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Abstract
Background: Sepsis survivors are left with signi�cant cognitive and behavioral impairments after
discharge, but research on the relevant mechanisms and interventions remains lacking. TGR5 plays a
neuroprotective role in many neurologic disease models through different mechanisms. To date, no
studies have assessed the effects of TGR5 on neuroin�ammation or cognitive or behavioral changes in
sepsis models.

Methods: A total of 267 eight-week-old male Sprague-Dawley rats were used in this study. Sepsis was
induced by cecal ligation and puncture (CLP). All animals received volume resuscitation. The rats were
given TGR5 CRISPR oligonucleotide intracerebroventricularly 48 hours before CLP surgery. INT-777 was
administered intranasally 1 hour after CLP, and the cAMP inhibitor SQ22536 was administered
intracerebroventricularly 1 hour after CLP. Survival rate, bodyweight change, clinical score,
neurobehavioral tests, western blot, and immuno�uorescence staining were performed. The cognitive
function of rats was measured by Morris water maze during 15-20 days after CLP.

Results: The expression of TGR5 in the rat hippocampus was upregulated and peaked at 3 days after
CLP. The survival rate of rats after CLP was less than 50%, and the growth rate in terms of weight was
signi�cantly decreased, while these changes were not improved by INT-777 treatment. However, INT-777
treatment reduced the clinical scores of rats at 24 hours after CLP. On day 15 and later, the surviving mice
completed a series of behavioral tests. CLP rats showed spatial and memory de�cits and anxiety-like
behaviors, and INT-777 treatment signi�cantly improved these effects. Mechanistically,
immuno�uorescence analysis showed that INT-777 treatment reduced the number of microglia in the
hippocampus, neutrophil in�ltration and the expression of in�ammatory factors after CLP in rats.
Moreover, INT-777 treatment signi�cantly increased the expression of TGR5, cAMP, p-PKA, and p-CREB
and downregulated the expression of IL-1β, IL-6 and TNF-α. CRISPR-mediated TGR5 knockdown and
SQ22536 treatment abolished the neuroprotective effects of TGR5 activation after CLP.

Conclusion: This study demonstrates that INT-777 treatment reduced neuroin�ammation and microglial
cell activation, and then improved cognitive impairment in the experimental sepsis rats. TGR5 has
translational potential as a therapeutic target to improve neurological outcomes in sepsis survivors.

1. Introduction
Sepsis is one of the leading causes of death in intensive care units worldwide and can cause multiple
organ dysfunction, including neurological dysfunction (sepsis-associated encephalopathy, SAE) [1].
Sepsis associated encephalopathy is one of the most common complications among survivors of sepsis
in the acute and late stages. Some studies suggest that approximately 45% of sepsis survivors develop
symptoms of long-term cognitive impairment, including the impairment of memory, attention, verbal
�uency, and executive function, upon discharge from the hospital, leading to a signi�cant decline in
quality of life[2, 3]. As the morbidity and mortality of sepsis increase year by year, the number of sepsis
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survivors increases steadily, and the long-term cognitive impairment of sepsis survivors becomes
increasingly prominent[4, 5]. Therefore, it is particularly important to fully understand the
pathophysiological mechanism of sepsis encephalopathy and to provide effective intervention measures
as soon as possible. Because the pathophysiological changes of brain dysfunction after sepsis are
multifactorial and highly complex, the pathogenesis of sepsis still needs to be further elucidated.
However, increasing evidence suggests that neuroin�ammation, oxidative stress and BBB destruction are
potential mechanisms of the brain damage and long-term cognitive impairment caused by sepsis[6–8].

G-protein-coupled bile acid receptor (Gpbar1/TGR5), is a member of the GPCR family, Since its discovery
in 2002, TGR5 has been found to be commonly expressed in various tissues in humans and animals,
such as the small intestine, liver, spleen, and lung, and to activate various intracellular signal transduction
pathways by interacting with bile acids[9, 10]. Recent studies have shown that in the brain, TGR5 is
expressed in microglia, astrocytes, neurons, and endothelial cells[11, 12]. Activation of TGR5 can treat
liver disease, kidney disease and metabolic disease through its anti-in�ammatory, antiapoptotic, and
antioxidative stress effects and other effects[13, 14]. Among neurological diseases, activation of TGR5
has been found to play a neuroprotective role in subarachnoid hemorrhage, middle cerebral artery
occlusion and hepatic encephalopathy in animal models[11, 12, 15]. A recent study showed that
activating TGR5 suppressed neuroin�ammation and improved cognitive function in mice with
Alzheimer's disease[16]. However, no study has evaluated the role of TGR5 in neurological impairment
after sepsis.

