Research Paper

PAIN 166 (2025) 1296-1313

Activation of TGR5 in the injured nerve site
according to a prevention protocol mitigates partial
sciatic nerve ligation-induced neuropathic pain by
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Wen-Ge Shi*®, Yao Yao?, Ya-Jing Liang®, Jie Lei*®, Shi-Yang Feng®®, Zi-Xian Zhang®, Yue Tian®, Jie Cai°,

a,b,x

Guo-Gang Xing®, Kai-Yuan Fu

Abstract

Neuropathic pain is a pervasive medical challenge currently lacking effective treatment options. Molecular changes at the sitg
peripheral nerve injury contribute to both peripheral and central sensitization, critical components of neuropathic pain. This study
explores the role of the G-protein-coupled bile acid receptor (GPBAR1 or TGR5) in the peripheral mechanisms underlying
neuropathic pain induced by partial sciatic nerve ligation in male mice. TGR5 was upregulated in the injured nerve site and
predominantly colocalized with macrophages. Perisciatic nerve administration of the TGR5 agonist, INT-777 according to
a prevention protocol (50 wg/pL daily from postoperative day [POD] 0 to PODB6) provided sustained relief from mechanical allodynia
and spontaneous pain, whereas the TGRS antagonist, SBI-115 worsened neuropathic pain. Transcriptome sequencing linked the
pain relief induced by TGR5 activation to reduced neuroinflammation, which was further evidenced by a decrease in myeloid cells
and pro-inflammatory mediators (eg, CCL3, CXCL9, interleukin [IL]-6, and tumor necrosis factor [TNF] «) and an increase in CD86-
CD206+ anti-inflammatory macrophages at POD7. Besides, myeloid-cell-specific TGR5 knockdown in the injured nerve site
exacerbated both neuropathic pain and neuroinflammation, which was substantiated by bulk RNA-sequencing and upregulated
expression levels of inflammatory mediators (including CCL3, CCL2, IL-6, TNF «, and IL-1B) and the increased number of
monocytes/macrophages at POD7. Furthermore, the activation of microglia in the spinal cord on POD7 and POD14 was altered
when TGR5 in the sciatic nerve was manipulated. Collectively, TGR5 activation in the injured nerve site mitigates neuropathic pain by
reducing neuroinflammation, while TGR5 knockdown in myeloid cells worsens pain by enhancing neuroinflammation.
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1. Introduction

Pain is an unpleasant sensory and emotional experience
associated with actual or potential tissue damage or similar
stimuli.® Neuropathic pain occurs when damage or disease
affects the somatosensory nervous system.>* Neuropathic pain
contributes significantly to the global disease burden, affecting
6.9% to 10% of the global population.®®3€° The mechanisms
underlying neuropathic pain are complex and vary between
different states of the disease.® Currently, clinical treatments for
neuropathic pain predominantly focus on drugs that regulate

neural conduction. However, these drugs frequently have
unavoidable side effects and less-than-ideal treatment efficacy.?
Further research is warranted to identify new treatment targets
based on distinct pathological mechanisms.

Neuropathic pain triggers neuroinflammation.?®  Following
peripheral nerve injury, immune cells infiltrate the injury site,
secrete cytokines and chemokines, activate local immune cells,
and attract more circulating leukocytes both to the injury site and
along the neural pain pathway.'®“%%° In the peripheral nervous
system, macrophages participate in pain modulation by directly
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interacting with neurons®”-%” and by releasing soluble mediators

that bind to receptors expressed in other cells.'®17*® However,
clinical trial results for patients with neuropathic pain treated with
neutralizing antibodies targeting pro-inflammatory cytokines
were inconclusive.®® Therefore, a deeper understanding of the
neuroimmune processes involved in the development and
resolution of neuropathic pain is necessary for developing
effective treatment strategies.

TGRS is a G-protein-coupled bile acid receptor (GPBAR1) that
was initially reported to mediate the anti-inflammatory effects of
bile acids on lipopolysaccharide (LPS)-treated monocytes and
macrophages.® The beneficial role of TGR5 activation in
attenuating inflammation, including neuroinflammation induced
by subarachnoid hemorrhage,?*"® sepsis,° and intracerebro-
ventricular injection of LPS,%¢ has been discovered in several
disease models.”® However, the role of TGRS in pain modulation
is not well understood, and previous studies have yielded
contradictory findings. On the one hand, the activation of TGR5
in sensory nerves, achieved through intraplantar or intrathecal
injection of bile acids, leads to antinociception in response to
mechanical paw stimulation.’ On the other hand, TGRS activation
has been shown to promote visceral hypersensitivity in a mouse
model of irritable bowel syndrome.®

Therefore, the aim of this study was to investigate the role of
TGRS in the peripheral mechanisms of neuropathic pain induced
by partial sciatic nerve ligation (pSNL) in a mouse model.

2. Methods
2.1. Animals

Experiments were performed following the ethical principles
outlined by the Animal Care and Use Committee of the Peking
University Center of Health Science. Inbred 6- to 8-week-old male
C57BL/6J (Vital River Laboratory Animal Technology Co Ltd,
Beijing, China) and Lyz2-Cre (Cat. No. NM-KI-215037; Shanghai
Model Organisms Center, Inc, Shanghai, China) mice were
housed in a pathogen-free environment with a 12:12-hour light/
dark cycle, an ambient temperature of 24°C + 1°C, and an air
humidity of 50% to 60%. The mice were given access to water
and food ad libitum. An abundant supply of nesting materials and
wooden sticks was provided in the home cage and changed
every 3 days to ensure an enriched environment.

2.2. Neuropathic pain model

Neuropathic pain was induced in the mice using the pSNL model,
following previously published methods with some modifica-
tions.*"®5"" In brief, under 1% sodium pentobarbital anaesthesia,
the right sciatic nerve was exposed and carefully separated from the
adjacent connective tissues near the trochanter. A 9-0 silk suture
with a 3/8 curved mini-needle was used to ligate approximately half
of the dorsal portion of the sciatic nerve. Mice were maintained at
a temperature of 37.5°C using a heated plate during operation and
recovery. The anesthetic status of the mice was monitored by
observing the respiration rate and checking the withdrawal reflex.

2.3. Behavioral tests

All tests were conducted during the light (rest) phase. The mice
were habituated to the testing environment 2 days before testing.
The investigator was blinded to the genotype and treatment of the
mouse groups. Mechanical allodynia was measured using
a modified version of a previously reported Von Frey test.”'*
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Von Frey filaments (Stoelting) were applied to the paw, beginning
with the 0.16 g size. The presence or absence of a positive
withdrawal response (flicking, licking, or lifting) determined the
choice of lower- or higher-weight filaments. Four additional
responses were observed after the initial change. The 50% paw
withdrawal threshold was calculated based on the recorded test
results.’®'® Spontaneous pain in mice was analyzed by de-
termining the time spent showing nocifensive behaviors (including
lifting, flapping, shaking, licking, and guarding) during a 10-
minute period based on video recordings.*®

2.4. Western blotting

Under 1% sodium pentobarbital anaesthesia, the mice un-
derwent transcardial perfusion with chilled phosphate-buffered
saline (PBS). Approximately 1.5 cm of sciatic nerve tissue
(including the injured site and the proximal and distal parts) was
dissected distal to the semitendinosus nerve branch. Proteins in
the tissues were extracted using RIPA buffer (Applygen) and
1 mM phenylmethylsulfonyl fluoride and phosphatase inhibitors
were added. Proteins were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and transferred to the
polyvinylidene difluoride membranes. The membranes were
blocked using 5% nonfat milk. Subsequently, they were in-
cubated overnight at 4°C with the following primary antibodies:
rabbit anti-TGR5 (1:1000; ab72608; Abcam, Cambridge,
United Kingdom), mouse anti-NLRP3 (1:1000; AG-20B-0014;
AdipoGen, San Diego, CA), rabbit anti-ASC (1:1000; 67824S;
Cell Signalling Technology, Danvers, MA), rabbit anti-Caspase-1
(1:1000; 24232S; Cell Signalling Technology), rabbit anti-
interleukin (IL)-1B (1:200; ab9722; Abcam), mouse anti-B-Actin
(1:1000; TA-09; ZSGB-BIO, Beijing, China), and rabbit anti-
GAPDH (1:2000; 2118S; Cell Signalling Technology). The
membranes were washed and incubated with HRP-conjugated
secondary antibodies (1:1000; Immunoway, Plano, TX), and
enhanced chemiluminescence detection (Tanon, St Andrews,
United Kingdom) was used to visualize the proteins. Band
intensities were quantified using Imaged, and internal controls
were used to calculate the relative protein expression.

