCTCACACTCAGATCATCTTCT

CTAGAAGCATTTGCGGTGGACGATGGAGGG
TTGGTCCTTAGCCACTCCTTC
CGCAGCTCTAGGAGCATGTG
GCTACGACGTGGGCTACAG
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Following 3 washes with PBS-T, the membranes were
incubated with peroxidase-conjugated secondary antibod-
ies (Cell Signaling Technology, Danvers, MA) for 2 h at
room temperature. Finally, bands were visualized by the
enhanced chemiluminescence system (Pierce, NJ).

Terminal Deoxynucleotidyl Transferase dUTP Nick
End Labeling Staining

Paraffin sections of liver tissue (6 μm in thickness)
were deparaffinized in toluene and then rehydrated in a
graded series of ethanol solutions. A TUNEL apoptosis
assay kit (in situ cell death detection kit, Roche-Boehringer
Mannheim, Germany) was employed to detect the apopto-
tic cells.

Measurement of Cytokines

The serum and cells culture medium were centri-
fuged, and then the supernatant was used for evaluation
of cytokines. The levels of interleukin-6 (IL-6),
interleukin-10 (IL-10) and tumor necrosis factor alpha
(TNF-α) were assessed using enzyme-linked immunosor-
bent assay (ELISA) kits (Abcam, England). Concentration
was calculated using a microplate reader (Bio-Rad, USA)
according to the standard curve.

Histopathological Examination

To assess the histopathology of the liver, hematoxylin
and eosin (H&E) staining were performed. Paraffin slices
of 5-μm tissue sections were stained with an HE. The liver
tissues were evaluated randomly with light microscopy.
Sections were scored from 0 to 4 for sinusoidal congestion,
vacuolization of hepatocyte cytoplasm, and parenchymal
cells as described by Suzuki et al. [14].

Immunohistochemical Staining

For IHC staining, formalin-fixed and paraffin-
embedded liver tissue were sectioned at 4 mm, deparaffi-
nized, and rehydrated through graded alcohols. Slides were
washed three times with PBS and inhibited by 3% hydro-
gen peroxide in methanol for 20 min followed by Avidin-
Biotin blocking using a Biotin-Blocking Kit (Dako, Ham-
burg, Germany). After that, tissues were incubated with
primary antibody (TGR5 and Nrf2) overnight at 4 °C.
Following a washing step, sections were incubated with
biotinylated secondary antibody. Slides were stained with
diaminobenzidine (DAB) (Beyotime Institute of Biotech-
nology) and counterstained with hematoxylin. The sections

were subjected to histopathological analysis by light
microscopy.

Immunofluorescence Assay

Murine bone marrow–derived macrophages
(BMDMs) (5 × 105 cells) of different groups in vitro were
seeded on sterile coverslips in a six-well plate after treat-
ment. They were washed with PBS three times; then, the
cells were fixed in 4% paraformaldehyde and permeabi-
lized in 0.3% (v/v) Triton X-100 for 5 min at room tem-
perature. The coverslips were incubated with primary anti-
bodies (Keap1, Nrf2) at 4 °C overnight. After washing with
PBS three times, the coverslips were incubated with a
secondary antibody for 2 h at room temperature. Each
coverslip was observed under a fluorescence microscope
(Olympus, Tokyo, Japan).

Statistical Analysis

GraphPad Prism 6.0 was used to assess the data. All
data analyzed are expressed as the means ± standard devi-
ation. Student’s two-tailed t-test was used for comparison
differences between the two groups. One-way analysis of
variance (ANOVA) was performed for multiple compar-
isons. All experiments were performed at least in triplicate.
P < 0.05 was considered to indicate a statistically signifi-
cant difference.

RESULTS

TGR5 Protects Hepatic Tissues against Liver IRI

First, we analyzed the levels of TGR5 in theWTmice
liver following a sham operation or 90 min of ischemia
with different reperfusion times (time point: 1, 2, 4, 6, 8,
10, and 12 h). Importantly, the expression of TGR5 mark-
edly increased in the early phase of reperfusion and
reached a peak after 6 h for reperfusion, following that
TGR5 mRNA and protein expression levels were gradual-
ly reduced (Fig. 1a–c).