After TGR5 was activated by the endogenous ligand bile acids, the expression of intracellular cAMP
increased signi�cantly[17]. In pancreatic β cells, after selective activation of TGR5 by INT-777, Gαs was
activated, and the intracellular cAMP level then increased[18]. Activation of TGR5 to exert anti-
in�ammatory effects is mainly achieved through the cAMP-PKA axis[19]. PKA can promote the
phosphorylation of CREB in its transcription-activating site, which further promotes the binding of CREB
to the transcription coactivator CBP and the formation of complexes, thereby blocking the transcription of
in�ammatory genes[20].

In this present study, we explored the role of TGR5 in neuroprotective after CLP. The results showed that
the TGR5 activation by INT-777 improves cognitive impairment by attenuating neuroin�ammation after
CLP in rats at least partly though the cAMP/PKA/CREB signaling pathway.

2. Methods

2.1 Animals
A total of 267 adult Sprague-Dawley rats (weight 250–300 g) were used in this experiment. The rats were
housed on a 12-hour light/dark cycle at a controlled temperature and humidity and had unlimited access
to food and water. All animal experiments in this study were approved by the Animal Care and Use
Committee of Fudan University.
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2.2 Sepsis induction – CLP model
Sepsis was induced by cecal ligation and puncture (CLP) as previously described[21]. Rats were fasted
eight hours before the operation, but their access to water was not limited. The animals were
anesthetized by intraperitoneal injection of a mixture of ketamine (80 mg/kg) and xylazine (10 mg/kg).
Then, a 3 cm midline laparotomy was performed, the cecum was exposed, the ileocecal region was
closed with a 3.0 thread below the ileocecal region, and the cecum was perforated with a 14-point needle
and gently squeezed to remove a small amount of feces. The cecum was then placed back into the
abdominal cavity, and a laparotomy was performed with a 4.0 silk suture. The animals were resuscitated
immediately by hypodermic injection of normal saline (50 mL/kg). A midline laparotomy alone was
performed for rats in the sham group. Meropenem (10 mg/kg, intraperitoneal injection) was administered
at 6, 24 and 48 hours after surgery. If any signs of pain were observed in the rats after surgery, the
animals were euthanized and removed from the experiment. To maintain consistency in the experiment,
all CLP operations were performed by the same person with surgical quali�cations.

2.3 Experimental design
In this study, all rats were randomly assigned to each experiment (Fig. 1). Our research design is shown in
Fig. 1. The researchers who performed the clinical scoring and neurobehavioral test were blinded to all
group information.

Experiment 1

To evaluate the time course of endogenous TGR5 expression, 87 rats were randomly divided into the 7
following groups for western blot analysis: sham, CLP 6 h, CLP 24 h, CLP 48 h, CLP 72 h, CLP 7 d, and
CLP 14 d. After excluding rats that did not meet the criteria, each group consisted of 6 rats. An additional
4 rats from each group were used for double-labeling immuno�uorescence staining to assess the
colocalization of TGR5 with ionized calcium binding adaptor molecule 1 (Iba-1).

Experiment 2

To evaluate the ability of INT-777 to improve cognitive impairment after sepsis, 55 rats were randomly
divided into 3 groups: sham, CLP + saline, CLP + INT-777 (0.48 mg/kg). Clinical scores were determined
6 h and 24 h after CLP, and weight changes were recorded before surgery and 24 h, 48 h, 72 h, 7 d and 14
d after CLP. The elevated plus-maze test was conducted on day 14 post-CLP, and the Morris water maze
test was conducted on days 15–20 post-ICH. The exact time that each rat died was also recorded.

