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Abstract

Background: Nucleotide-binding oligomerization domain-like receptor pyrin domain-containing protein 3 (NLRP3)
plays an important role in mediating inflammatory responses during ischemic stroke. Bile acid receptor Takeda-G-
protein-receptor-5 (TGR5) has been identified as an important component in regulating brain inflammatory
responses. In this study, we investigated the mechanism of TGR5 in alleviating neuroinflammation after middle
cerebral artery occlusion (MCAO).

Methods: Sprague-Dawley rats were subjected to MCAO and TGR5 agonist INT777 was administered intranasally 1
h after MCAO. Small interfering RNAs (siRNA) targeting TGR5 and Pellino3 were administered through
intracerebroventricular injection 48 h before MCAO. Infarct volumes and neurologic scores were evaluated, and
ELISA, flow cytometry, immunofluorescence staining, immunoblotting, and co-immunoprecipitation were used for
the evaluations.

Results: Endogenous TGR5 and Pellino3 levels increased after MCAO. TGR5 activation by INT777 significantly
decreased pro-inflammatory cytokine, cleaved caspase-8, and NLRP3 levels, thereby reducing brain infarctions; both
short- and long-term neurobehavioral assessments showed improvements. Ischemic damage induced the
interaction of TGR5 with Pellino3. Knockdown of either TGR5 or Pellino3 increased the accumulation of cleaved
caspase-8 and NLRP3, aggravated cerebral impairments, and abolished the anti-inflammatory effects of INT777 after
MCAO.

Conclusions: TGR5 activation attenuated brain injury by inhibiting neuroinflammation after MCAO, which could be
mediated by Pellino3 inhibition of caspase-8/NLRP3.
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Background
Stroke is a leading cause of death and disability world-
wide, affecting millions of lives every year [1]. Accumu-
lating evidence suggests that innate immunity and
inflammatory responses are involved in ischemic brain
injury [2, 3]. Recent findings demonstrate that the
nucleotide-binding oligomerization domain-like receptor
pyrin domain-containing protein 3 (NLRP3) inflamma-
some, which is abundantly expressed in the brain, plays
an important role in detecting cellular damage and me-
diating inflammatory responses to aseptic tissue injury
during ischemic stroke [4–6]. Research has also shown
that pharmacologic targeting of the NLRP3-mediated in-
flammatory response could help in the development of
therapeutic strategies to prevent the deterioration of
cerebral function [4].
Trans-membrane G protein-coupled receptor-5 (TGR5) is

a plasma membrane-bound G protein-coupled bile acid re-
ceptor; this protein has varied expression levels in different
tissues [7, 8]. Previous studies have shown that activation of
TGR5 suppresses proinflammatory cytokine production and
phagocytosis by monocytes/macrophages [7, 9]. Recent re-
search has demonstrated that TGR5 activation blocks
NLRP3 inflammasome-dependent inflammation, including
lipopolysaccharide (LPS)-induced systemic inflammation,
alum-induced peritoneal inflammation, and type-2 diabetes-
related inflammation [10]. In central nervous system (CNS)
research, studies have shown that TGR5 activation alleviates
neuroinflammation and improves outcomes in models of
experimental autoimmune encephalomyelitis and hepatic
encephalopathy [11, 12]. Our previous research showed that
TGR5 activation alleviates brain injury following middle
cerebral artery occlusion (MCAO) [13]. However, the effects
of TGR5 on neuroinflammation after ischemic stroke have
not been investigated.
Pellino3 is an E3 ubiquitin ligase protein with anti-

inflammatory properties [14, 15]. Pellino3 reduces
caspase-8 cleavage and inhibits tumor necrosis factor-α
(TNFα)-induced cell death [16]. Several papers have re-
ported that caspase-8 activates NLRP3 in human mono-
cytes, intraocular pressure-induced retinal ischemia, and
after chemotherapeutic treatment [17–19]. Recent re-
search indicates that caspase-8 inhibition decreases the
neuropathological consequences of cerebral or retinal in-
farction and that TGR5 inhibits caspase-8 activation
after liver ischemia/reperfusion injury [20, 21].
In the present study, we hypothesized that (1) TGR5 ac-

tivation attenuates neuroinflammation after MCAO and
(2) the anti-inflammatory mechanism of TGR5 activation
is mediated by Pellino3 inhibition of caspase-8/NLRP3.

Materials and methods
All protocols were approved by the Institutional Animal
Care and Use Committees of Loma Linda University and

Zhejiang University. All animal care and use were con-
ducted in accordance with the Guide for the Care and
Use of Laboratory Animals of the National Research
Council. All experiments are reported in compliance
with the ARRIVE (Animal Research: Reporting in Vivo
Experiments) guidelines (http://www.nc3rs.org.uk/
arrive). A total of 397 Sprague-Dawley male rats (2–3
months, weight 250–300 g) were used (Supplemental
Table 1), and the investigators were blinded to group as-
signments during outcome assessments.

MCAO model
Transient MCAO was induced as described previously
[22], with some modifications. Briefly, anesthesia was in-
duced by intraperitoneal administration with ketamine
(80 mg/kg) and xylazine (10 mg/kg). Atropine (0.1 mg/
kg, subcutaneous) was then administered. The right
common carotid artery (CCA), internal carotid artery
(ICA), and external carotid artery (ECA) were exposed
surgically. The ECA was ligated, and a 4-0 nylon suture
with silicon was inserted into the ICA through the ECA
stump to occlude the MCA. The suture was removed
after 2 h of occlusion. Sham-operated rats underwent
the same surgical procedures except that the MCA was
not occluded. After closing the skin incision, rats were
maintained at approximately 37 °C on an electric heating
blanket until the animals completely recovered from
anesthetic.

Experimental design
The experimental design is shown in Supplemental fig-
ure 1.

Experiment 1
For immunoblot determination of the time course of en-
dogenous TGR5 and Pellino3 levels after MCAO, 30 rats
were divided into 5 groups of 6 rats each, including:
Sham, and at each of 4 different time points (6, 12, 24,
and 72 h) after completion of MCAO. The additional 20
rats were divided into 2 groups of 10 animals each, in-
cluding the Sham and MCAO (24 h) groups. Tissues
from 8 (4 from each group) of the 20 rats were used for
immunofluorescence staining to assess the localization
of TGR5 in the brain; tissues from the other 12 rats (6
from each group) were used for flow cytometry to evalu-
ate the expression of TGR5 in activated microglia or in-
filtration by macrophages.

Experiment 2
A total of 108 rats was divided into 5 groups: Sham (n =
28), MCAO + vehicle (n = 34), MCAO + INT777 (0.16
mg/kg, n = 6), MCAO + INT777 (0.48 mg/kg, n = 34),
MCAO + INT777 (1.44 mg/kg, n = 6). Based on neuro-
logic tests and brain edema at 24 h after MCAO, the
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intermediate dosage of INT777 was chosen for ELISA,
Western blot analysis at 24 h, neurobehavioral analysis
at 72 h, and long-term neurobehavioral assessment.