To determine the effect of TGR5 on liver IRI, we first
examined serum ALT and AST levels in each group. As
shown in Fig. 1d–e, the ALT and AST levels markedly
increased in the IR6 group compared with those in the
sham group. Moreover, the levels of ALT and AST in
IR6 + si-TGR5 mice were significantly elevated compared
with those in the IR6 + INT-777 mice, which means that
TGR5 activation by its agonist INT-777 in vivo could
further decrease hepatic IR injury. Consistent with serum
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Fig. 1. TGR5 protects liver tissues against liver IRI. qRT-PCR (a, b) and western blot (c) analysis of the TGR5 expression after 90 min of ischemia at
different times of reperfusion (1, 2, 4, 6, 8, 10, 12 h, n = 3 mice of each time point), value versus sham group. The experimental group mice (IR6, IR6 + si-
TGR5, IR6 + INT-777) were subjected to 90 min of partial liver ischemia followed by 6 h of reperfusion. d, e Liver function evaluated by ALT (U/L) and
AST (U/L) of 6 groups of mice. Mean ± SD; ***P < 0.001; **P < 0.01; *P < 0.05. f, g Histopathologic analysis of livers harvested 6 h after reperfusion.
h The severity of liver IRI was evaluated by Suzuki’s histological grading. **P < 0.01. Mice in sham+ si-TGR5 group and IR6 + si-TGR5 group received the
injection of si-TGR5 (2 mg/kg/day, tail vein injection) for 2 days before the surgery. Mice in control + INT-777 group and model + INT-777 group were fed
with INT-777 (30 mg/kg/day) for 2 days prior to IR injury. Mean ± SD; ***P < 0.001; **P < 0.01.

Keap1-Nrf2 Signaling Pathway in Mice 863



results, similar results were followed by hepatic histopath-
ological analysis (Fig. 1f–g) and liver injury grading
according to Suzuki score (Fig. 1h). This data demonstrat-
ed that TGR5 significantly attenuates hepatic IRI.

TGR5 Alleviates Hepatocellular Apoptosis in Hepatic
IRI

To further investigate whether TGR5 reduced liver
apoptosis, we first used immunohistochemistry analysis to
detect TGR5 in IRI livers, which showed that the number
of TGR5 positive cells was obviously raised in IR6 groups
compared with sham groups. Moreover, the rate of TGR5
was higher in the IR6 + INT-777 group than other IR6
groups (Fig. 2a–b). Differences in expression of TGR5
among 6 groups in vivo indicated that TGR5 was markedly
activated in liver tissues after IR. Next, we analyzed hepa-
tocellular apoptosis in ischemic livers by TUNEL assay at
6 h after reperfusion. As shown in Fig. 2c–d, the number of
TUNEL positive cells in IR6 groups was dramatically
higher than sham groups, but the extent of apoptosis in
IR6 + INT-777 group was significantly lower compared
with those in IR6 + si-TGR5 groups, which demonstrates
that TGR5 obviously reduces liver apoptosis. In addition,
apoptosis-related protein levels of Bax, Bcl-2, cleaved
casepase-3, and cleaved caspase-9 were measured by west-
ern blot in liver tissues (Fig. 2e). The results showed that
the activity of Bax, cleaved caspase-3, and cleaved
caspase-9 were markedly increased in IR6 groups when
compared with the control groups. In contrast, the level of
Bcl-2 was significantly reduced after I/R injury. Mean-
while, treatment with INT-777 significantly reduced the
level of Bax, cleaved caspase-3, and cleaved caspase-9 in
IR6 + INT-777 group when compared with IR6 + si-TGR5
group. These results indicated that TGR5 could remarkably
attenuate liver apoptosis in liver IRI.