Experiment 3

To evaluate the effects of TGR5 activation with INT-777 administration on neuroin�ammation at 24 h
post-CLP, a total of 64 rats were randomized into 3 groups: sham, CLP + vehicle (saline) and CLP + INT-
777 (0.48 mg/kg). Immuno�uorescence staining was carried out to quantify Iba-1, IL-1β, and
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myeloperoxidase (MPO) in the hippocampal area. Western blotting was performed to quantify Iba-1, IL-
1β, and MPO protein levels.

Experiment 4

To clarify the mechanism of the neuroprotective effect of TGR5 after CLP, 87 rats were randomized into 7
groups: sham, CLP + vehicle (saline), CLP + INT- 777 (0.48 mg/kg), CLP + INT-777 + scrambled CRISPR,
CLP + INT-777 + TGR5 CRISPR, CLP + INT-777 + vehicle (DMSO), and CLP + INT-777 + SQ22536. The
hippocampal area was collected from each brain for western blot analysis 24 h after CLP.

2.4 Drug administration
Intranasal administration of INT777 (CSNpharm, USA) at 1 h after CLP was performed as previously
described[11]. The animals were anesthetized with 2% iso�urane and placed in the supine position, after
which saline or INT777 (0.48 mg/kg) was administered intranasally over a period of 20 min. The total
volume delivered was 50 µl.

As described previously, TGR5 CRISPR and SQ22536 were administered intracerebroventricularly (i.c.v)
[12, 22]. The rats were anesthetized with iso�urane and �xed on a stereotaxic frame. Then, a 10 µl syringe
was inserted into the left lateral ventricle at the following coordinates (0.9 mm posterior and 1.5 mm
lateral to the bregma, 3.2 mm under the dura). A total of 2 µg of TGR5 CRISPR knockout (Santa Cruz
Biotechnology) or scrambled CRISPR (Santa Cruz Biotechnology) oligonucleotides per rat was given at a
rate of 1 µl/min at 48 hours before CLP. An inhibitor of cAMP (SQ22536, Abcam, 200 ng/0.4 µl) was also
administered intracerebroventricularly 1 hour after CLP.

2.5 Clinical scoring
Clinical scores for sepsis in the rats were determined based on a modi�ed SHIRPA protocol[23]. The
observed indicators were behavioral characteristics (activity, posture, response to stimuli), fur
characteristics, respiratory rhythm, body temperature, fecal traits, and body weight, with the rats given a
possible score of 1 for each trait, for a maximum score of 12.

2.6 Elevated plus-maze test
An elevated plus-maze consisting of two open arms and a pair of closed arms was placed in a dim,
enclosed room. At the beginning of the experiment, the rats were placed in the maze at the central point
facing the closed arm, and their activities were recorded for 3 minutes. The observed indicators were
number of open arm entries (two front legs must enter the arm), the open arm residence time, the number
of closed arm entries, and the closed arm residence time. The open arm residence time, the frequency of
open arm entries, and the total frequency of entries into the elevated maze were calculated.

2.7 Morris water maze test
To assess the spatial learning and memory abilities of the rats, a Morris water maze tested was
conducted 15–19 days after CLP as previously described[24]. On days 1–4 of the experiment, the rats
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were trained. Brie�y, the rats were placed in water that �lled the apparatus, facing the wall of the
apparatus, and allowed to swim for a maximum of 60 seconds. When the rats climbed onto a hidden
platform, the experiment was over. If the rats did not �nd the platform during the experiment, they were
transferred to the platform and allowed to stay there for 15 seconds. The rats were trained four times a
day; the platform was always in a �xed position, but its starting position in each trial was random. On day
5, the probe trial was performed. The platform was removed from the pool, and each rat was dropped into
the water and allowed to swim for 60 seconds. The time spent in the target quadrant and the number of
times the rats stood on the platform were recorded.

2.8 Immuno�uorescence staining
After the rats were anesthetized with iso�urane, the thorax was opened and intracardially perfused with
4 °C PBS and 10% formalin, after which the brain was removed. After perfusion, the whole-brain tissue
samples were immersed in formalin for 1 day and dehydrated in a 30% sucrose solution for 3 days. Brain
tissues were cut into 10 µm thick coronal sections using an OTF cryostat (Leica Microsystems, Germany).
After blocking with 5% donkey serum for 2 hours at room temperature, the brain samples were incubated
overnight at 4 °C with the following primary antibodies: goat anti-Iba-1 (1:100, Abcam), rabbit anti-TGR5
(1:100, Abcam), rabbit anti-myeloperoxidase (MPO, 1:500, Abcam), and rabbit anti-IL-1β (1:100, Abcam).
The samples were then incubated with the corresponding secondary antibodies (1:200) for 1 h at room
temperature, followed by visualization.