2.5. Immunofluorescence staining

Under 1% sodium pentobarbital anaesthesia, the mice un-
derwent transcardial perfusion with prewarmed 0.9% saline
solution, followed by a chilled 4% paraformaldehyde solution. The
spinal cord and ipsilateral sciatic nerve were dissected, fixed for
24 hours, and subsequently subjected to overnight cryoprotec-
tion at 4°C in 30% sucrose. After embedding in an Optimum
Cutting Temperature Compound (Sakura), the nerve was sliced
into 10 wm and the spinal cord was sliced into 30 wm thick frozen
sections and affixed to slides. The sections were blocked with
10% donkey serum in PBS enriched with 0.3% Triton X-100 and
incubated overnight at 4°C with the following primary antibodies:
rabbit anti-TGR5 (1:500; ab72608; Abcam), mouse anti-PGP9.5
(1:1000, NB600-1160; Novus, St. Louis, MO), rat anti-mouse F4/
80 (1:500; MCA497; Biorad, Hercules, CA), mouse anti-NLRP3
(1:500; AG-20B-0014; AdipoGen), rabbit anti-ASC (1:500;
67824S; Cell Signalling Technology), rabbit anti-IL-18 (1:200;
ab133357; Abcam), and rabbit anti-lba-1 (1:1000; 019-19741;
WAKO) antibodies. Subsequently, appropriate secondary anti-
bodies (1:1000; Jackson ImmunoResearch, West Grove, PA)
including Cy3 donkey anti-rabbit immunoglobulin G (IgG), AF488
donkey anti-rat IgG, AF488 donkey anti-mouse IgG, Cy3 donkey
anti-mouse IgG, and AF647 donkey anti-rabbit IgG were used for
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incubation. Nuclear labelling was performed by counterstaining
with 4’,6-diamidino-2-phenylindole.

Images were acquired using an Olympus microscope. To
ensure reproducibility, a minimum of 3 sections per sample were
examined. Quantitative analyses were performed blindly using
Imaged Pro Plus software (Media Cybemetics Inc).

2.6. Flow cytometry assay

Sciatic nerve cells were isolated according to a previously
described protocol.®® Approximately 1.5 cm of the sciatic nerve
was carefully dissected and transferred to 200 pL of papain
solution (1xX HBSS [Gibco, Waltham, MA}/15 U/mL papain
[Roche, Indianapolis, IN]/10 wg/mL DNase [Sigma, Burlington,
MA]) on ice. After finely chopping the tissue samples into small
pieces and digesting them at 37°C for 30 minutes, 400 wL of
Solution A (1X HBSS/10% FBS [Gibco]/10 wg/mL DNase) was
added to terminate the digestion, followed by homogenization
using a 1 mL syringe fitted sequentially with @21 and 23 G needle.
After homogenization, the solution was centrifuged at 12,000 rpom
for 10 seconds. The cell pellets were washed with 1 mL of FACS
buffer (1 X HBSS/10% FBS) and resuspended in 100 pL of FACS
buffer, to which 1 pL of rat anti-mouse CD16/CD32 clone 2.4G2
(BioLegend, San Diego, CA) was added. Following 30-minute
incubation on ice, the following fluorescent antibodies were
added into the incubation buffer and incubated on ice for another
30 minutes: PerCP-Cy5.5 rat anti-CD11b (550993; BD Bio-
sciences, Franklin Lakes, NJ), PE/Cyanine7 anti-mouse F4/80
(123114; BiolLegend), PE anti-mouse CD86 (12-0862-81;
Thermo Fisher Scientific), and APC anti-mouse CD206
(141708; BioLegend) antibodies. Subsequently, the cells were
washed and resuspended in FACS buffer for flow cytometry.
Cellular events were acquired using a Beckman Galios machine,
and the data were analyzed using FlowdJo software.

2.7. Bulk RNA-sequencing and data analysis

Total RNA was extracted from the sciatic nerve using TRIzol
reagent (Life Technologies, Carlsbad, CA) and assessed for
quality, concentration, and chemical purity using spectropho-
tometry (NanoDrop, Wilmington, DE). High-quality RNA libraries
were generated and sequenced using the BGI system (Shenz-
hen, China). Subsequently, the sequencing data were analyzed
using the Dr. Tom Multi-omics Data Mining System (available at
https://biosys.bgi.com), with significance levels adjusted using
a stringent threshold (Q value =0.05).

2.8. Real-time quantitative PCR analysis

Overall, 400 ng of RNA extracted from the sciatic nerve or bone
marrow-derived macrophages (BMDMs) was reverse-
transcribed. Subsequently, 1 pL of the resulting template
complementary DNA was amplified in a 20 L reaction volume,
with 0.5 wM of the specified PCR primer. Quantitative real-time
PCR was performed using an ABI 7500 Fast Real-Time PCR
System (Applied Biosystems, Foster City, CA) with SYBR Premix
Ex Taqg Il (Takara, Kusatsu, Japan) following a previously de-
scribed method.®” Specific primers were employed for amplifca-
tion, including Tgr5 (forward: 5-ACTGGTCCTGCCTCCTTC
TCC-3', reverse: 5'-ACACTGCCATGTAGCGTTCCC-3'), Ccl3
(forward: 5'-TTGCTGTTCTTCTCTGTACCAT-3’, reverse: 5'-
AATAGTCAACGATGAATTGGCG-3'), Ccl4 (forward: 5'-CTT
GCTCGTGGCTGCCTTC-3', reverse: 5'-TGCTGGTCTCATAGT
AATCCATCAC-3'), Tnfa (forward: 5’-GCCTCTTCTCATTCCTGC
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TTGTGG-3', reverse: 5'-GTGGTTTGTGAGTGTGAGGGTCTG-
3'), l1b (forward: 5’-TCGCAGCAGCACATCAACAAGAG-3’, re-
verse: 5'-AGGTCCACGGGAAAGACACAGG-3'), NIrp3 (forward:
5'-GCCGTCTACGTCTTCTTCCTTTCC-3', reverse: 5'-CATCCG
CAGCCAGTGAACAGAG-3'), and Gapdh (forward: 5'-AACTTT
GGCATTGTGGAAGGGCTC-3', reverse: 5'-TGGAAGAGTGGG
AGTTGCTGTTGA-3').

2.9. Cytokine measurement

Cytokines (interferon [IFN]-y, IL-10, CCL4 [MIP-1B], IFN-«,
CXCL9 [MIG], CXCL10 [IP-10], tumor necrosis factor [TNF]-a,
IL-6, VEGF, IL-4, CCL3 [MIP-1qa], and CCL2 [MCP-1]) in the
sciatic nerve were measured using a LEGENDplex MU Cytokine
Release Syndrome Panel w/FP (741023; BioLegend), following
the manufacturer’s protocol and analyzed using a Beckman
Galios flow cytometer. Sciatic nerve tissues were homogenized in
100 plL of cold PBS. The supernatant was collected after
centrifugation at 12,000g for 10 minutes at 4°C. Protein
concentration was determined using a BCA Protein Assay Kit
(Thermo Fisher Scientific). For the analysis, 25 L of sciatic nerve
extract was used. The reported values in pg/mL were normalized
to pg/mg of total protein, considering the protein concentration.

2.10. Lentivirus-mediated shRNA construction

The shRNA lentivirus for knockdown sequence identification was
constructed by OBIO Technology (Shanghai, China) using the
lentiviral vector, pSLenti-UB-shRNA-CMV-mCherry-F2A-Puro-
WPRE. The 3 sequences targeting GPBART mRNA were as
follows: 5'-CCTACCTCTACCTGGAAGTTT-3' (shGPBAR1-1),
5'-CTCTGTTATCGCTCATCTCAT-3" (shGPBAR1-2), and 5'-
TGCTTCTTCCTAAGCCTACTA-3" (shGPBAR1-3). The se-
quence of the control shBRNA was 5'-CCTAAGGTTAAGTCG
CCCTCG-3' (referred to as shControl). The viral titers of
shGPBAR1 and shControl reached 2.7 x 10% and 7.7 x 10°
TU/mL, respectively.