Experiment 3
A total of 18 rats was divided into 3 groups to explore
the association between TGR5 and Pellino3 by co-
immunoprecipitation (co-IP): Sham (n = 6), MCAO +
vehicle (n = 6), and MCAO + INT777 (0.48 mg/kg, n =
6). The immunofluorescence samples used for TGR5
and Pellino3 co-labeling were shared with experiment 1,
while the rats used to explore the effect of INT777 on
TGR5 and Pellino3 levels (in total protein) were shared
with experiment 3.

Experiment 4
A total of 168 rats was randomly assigned to 10 groups
for a mechanism study: Sham (n = 36), MCAO + vehicle
(n = 36), MCAO + scrambled small interfering RNA
(siRNA) (n = 12), MCAO + TGR5-siRNA (n = 12),
MCAO + Pellino3-siRNA (n = 12), MCAO + Z-IETD-
FMK (n = 12), MCAO + INT777 (0.48 mg/kg, n = 12),
MCAO + INT777 (0.48 mg/kg) + scrambled-siRNA (n =
12), MCAO + INT777 (0.48 mg/kg) + TGR5-siRNA (n
= 12), MCAO + INT777 (0.48 mg/kg) + Pellino3 siRNA
(n = 12). Neurobehavioral scoring, brain infarction as-
sessments, and Western blot analyses were performed at
24 h (or on samples collected at 24 h) after MCAO.

Drug administration
To ensure efficient delivery to the CNS, INT777 was ad-
ministered intranasally 1 h after MCAO, as previously
described [13, 23], with some modifications. Specifically,
rats received either saline (vehicle), INT777 (0.16 mg/
kg), INT777 (0.48 mg/kg), or INT777 (1.44 mg/kg), ad-
ministered as nose drops (5 μL/drop) over a period of 20
min, alternating drops every 2 min between the left and
right nares. The total volume delivered was 50 μL per
rat.
Z-IETD-FMK, a caspase-8 inhibitor, was dissolved in

sterile DMSO and was delivered at a dose of 1 mg/kg via
intravenous (tail vein) injection immediately after
MCAO [20].

Intracerebroventricular siRNA Injection
Three different formats of TGR5 siRNA or Pellino3
siRNA (OriGene Technologies) were diluted with trans-
fection reagent (Entranser™; Engreen Biosystem, Ltd.)
and administered, 48 h before MCAO, by intracerebro-
ventricular (ICV) injection as previously described [24,
25]. The TGR5 siRNA, Pellino3 siRNA, scrambled-
siRNA mixture (100 pmol in 5 μL) was delivered into
the ipsilateral ventricle using a Hamilton microsyringe
under the guidance of a stereotaxy instrument. The

stereotactic ICV injection site was defined relative to the
bregma: posterior 1 mm, right lateral 1.5 mm, depth 3.5
mm. The injection was administered over 5 min, and the
needle was left in place for an additional 5 min after in-
jection to prevent possible leakage and then was with-
drawn slowly (over 4 min). After the needle was
removed, the burr hole was sealed with bone wax. The
incision was closed with sutures, and the rat was allowed
to recover.

Neurologic scores
Neurologic examinations were performed by a blinded
investigator at 24 h or 72 h after MCAO, as previously
described [26]. The assessments consisted of 7 tests cov-
ering spontaneous activity, symmetry in limb movement,
symmetry of forelimb outstretching, climbing, body pro-
prioception, response to vibrissae touch, and beam walk-
ing. The neurologic scoring system ranged from 3 (most
severe deficits) to 21 (normal).

2,3,5-Triphenyltetrazolium chloride staining
Infarction volume was determined by staining with tri-
phenyltetrazolium chloride (TTC) (Sigma) after MCAO,
as previously described [27]. The possible interference of
brain edema on infarct volume was corrected by stand-
ard methods (whole contralateral hemisphere volume–
nonischemic ipsilateral hemisphere volume), and the in-
farct volume was expressed as a ratio to the whole brain
volume [28].

Immunofluorescent staining
Double- and triple-immunofluorescence staining of the
rat brains was performed on fixed frozen ultrathin sec-
tions, as previously described [13, 29]. Sequential cor-
onal slices (10-μm thick) were obtained with a cryostat
(CM3050S; Leica Microsystems, Wetzlar, Germany) and
permeabilized with 0.3% Triton X-100 in phosphate buf-
fer solution (PBS) for 30 min. Sections were blocked
with 5% donkey serum for 1 h and incubated overnight
at 4 °C with primary antibodies, including: rabbit poly-
clonal anti-TGR5 (1:100; ab72608; Abcam, Cambridge,
MA,USA), mouse monoclonal anti-Pellino3 (1:100; sc-
376466; Santa Cruz Biotechnology, Santa Cruz, CA),
mouse polyclonal anti-NeuN (1:200; ab104224; Abcam,
Cambridge, MA,USA), goat polyclonal anti-glial fibrillary
acidic protein (GFAP) (1:200; ab53554; Abcam, Cam-
bridge, MA,USA), and goat polyclonal anti-ionized cal-
cium binding adaptor molecule 1 (Iba-1) (1:200;
ab107159; Abcam, Cambridge, MA,USA). Sections then
were incubated with the appropriate fluorescence dye-
conjugated secondary antibodies (Jackson Immunore-
search, West Grove, PA) in a dark room for 2 h at room
temperature. The slices were visualized with a fluores-
cence microscope (DMi8; Leica Microsystems, Germany)
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or a confocal Zeiss LSM 710 microscope, and fluores-
cence intensity was quantified using ImageJ software
(Image J 1.4, NIH, USA). Three sections were chosen
from each brain, with each section containing three
microscopic fields from the ischemic boundary zone.

Assessment of long-term neurobehavior
From day 21 to day 27 after MCAO, animals were tested
using a Morris water maze, as previously described [30].
Additionally, an accelerating rotarod test was used to
provide an index of fore- and hindlimb motor coordin-
ation and balance [31].

Evaluation of TNF-α, IL-1β, and IL-18 levels
Twenty-four hours after MCAO, rats were sacrificed,
and brain tissue homogenates were obtained from the
infarct cerebral hemisphere. The levels of TNF-α,inter-
leukin-1β (IL-1β) and interleukin-18 (IL-18) were
measured in brain tissue homogenates using cytokine-
specific ELISA kits according to the manufacturers’
instructions; results were quantified using a microplate
reader at 450 nm [32].

Cell isolation and flow cytometry
Twenty-four hours after stroke, the rat brain was iso-
lated and subjected to mechanical and enzymatic dis-
sociation using a tissue dissociation kit (Miltenyi Biotec),
as previously described [33, 34]. Suspensions of single
cells were mixed with a Percoll suspension and centri-
fuged at 950 g for 30 min at room temperature. Cells
were resuspended in PBS containing 2% BSA and were
incubated with the respective antibodies at 4 °C:anti-
CD45 (#202207; Biolegend, San Diego, CA,USA), anti-
CD11b (#201805; Biolegend, San Diego, CA,USA), and
anti-TGR5 (ab72608; Abcam Cambridge, MA,USA). BD
CellQuest Pro software (5.1) (CA, USA) was used to de-
termine immune subpopulations. Cells were then gated
for CD45-high and CD45-intermediate populations. An
Alexa Fluor®488-labeled donkey anti-rabbit IgG second-
ary antibody was used for the final detection. Data were
analyzed using Flow Jo 7.6.1 software (Tree Star, US).