2.9 Nissl staining
The procedure for Nissl staining was the same as in previous studies[25]. Brain slices (10 mm thick) were
dehydrated in 95% and 70% FLEX (ThermoFisher) for 1 min respectively, then rinsed with tap water and
distilled water for 10 s. The brain slices were then stained in 0.5% cresyl violet (Sigma-Aldrich) for
1.5 min, followed by rinsing with distilled water for 10 s, and then put into the dehydration in 100% FLEX
and xylene for 1 min (twice each). Finally, apply permount and place the coverslip. The sections were
imaged using a microscope (Olympus-BX51). Calculate the average number of surviving neurons at 200x
magni�cation within the hippocampal CA1 and estimate the loss of neuronal density.

2.10 Western blot analysis
After the rats were placed on deep anesthesia, the whole brains were quickly removed after intracardial
perfusion with ice-cold PBS, and the hippocampus was isolated and stored at -80 °C. Proteins were
extracted according to a methods used in a previous study[6]. After the protein concentration had been
determined, samples containing equivalent amounts of protein were separated on SDS-PAGE gels at
different concentrations (7.5%, 10%, 12%) and transferred to nitrocellulose membranes. After blocking
with 5% dry skim milk at room temperature for 1 h, the membranes were incubated overnight at 4 °C with
the following primary antibodies: anti-TGR5 (1:1000, Abcam), anti-cAMP (1:10000, Abcam), and anti-p-
PKA (1:200, Abcam); anti-PKA (1:1000, Abcam); anti-p-CREB (1:500, Novus Biologicals); anti-CREB
(1:1000, Novus Biologicals); anti-MPO (1:1000, Abcam); anti-Iba-1 (1:1000, Abcam); anti-IL-1β (1:200,
Abcam) and anti-IL-6 (1:1000 Santa Cruz Biotechnology, USA); anti-TNF-α (1:500, Abcam); anti-GAPDH
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(1:5000, Abcam); and anti-actin (1:2000, Santa Cruz Biotechnology). The next day, the cells were
incubated with an appropriate secondary antibody (Santa Cruz Biotechnology, 1:3000) at room
temperature for 2 hours. The immune complex bands were observed with the ECL Plus kit, and the
membrane was then exposed to X-ray �lm.

2.11 Statistical analyses

All data are presented as the mean ± SD and were subjected to one-way ANOVA followed by Tukey’s
multiple comparison test. Survival curves were derived by the Kaplan-Meier method and compared by the
log-rank test. Differences for which p < 0.05 were considered statistically signi�cant. All tests were
performed with GraphPad Prism 8.

3. Results

3.1 Time course and cellular localization of endogenous
TGR5 expression in the hippocampus after CLP
To assess the cellular localization of TGR5, rats were sacri�ced 24 hours after CLP, and their brains were
removed for immuno�uorescence analysis. The results showed that TGR5 was expressed in microglia.
Furthermore, more TGR5-positive cells were visualized within the hippocampus of rats in the CLP group
than in those of rats in the sham group (Fig. 2A). Double immuno�uorescence staining of TGR5 with
GFAP and NeuN was also performed at 24 h after CLP. The results showed that TGR5 were also
expressed in neurons and astrocytes respectively (Supplementary �gures). Western blotting was used to
evaluate the expression of endogenous TGR5 at 6 h, 24 h, 48 h, 72 h, 7 d and 14 d after CLP. The results
showed that compared with TGR5 expression in the sham group, after CLP, TGR5 expression began to
increase signi�cantly at 6 h after CLP (p < 0.05 VS sham group), peaked on the 3rd day after CLP, and
then decreased slowly, approaching the level of the sham group at 14 days after CLP. (Fig. 2C and D).