A Cre-dependent shRNA lentivirus for TGR5-specific knock-
down was constructed by BrainVTA (Wuhan, China). The lentiviral
vector sequence was rLV-CMV-DIO-EGFP-5"'miR30-shRNA-
3'miR30-WPRE. The sequence targeting GPBART mRNA was
5'-CCTACCTCTACCTGGAAGTTT-3 and named shGPBART.
The viral titers of sShGPBAR1 and shControl reached 1 x 10°
TU/mL.

2.11. Bone marrow-derived macrophage culture
and treatments

The isolation and incubation of BMDMs were performed following
a well-established protocol with minor adjustments.*® In brief,
cells in the femur and tibia were flushed out of the bone using
sterile HBSS. Following filtration through a 70-wm cell strainer,
the cell solution was lysed using a lysis buffer (Solarbio) to remove
the blood cells. After centrifugation, the cell pellets were
suspended in 10 mL of complete medium (RPMI 1640 medium
[Gibco]/5 mM penicillin/streptomycin [Gibco]/10% FBS/30 ng/
mL macrophage colony-stimulating factor [BioLegend]) and
plated in a 10-cm dish for incubation at 37°C in a 5% CO,
atmosphere.

For lentivirus transfection, BMDMs incubated for 3 days were
infected with fresh complete medium containing lentiviruses at
a multiplicity of infection of 100 for 12 hours. After discarding the
lentiviruses, the cells were cultured for an additional 72 to
96 hours in a fresh complete medium and then prepared for
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Western blotting, immunofluorescence staining, and real-time
quantitative PCR (RT-gPCR) analysis.

2.12. Perisciatic nerve injection

Perineural injections were administered according to a previously
established protocol.®* In brief, a 30-gauge needle attached to
a micro-syringe was gently inserted into the scar site induced by
the pSNL procedure. The substances were administered to the
region surrounding the sciatic nerve in the upper thigh of the hind
limb. Successful injection and targeting of the sciatic nerve were
confirmed using fast green dye, which was deposited in the nerve
after injection.

The TGR5-specific agonist, INT-777 (HY-15677; MedChe-
mExpress, Monmouth Junction, NJ), was dissolved in 10%
dimethylsulfoxide (DMSQO) to the concentrations of 0.5 wg/pL,
5 pg/pL, and 50 pg/pl. The TGR5-specific antagonist, SBI-115
(HY-111534; MedChemExpress), was dissolved in 10% DMSO
to a concentration of 40 pg/plL. A 4 pL volume of INT-777, SBI-
115, or 10% DMSO was administered daily through perisciatic
nerve injection following a prevention protocol that started during
surgery and continued until 6 days postsurgery day. All injections
were made under isoflurane anesthesia.

Cre-dependent shRNA lentivirus (shGPBAR1 or shControl)
was perineurally injected at a final titer of 1 X 10° TU/mL in a total
volume of 4 pL per mouse following a prevention protocol applied
concurrently with pSNL surgery. Additional injections were
administered on the first and second days following pSNL
surgery under isoflurane anesthesia.

2.13. Data analysis

Statistical analyses were performed using GraphPad Prism
software version 9.0. Data are presented as mean = SEM. The
mean values of the 2 groups were compared using the 2-tailed
unpaired Student t test. Data from multiple groups were
compared using 1-way analysis of variance (ANOVA), followed
by Tukey post hoc test. The F-statistics for 1-way ANOVA were
reported as F(df of treatment, residual). Two-factor interaction
analyses were conducted using 2-way ANOVA with Sidak post
hoc test, and F-statistics were reported as F(df of interaction,
treatment, time/residual). Significance levels were denoted as
follows: *P < 0.05, *P < 0.01, and ***P < 0.001.

3. Results

3.1. TGRS5 increased in the sciatic nerve after partial sciatic
nerve ligation and was mainly colocalized with macrophages

Partial sciatic nerve ligation-induced mechanical allodynia in-
dicated by a decreased paw withdrawal threshold in the mouse
model of neuropathic pain was detected on postoperative day
(POD) 1 and persisted until POD14 (F (4, 55) = 3.785, F (4, 55) =
10.99, F (1, 55) = 70.82) (Fig. 1A). TGR5 expression in the injured
sciatic nerve was determined using Western blotting (Fig. 1B).
The results indicated that the protein levels of TGR5 significantly
and continuously increased starting on POD1, peaked at POD?7,
and remained elevated until POD14 (F (4, 15) = 21.13) (Fig. 1C).

To investigate the cellular localization of TGR5, double-staining
for TGR5 and F4/80 (a macrophage marker) was performed on
the sciatic nerve in both sham and pSNL groups (Fig. 1D).
Consistent with our Western blotting data, the number of TGR5-
positive cells detected by fluorescence staining significantly
increased in the sciatic nerve, particularly at the site of injury
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(Fig- 1E). Notably, TGR5 predominantly colocalized with F4/80-
positive cells. Quantitative analysis revealed that the colocaliza-
tion ratio of TGR5 with F4/80, indicated by the percentage of area
overlap, was significantly higher in the POD7 group compared
with the sham group (Fig. 1F). Given the confirmed expression of
TGR5 in neurons, we subsequently double-stained TGR5 with
PGP9.5 (a nerve fiber marker) in sciatic nerves (Fig. S1A, available
at http://links.lww.com/PAIN/C168). The results showed an
increase in TGR5 after pSNL, with minimal PGP9.5 colocalization,
and no significant differences between the sham and POD7
groups (Figs. S1B and C, available at http://links.lww.com/PAIN/
C168). In addition, immunofluorescent staining indicated that
some F4/80-positive macrophages were closely associated with
PGP9.5-positive nerve fibers, resulting in overlapping staining of
F4/80 and PGP9.5 (Fig. S1D, available at http://links.lww.com/
PAIN/C168). Triple-staining micrographs of TGR5, F4/80, and
PGP9.5 suggested that what appeared to be colocalization of
TGR5 with PGP9.5 was actually colocalization with macrophages
adjacent to nerve fibers (Fig. S1E, available at http://links.lww.
com/PAIN/C168). Consequently, the colocalization ratio of TGR5
with nerve fibers in the sciatic nerve was low. Overall, these
findings revealed that TGR5 expression increases in sciatic
nerves after pSNL, with predominant location in macrophages.

3.2. Macrophages in the sciatic nerve underwent dynamic
changes following partial sciatic nerve ligation

To confirm the involvement of macrophages in the pathological
process induced by pSNL, the alterations of macrophages in the
sciatic nerve were assessed using flow cytometry (Fig. S2,
available at http://links.lww.com/PAIN/C168). The results in-
dicated a significant increase in the percentage of CD11b+
myeloid cells at POD1 and PODS (F (4, 17) = 12.40) (Fig. 2A).
Compared with the sham group, the percentages of F4/80+ and
CD11b+F4/80+ macrophages were significantly increased at
POD3 (F (4,17) = 7.575; F (4,17) = 7.127) (Figs. 2B and C). In
addition, the population of CD86"CD206— pro-inflammatory
macrophages was increased at POD1, showed a relative de-
crease at POD3 and POD7, and eventually returned to the levels
of the sham group by POD14 (F (4, 17) = 96.77) (Fig. 2D). The
percentage of CD86-CD206+ anti-inflammatory macrophages
followed a pattern opposite to that of CD86"CD206— macro-
phages (F (4, 17) = 14.13) (Fig. 2E). Consequently, the ratio of
CD86"CD206— macrophages to CD86-CD206+ macrophages
significantly increased at POD1 (F (4, 17) = 9.327) (Fig. 2F).
Overall, macrophages were increased in the sciatic nerve after
pPSNL, displaying pro-inflammatory characteristics.