Western blot analysis
Brain samples were collected 24 h after MCAO. Western
blotting was performed as described previously [35]. The
proteins of right hemispheres were extracted by cyto-
plasmic extraction reagents (Pierce Biotechnology, Rock-
ford, IL, USA). Equal amounts of protein (50 μg) were
loaded and subjected to electrophoresis on an SDS-
PAGE gel. After being transferred to a nitrocellulose
membrane, the membranes were cut into different strips
which covered an area with target protein according to
molecular weight marker location and were blocked with
5% nonfat milk (Bio-Rad Laboratories, Irvine, CA, USA).

The membrane was incubated with the primary antibody
overnight at 4 °C. Primary antibodies included the fol-
lowing: anti-TGR5 (1:1000; ab72608; Abcam, Cam-
bridge, MA,USA), anti-Pellino3 (1:1000; Santa Cruz
Biotechnology, Santa Cruz, CA), anti-caspase-8 (1:1000;
ab25901; Abcam, Cambridge, MA,USA), anti-NLRP3 (1:
500; NBP2-12446; NOVUS, CO, USA), anti-caspase-1 (1:
1000; NBP1-45433; NOVUS, CO, USA), and IL-1β (1:
1000; ab2105; Abcam, Cambridge, MA, USA). β-actin (1:
1000, sc-58673, Santa Cruz, TX, USA) was used as an
internal loading control. The secondary antibodies were
all from Santa Cruz Biotechnology. Blot bands were
quantified by densitometry using ImageJ software (Ima-
geJ 1.4, NIH, USA).

Co-immunoprecipitation
Co-immunoprecipitation (Co-IP) was performed as pre-
viously described [36]. An aliquot of 500 μg total protein
was first pre-treated with polyclonal anti-TGR5 antibody
(1:50) or anti-Pellino3 (1:50) with agitation on a rotator.
Protein A/G agarose (20 μL; Sigma) was added to each
sample, and the mixture was incubated overnight at 4
°C. The mixture was then precipitated by high-speed
freezing centrifugation at 12,000 rpm for 10 s. To re-
move non-specifically bound proteins, the pellet was
washed three times with NP-40 buffer. Agarose-bound
immunocomplexes then were released by resuspension
in a loading buffer containing denaturing solution. The
resulting suspensions were electrophoresed and used for
Western blot analysis as described above, probing with
antibodies against TGR5 and Pellino3 proteins. For com-
parison, samples of total protein also were run on the
same gels.

Statistical analysis
Statistical analyses of the data were performed using Sig-
maPlot 11.0 and Prism 6 (GraphPad, San Diego, CA).
Data are presented as mean standard deviation (SD),
where appropriate. Data from different groups were
compared using two-tailed One-way ANOVA followed
by post hoc Tukey’s tests. Non-parametric data (neuro-
logical scores, beam walking) were analyzed using a two-
tailed Kruskal–Wallis test followed by post hoc Dunn’s
tests. No further adjustment for the overall number of
tests was made when performing multiple comparisons.
For all statistical analyses, a value of P < 0.05 was con-
sidered statistically significant.

Results
Mortality and exclusions
A total of 397 rats was used, of which 311 underwent
MCAO induction. The mortality of MCAO rats was
13.8% (43 of 311) in our hands; no rats died in the other
groups (Supplemental Table 1). Ten animals were
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excluded; the excluded rats included animals that did
not show signs of neurobehavioral deficits when waking
up from MCAO (body twisting when lifted by the tail
and walking in circles) or animals in which subarachnoid
hemorrhage was observed at necropsy.

The level of endogenous TGR5 receptor increases after
MCAO
As shown in Fig. 1a, TGR5 protein levels were signifi-
cantly increased at 12 h after MCAO, peaking at 24 h
before declining by 72 h after MCAO (P < 0.05 vs.
Sham). The level of Pellino3 protein was elevated at
12 h after MCAO, again peaking at 24 h before de-
creasing significantly at 72 h after MCAO (Fig. 1a; P
< 0.05 vs. Sham).
Double immunofluorescence staining showed that

TGR5 accumulated at higher levels in microglia and
neurons in the penumbral area 24 h after MCAO (Fig
1b, c). No significant differences were seen in astrocytic
TGR5 expression between he Sham and MCAO groups
(Fig. 2a, b). After stroke was induced, TGR5 levels were
increased in CD11b+CD45intermediate microglia and
CD11b+CD45high macrophages compared with TGR5
levels in the respective cells before stroke (Fig. 2c, d).
Simultaneously, Pellino3 expression was also observed in

microglia or neurons in the penumbral area following
MCAO (Supplemental Figure 2).

TGR5 receptor agonist treatment reduces brain infarction
and improves neurological function at 24 and 72 h after
MCAO
Compared with animals of the MCAO + vehicle group, rats
treated with intermediate- (0.48 mg/kg) or high- (1.44 mg/
kg) dose INT777 exhibited significantly reduced infarct vol-
ume and improved neurological scores (respectively) at 24
h after MCAO (Fig. 3a, c, d; P < 0.05). The intermediate
dosage of INT777 also decreased cerebral infarction and
improved neurological function at 72 h after injury (Fig. 3b,
e, f); P < 0.05 vs. MCAO + vehicle). Therefore, we chose to
use intermediate dose levels for the long-term and mechan-
istic studies. Notably, MCAO rats treated with the inter-
mediate INT777 dose did not differ from MCAO + vehicle
animals regarding respiratory parameters, blood pressure,
or body temperature (Supplemental Table 2).

TGR5 activation improves long-term neurobehavioral
outcomes after MCAO
We performed Morris water maze and rotarod tests on
days 21–27 after MCAO. The three groups exhibited a
similar latency to escape to the visible platform and had

Fig. 1 TGR5 and Pellino3 levels after middle cerebral artery occlusion (MCAO). a Representative Western blot images and quantitative analyses of
time courses of TGR5 and Pellino3 proteins from right hemisphere after MCAO. n = 6 per group, *P < 0.05 vs. Sham group. b Double
immunofluorescence staining for TGR5 (red) in microglia (Iba-1, green), neuron (green) in the penumbra following MCAO. n = 4 per group. c The
relative fluorescent intensity of TGR5 in microglia and neurons, n = 4 for each group, *P < 0.05 vs. Sham. Bars represent mean ± SD. Scale bar, 50
μm. Iba-1, ionized calcium binding adaptor molecule 1

Liang et al. Journal of Neuroinflammation           (2021) 18:40 Page 5 of 13



similar swimming distances during the first day of visible
platform tests (Fig. 4a, c; P > 0.05). For the hidden plat-
form trials and probe trial, the results showed that the
animals in the vehicle group required more time to
reach the platform (Fig. 4b; P < 0.05), traveled a signifi-
cantly longer distance (Fig. 4c; P < 0.05), and spent less
time in the target probe quadrant (Fig. 4d; P < 0.05)
compared to the Sham group. Dosing with INT777 de-
creased the latency to finding the platform, reduced the
travel distance, and led to animals spending significantly
more time in the target quadrant (Fig. 4b–d; P < 0.05 vs.
MCAO + vehicle).
In the rotarod test, INT777 treatment significantly im-

proved motor coordination on the 5-RPM and 10-RPM
tests (Fig. 4e; P < 0.05 vs. MCAO + vehicle).