TGR5 Suppresses I/R-Induced Inflammatory Re-
sponse In Vivo

As previous research has shown, an IR-caused acute
inflammatory response can aggravate liver injury [17].
Inflammatory cytokines (IL-6 and TNF-α), which are en-
gaged in hepatocellular injury, show pro-inflammatory and
pro-apoptotic roles in ischemia liver tissues post-reperfu-
sion. However, as an anti-inflammatory and anti-apoptotic
cytokine, IL-10 displays a protective effect in IR-stressed
liver. As shown in Fig. 3a–c, compared with sham groups,
IR6 groups had significantly higher levels of IL-6 and
TNF-α, but lower levels of IL-10. Moreover, the levels
of pro-inflammatory cytokines (IL-6 and TNF-α) in IR6 +

si-TGR5 group was much higher than that in IR6 + INT-
777 group. However, the levels of anti-inflammatory cyto-
kines (IL-10) were reversed completely. Similar results
were found in serum levels of IL-6, TNF-α, and IL-10
detected by ELISA (Fig. 3d–f). This data demonstrated that
TGR5 not only can restrain pro-inflammatory cytokine
generation but also promote anti-inflammatory cytokine
generation in ischemia livers after reperfusion.

TGR5AlleviatedHepatic IRI Through the Keap1-Nrf2
Pathway In Vivo

In order to further investigate the molecular mecha-
nisms underlying the protective effects of TGR5 on liver
IRI, we evaluated the regulation of TGR5 on the Keap1-
Nrf2 signaling pathway. First, we tested an immunohisto-
chemical analysis of nuclear Nrf2 in ischemia liver tissues
after reperfusion. The frequency of nuclear Nrf2 positive
cells obviously increased in the IR6 groups compared with
the sham groups. Moreover, the frequency of nuclear Nrf2
positive cells in the IR6 + INT-777 group was higher than
those in the IR6 + si-TGR5 group (Fig. 4a–b). As shown in
Fig. 4c–e, qRT-PCR results showed that hepatic IR dis-
tinctly caused nuclear Nrf2 and HO-1 activation, which
increased along with the expression of TGR5. The expres-
sion of Keap1 was reduced by IRI, however, that could be
reversed completely by TGR5 activation (Fig. 4f). Similar
results could be found in protein levels of IR-stressed liver
tissues through western blot analysis (Fig. 4g–h). These
data demonstrated that inflammatory responses during IR-
stressed injury could be alleviated by TGR5 via a keap1-
Nrf2 signaling pathway.

TGR5 Suppressed Inflammatory Response and
Cellular Apoptosis in H/R Model of BMDM In Vitro

To verify the impact of TGR5 on inflammatory re-
sponse in vitro, BMDMs isolated from WT mice were
transfected with the small interfering RNA (siRNA) to
silence TGR5 expression. The results of qRT-PCR and
western blot analysis confirmed that siRNA had been
successfully transfected into BMDM (Fig. 5a–b). The
BMDMs from different groups were exposed to 90 min
of hypoxia (5% O2) followed by 6 h of re-oxygenation
(20% O2). INT-777 (TGR5-specific agonist) was pre-
treated 1 h before H/R. The mRNA and inflammatory
cytokines secretion of IL-6, TNF-α, and IL-10 were tested
by qRT-PCR (Fig. 5c–e) and ELISA (Fig. 5f–h), respec-
tively. Compared with control groups, the levels of IL-6
and TNF-α were much higher in H/R groups, with lower
levels of IL-10. However, INT-777 pretreatment in the H/R
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+ INT-777 group significantly reduced IL-6 and TNF-α
expression and enhanced IL-10 expression compared to the
H/R + si-TGR5 group. Next, we analyzed the apoptosis-
related protein levels of Bax, Bcl-2, cleaved casepase-3,
and cleaved caspase-9 by western blot in H/R model of

BMDM in vitro (Fig. 5i). The results showed that the
activity of Bax, cleaved caspase-3, and cleaved caspase-9
were markedly increased in H/R model groups compared
with control groups. In contrast, the level of Bcl-2 was
significantly reduced after H/R injury. Meanwhile,

Fig. 2. TGR5 alleviates hepatocellular apoptosis in hepatic IRI. a,b Immunohistochemistry analysis of TGR5 were evaluated in high-power fields (× 200) in
6 groups. Mean ± SD; ***P < 0.001. c,d Apoptotic cells were quantified in × 200 fields and expressed as percentages of apoptotic cells among total cells.
Mean ± SD; ***P < 0.001; **P < 0.01; *P < 0.05. eWestern blot analysis of cleaved casepase-3, cleaved casepase-9, Bcl-2, Bax, TGR5, and tubulin in livers
of 6 groups.