3.3. Perisciatic nerve injection of the TGR5 agonist alleviated
partial sciatic nerve ligation-induced neuropathic pain, while
administration of the TGR5 antagonist exaggerated
neuropathic pain

Given the significant changes in TGR5 expression following pSNL
and its predominant colocalization with macrophages, it was
hypothesized that TGR5 plays a role in pSNL-induced mechanical
allodynia. To test this, the TGR5 agonist INT-777 was adminis-
tered daily through perisciatic nerve injection from day O to day 6,
and pain-like behaviours were assessed (Fig. 3A). Among the 3
dosing regimens tested, mice treated with 50 wg/pL INT-777
showed a significant recovery in the 50% paw withdrawal
threshold, while those that received 0.5 pwg/ul or 5 pg/pL did
not (F (16, 125) = 1.860, F (4, 125) = 9.652, F (4, 125) = 14.94)
(Fig. S3A, available at http://links.lww.com/PAIN/C168). To
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Figure 1. Expression of TGR5 in the sciatic nerve after pSNL. (A) Alterations in the 50% paw withdrawal threshold assessed through the Von Frey test after pSNL.
n = 6to 7 per group. **P < 0.001, ***P < 0.0001 vs sham group; 2-way ANOVA, Sidék post hoc test, F (4, 55) = 3.785, F (4, 55) = 10.99, F (1, 55) = 70.82. (B)
Representative Western blotting bands at different time points. (C) Densitometric quantification of TGR5 in the ipsilateral (right) sciatic nerve following pSNL. The
sciatic nerves of the sham mice were collected 7 days after the sham operation. n = 4 per group. “P < 0.05, **P < 0.001, ***P < 0.0001 vs sham group; 1-way
ANOVA, Tukey post hoc test, F (4, 15) = 21.13. Data are presented as the mean * SEM. (D) Representative microphotographs illustrating co-
immunofluorescence staining of TGRS (red) with macrophages (F4/80, green) in the sciatic nerve. Pentagrams indicate the site of injury. Nuclei were stained with
DAPI (blue). Scale bar: 100 wum. Number of TGR5-positive cells (E) and percentage of TGRS colocalized with macrophages in the overall TGR5-positive area (F) in
the sciatic nerve. n = 3to 4 per group. **P < 0.01; unpaired t test. Data are presented as the mean = SEM. ANOVA, analysis of variance; pSNL, partial sciatic nerve

ligation.

investigate the short-term effects of INT-777, behavioral tests
were conducted both before the injection and 1 hour after
injection. The results revealed a trend towards recovery in the 50%
paw withdrawal threshold postinjection, though the changes from
preinjection values were not statistically significant. The notable
anti-allodynic effect of INT-777 began on POD5, before injection,
likely due to the cumulative effect of multiple injections (F (14,
160) = 7.922, F (7, 160) = 26.49, F (2, 160) = 344.0) (Fig. 3B).
This effect persisted until POD21, even after cessation of the drug
administration (F (12, 168) = 3.016, F (6, 168) = 17.44, F (2,
168) = 65.53) (Fig. 3C). In addition, INT-777 significantly and
continuously reduced spontaneous nocifensive behavior from
POD5 onward (F (16, 180) = 11.85, F (8, 180) = 51.01, F (2,
180) = 491.1) (Fig. 3D).

To determine whether the upregulated TGR5 in the injured
nerve site was activated by endogenous ligands, a perisciatic
injection of the TGR5 antagonist, SBI-115 (40 pg/pl) was
administered following the same protocol used for INT-777.
Blocking TGR5 significantly exacerbated pain-like behaviors in
mice after pSNL (F (8, 126) = 1.556, F (8, 126) = 166.2, F (1,
126) = 43.14) (F (8, 126) = 2.293, F (8, 126) = 84.64, F (1, 126) =
17.84) (Figs. 3E and F). In addition, sham mice treated with SBI-
115 showed a reduced 50% paw withdrawal threshold and

increased nocifensive behaviors at POD5 and POD7, with areturn
to baseline parameters by POD14. In contrast, INT-777
administration did not alter pain-like behaviors in sham mice (F
(16, 1563) = 2.373,F (8, 153) = 0.9100, F (2, 1563) = 14.80) (F (16,
1563) = 1.099, F (8, 153) = 3.087, F (2, 153) = 15.67) (Figs. S3B
and C, available at http://links.lww.com/PAIN/C168). The general
health status of the mice, which was assessed by body weight,
remained stable throughout the experiment, unaffected by either
the pSNL surgery or the perisciatic injection (F (6, 84) = 0.6498, F
(2, 84) = 29.37, F (3, 84) = 0.6073) (Fig. S3D, available at http://
links.lww.com/PAIN/C168). These findings suggested that upre-
gulated TGR5 in the injured sciatic nerve is indeed activated by
endogenous ligands. While this activation is beneficial, it is not
sufficient alone to prevent the progression of neuropathic pain,
which could be further mitigated by the exogenous ligand
INT-777.

3.4. Partial sciatic nerve ligation-induced transcriptome
alterations reversed by INT-777 administration were
predominantly inflammation-related

To illustrate the upstream mechanisms of mechanical allodynia
alleviation induced by INT-777 treatment, the transcriptional
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Figure 2. Alterations of macrophages in the sciatic nerve after pSNL. Percentages of CD11b+ cells (F (4, 17) = 12.40) (A), F4/80+ cells (F (4, 17) = 7.575) (B), and
CD11b+F4/80+ cells (F (4, 17) = 7.127) (C) among single cells, defined by FS-A and FS-W. Percentages of CD86CD206— cells (F (4, 17) = 96.77) (D) and
CD86-CD206+ cells (F (4, 17) = 14.13) (E) among CD11b+F4/80+ cells. (F) The ratio of CD86*CD206— macrophages to CD86-CD206+ macrophages (F (4,
17) = 9.327). The sciatic nerves of the sham mice were collected 7 days after the sham operation. n = 4 to 5 per group. “P < 0.05, **P < 0.01, **P < 0.001,
****P < 0.0001 vs sham group; 1-way ANOVA, Tukey post hoc test. Data are presented as the mean = SEM. ANOVA, analysis of variance; pSNL, partial sciatic

nerve ligation.

profile of the sciatic nerve from the 3 groups, DMSO_Sham,
DMSO_pSNL, and INT-777_pSNL, was analyzed at POD3 using
bulk RNA-sequencing (RNA-seq) (Fig. 4A). Principal component
analysis revealed distinct transcriptome characteristics among
the 3 groups (Fig. 4B). Specifically, 562 and 556 downregulated
and upregulated genes (clusters 1 and 2 in Fig. S4A, available at
http://links.lww.com/PAIN/C168), respectively, were detected in
the DMSO_pSNL group when using the DMSO_Sham group for
comparison (definition of differentially expressed genes [DEGs]: |
log2FC | = 2 and Q value = 0.05; Fig. 4C). Compared with
vehicle treatment, following INT-777 treatment 156 DEGs were
downregulated and 84 DEGs were upregulated after pSNL
(Fig. 4C, clusters 3 and 4 in Fig. S4B, available at http://links.lww.
com/PAIN/C168).

To understand the functions of DEGs, the biological processes
involved in 4 gene clusters were analyzed separately using Gene
Ontology (GO) enrichment analysis. Specifically, DEGs in cluster 1
were mainly related to the biosynthetic and metabolic processes
of sterol, steroid, and cholesterol (Fig. S4C, available at http://
links.lww.com/PAIN/C168). DEGs in cluster 2 were primarily
related to the inflammatory response and processes associated
with cytokines and chemokines (Fig. S4D, available at http://links.
Iww.com/PAIN/C168). Differentially expressed genes in cluster 3
were mainly related to the immune response (Fig. S4E, available
at http://links.lww.com/PAIN/C168). Differentially expressed
genes in cluster 4 were majorly related to sarcomere organization,
muscle contraction, and organism development (Fig. S4F,
available at http://links.lww.com/PAIN/C168). Notably, DEGs in
clusters 2 and 3, which were genes upregulated after poSNL and

genes downregulated after INT-777 treatment, respectively, were
involved in similar biological processes. Specifically, there were
29 overlapping genes between the 2 clusters (Figs. 4D and E).
GO-enrichment analysis indicated that these genes were involved
in immune system function, regulation of IL-18 and TNF
production, cellular response to IFN-y, and chemotaxis
(Fig. 4F). Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment analysis indicated that these genes were
associated with cytokine and cytokine receptor interaction, toll-
like receptor signaling, and NF-kappa B signaling pathways
among other pathways (Fig. 4G).