INT777 suppresses neuroinflammation induced by MCAO
At 24 h after MCAO, cleaved caspase-8 and NLRP3
levels were significantly increased (P < 0.05 vs. Sham);
INT777 treatment led to a depletion of these proteins
compared with the levels in untreated MCAO rats
(Fig. 5a–c; P < 0.05 vs. MCAO + vehicle). The levels
of TNF-α, IL-1β, and IL-18 were increased in the
MCAO group compared with the Sham group (P <
0.05). In the INT777 treatment group, the levels of
these cytokines in brain tissue were reduced signifi-
cantly (P < 0.05 vs. MCAO + vehicle, Fig. 5d).

MCAO induces TGR5 with Pellino3 interactions
In the Sham group, double immunofluorescence staining
showed that TGR5 and Pellino3 co-localized in the
brain. After MCAO, co-labeling of TGR5 with Pellino3
increased in the penumbral area (Fig. 6a). Triple-
fluorescence staining showed that TGR5 and Pellino3
co-localized in microglia (Supplemental Fig. 3a).
Western blot analysis showed that the levels of both

TGR5 and Pellino3 increased after MCAO (Fig. 6b; P <
0.05 vs. Sham). Co-IP showed that the TGR5-Pellino3
interaction was found in the ischemic hemisphere (Fig.
6b).

Dosing with Pellino3 siRNA increases the accumulation of
cleaved caspase-8 and NLRP3 after MCAO
Firstly, we explored the relationship between caspase-8
and NLRP3 expression. Administration of the caspase-8
inhibitor Z-IETD-FMK resulted in a depletion of
NLRP3. Pellino3 siRNA significantly decreased Pellino3
protein levels at 24 h after MCAO. Western blotting
showed that Pellino3 knockdown significantly increased
expression of both cleaved caspase-8 and NLRP3 (Sup-
plemental Fig. 3b, c; P < 0.05 vs. MCAO + vehicle). Pel-
lino3 siRNA significantly increased infarct volumes and
aggravated the neurologic scores, while treatment with
Z-IETD-FMK counteracted neurologic damage (Supple-
mental Fig. 3d; P < 0.05 vs. MCAO + vehicle).

Fig. 2 Expression of TGR5 after middle cerebral artery occlusion (MCAO). a, b Double immunofluorescence staining and relative fluorescent
intensity of TGR5 (red) in GFAP (green) in the penumbra following MCAO. n = 4 per group, *P < 0.05 vs. Sham. Scale bar, 50 μm. c, d Flow
cytometry showing that TGR5 accumulates to higher levels in CD11b+CD45intermediate microglia and CD11b+CD45high macrophages at 24 h after
MCAO. n = 6 for each group, *P < 0.05 vs. Sham. GFAP, glial fibrillary acidic protein
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TGR5 or Pellino3 knockdown prevents the anti-
inflammatory activity of INT777 after MCAO
Compared with the vehicle group, the TGR5 knock-
down group showed decreases in TGR5 and Pellino3
levels along with increases in cleaved caspase-8 and
NLRP3 levels (Fig. 6a, b; P < 0.05). TGR5 siRNA sig-
nificantly increased brain infarct volumes and neuro-
logic impairments (Fig. 7c; P < 0.05 vs. scrambled-
siRNA group).
TGR5 siRNA reversed the effect of INT777 on the ac-

cumulation of Pellino3, cleaved caspase-8, and NLRP3
(Fig. 8a, b; P < 0.05 vs. MCAO + INT777 + scrambled-
siRNA). Western blotting showed that dosing with Pel-
lino3 siRNA also significantly reversed the effect of
INT777 on the levels of cleaved caspase-8 and NLRP3,
as well as effects on cleaved caspase-1 and IL-1β levels
compared with the effect of scrambled-siRNA at 24 h
after MCAO (Fig. 8a, b; P < 0.05).
Administration of TGR5 siRNA or Pellino3 siRNA sig-

nificantly attenuated the neurological improvements as-
sociated with treatment with INT777 at 24 h after
MCAO (Fig. 8c; P < 0.05 vs. MCAO + INT777 + scram-
bled siRNA).

Discussion
In this study, we investigated the role of TGR5 in coun-
teracting inflammation following MCAO. This study
demonstrated that TGR5 and Pellino3 accumulate to

higher levels in the injured hemisphere after MCAO.
Treatment with INT777 improved both short- and long-
term neurofunction after MCAO, effects that were ac-
companied by increases in Pellino3 levels, decreases in
pro-inflammatory cytokines levels, and depletion of
cleaved caspase-8 and NLRP3 levels. In contrast, knock-
down of endogenous TGR5 or Pellino3 by siRNA in-
creased cleaved caspase-8 and NLRP3 levels, and
exacerbated brain injury. Furthermore, knockdown of
TGR5 or Pellino3 abolished the anti-neuroinflammatory
effects of INT777. Taken together, these results suggest
that TGR5 could be involved in inhibiting neuroinflam-
mation in the brain, an effect that appears to be medi-
ated via Pellino3 the inhibition of caspase-8/NLRP3
accumulation after MCAO in rats.
Previous studies have suggested a protective role for

TGR5 agonists in inflammation. Research shows that
TGR5 might suppress gastric, liver, and renal inflamma-
tion [37–39]. Furthermore, Yang et al. found that TGR5
inhibited expression of inflammatory cytokines in liver
ischemia [21]. Upregulation of TGR5 was observed in
the cortex of mice with hepatic encephalopathy; central
infusion of a TGR5 agonist delayed neurological decline
[12]. It has been reported that TGR5 is constitutively
expressed in microglia, both in vivo and in vitro [40].
Binding of the bile acid tauroursodeoxycholic acid
(TUDCA) to TGR5 causes an increase in intracellular
cyclic adenosine monophosphate (cAMP) levels in