3.2 Effects of INT-777 treatment on clinical score, body
weight and survival rate
A total of 267 rats were used in the whole experiment: 32 in the sham group and 234 in the CLP group. No
rats in the sham group died, while 136 rats in the CLP group died, giving a mortality rate of 58.1%
(136/234). To evaluate the effect of TGR5 activation, three experimental groups were set up: the sham
group, CLP + vehicle group, and CLP + INT-777 group. Survival analysis showed that compared with that
of the sham group, the survival rate of the CLP group was signi�cantly reduced, with most of the deaths
occurring within the �rst 3 days, after which the situation had basically stabilized at 6 days after CLP.
However, compared with that of the CLP + vehicle group, INT-777 treatment did not reduce the acute
mortality of the rats after CLP (Fig. 3A). As an assessment of the rats' health, we monitored changes in
each animal's weight. Compared with the body weight of the sham group, the body weight of the CLP
group decreased signi�cantly over the �rst two days after surgery and then began to increase slowly.
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Unfortunately, compared with the vehicle group, the CLP + INT-777 group did not show a signi�cantly
different body weight (Fig. B). However, in terms of the clinical scores, the results were encouraging.
Although there was no difference in clinical scores between the CLP + vehicle group and the CLP + INT-
777 group at 6 hours after CLP, clinical scores in the CLP + INT-777 group had signi�cantly improved at 24
hours after CLP. Fig. C)

3.3 Effects of INT-777 treatment on neuronal degeneration
and cognitive impairment after CLP
Nissl staining of hippocampus on day 19 after CLP. Within the ipsilateral CA1 region, neuronal loss and
atrophy patterns were signi�cantly greater in the CLP + vehicle group than in the Sham group. Compared
to Vehicle group, INT − 777 treatment signi�cantly reversed this neuronal damage in the ipsilateral CA1
region (Fig. 4A). In the Morris water maze test, compared to control rats, sepsis survivors were found to
spend signi�cantly more time on the platform, swim longer, and spend less time in the target quadrant
after the platform was removed. Compared with the CLP + vehicle group, the treatment group showed a
shorter escape latency time and swimming distance, and the duration that the rats remained in the target
quadrant on the 4th and 5th days was longer in the treatment group (Fig. 4B-E). These results indicate
that cognitive decline occurred in the rats after sepsis, but this decline could be prevented to some extent
by INT-777 therapy. In the elevated plus-maze experiment, rats in the CLP + vehicle group took longer to
enter the open arm, but INT-777 treatment signi�cantly decreased this time (Fig. 4F), suggesting that
TGR5 activation can reduce anxiety-like behavior.

3.4 Effects of INT-777 on neuroin�ammation after CLP
To assess microglial/macrophage activation, neutrophil in�ltration and in�ammatory factor release,
immuno�uorescence staining was used to detect Iba-1, MPO and IL-1β levels in the hippocampus 24
hours after CLP. Compared with the CLP + vehicle group, the CLP + INT-777 group showed signi�cantly
fewer IBA-1-, MPO- and IL-1β-positive cells in the hippocampus (Fig. 5A-D). For further quantitative
analysis, western blot analysis was used to detect expression changes in IBA-1, MPO and IL-1β in the
hippocampus of rats, and the results were consistent with those of immuno�uorescence analysis. After
CLP, the expression of IBA-1, MPO and IL-1β was signi�cantly increased, but expression of these proteins
was signi�cantly decreased after INT-777 treatment (Fig. 5E-J).

3.5 Effects of TGR5 CRISPR on neuroin�ammation and
signaling pathways at 24 hours after CLP
To assess the role of TGR5 in neuroin�ammation after CLP, endogenous TGR5 was knocked out by i.c.v
administration of TGR5 CRISPR oligonucleotide. Western blot analysis showed that the expression levels
of TGR5, cAMP, p-PKA, p-CREB, IL-1β, IL-6 and TNF-α were signi�cantly increased after CLP. Compared
with the CLP + vehicle group, the CLP + INT-777 group showed slightly increased TGR4 expression levels;
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signi�cantly increased cAMP, p-PKA and p-CREB levels; and signi�cantly decreased levels of the
in�ammatory cytokines IL-1β, IL-6 and TNF-α, indicating that INT-777 treatment had a signi�cant
inhibitory effect on neuroin�ammation. When TGR5 knockdown was carried out via CRISPR, TGR5
expression in the hippocampus was signi�cantly decreased. Compared with the CLP + INT-777 + 
scrambled CRISPR group, the CLP + INT-777 + TGR5 CRISPR group exhibited obviously decreased cAMP,
p-PKA, p-CREB, IL-1β, IL-6 and TNF-α expression levels, indicating that TGR5 knockout via CRISPR offset
the positive effect of INT-777 in inhibiting neuroin�ammation (Fig. 6A-D).