Overall, bulk RNA-seq data indicated that the transcriptome
alterations in the sciatic nerve induced by pSNL and further
reversed by TGR5 activation were closely associated with the
inflammatory response, particularly genes related to the pro-
duction of pro-inflammatory cytokines and chemokines. The
regulation of these inflammatory mediators may play a pivotal role
in the mechanisms underlying the mechanical allodynia alleviation
induced by INT-777 treatment.

3.5. Partial sciatic nerve ligation-induced increase of
pro-inflammatory mediators and monocytes/macrophages
in the sciatic nerve were patrtially reversed by

INT-777 administration

To verify the effect of INT-777 administration on cytokine/
chemokine expression, mice were killed on POD7 and the sciatic
nerve was subjected to cytometric bead array analysis. The
results indicated that CCL3, CXCL9, TNF-«, and IL-6 increased


http://links.lww.com/PAIN/C168
http://links.lww.com/PAIN/C168
http://links.lww.com/PAIN/C168
http://links.lww.com/PAIN/C168
http://links.lww.com/PAIN/C168
http://links.lww.com/PAIN/C168
http://links.lww.com/PAIN/C168
http://links.lww.com/PAIN/C168
http://links.lww.com/PAIN/C168
www.painjournalonline.com

1302 W.-G. Shiet al. ® 166 (2025) 1296-1313 PAIN®
A Peri-sciatic nerve injection of B 5167 Peri-sciatic nerve injection daily -e- Sham+DMSO(n=7)
DMSO/ 50pg/uL INT-777/ 40ug/uL SBI-115 daily 3 — pSNL+DMSO(n=8)
I O T T E R T T T E R T 5 1.2
O e O T T T P I Y }__‘.‘ = pSNL+INT-777(n=8)
mni e o oan mnr i mni =
W W W W W W W POD7 POD14 POD21 3 087 .
* £ 0.4 *kkk
i ¥ *k
pSNL e;\° pSNL i
B 00 L
- v T T T T T T T T
Behavioral tests P I I Y
SIS S €
RV RV Q7 R
C3 1.6+ — Peri-sciatic nerve injection daily -~ Sham+DMSO(n=8) D _ 120 Peri-sciatic nerve injection daily
° Ch
2, == PSNL+DMSO(n=9) 5 - Sham+DMSO(n=7)
g -+ pSNL+INT-777(n=10) H - pSNL+DMSO(n=8)
E o ] —+ pSNL+INT-777(n=8)
§ 2
° 7]
£ c
£ 041 8
H 0.4 .g
BN z
© 0.0
E 3147 Peri-sciatic nerve injection daily F _ 1507 Peri-sciatic nerve injection daily
T &
E 1:24 ~+ pSNL+DMSO(n=8) 5 120 T x *
g -+ pSNL+SBI-115(n=8) g % = -+ pSNL+DMSO(n=8)
E 0.8 a -+ pSNL+SBI-115(n=8)
Qo
g 2 60 psnL
E < [}
£ 0.4 £
ES * % % % g 30
ES PSNL i z
wn

0.0 T T T T T T T T T
XN N o N S
S S FFFF €O
L L P L <

(-]

% -

T T T 1 1 T T T
M v N v N v N
Q °\° 0\\ 050 O"‘\ oo,e 0"\ Qo°qoo
L L L

Figure 3. Effects of perisciatic nerve administration of the TGR5 agonist, INT-777 or the TGR5 antagonist, SBI-115 on pSNL-induced neuropathic pain. (A)
Schematic of experimental design. (B) Alterations in the 50% paw withdrawal threshold were evaluated before injection and 1 hour after daily DMSO or INT-777 (50
wg/pL) administration following a prevention protocol. n = 7 to 8 per group. **P < 0.01, ***P < 0.0001 vs pSNL+DMSO group; 2-way ANOVA, Sidak post hoc
test, F (14, 160) = 7.922, F (7, 160) = 26.49, F (2, 160) = 344.0. (C) Alterations in the 50% paw withdrawal threshold were evaluated following the discontinuation
of perisciatic nerve treatment. n = 8to 10 per group. *P < 0.05, **P < 0.01 vs pSNL+DMSO group; 2-way ANOVA, Sidak post hoc test, F (12, 168) = 3.016, F (6,
168) = 17.44, F (2, 168) = 65.53. (D) Alterations in the time spent on nocifensive behaviors (including lifting, licking, flapping, and shaking) by mice before injection
and 1 hour after injection during a 10-minute period were evaluated at POD1, POD3, POD5, POD7, and POD14. n = 7 to 8 per group. *P < 0.05, **P < 0.01, **P <
0.001 vs pSNL+DMSO group; 2-way ANOVA, Sidak post hoc test, F (16, 180) = 11.85, F (8, 180) = 51.01, F (2, 180) = 491.1. (E) Alterations in the 50% paw
withdrawal threshold were evaluated before injection and 1 hour after daily DMSO or SBI-115 (40 wg/plL) administration following a prevention protocol. n = 8 per
group. *P < 0.05 vs pSNL+DMSO group; 2-way ANOVA, Sidak post hoc test, F (8, 126) = 1.556, F (8, 126) = 166.2, F (1, 126) = 43.14. (F) Alterations in the time
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8 per group. *P < 0.05 vs pSNL-+DMSO group; 2-way ANOVA, Sidak post hoc test, F (8, 126) = 2.293, F (8, 126) = 84.64, F (1, 126) = 17.84. Data are presented

as the mean = SEM. ANOVA, analysis of variance; BL, baseline; DMSO, dimethylsulfoxide; POD, postoperative day; pSNL, partial sciatic nerve ligation.

in the injured nerve site after pSNL, and the administration of
50 wg/nL INT-777 prevented their upregulation (F (2, 21) =
18.27; F (2, 21) = 4.893; F (2, 21) = 8.638; F (2, 21) = 21.10)
(Figs. 5A-D). In addition, the expression levels of CCL2, CXCL10,
and VEGF, which were all altered by pSNL, remained unchanged
following INT-777 treatment (F (2, 21) = 27.90; F (2, 21) = 4.4083;
F(2,21) = 5.123) (Figs. S5A-D, available at http://links.lww.com/
PAIN/C168). Unexpectedly, no differences were detected in the
expression of CCL4, IL-4, IL-10, IFN-«, and IFN-y among the 3
groups (F(2,21) = 1.284; F(2,19) = 1.306; F (2, 19) = 1.279; F
(2, 21) = 0.2200; F (2, 21) = 0.3170) (Figs. S5E-H, available at
http://links.lww.com/PAIN/C168).

To assess the impact of local TGR5 activation on monocytes
and macrophages, the sciatic nerve from mice treated with
DMSO or INT-777 for 7 days was analyzed using flow cytometry
(Fig. 5E). The results showed a significant reduction in the
percentages of CD11b+ monocytes and CD11b+F4/80+
macrophages following INT-777 treatment, although the per-
centage of F4/80+ cells did not significantly differ between the 2
groups (Figs. 5F-H). While the individual percentage of

CD86"CD206— macrophages remained unchanged, adminis-
tration of 50 g/l INT-777 significantly increased the percent-
age of CD86-CD206+ macrophages and decreased the ratio of
CD86"CD206— to CD86-CD206+ macrophages in the treated
sciatic nerve (Figs. 51-K).

These results indicated that INT-777 administered according
to a prevention protocol significantly decreased pro-inflammatory
mediators, reduced the total number of monocyte/macrophages,
and increased the prevalence of anti-inflammatory macrophages
in the sciatic nerve. Collectively, these results showed that local
TGRS activation results in reduced neuroinflammation.