Keap1-Nrf2 Signaling Pathway in Mice 865



treatment with INT-777 significantly reduced the level of
Bax, cleaved caspase-3, and cleaved caspase-9 in the H/R
+ INT-777 group when compared with the H/R + si-TGR5
group. The results indicated TGR5 could remarkably at-
tenuate apoptosis in H/R model of BMDM in vitro. Taken
together, these data demonstrated TGR5 could effectually
reduce the inflammatory response in vitro.

TGR5 Alleviate Inflammatory Response Through
Keap1-Nrf2 Pathway In Vitro

In order to further investigate the molecular mecha-
nisms underlying the protective effects of TGR5, we eval-
uated the regulation of TGR5 on the Keap1-Nrf2 signaling
pathway. We first subjected BMDM to H/R, and then
Keap1, nuclear Nrf2, and HO-1 were tested by qRT-PCR
and western blot. As shown in Fig. 6a–e, the mRNA level
of Nrf2 and HO-1 and the protein level of nuclear Nrf2 and
HO-1 were increased in H/R groups when compared to
control groups. In contrast, Keap1 was decreased in H/R
group. Interestingly, TGR5 activation by INT-777 pretreat-
ment further increased nuclear Nrf2 and HO-1 expression,

but decreased Keap1 expression. However, these results
above could be reversed by knockdown of TGR5. More-
over, immunofluorescence analysis was performed to mea-
sure Keap1-Nrf2 pathway-associated factors, respectively.
As displayed in Fig. 6f, the expressions of Keap1 dramat-
ically was higher in the H/R + si-TGR5 group compared
with the H/R + INT-777 group, which were markedly
reduced by INT-777 pretreatment. In contrast, the expres-
sion of nuclear Nrf2 was decreased in the H/R + si-TGR5
group, but increased in the H/R + INT-777 group (Fig. 6g).
These observations suggested that TGR5 could alleviate
inflammatory response through Keap1-Nrf2 pathway
in vitro.

DISCUSSION

As the number of the largest protein family of trans-
membrane receptors, TGR5 could regulate several mole-
cules and activate internal signal pathways. This novel
receptor plays an important role in inflammatory response
and metabolism balance, for example, innate immunity

Fig. 3. TGR5 suppressed I/R-induced inflammatory response in vivo. a–cTNF-α, IL-6, and IL-10 gene expression in livers harvested 6 h after reperfusion by
qRT-PCR analysis. Mean ± SD; *P < 0.05; **P < 0.01. d–f TNF-a, IL-6, and IL-10 secretion by ELISA in serums harvested 6 h after reperfusion. Mean ±
SD; ***P < 0.001; **P < 0.01; *P < 0.05.
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[18], glucose metabolism and insulin regulation [15], and
liver cancer [16, 17]. Previous studies have shown that
activation of TGR5 could reduce LPS-caused expression

of cytokines and TGR5 could downregulate liver inflam-
matory response after LPS treatment [10]. Our previous
study also indicates that TGR5 attenuates liver IRI via the