3.6 Veri�cation of the role of the cAMP/PKA/CREB signaling pathway in the inhibition of
neuroin�ammation by TGR5 activation

To further evaluate the mechanism by which INT-777 inhibits neuroin�ammation, rats were administered
(i.c.v.) SQ22536, an inhibitor of cAMP. SQ22536 did not change TGR5 protein expression, but cAMP, p-
PKA and p-CREB expression was signi�cantly decreased, accompanied by increased IL-1β, IL-6 and TNF-α
expression, after SQ22536 administration. These results indicated that SQ22536 abolished the
neuroprotective effects of INT-777 and also con�rmed that the cAMP/PKA/CREB pathway is a possible
mechanism by which INT-777 exerts a neuroprotective effect after CLP (Fig. 7A-D).

4. Discussion
In this study, we �rst demonstrated the role of TGR5 activation in neuroin�ammation and long-term
cognitive impairment after CLP in rats and that its effects may occur via the TGR5/cAMP/PKA/CREB
signaling pathway. We found the following: 1) The expression of TGR5 in the hippocampus increased in
a time-dependent manner and peaked at 3 d after CLP. The results of immuno�uorescence analysis
showed that TGR5 was expressed in microglial cells. 2) Although the intranasal administration of INT-
777, a selective inhibitor of TGR5, at 1 hour after CLP did not improve the survival and change in body
weight of the rats, it reduced hippocampal microglial activation, neutrophil in�ltration, and the expression
of IL-1β in the hippocampus; it also reduced the clinical score 6 hours after surgery and improved spatial
memory and anxiety-like behavior at 15 days. 3) Intracerebroventricular administration of TGR5 CRISPR
and SQ22536 offset the protective effect of INT-777. These observations suggest that TGR activation
inhibits neuroin�ammation, at least in part, through the cAMP/PKA/CREB signaling pathway, thereby
improving long-term cognitive impairment after CLP. INT-777, a selective inhibitor of TGR5, improved
cognitive impairment and anxiety-like behavior in CLP rats.

Sepsis-associated encephalopathy (SAE) is the most common cause of encephalopathy in ICUs[4]. After
discharge, up to 50% of sepsis survivors develop cognitive impairment that affects memory, attention,
verbal �uency and executive function[3, 26]. In addition, sepsis patients exhibit a higher incidence of
mental illnesses, such as depression, anxiety and self-harm, than the general population[27]. Therefore,
neurological dysfunction severely affects the quality of life of sepsis survivors and imposes a huge
economic and social burden. In animal models of sepsis, surviving animals showed the same cognitive
impairments and mental disorders shown by sepsis survivors[8, 28, 29]. In our study, we observed the
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same phenomenon. The Morris water maze test can be altered in numerous ways to investigate working
memory, reference memory and task strategy[30]. The sepsis survivors in our study were found to spend
signi�cantly more time on the platform, swim longer, and spend less time in the target quadrant after the
platform was removed. An elevated-plus maze experiment assessed anxiety or the fear of an open space
in the rats; normally, animals consciously avoid the open arms and stay in a closed arm[31]. In our
experiment, CLP rats took more time to enter an open arm. Not only the Morris water maze experiment but
also the elevated plus-maze experiment shows the function of the hippocampus and prefrontal cortex in
animals[32, 33]. Therefore, to further explore the mechanism by which INT-777 improves cognitive
impairment in rats after CLP, we selected hippocampal tissue for further study.