3.6. Myeloid-cell-specific TGR5 knockdown in the sciatic
nerve exacerbated partial sciatic nerve ligation-induced
neuropathic pain

Macrophages in the sciatic nerve include tissue-resident periph-
eral nerve and infiltrating monocyte-derived macrophages. In the
physiological conditions, resident macrophages are slowly
renewed from BMDMSs. Upon injury, macrophages in the sciatic
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Figure 5. Effects of INT-777 administration on alterations in inflammatory mediators and macrophages induced by pSNL at POD7. Protein levels of CCL3 (F (2,
21) = 18.27) (A), CXCL9 (F (2, 21) = 4.893) (B), TNF-a (F (2, 21) = 8.638) (C), and IL-6 (F (2, 21) = 21.10) (D) in the sciatic nerve at POD7 were measured using
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nerve have been shown to be predominantly circulating
monocyte-derived macrophages.” To gain further insights into
the contribution of macrophage-produced TGR5 in the injured
sciatic nerve to pain perception, targeted knockdown of TGRS in
myeloid cells was performed in Lyz2-Cre mice with the
shGPBAR1 sequence. The most effective shRNA sequence
was selected from 3 different sequences depending on its ability
to reduce the mRNA expression of Tgr5 in BMDMs (Fig. S6A,
available at http://links.lww.com/PAIN/C168). Finally, the se-
quence of shGPBAR1-1 was designated as shGPBAR1 and
further used. The specific knockdown effect of the LV-CMV-DIO-

www. painjournalonline.com 1305

EGFP-shRNA (shGPBAR1) virus was validated in BMDMs from
Lyz2-Cre mice using RT-qPCR (Fig. S6B, available at http://links.
ww.com/PAIN/C168), immunofluorescence staining (Figs. S6C
and D, available at http://links.lww.com/PAIN/C168), and West-
ern blotting (Figs. S6E and F, available at http://links.lww.com/
PAIN/C168).

Considering that the increase of myeloid cells in the sciatic
nerve was most significant during the first 3 days after pSNL, the
perisciatic nerve injection of lentivirus was performed 3 times
postoperatively (Fig. 6A). To evaluate the cell specificity of virus
infection, mice were killed on POD7 and the sciatic nerve was
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Figure 6. Validation of myeloid-cell-specific TGRS knockdown and the effect of TGR5 knockdown on mechanical allodynia. (A) Schematic of experimental design.
Representative flow cytometry pseudocolor dot plots indicating the percentage of CD11b+ cells among all GFP+ cells (B) and the percentage of GFP+ cells
among all CD11b+ cells (C) in the sciatic nerve of mice 5 days after virus injection. (D) mRNA expression of Tgr5 in the sciatic nerve of Lyz2-Cre mice treated with
shControl virus or shGPBART virus. n = 6 per group. *P < 0.05; unpaired t test. (E) Representative Western blotting bands and (F) densitometric quantification of
TGRS in the sciatic nerve of Lyz2-Cre mice treated with shControl virus or shGPBAR1 virus after pSNL. n = 5 per group. ***P < 0.001; unpaired t test. (G)
Representative microphotographs of immunofluorescence staining of TGRS in the sciatic nerve of Lyz2-Cre mice treated with shControl virus or shGPBAR1 virus.
Scale bar: 100 pm. (H) Analysis of the TGR5+ mean fluorescence density. n = 4 per group. *P < 0.05; unpaired t test. (I) Comparisons of the 50% paw withdrawal
threshold evaluated by the Von Frey test at POD7 between the shControl and the shGPBAR1 group. n = 8 to 9 per group. *P < 0.05; 2-way ANOVA, Sidak post
hoc test, F (2, 45) = 6.523, F (2, 45) = 157.7, F (1, 45) = 4.323. Data are presented as the mean = SEM. ANOVA, analysis of variance; POD, postoperative day;
pSNL, partial sciatic nerve ligation.
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subjected to flow cytometry analysis. The results indicated that
most of the GFP-labelled cells were CD11b+ (Fig. 6B). In
addition, the GFP-labelled CD11b+ cells accounted for approx-
imately 20% of the total CD11b+ cells (Fig. 6C). The knockdown
efficiency of TGR5 in the sciatic nerve was further confirmed using
RT-gPCR (Fig. 6D), Western blotting (Figs. 6E and F), and
immunofluorescence staining (Figs. 6G and H). Von Frey tests
carried out on POD7 and POD14 demonstrated that targeted
knockdown of TGR5 in myeloid cells in the injured nerve site
significantly exacerbated pSNL-induced mechanical allodynia (F
(2, 45) = 6.523, F (2, 45) = 157.7, F (1, 45) = 4.32) (Fig. 6l).
Similarly, compared with the shControl mice, mice in the
shGPBART1 group exhibited a significant escalation of spontane-
ous nocifensive behaviors (F (2, 45) = 3.293, F (2, 45) = 173.4, F
(1, 45) = 9.682) (Fig. S7, available at http://links.lww.com/PAIN/
C168). Overall, these results indicated that TGR5 expressed on
myeloid cells in the sciatic nerve might play a protective role
against pSNL-induced neuropathic pain.

3.7. Myeloid-cell-specific TGR5 knockdown induced
significant upregulation of pro-inflammatory genes in the
sciatic nerve

Although the contribution of myeloid cells to neuroinflammation
has been well reported, whether the regulation of neuroinflam-
mation is the main effect of myeloid TGR5 manipulation remains
unknown. To screen the transcriptomic alterations induced by
myeloid-cell-specific TGR5 knockdown, the sciatic nerves of
Lyz2-Cre mice treated with shGPBAR1 or shControl virus at
POD7 were subjected to bulk RNA-seq analysis.

Principal component analysis revealed distinct transcriptome
characteristics between the 2 groups (Fig. 7A). A volcano map of
the DEGs revealed that 5 and 77 genes were downregulated and
upregulated, respectively, in the shGPBAR1 group compared
with those in the shControl group (Fig. 7B). GO-enrichment
analysis indicated that the top 5 biological processes involved by
the upregulated genes were immune response, neutrophil
chemotaxis, inflammatory response, immune system process,
and chemotaxis. Specifically, several genes were involved in
regulating NIK/NFkB signaling and the cytokine production
process, especially the production process of TNF, IL-6, and
IL-1B (Fig. 7C). The major pathways involved by the upregulated
genes were further evaluated using KEGG-enrichment analysis.
Cytokine and cytokine receptor interactions, as well as chemo-
kine signaling, were the major enriched pathways. Similarly,
genes in the NFkB, IL-17, NOD-like receptor, and TNF signaling
pathways were significantly enriched (Fig. 7D). The expression of
genes in the above enriched biological processes is indicated in
the clustering heat map (Fig. 7E). Among these 24 DEGs, Tnf,
II1b, and Nirp3 were 3 key genes according to enrichment
analysis. Furthermore, Ccl3 and Ccl4 were also among the
cluster of 29 overlapping genes inversely regulated by pSNL and
INT-777 treatment. The expression of these 5 genes was
validated using RT-gPCR. Except for NIrp3, the expression of
the other 4 genes was significantly upregulated in the shGBAR1
group (Figs. 7F-J).

For the 5 downregulated DEGs, GO-enrichment analysis
revealed that they were involved in dendritic spine morphogen-
esis, negative regulation of excitatory postsynaptic potential, and
cellular response to nutrient levels (Fig. S8A, available at http://
links.lww.com/PAIN/C168). Kyoto Encyclopedia of Genes and
Genomes enrichment analysis implied that these genes were
closely associated with axon guidance and neuroactive ligand-
receptor interaction pathways (Fig. S8B, available at http://links.

PAIN®

Iww.com/PAIN/C168). The expression of genes in the above
enriched biological processes is indicated in the clustering heat
map (Fig. S8C, available at http://links.lww.com/PAIN/C168).
Taken together, these results revealed that neuroinflammation is
the primary biological process influenced by myeloid TGR5
knockdown, especially cytokine/chemokine signaling.