Fig. 3 The protective role of TGR5 in following middle cerebral artery occlusion (MCAO). a, b INT777 ameliorates brain injuries at both 24 and 72
h after MCAO. Representative TTC staining images of coronal sections. c–f Quantified infarct ratio, neurological scores. n = 6 for each group. *P <
0.05 vs. Sham, #P < 0.05 vs. MCAO + vehicle. Bars represent mean ± SD
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Fig. 4 INT777 improves long-term neurobehavior after middle cerebral artery occlusion (MCAO). a, b Escape latency during the visible platform
test and hidden platform tests. c Swim distance of water maze test. d Probe quadrant duration of water maze test. e Rotarod test at 5 RPM and
10 RPM. n = 6 for each group. *P < 0.05 vs. Sham, #P < 0.05 vs. MCAO + vehicle. Bars represent mean ± SD

Fig. 5 INT777 suppresses neuroinflammation induced by middle cerebral artery occlusion (MCAO). a–c Representative western blot images and
quantitative analysis of cleaved caspase-8 and NLRP3 bands. d Effects of INT777 on levels of TNF-α, IL-1β, and IL-18 in brain tissue. n = 6 per
group. *P < 0.05 vs. Sham, #P < 0.05 vs. MCAO + vehicle
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microglia, leading to the production of anti-
inflammatory markers while decreasing the levels of pro-
inflammatory cytokines [40]. INT777 (6α-ethyl-23(S)-
methyl-cholic acid; 6-EMCA) is a specific TGR5 agonist
without farnesoid X receptor activity; research has
shown that intracerebroventricular injection of INT777
significantly improves amyloid-beta (Aβ) 1–42-induced
cognitive impairment [41]. There is growing evidence
that intranasal administration is a viable route for deliv-
ery to the brain to treat neuroinflammation [23]. Indeed,
the results of mass spectrometric analysis have shown
that this route of administration is sufficient to provide
an effective brain concentration of INT777 [42]. Several
studies have found that intranasal administration of
INT777 reduces neuroinflammation and improves cog-
nitive impairment in experimental rat models of sepsis
and of neurological deficit after subarachnoid
hemorrhage [42, 43]. In the present study, we observed
that intranasal administration of INT777 significantly
decreases the accumulation of NLRP3 and improves
neurobehavioral functions after MCAO. In addition,
TGR5 siRNA aggravated brain impairments in MCAO
animals, counteracting the neuroprotective effects of
INT777.

Although the exact mechanisms of TGR5-mediated
neuroprotection are not well understood, Pellino3 might
play a critical role in the TGR5-mediated signaling path-
way. Pellino3 belongs to the mammalian Pellino family
of E3 ubiquitin ligases that play important roles in innate
immunity [44, 45]. Pellino3-deficient mice show height-
ened diet-induced inflammation and increased IL-1β
levels, resulting in exacerbation of insulin resistance
[15]. Smith et al. found that Pellino3 decreased TLR2-
mediated NF-κB activity and the expression of genes
encoding proinflammatory proteins in epithelial cells fol-
lowing exposure to Helicobacter pylori LPS [46]. In the
present study, we observed that endogenous Pellino3
levels were increased 24 h after MCAO, and that
INT777 further enhanced the accumulation of Pellino3
protein. Double immunofluorescence staining demon-
strated that co-localization of TGR5 with Pellino3 in-
creased after MCAO. Co-IP also showed an interaction
between TGR5 and Pellino3 after MCAO. Furthermore,
we observed that silencing of TGR5 counteracted the in-
crease in Pellino3 levels induced by INT777. Taken to-
gether, these findings imply that TGR5 acts upstream
within a signaling axis to increase the accumulation of
Pellino3 protein, thereby alleviating neuroinflammation.

Fig. 6 TGR5 interacts with Pellino3 after middle cerebral artery occlusion (MCAO). a Double immunofluorescence staining showed that co-
localization of TGR5 (red) and Pellino3 (green) is increased in the penumbra 24 h after MCAO. n = 4 per group. b Representative co-IP bands
showed that interactions of TGR5 with Pellino3 occurred at 24 h after MCAO. Protein bands of TGR5 and Pellino3 in total protein solution were
detected by Western blot and quantitative analysis are reported in right panel. n = 6 for each group. *P < 0.05 vs. Sham, #P < 0.05 vs. MCAO +
vehicle. Bars represent mean ± SD
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Yang et al. found that loss of Pellino3 in mice led to high
caspase-8 levels, along with hepatoxicity and lethality, in
response to in vivo administration of TNF [16]. In the
present work, we found that the level of cleaved caspase-
8 was increased after MCAO, consistent with previous
observations [47, 48]. Treatment with Pellino3 siRNA
resulted in a significant increase in cleaved caspase-8
levels and abolished the effects of INT777 on cleaved
caspase-8 accumulation.
Several lines of evidence have confirmed that

caspase-8 functions as a regulatory molecule for pro-
inflammatory activation of microglia [47, 49]. How-
ever, the role of caspase-8 as a regulator of the
NLRP3 inflammasome remains controversial. Several
studies have suggested that caspase-8 acts upstream
of NLRP3 activation. For example, in the absence of
an inhibitor of apoptosis, caspase-8 is essential for
TLR-mediated, NLRP3-induced caspase-1 processing
[50]. Chi et al. found that caspase-8 promoted NLRP3
inflammasome activation and IL-1β production in
acute glaucoma [18]. In contrast, studies of dendritic
cells harboring a conditional knockout of the caspase-
8-encoding locus (caspase-8-cKO DCs) implicated
caspase-8 as an inhibitor of RIPK3-mediated NLRP3
activation [51]. In the present work, we found that

inhibition of caspase-8 activation resulted in signifi-
cant depletion of NLRP3, an observation that agrees
with other work indicating a role for caspase-8 in in-
traocular pressure-induced retinal ischemia [18]. Fur-
thermore, our data demonstrated that dosing with
TGR5 siRNA or Pellino3 siRNA significantly reversed
the effect of INT777 on the levels of cleaved caspase-
8 and NLRP3 and abolished the neuroprotective activ-
ity of INT777. Our findings support the Pellino3/cas-
pase-8/NLRP3 signaling pathway as part of the
underlying neuroprotective mechanism of TGR5 acti-
vation following MCAO.
This study has several limitations. Firstly, TGR5 has

been shown to interact with other membrane recep-
tors [52]; therefore, there could be additional mecha-
nisms or interactions that play a role in TGR5
neuroprotection. Secondly, there could be cross-talk
between the downstream signaling molecules that
might also play a role in the observed protection; as-
sessments at earlier time points, which could clarify
downstream and upstream interactions among the
relevant pathways, should be employed in future stud-
ies. Thirdly, the protective effects of INT777 could be
direct (i.e., via TGR5 signaling) but also could include
indirect effects mediated by the reduction of the

Fig. 7 The effect of TGR5 knockdown on the levels of Pellino3, cleaved caspase-8, and NLRP3, and on brain damage after middle cerebral artery
occlusion (MCAO). The band of Western blot analysis (a) and the relative density (b) of TGR5, Pellino3, cleaved caspase-8, and NLRP3. c Dosing
with TGR5 siRNA increases infarct volume and worsens neurobehavioral deficits. n = 6 per group. *P < 0.05 vs. Sham, #P < 0.05 vs. MCAO + Scr-
siRNA. Bars represent mean ± SD. Scr-siRNA scrambled-siRNA
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infarction. It is very likely that reducing infarction
will reduce pro-inflammatory effects. Fourthly, al-
though INT777 was protective in the present re-
search, and we cannot exclude the possibility that
other TGR5 agonists might extend the time for treat-
ment. Finally, Wu et al. have demonstrated that
INT777 counteracts Aβ1-42-induced cognitive impair-
ment via suppression of apoptosis [41], and other
work has shown that activation of TGR5 markedly at-
tenuates hypoxia/reoxygenation-induced hepatocellular
apoptosis [21]. We cannot exclude the possibility that
TGR5 activation decreases infarct volume by reducing
neuronal death, a hypothesis that will need to be ex-
plored in further studies.