The underlying pathologic changes in brain injury after sepsis are multifactorial and highly complex.
In�ammatory cytokines, BBB destruction, ischemic processes, neurotransmitter changes, and
mitochondrial dysfunction may be involved in this complex process, but its speci�c mechanisms have
not yet been established[34]. However, uncontrolled neuroin�ammation and ischemic injury are closely
related to brain injury after sepsis[35]. Neuroin�ammation is a major component of the pathology and
progression of many neurological and neurodegenerative diseases[36]. Uncontrolled in�ammation is a
major cause of the abnormal function of brain cells (including microglia, neurons, and endothelial cells)
and their increased apoptosis [37]. Microglial cells are the main macrophage cells in the brain,
representing most of the brain immune system. Overactivation of microglial cells releases various
harmful in�ammatory mediators and increases the release of reactive oxygen species by destroying the
stability of the blood-brain barrier, thus exacerbating brain dysfunction[38]. Indeed, studies have shown
that inhibiting microglia helps reduce neuroin�ammation in sepsis, which in turn improves long-term
cognitive function[39]. Our results showed that the number of microglial cells in the hippocampus of rats
at 24 hours after CLP was signi�cantly increased compared to that in rats in the sham group, and MPO
staining suggested that neutrophil in�ltration was increased, with the in�ammatory mediator IL-1β
showed the same trend. The results of western blot analysis performed for further quantitative analysis
also indicated that the protein expression levels of Iba-1, MPO and IL-1β in the hippocampus after CLP
were signi�cantly increased. Combined with the results of other studies, these results show that inhibition
of early neuroin�ammation after CLP may be an effective strategy to improve later cognitive dysfunction.

TGR5 (also called G-protein-coupled bile acid receptor, Gpbar1) is a member of the GPCR superfamily[9].
Surprisingly, numerous studies have shown that TGR agonists may be agents for the treatment of
metabolic, in�ammatory and digestive diseases[40]. In neurological diseases, activation of TGR5 by a
different agonist also shows neuroprotective effects. McMillin et al. found that activating TGR5 could
alleviate neuroin�ammation and improve outcomes through neuron and microglia paracrine signaling in
a mouse model of hepatic encephalopathy[15]. Lewis et al. also found that clinical scores in experimental
autoimmune encephalitis model mice were signi�cantly reduced after treatment with TGR5 agonists,
which was associated with the reduced activation of monocytes and microglia cells[41]. 6α-Ethyl-23(S)-
methylcholic acid (6-EMCA, INT-777) is a selective, speci�c agonist for TGR5, and Zuo et al. found that
intranasal administration of INT-777 was also bene�cial for SAH rats[12]. In our study, after the intranasal
administration of INT-777 one hour after CLP, cognitive impairment and anxiety-like behavior in CLP rats
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signi�cantly improved and the number of activated microglia and neutrophil in�ltration were signi�cantly
reduced, and the results of WB analysis showed that in�ammatory factors were also downregulated.
After TGR5 CRISPR-mediated knockout of TGR5 in CLP animals, the neuroprotective effect of INT-777
disappeared. All these results suggest that INT-777 can inhibit microglial activation and in�ammation by
activating TGR5, thereby improving long-term cognitive impairment.

G protein coupled receptors (GPCRs) are thought to play a role in signal transduction by producing a
number of second messengers, including cAMP. When activated by INT-777, TGR5 leads to increased
intracellular cAMP levels and activates subsequent signaling pathways[42]. Studies have shown that the
TGR5-cAMP-PKA axis is the basis of bile acid-mediated anti-in�ammatory effects[19]. PKA promotes
phosphorylation of the transcriptional activation sites of CREB, which further promotes the binding of
CREB to the transcriptional coactivator CBP and the formation of complexes that block the transcription
of in�ammatory genes[43]. CREB signaling also reduces the activation of proin�ammatory microglial
cells, leading to neuroprotective effects[44].

In the current study, we found that INT-777 increased the expression of cAMP/P-PKA/P-CREB after CLP,
while CRISPR-mediated TGR5 knockout inhibited the expression of these proteins. To further con�rm our
hypothesis, SQ22536, an adenylyl cyclase inhibitor, was used to inhibit cAMP, and the results showed that
the expression of TGR5 was not changed, but the expression of cAMP/p-PKA/p-CREB was decreased,
and expression of the in�ammatory cytokines IL-1β, IL-6 and TNF-α was signi�cantly increased,
suggesting that the neuroprotective effect of TGR5 had been reversed by SQ22536. These �ndings
support the idea that the improvement in cognitive impairment observed in rats after CLP with INT-777
treatment is achieved through the TGR5/cAMP/PKA/CREB signaling pathway.