3.8. Myeloid-cell-specific TGR5 knockdown upregulated
pro-inflammatory mediators and increased the proportion of
monocytes/macrophages in the sciatic nerve

To confirm the effects of myeloid-cell-specific TGR5 knockdown
on neuroinflammation-related alterations implied by the RNA-seq
data, the protein levels of inflammatory mediators in the sciatic
nerve were assessed at POD7. Cytometric bead array analysis
indicated that the expression of CCL2, CCL3, TNF-a, and IL-6
was significantly upregulated in the shGPBAR1 group (Figs.
8A-D). The expression of CCL4 was not significantly different
between the 2 groups, although the mRNA levels of Ccl4 were
significantly increased in the shGPBAR1 group (Fig. S9A,
available at http://links.lww.com/PAIN/C168). The expression of
CXCL9, CXCL10, and VEGF, which were upregulated by pSNL,
were not altered by myeloid-cell-specific TGR5 knockdown (Figs.
S9B-D, available at http://links.lww.com/PAIN/C168). Consis-
tent with the effects of pSNL and TGR5 activation on the
expression of IL-4, IL-10, IFN-a, and IFN-y, TGR5 knockdown
did not regulate their protein levels (Figs. S9E-H, available at
http://links.lww.com/PAIN/C168).

The NLRP3-ASC inflammasome has been reported to regulate
the generation of IL-1B.2° Given the significant enrichment of
DEGs in the NLRP3 regulation and IL-1p production pathways,
their protein expression was assessed using Western blotting
(Fig. 8E). The results indicated that the expression of NLRP3 was
not significantly different between the shControl and shGPBAR1
groups, whereas the expressions of ASC, Caspase-1, and IL-18
were significantly upregulated by TGR5 knockdown (Figs. 8F-I).
Furthermore, immunofluorescence staining indicated that
NLRP3-ASC inflammasome and IL-1B colocalized with F480+
macrophages in the injured sciatic nerve at POD7 (Figs. 8J
and K).

Based on the robust alterations of cytokines and chemokines
induced by myeloid-cell-specific TGR5 knockdown, monocytes/
macrophages in the sciatic nerve were evaluated using flow
cytometry (Fig. 9A). The data revealed a significant increase in
CD11b+ monocytes, F4/80+ macrophages, and CD11b+F4/
80+ macrophages in the shGPBAR1 group compared with those
in the shControl group (Figs. 9B-D). However, no significant
differences were observed in the individual percentages of
CD861"CD206— macrophages and CD86-CD206+ macro-
phages and the ratio of CD86"CD206— macrophages to CD86-
CD206+ macrophages between the 2 groups (Figs. 9E-G).

These results confirmed the substantial regulatory impact of
myeloid TGR5 on the expression of pro-inflammatory mediators
and the proportion of monocytes/macrophages in the sciatic
nerve. Taken together, the results suggested that myeloid-cell-
specific TGR5 knockdown exaggerates neuroinflammation in the
sciatic nerve after pSNL.

3.9. Activation of microglia in the dorsal horn of the spinal
cord induced by partial sciatic nerve ligation was altered
when TGRS in the sciatic nerve was manipulated

Peripheral neuroinflammation contributes to central sensiti-
zation, which is the pivotal mechanism of neuropathic pain.®*
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Figure 7. Transcriptome alterations in the sciatic nerve induced by myeloid-cell-specific TGRS knockdown 7 days after pSNL. (A) PCA of the sciatic nerve in the
shControl and shGPBAR1 groups at POD?7. (B) Volcano plots of DEGs in the shGPBAR1 group compared with those in the shControl group, which included 77
upregulated and 5 downregulated genes, respectively. GO-enriched biological processes (C) and KEGG-enriched pathways (D) of 77 upregulated genes. (E) Heat
map of DEGs involved in the production of cytokines. The gene expression of Ccl3 (F), Ccl4 (G), Thfe (H), 116 (1), and Nirp3 (J) were validated through RT-gPCR. n =
6 per group. *P < 0.05; unpaired t test. Data are presented as the mean = SEM. DEG, differentially expressed gene; GO, Gene Ontology; KEGG, Kyoto
Encyclopedia of Genes and Genomes; PCA, principal component analysis; RT-gPCR, real-time quantitative PCR.
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Figure 8. Effects of myeloid-cell-specific TGR5 knockdown on the expression of inflammatory mediators 7 days after pSNL. Protein levels of CCL3 (A), CCL2 (B),
TNF-a (C), and IL-6 (D) in the sciatic nerve at POD7 were measured using cytometric bead array analysis. n = 6 to 8 per group. *P < 0.05; unpaired t test.
Representative Western blotting bands (E) and densitometric quantification of NLRP3 (F), ASC (G), pro-caspase-1 (H), caspase-1 p20 (I), and IL-18 p17 (J) in the
sciatic nerve of Lyz2-Cre mice treated with shControl virus or shGPBART virus. n = 4 per group. *P < 0.05, **P < 0.01, **P < 0.001; unpaired t test. Data are
presented as the mean + SEM. (K) Representative microphotographs showing immunofluorescence staining of F4/80 (green), NLRP3 (red), and ASC (cyan) in the
sciatic nerve after pSNL. Nuclei were stained with DAPI (blue). Scale bar: 100 um. (L) Representative microphotographs showing immunofluorescence staining of
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Figure 9. Effects of myeloid-cell-specific TGR5 knockdown on alterations of macrophages 7 days after pSNL. (A) Representative flow cytometry pseudocolor dot
plots of myeloid cell populations in the sciatic nerve of mice treated with shControl virus or shGPBART1 virus at POD7. Percentages of CD11b+ cells (B), F4/80+
cells (C), and CD11b+F4/80+ cells (D) among single cells defined by FS-A and FS-W. Percentages of CD86*CD206— cells (E) and CD86-CD206+ cells (F)
among CD11b+F4/80+ cells. (G) The ratio of CD86CD206— macrophages to CD86-CD206+ macrophages. n = 4 per group; *P < 0.05; unpaired t test. Data
are presented as the mean = SEM. POD, postoperative day; pSNL, partial sciatic nerve ligation.

To estimate the effects of TGR5 manipulation on central
sensitization in the spinal cord level, the activation of
microglia, indicated with the Iba-1 positive area in the
ipsilateral dorsal horn of spinal cord induced by pSNL was
analyzed at POD7 and POD14. Immunofluorescence staining
indicated that the activation of microglia was decreased by
perisciatic nerve INT-777 treatment (Figs. 10A-C) and was
increased by myeloid-cell-specific TGR5 knockdown in the

sciatic nerve compared with their respective control groups
(Figs. 10D-F).

4. Discussion

In this study, we confirmed that the activation of TGR5 in the
injured nerve site mitigates pSNL-induced neuropathic pain by
modulating neuroinflammation. Specifically, the expression of
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Figure 10. Effects of TGR5 manipulations on microglia activation in the spinal cord after pSNL. (A

) Representative microphotographs of immunofluorescence

staining of Iba-1 in the ipsilateral dorsal horn of the spinal cord of mice treated with DMSO or INT-777 at POD7 and POD14. Scale bar: 100 wm. Analysis of the
percentage of Iba-1+ area on POD7 (B) and POD14 (C). n = 6to 7 per group. **P < 0.01, **P < 0.001; unpaired t test. (D) Representative microphotographs of
immunofluorescence staining of lba-1 in the ipsilateral dorsal horn of the spinal cord of mice treated with shControl virus or shGPBART virus. Scale bar: 100 pm.
Analysis of the percentage of Iba-1+ area on POD7 (E) and POD14 (F). n = 6 to 7 per group. *P < 0.05, **P < 0.01; unpaired t test. Data are presented as the
mean = SEM. DMSO, dimethylsulfoxide; Iba-1, ionized calcium-binding adapter molecule 1; POD, postoperative day; pSNL, partial sciatic nerve ligation.

TGRS increased in the injured nerve site, and local administration
of a TGR5 agonist, following a prevention protocol, alleviated
mechanical allodynia and spontaneous pain by preventing the
increase of pro-inflammatory cytokines/chemokines and
monocytes/macrophages induced by pSNL. By contrast, spe-
cific knockdown of TGR5 in myeloid cells, also following
a prevention protocol, exacerbated neuropathic pain by in-
creasing the expression of pro-inflammatory mediators and the
proportion of monocytes/macrophages.