Fig. 4. TGR5 alleviated hepatic IRI through the Keap1-Nrf2 pathway in vivo. a,b Immunohistochemistry analysis of Nrf-2 (× 200) in livers of 6 groups. c–f
The expression of Nrf-2, HO-1, TGR5, and Keap1in livers harvested 6 h after reperfusion by qRT-PCR analysis. Mean ± SD; ***P < 0.001; **P < 0.01;
*P < 0.05. gWestern blot analysis of Keap1, HO-1, TGR5, and tubulin in livers harvested 6 h after reperfusion. h The expression of Nrf-2 and histone H3 in
the nucleus by western blot analysis in livers of 6 groups.
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inhibition of a TLR4 signaling pathway [13]. Numerous
studies have showed that the Keap1-Nrf2 signaling path-
way serves an important role in ischemia-reperfusion inju-
ry [5, 19]. When stimulated by inflammatory response or
oxidative stress, Nrf2 could be released from Keap1 and
translocate into the nucleus to activate the ARE, which

regulates the transcription of genes, including HO-1 [20].
However, the regulation of Keap1-Nrf2 signaling by
TGR5 in hepatic IR remains unknown. In the current study,
we focused on the role of TGR5 in the regulation of
macrophage Keap1-Nrf2 signaling pathway as well as its
effect on hepatic IRI (Fig. 7).

Fig. 5. TGR5 suppressed inflammatory response and cellular apoptosis in H/R model of BMDM in vitro. The experimental groups were subjected to
hypoxia condition (O2 < 5%) for 90min and then returned to normoxic condition (O2 = 20%) for 6 h to establish the hypoxia/reoxygenation (H/R)model. a,b
The TGR5 expression of control groups, control, control + si-TGR5, and control + INT-777, and the experimental groups, H/R, H/R + si-TGR5, and H/R +
INT-777, by qRT-PCR and western blot analysis. The cells of control + INT-777 andH/R + INT-777 were precubated with INT-777 (3 μm) for 1 h, and cells
of control + si-TGR5 and H/R + si-TGR5 were transfected with TGR5-siRNA for 2 days before they were harvested. c–e TNF-α, IL-6, and IL-10 gene
expression in BMDMs harvested 6 h after reoxygenation by qRT-PCR analysis. f–h TNF-a, IL-6, and IL-10 secretion by ELISA in BMDMs harvested 6 h
after reoxygenation. g Western blot analysis of cleaved casepase-3, cleaved casepase-9, Bcl-2, Bax, TGR5, and tubulin in BMDMs harvested 6 h after
reoxygenation.
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Fig. 6. TGR5 alleviate inflammatory response through Keap1-Nrf2 pathway in vitro. a–c The expression of Nrf-2, HO-1, and Keap1in BMDMs harvested
6 h after reoxygenation by qRT-PCR analysis. dWestern blot analysis of Keap1, HO-1, TGR5, and tubulin in BMDMs harvested 6 h after reoxygenation. e
The expression ofNrf-2 and histoneH3 in the nucleus bywestern blot analysis in BMDMs of 6 groups. f–g Immunofluorescence analysis of Keap1 andNrf-2
(× 200) in BMDMs harvested 6 h after reoxygenation.
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We first detected the protective function of TGR5 on
hepatic tissues with warm IRI. The activation of TGR5was
raised by IR and reached the peak at 6 h after reperfusion.
TGR5 knockdown obviously worsened hepatic IR dam-
age, whereas TGR5 overexpression by its special agonist
INT-777 mitigated liver damage in WT mice. HE staining
of liver tissues and the level of serum ALT and AST
showed the protective role of TGR5. TGR5 was further
detected by immunohistochemistry, and the results proved
that the number of positive cells was higher in the IR6 +
INT-777 group compared with the sham groups and IR6 +
si-TGR5 group. As one of the modalities in cell death,
necrosis and apoptosis are extremely significant during
hepatic IRI. Compared with the IR6 + si-TGR5 group,
the number of the apoptotic cells measured by TUNEL
assay was less in the IR6 + INT-777 group. Moreover, we
detected apoptosis-related protein (Bax, Bcl-2, cleaved
casepase-3, and cleaved caspase-9) to further confirm the
protective function of TGR5 bywestern blot assay. Inflam-
matory response plays a significant role in IR-induced
hepatic injury, especially innate immune responses,