This study has some limitations. First, although TGR5 plays a role in neuroprotection through different
mechanisms, such as resistance to apoptosis, oxidative stress resistance, and the maintenance of blood-
brain barrier integrity, in this study, the role of TGR5 in only neuroin�ammation was studied. Second, our
study showed that TGR5 is also minimally expressed on astrocytes, and the current study con�rms that
astrocytes are also strongly associated with neuroin�ammation[45], and we intend to further evaluate the
effect of INT-777 treatment on astrocytes in neuroin�ammation in a follow-up study. Third, INT-777 was
administered at 1 hour after CLP, and whether the administration of INT-777 within a time frame of 3
hours, 6 hours or longer after CLP would still have a signi�cant neuroprotective effect was not evaluated,
although this information would be more valuable for clinical application.

5. Conclusions
Experiments in surviving sepsis rats showed that INT-777 treatment reduced neuroin�ammation and
microglial cell activation and improved cognition and behavior. If translated into clinical practice, TGR5
may be a therapeutic target to improve neurological outcomes in sepsis survivors.
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Figures

Figure 1

Experimental design and animal group classi�cation. CLP, Cecal Ligation and Puncture; WB, western blot;
IF, immuno�uorescence.
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Figure 2

Time course and cellular localization of endogenous TGR5 expression in hippocampus after CLP. (A)
Double immuno�uorescence staining for TGR5 (green) in microglia (Iba-1, red), n = 2/group, Scale bar =
50μm. (DAPI, 4′,6-diamidino-2-phenylindole; Iba-1, ionized calcium-binding adaptor molecule-1.) (B)
Schematic diagram of brain tissue, with the hippocampal area marked in black; The images were taken
out for immuno�uorescence staining. (C) Representative Western Blot images and (D) quantitative
analyses of TGR5 time course after CLP, n = 6/group, *p < 0.05 vs indicated groups. Bars represent mean 
± SD.

Figure 3

INT-777 effects on survival, clinical score, and body weight change after CLP. (A) Percentage of surviving
animals each group 15 days after CLP, (B) Body weight gain in each group, n = 10-21/group, (C) Clinical
score assessed 6 hours and 24 hours after CLP, *p < 0.05 vs indicated groups, bars represent mean ± SD.
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Figure 4

Effects of INT-777 treatment on neuronal degeneration and cognitive impairment after CLP. (A)
Representative micrographs and neuronal quanti�cations of Nissl staining in hippocampal CA1 region,
(B) Probe quadrant duration, (C) Representative heat map in probe test, (D) Escape latency, (E) Swim
distance of Morris water maze on 15–19 days after CLP, (F) Time in open arm during the elevated plus
maze test. n = 10-21/group, *p < 0.05 and **p< 0.01 vs indicated groups, bars are represented as mean ±
SD.

Figure 5

Effects of INT-777 on microglia/ macrophage activation and neuroin�ammation after CLP. (A)
Representative images of immuno�uorescence staining of Iba-1 (red), MPO (green) and IL-1β(green) in
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the hippocampus area 24 hours after CLP, (B, C, D) Quantitative analyses of Iba-1, MPO, and IL-1β-positive
cells in the hippocampus area, (E, F, G) Representative Western blot images and (H, I, J) quantitative
analyses of Iba-1, MPO and IL-1β levels in the hippocampus 24 hours after CLP. n = 6/group, *p < 0.05
and **p< 0.01 vs indicated groups, bars are represented as mean ± SD.

Figure 6

Effects of TGR5 CRISPR on neuroin�ammation and signaling pathway at 24 hours after CLP, (A)
Representative Western blot images and (B - D) Quantitative analyses of TGR5, cAMP, p-PKA, p-CREB, IL-
1β, IL-6 and TNF-α in the hippocampus area at 24 h after CLP. n = 6/group, *p < 0.05 and **p< 0.01 vs
indicated groups, bars are represented as mean ± SD.

Figure 7

Effects of SQ22536 on signaling pathway at 24 hours after CLP, (A) Representative Western blot images
and (B - D) Quantitative analyses of TGR5, cAMP, p-PKA, p-CREB, IL-1β, IL-6 and TNF-α in the
hippocampus area at 24 h after CLP. n = 6/group, *p < 0.05 and **p< 0.01 vs indicated groups, bars are
represented as mean ± SD.
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