Conclusions
In summary, the present study showed that TGR5 accumu-
lates following MCAO and that treatment with an exogen-
ous TGR5 agonist inhibits neuroinflammation and
improves the neurological outcome. The effect of this agon-
ist might be mediated via Pellino3 inhibition of caspase-8/
NLRP3 accumulation after MCAO in rats. These observa-
tions suggest that TGR5 could be an attractive candidate
target for the development of clinical treatments to reduce
neuroinflammation following stroke.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s12974-021-02087-1.

Additional file 1: Figure S1. Experimental design and animal group
classification. IF, immunofluorescence; icv, intracerebral ventricular; MCAO,
middle cerebral artery occlusion; Scr siRNA, Scramble small interfering
RNA; WB, western blot; Co-IP, Co-immunoprecipitation

Additional file 2: Figure S2. Expression of Pellino3 after middle
cerebral artery occlusion (MCAO). Double immunofluorescence staining
for Pellino3 (red) in microglia (Iba-1, red), neuron (red) in the penumbra
following MCAO. n=4 per group

Additional file 3: Figure S3. a Triple-fluorescence staining showed that
TGR5 and pellino3 colocalized in the microglia after middle cerebral ar-
tery occlusion (MCAO), n=4 per group. Scale bar, 10 μm. b,c Effect of Pel-
lino3 siRNA and caspase-8 inhibitor on NLRP3 expression after MCAO,
Western blot analysis and relative density. n=6 per group. *P<0.05 vs
sham, #P<0.05 vs MCAO+ vehicle. Scr siRNA, Scramble small interfering
RNA. d Effect of Pellino3 siRNA and caspase-8 inhibitor on infarct volume
and neurobehavioral deficits. n=6 for each group. *P<0.05 vs sham, #P<
0.05 vs MCAO + vehicle. Bars represent mean±SD

Additional file 4: Table S1. Animal number (Survival/total) in each
group. Table S2. Physiological parameters

Abbreviations
Aβ: Amyloid-beta; BSA: Bovine serum albumin; cAMP: Cyclic adenosine
monophosphate; CCA: Common carotid artery; CNS: Central nervous system;
Co-IP: Co-immunoprecipitation; GFAP: glial fibrillary acidic protein;
ECA: External carotid artery; Iba-1: Ionized calciumbinding adaptor molecule
1; ICA: Internal carotid artery; ICV: Intracerebroventricular; IL-1β: Interleukin-1β;
IL-18: Interleukin-18; LPS: Lipopolysaccharide; MCAO: Middle cerebral artery
occlusion; NLRP3: Nucleotide-binding oligomerization domain-like receptor

Fig. 8 TGR5 or Pellino3 knockdown abolishes the anti-inflammatory effects of INT777 after middle cerebral artery occlusion (MCAO). a, b
Representative Western blot bands and quantitative analyses of the protein levels of TGR5, Pellino3, cleaved caspase-8, NLRP3, cleaved caspase-1,
and IL-1β. c Quantified infarct ratio and neurological scores, n = 6 per group. *P < 0.05 vs. Sham, #P < 0.05 vs. MCAO + vehicle, @P < 0.05 vs.
MCAO + INT777 + Scr-siRNA group. Scr siRNA scrambled-siRNA

Liang et al. Journal of Neuroinflammation           (2021) 18:40 Page 11 of 13

https://doi.org/10.1186/s12974-021-02087-1
https://doi.org/10.1186/s12974-021-02087-1


pyrin domain-containing protein 3; PBS: Phosphate buffer solution;
siRNA: Small interfering RNA; TGR5: Trans-membrane G protein-coupled
receptor-5; TNFα: Tumor necrosis factor-α; TTC: Triphenyltetrazolium chloride;
TUDCA: Tauroursodeoxycholic acid

Acknowledgments
Not applicable.

Authors’ contributions
HL participated in the research design, experimental performance (including
animal surgery, Western blotting, and immunohistochemistry, but not the
neurobehavioral testing), data analysis, and drafting of the manuscript. NM
provided technical assistance and help with manuscript preparation. DWM
discussed the results and edited parts of manuscript. YX and ZZ performed
intracerebroventricular injection, co-immunoprecipitation, behavioral tests,
and data analysis. JT participated in the research design. BL and JHZ are the
corresponding authors; these authors participated in all aspects of the study,
including research design, data analysis, and manuscript preparation. All au-
thors read and approved the final manuscript.

Funding
This study was supported in part by grants from the National Institutes of
Health to Dr. Zhang (Grant Nos. NS081740 and NS082184), a grant from
National Natural Science Foundation of China to Dr. Luo (Grant No.
81671143), and a grant from the Zhejiang Province Public Welfare
Technology Application Research Project to Dr. Liang (Grant No.
LGF21H090013).

Availability of data and materials
The datasets used and/or analyzed in the current study are available from
the corresponding authors on reasonable request.

Ethics approval and consent to participate
All animal experimental protocols were approved by the Loma Linda
University and Zhejiang University Institutional Animal Care and Use
Committees (IACUCs).

Consent for publication
Not applicable.

Competing interests
The authors declare no conflict of interest. All the authors listed have
approved the manuscript.

Author details
1Department of Neurology, The First Affiliated Hospital, Zhejiang University
School of Medicine, Hangzhou, China. 2Department of Physiology and
Pharmacology and Department of Anesthesiology, Loma Linda University,
11041 Campus St, Risley Hall, Room 219, Loma Linda, CA 92354, USA. 3The
Vivian L. Smith Department of Neurosurgery, McGovern Medical School, The
University of Texas Health Science Center at Houston, Houston, TX, USA.

Received: 24 November 2020 Accepted: 15 January 2021

References
1. Moskowitz MA, Lo EH, Iadecola C. The science of stroke: mechanisms in

search of treatments. Neuron. 2010;67:181–98.
2. Iadecola C, Anrather J. The immunology of stroke: from mechanisms to

translation. Nat Med. 2011;17:796–808.
3. Pena-Philippides JC, Yang Y, Bragina O, Hagberg S, Nemoto E, Roitbak T.

Effect of pulsed electromagnetic field (PEMF) on infarct size and
inflammation after cerebral ischemia in mice. Transl Stroke Res. 2014;5:491–
500.