including many cytokines, like IL-6, IL-10, and TNF-
α [21]. In vivo we tested the RNA level and serum
level of IL-6, IL-10, and TNF-α using qRT-PCR and
ELISA assay. Our data revealed that upregulation of
TGR5 could reduce the expression of IL-6 and TNF-α,
but enhance the expression of IL-10. To further verify
the relation between TGR5 and the Keap1-Nrf2 signal-
ing pathway, we used immunohistochemistry to study
nuclear Nrf2 performance. Compared with the sham
groups and the IR6 + si-TGR5 group, nuclear Nrf2
level was higher in the IR6 + INT-777 group. Further-
more, Keap1, nuclear Nrf2, and Ho-1 expression were
detected in IR hepatic tissues by qRT-PCR and western
blot assay. The results proved that activation of TGR5
by INT-777 increased nuclear Nrf2 and Ho-1 expres-
sion, but decreased Keap1 expression. The knockdown
of TGR5 by si-TGR5 could completely reverse expres-
sion of Keap1, Nuclear Nrf2, and Ho-1. These data
demonstrated that TGR5 significantly inhibit IR-caused
hepatic damage by promoting the generation of Nrf2
and the translocation of Nrf2 to nucleus in IR livers.

Fig. 7. Demonstration figure of TGR5/TLR4/NFkB signaling pathway and TGR5/Keap1/Nrf2 signaling pathway.
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Secondly, we established a BMDM H/R model
in vitro to further detect the function of TGR5 in macro-
phage inflammatory response. We used qRT-PCR and
western blot to detect whether small interfering RNA of
TGR5 had been transfected successfully. The activation of
TGR5 in other groups was also tested by the same meth-
ods. To further analyze the role of TGR5 in the regulation
of macrophage inflammatory activation in vitro, we used
qRT-PCR and ELISA assay to detect the RNA level and
serum level of IL-6, IL-10, and TNF-α. Consistent with the
results in vivo, activation of TGR5 could reduce the ex-
pression of IL-6 and TNF-α, but enhance the expression of
IL-10. As the result in vivo showed that upregulation of
TGR5 could inhibit inflammatory response through the
Keap1-Nrf2 signaling pathway in IR liver. To further study
the role of TGR5 in macrophage inflammatory response,
we used qRT-PCR and western blot assay to test the RNA
level and protein level of Keap1, nuclear Nrf2, and Ho-1 in
BMDM H/R model. Our data revealed that compared
with the control groups and H/R + si-TGR5 group,
activation of TGR5 by INT-777 increased nuclear
Nrf2 and Ho-1 expression, but decreased Keap1 expres-
sion; however, downregulation of TGR5 by si-TGR5
could completely reverse it. Moreover, the immunoflu-
orescence analysis of Keap1 and nuclear Nrf2 further
proved that the Keap1-Nrf2 signaling pathway might
serve a role in the protective effects of TGR5 against
inflammatory response. Although, we have not found
out whether TGR5 directly target Keap1 or Nrf2 yet.
But interestingly, under normal conditions, Keap1 com-
bines with CUL3-RBX1-E2 complex to ubiquitinates
Nrf2 and promotes Nrf2 degradation. In the state of
oxidative stress, cells express Sestrin2 protein in large
quantities and cooperate with selective autophagy adap-
tor protein SQSTM1 and protein kinase ULK1 to pro-
mote the dissociation of Nrf2 and Keap1 and transfer
Nrf2 to the nucleus, thus playing an antioxidant role.
We hypothesized that TGR5 may regulate the Keap1-
Nrf2 signaling pathway by targeting Sestrin2
expression.

In conclusion, our findings have demonstrated that
activation of the Keap1-Nrf2 signaling pathway is impor-
tant for TGR5 protection against hepatic IR-stressed injury.
TGR5 could not only reduce hepatocellular apoptosis but
also inhibit inflammatory response through regulating
Keap1-Nrf2 signaling pathways. These findings might
provide a novel and potential therapeutic approach
to prevent inflammatory response and hepatic I/R
injury. Thus, targeting TGR5 molecules could benefit
liver surgery outcomes.
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