4. Yang F, Wang Z, Wei X, Han H, Meng X, Zhang Y, et al. NLRP3 deficiency
ameliorates neurovascular damage in experimental ischemic stroke. J Cereb
Blood Flow Metab. 2014;34:660–7.

5. Trendelenburg G. Molecular regulation of cell fate in cerebral ischemia: role
of the inflammasome and connected pathways. J Cereb Blood Flow Metab.
2014;34:1857–67.

6. Li C, Wang J, Fang Y, Liu Y, Chen T, Sun H, et al. Nafamostat improves
function recovery after stroke by inhibiting neuroinflammation in rats. Brain
Behav Immun. 2016;56:230–45.

7. Kawamata Y, Fujii R, Hosoya M, Harada M, Yoshida H, Miwa M, et al. A G
protein-coupled receptor responsive to bile acids. J Biol Chem. 2003;278:
9435–40.

8. Keitel V, Görg B, Bidmon HJ, Zemtsova I, Spomer L, Zilles K, et al. The bile
acid receptor TGR5 (Gpbar-1) acts as a neurosteroid receptor in brain. Glia.
2010;5(8):1794–805.

9. Keitel V, Donner M, Winandy S, Kubitz R, Häussinger D. Expression and
function of the bile acid receptor TGR5 in Kupffer cells. Biochem Biophys
Res Commun. 2008;372:78–84.

10. Guo C, Xie S, Chi Z, Zhang J, Liu Y, Zhang L, et al. Bile acids control
inflammation and metabolic disorder through inhibition of NLRP3
inflammasome. Immunity. 2016;45:802–16.

11. Lewis ND, Patnaude LA, Pelletier J, Souza DJ, Lukas SM, King FJ, et al. A
GPBAR1 (TGR5) small molecule agonist shows specific inhibitory effects on
myeloid cell activation in vitro and reduces experimental autoimmune
encephalitis (EAE) in vivo. PLoS One. 2014;9:e100883.

12. McMillin M, Frampton G, Tobin R, Dusio G, Smith J, Shin H, et al. TGR5
signaling reduces neuroinflammation during hepatic encephalopathy. J
Neurochem. 2015;135:565–76.

13. Liang H, Matei N, McBride DW, Xu Y, Tang J, Luo B, et al. Activation of TGR5
protects blood brain barrier via the BRCA1/Sirt1 pathway after middle
cerebral artery occlusion in rats. J Biomed Sci. 2020;27(1):61.

14. Giegerich AK, Kuchler L, Sha LK, Knape T, Heide H, Wittig I, et al. Autophagy-
dependent PELI3 degradation inhibits proinflammatory IL1β express-ion.
Autophagy. 2014;10:1937–52.

15. Yang S, Wang B, Humphries F, Ogan AE, O'Shea D, Moynagh PN. The E3
ubiquitin ligase Pellino3 protects against obesity-induced inflammation and
insulin resistance. Immunity. 2014;41:973–87.

16. Yang S, Wang B, Tang LS, Siednienko J, Callanan JJ, Moynagh PN. Pellino3
targets RIP1 and regulates the pro-apoptotic effects of TNF-l. Nat Commun.
2013;4:2583.

17. Gaidt MM, Ebert TS, Chauhan D, Schmidt T, Schmid-Burgk JL, Rapino F, et al.
Human monocytes engage an alternative inflammasome pathway.
Immunity. 2016;44:833–46.

18. Chi W, Li F, Chen H, Wang Y, Zhu Y, Yang X, et al. Caspase-8 promotes
NLRP1/NLRP3 inflammasome activation and IL-1β production in acute
glaucoma. Proc Natl Acad Sci U S A. 2014;111:11181–6.

19. Antonopoulos C, El Sanadi C, Kaiser WJ, Mocarski ES, Dubyak GR. Pro-
apoptotic chemotherapeutic drugs induce noncanonical processing and
release of IL-1β via Caspase-8 in Dendritic Cells. J Immunol. 2013;191:4789–803.

20. Shabanzadeh AP, D'Onofrio PM, Monnier PP, Koeberle PD. Targeting
caspase-6 and caspase-8 to promote neuronal survival following ischemic
stroke. Cell Death Dis. 2015;6:e1967.

21. Yang H, Zhou H, Zhuang L, Auwerx J, Schoonjans K, Wang X, et al. Plasma
membrane-bound G protein-coupled bile acid receptor attenuates liver
ischemia/reperfusion injury via the inhibition of Toll-like receptor 4 signaling
in mice. Liver Transpl. 2017;23:63–74.

22. Hu Q, Ma Q, Zhan Y, He Z, Tang J, Zhou C, et al. Isoflurane enhanced hemorrhagic
transformation by impairing antioxidant enzymes in hyperglycemic rats with middle
cerebral artery occlusion. Stroke. 2011;42:1750–6.

23. Rhea EM, Logsdon AF, Banks WA, Erickson ME. Intranasal delivery: effects on
the neuroimmune axes and treatment of neuroinflammation.
Pharmaceutics. 2020;12:1120.

24. Wu G, McBride DW, Zhang JH. Axl activation attenuates neuro-inflammation
by inhibiting the TLR/TRAF/NF-euro-inflammation by axe rats. Neurobiol Dis.
2018;110:59–67.

25. Dang B, Li H, Xu X, Shen H, Wang Y, Gao A, et al. Cyclophilin A/Cluster of
Differentiation 147 interactions participate in early brain injury after
subarachnoid hemorrhage in rats. Crit Care Med. 2015;43:e369–81.

26. Hu Q, Manaenko A, Bian H, Guo Z, Huang JL, Guo ZN, et al. Hyperbaric
oxygen reduces infarction volume and hemorrhagic transformation through
ATP/NAD+/Sirt1 pathway in hyperglycemic middle cerebral artery occlusion
Rats. Stroke. 2017;48:1655–64.

27. Yan Y, Dempsey RJ, Sun D. Na+-K+-Cl- cotransporter in rat focal cerebral
ischemia. J Cereb Blood Flow Metab. 2001;21:711–21.

28. McBride DW, Klebe D, Tang J, Zhang JH. Correcting for brain swelling's
effects on infarct volume calculation after middle cerebral artery. Transl
Stroke Res. 2015;6:323–38.

Liang et al. Journal of Neuroinflammation           (2021) 18:40 Page 12 of 13



29. Yu L, Chen C, Wang LF, Kuang X, Liu K, Zhang H, et al. Neuroprotective
Effect of Kaempferol Glycosides against Brain Injury and Neuroinflammation
by inhibiting the activation of NF-κB and STAT3 in Transient Focal Stroke.
PLoS One. 2013;8:e55839.

30. Bromley-Brits K, Deng Y, Song W. Morris water maze test for learning and
memory deficits in Alzheimer's disease model mice. J Vis Exp. 2011;53:
e2920.

31. Hamm RJ, Pike BR, O'Dell DM, Lyeth BG, Jenkins LW. The rotarod test: an
evaluation of its effectiveness in assessing motor deficits following
traumatic brain injury. J Neurotrauma. 1994;11:187–96.

32. Hou Y, Wang Y, He Q, Li L, Xie H, Zhao Y, et al. Nrf2 inhibits NLRP3
inflammasome activation through regulating Trx1/TXNIP complex in
cerebral ischemia reperfusion injury. Behav Brain Res. 2018;336:32–9.

33. Rajan WD, Wojtas B, Gielniewski B, Gieryng A, Zawadzka M, Kaminska B.
Dissecting functional phenotypes of microglia and macrophages in the rat
brain after transient cerebral ischemia. Glia. 2019;67:232–45.

34. Gao T, Raza SA, Ramesha S, Nwabueze NV, Tomkins AJ, Cheng L, et al.
Temporal profiling of Kv1.3 channel expression in brain mononuclear
phagocytes following ischemic stroke. J Neuroinflammation. 2019;16:116.

35. Xu Y, Nowrangi D, Liang H, Wang T, Yu L, Lu T, et al. DKK3 attenuates JNK
and AP-1 induced inflammation via Kremen-1 and DVL-1 in mice following
intracerebral hemorrhage. J Neuroinflammation. 2020;17:130.

36. Xu Y, Wang J, Song X, Qu L, Wei R, He F, et al. RIP3 induces ischemic
neuronal DNA degradation and programmed necrosis in rat via AIF. Sci Rep.
2016;6:29362.

37. Guo C, Qi H, Yu Y, Zhang Q, Su J, Yu D, et al. The G-protein-coupled bile
acid receptor Gpbar1 (TGR5) inhibits gastric inflammation through
antagonizing NF-κB signaling pathway. Front Pharmacol. 2015;6:287.

38. Reich M, Klindt C, Deutschmann K, Spomer L, Häussinger D, Keitel V. Role of
the G protein-coupled bile acid receptor TGR5 in liver damage. Dig Dis.
2017;35:235–40.

39. Su J, Zhang Q, Qi H, Wu L, Li Y, Yu D, et al. The G-protein-coupled bile acid
receptor Gpbar1 (TGR5) protects against renal inflammation and renal
cancer cell proliferation and migration through antagonizing NF-nf and
STAT3 signaling pathways. Oncotarget. 2017;8:54378–87.

40. Yanguas-Casás N, Barreda-Manso MA, Nieto-Sampedro M, Romero-Ramírez
L. TUDCA: an Agonist of the Bile Acid Receptor GPBAR1/TGR5 With Anti-
Inflammatory Effects in Microglial Cells. J Cell Physiol. 2017;232:2231–45.

41. Wu X, Lv YG, Du YF, Chen F, Reed MN, Hu M, et al. Neuroprotective effects
of INT-777 against Aar1 (TGR5) protects against renal inflammation and
renaapoptosis, and synaptic dysfunction in mice. Brain Behav Immun. 2018;
73:533–54.

42. Jin P, Deng S, Tian M, Lenahan C, Wei P, Wang Y, et al. INT-777 prevents
cognitive impairment by activating Takeda G protein-coupled receptor 5
(TGR5) and attenuating neuroinflammation via cAMP/ PKA/ CREB signaling
axis in a rat model of sepsis. Exp Neurol. 2020;335:113504.

43. Zuo G, Zhang T, Huang L, Araujo C, Peng J, Travis Z, et al. Activation of
TGR5 with INT-777 attenuates oxidative stress and neuronal apoptosis via
cAMP/PKCε/ALDH2 pathway after subarachnoid hemorrhage in rats. Free
Radic Biol Med. 2019;143:441–53.

44. Moynagh PN. The roles of Pellino E3 ubiquitin ligases in immunity. Nat Rev
Immunol. 2014;14:122–31.

45. Schauvliege R, Janssens S, Beyaert R. Pellino proteins: novel players in TLR
and IL-1R signalling. J Cell Mol Med. 2007;11:453–61.

46. Smith SM, Freeley M, Moynagh PN, Kelleher DP. Differential modulation of
Helicobacter pylori lipopolysaccharide-mediated TLR2 signaling by
individual Pellino proteins. Helicobacter. 2017;22:e12325.

47. Rodhe J, Burguillos MA, de Pablos RM, Kavanagh E, Persson A, Englund E,
et al. Spatio-temporal activation of caspase-8 in myeloid cells upon
ischemic stroke. Acta Neuropathol Commun. 2016;4:92.

48. Xu W, Jin W, Zhang X, Chen J, Ren C. Remote limb preconditioning generates
a neuroprotective effect by modulating the extrinsic apoptotic pathway and
TRAIL-receptors expression. Cell Mol Neurobiol. 2017;37:169–82.

49. Gurung P, Kanneganti TD. Novel roles for caspase-8 in IL-1β and
inflammasome regulation. Am J Pathol. 2015;185:17–25.

50. Lawlor KE, Khan N, Mildenhall A, Gerlic M, Croker BA, D'Cruz AA, et al. RIPK3
promotes cell death and NLRP3 inflammasome activation in the absence of
MLKL. Nat Commun. 2015;6:6282.

51. Kang TB, Yang SH, Toth B, Kovalenko A, Wallach D. Caspase-8 blocks kinase
RIPK3-mediated activation of the NLRP3 inflammasome. Immunity. 2013;38:
27–40.

52. Yang Z, Xiong F, Wang Y, Gong W, Huang J, Chen C, et al. TGR5 activation
Suppressed S1P/S1P2 signaling and resisted high glucose-induced fibrosis
in glomerular mesangial cells. Pharmacol Res. 2016;111:226–36.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Liang et al. Journal of Neuroinflammation           (2021) 18:40 Page 13 of 13


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Materials and methods
	MCAO model
	Experimental design
	Experiment 1
	Experiment 2
	Experiment 3
	Experiment 4

	Drug administration
	Intracerebroventricular siRNA Injection
	Neurologic scores
	2,3,5-Triphenyltetrazolium chloride staining
	Immunofluorescent staining
	Assessment of long-term neurobehavior
	Evaluation of TNF-α, IL-1β, and IL-18 levels
	Cell isolation and flow cytometry
	Western blot analysis
	Co-immunoprecipitation
	Statistical analysis

	Results
	Mortality and exclusions
	The level of endogenous TGR5 receptor increases after MCAO
	TGR5 receptor agonist treatment reduces brain infarction and improves neurological function at 24 and 72 h after MCAO
	TGR5 activation improves long-term neurobehavioral outcomes after MCAO
	INT777 suppresses neuroinflammation induced by MCAO
	MCAO induces TGR5 with Pellino3 interactions
	Dosing with Pellino3 siRNA increases the accumulation of cleaved caspase-8 and NLRP3 after MCAO
	TGR5 or Pellino3 knockdown prevents the anti-inflammatory activity of INT777 after MCAO

	Discussion
	Conclusions
	Supplementary Information
	Abbreviations
	Acknowledgments
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