TGR5, a G-protein-coupled receptor, is abundantly expressed
in the gallbladder epithelium and is minimally to moderately
expressed in almost all other tissues and cell types.®' In the

nervous system, TGR5 is found in both neurons and nonneuronal
cells, including resident and infiltrating immune cells.®® The
distinct functions of TGR5 in neurons and nonneuronal cells have
been previously reported. In neurons, the administration of
a TGR5 agonist increases the intrinsic excitability of dorsal root
ganglion (DRG) neurons and activates colon-innervating DRG
neurons isolated from naive mice."® In nonneuronal cells, TGR5
activation mitigates LPS-induced inflammatory responses in both
microglia and macrophages.?>’° Moreover, the established pain
modulation roles of TGR5 expressed in different anatomical
regions are inconsistent. In a mouse model of paclitaxel-induced
peripheral neuropathic pain, TGR5 expressed in DRG neurons
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contributed to the upregulation of CCR5 and then mediated
deoxycholic acid-induced mechanical allodynia.”* In a mouse
model of spared nerve injury—induced neuropathic pain, in-
trathecal injection of TGR5 agonist alleviated mechanical
allodynia by inhibiting the activation of glial cells and modulating
the function of GABAA receptors in the spinal cord.®” In this studly,
TGRS in the injured sciatic nerve was mainly expressed in the
macrophages, and pSNL-induced neuropathic pain was signif-
icantly alleviated by perisciatic administration of the TGR5-
specific agonist, INT-777, following a prevention protocol. The
molecular mechanism underlying this TGR5-activation-regulated
phenotype is more likely to consist of a negative regulation effect
on inflammation rather than a positive impact on neuron
excitability. This inference was validated through bulk RNA-seq
analysis of injured nerve tissues. The sequence data indicated
that, among all changes in the transcriptome, the inflammatory
response is the primary process related to the DEGs , which were
inversely regulated by pSNL and TGR5 activation. In addition,
pPSNL-induced mechanical allodynia and spontaneous pain were
further exaggerated when TGR5 was specifically knocked down
in myeloid cells, and transcriptomic alterations were predomi-
nantly related to the inflammatory response. Overall, these data
demonstrated that increased TGR5 in the injured sciatic nerve
serves as a molecular target for modulating pSNL-induced
neuropathic pain by regulating neuroinflammation. However, the
specific expression of TGR5 in nerve fibers and its potential roles
in pain modulation were not assessed in this study, warranting
further research.

In the field of neuropathic pain, ample evidence has
underscored the substantial role of neuroinflammation in driving
both peripheral and central sensitization, thereby enhancing pain
hypersensitivity.*2° Recent findings have indicated that specific
subsets of immune cells contribute to the alleviation of
neuropathic pain.'® Among them, macrophages are a subset of
cells that exhibit remarkable plasticity and adopt functionally
distinct phenotypes.** Although the phenotypes of macrophages
observed in vivo are not as distinct as those found in vitro,** some
molecules reflect the possible functions of specific populations of
macrophages, such as CD86 (a pro-inflammatory response-
—associated costimulatory molecule expressed by antigen-
presenting cells)'? and CD206 (an anti-inflammatory response-
—associated mannose receptor).%® Inflammatory mediators that
are highly expressed by pro-inflammatory macrophages, such as
IL-18,° IL-6,° and TNF-o,°' have been reported to induce
neuronal sensitization and circulating leukocyte recruitment into
inflamed tissue.®? The anti-nociceptive properties of the media-
tors secreted by anti-inflammatory macrophages, such as IL-
10%%47 and IL-4,%%% have also been validated. In this study, we
confirmed such dynamic changes in macrophages as well as
their proximity to neuron fibers in the injured nerve site. In the
context of TGR5 manipulation, alongside changes in mechanical
allodynia and spontaneous nocifensive behaviors, there was
a significant regulation of pro-inflammatory mediators and the
proportion of monocytes/macrophages in the sciatic nerve at
POD7. However, no significant differences were observed in the
expression of anti-inflammatory mediators. Activation of microglia
in the spinal dorsal horn is an important part of central
sensitization and is known to contribute to neuropathic pain.2®
In this study, manipulations of TGR5 in the sciatic nerve
significantly altered the activation level of microglia. Overall, the
high relevance between macrophage-mediated neuroinflamma-
tion and pSNL-induced neuropathic pain was further confirmed in
this study. Regarding the neuronal mechanisms that mediate the
effect of TGR5-modulated neuroinflammation on pain
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perception, although 5 genes involved in dendritic spine
morphogenesis and negative regulation of the excitatory post-
synaptic process were found to be downregulated by TGR5
knockdown, the specific roles of these genes remain to be further
investigated.

Since its detection, the modulatory effects of TGR5 on the
functions of monocytes and macrophages have been extensively
studied. Specifically, the production of pro-inflammatory cyto-
kines in macrophages, such as TNF-«, IL-6, and IL-13, has been
reported to be inhibited by TGRS activation through the NF-«B
pathway®°®° and to be exacerbated by TGR5 deficiency through
stabilization of the B-catenin destruction complex.>? The pro-
duction of anti-inflammatory cytokines, such as IL-4 and IL-10,
has been reported to be upregulated by macrophage TGR5
activation; however, whether the presence of TGR5 is indispens-
able for the polarization of anti-inflamsmatory M2-like macro-
phages remains under debate.*®”® The expressions of
chemokines, such as CCL2, CCL3, and CCL4, are also regulated
by TGR5. In the presence of LPS, TGR5 deficiency exaggerates
the upregulation of chemokines, whereas TGR5 activation has
the opposite effect on macrophages through the mTOR-C/EBPB
pathway.*® In addition, the activation of the NLRP3 inflamma-
some is inhibited by bile acids through the TGR5-cAMP-PKA
axis,?> and TGR5 deficiency exaggerates the inflammatory
response of macrophages stimulated with palmitic acid by
promoting the activation of the NLRP3 inflammasome.®® In this
study, the increase of pro-inflammatory cytokines TNF-q, IL-6,
and IL-1B as well as that of chemokines CCL3 and CCL2 in the
sciatic nerve were exacerbated by myeloid-cell-specific TGR5
knockdown. These results are consistent with the known effects
of TGR5 on macrophages. Regarding the NLRP3 inflammasome,
although the expression of NLRP3 was unaltered, the expression
of the adaptor protein ASC, which connects the inflammasome
sensor molecule to Caspase-1, as well as that of Caspase-1,
which initiates downstream responses, were significantly upre-
gulated by TGR5 knockdown, indicating the further activation of
the NLRP3 inflammasome. As for the specific molecular path-
ways underlying the modulation of inflammatory mediators in
macrophages by TGR5, itself located in the injured sciatic nerve,
further research is needed to unveil the intrinsic cell alterations
in situ rather than the changes induced by mimicking the
inflammatory response in cell experiments.

Regarding the experimental findings of this study, although the
targeted knockdown of TGR5 in myeloid cells exacerbated
neuropathic pain, the increase in TGR5 expression following
nerve injury alone apparently did not suffice to impede pain
progression. Alleviation of neuropathic pain was solely observed
upon administration of exogenous TGR5 agonists, underscoring
the pivotal regulatory role of endogenous ligands in TGR5
function. The endogenous ligands of TGR5 are primary bile acids
synthesized from cholesterol and secondary bile acids metabo-
lized by the gut microbiota, as well as some neurosteroids.’ 32
The majority of bile acids are generated and exist in the
enterohepatic system, and a minority of them spill over into the
circulation.*® In the peripheral and central nervous systems, the
presence of bile acids has been confirmed.®® In addition to being
transported from the circulation, bile acids are also synthesized
locally in the brain and the spinal cord, as evidenced by the
detection of rate-limiting enzymes for synthesis.?® In this study,
bulk RNA-seq data indicated that genes involved in the bio-
synthesis and metabolism of cholesterol were significantly
regulated in the sciatic nerve after pSNL, implying the potential
alterations of endogenous TGRS ligands. However, whether the
protein levels of bile acids in the injured sciatic nerve change, and
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whether these ligands participate in the modulation of patholog-
ical neuropathic pain processes, should be further studied.

The primary limitation of this study is the use of only male mice.
Given the well-documented sex differences in neuroinflammatory
mechanisms, '®2! whether TGR5 plays the same regulatory role
in neuroinflammation and mechanical allodynia in female mice
remains unknown.

In conclusion, this study demonstrated that neuropathic pain is
significantly reduced when a TGR5 agonist is administered
following a prevention protocol. The protective effect seems to
stem from the reduction of neuroinflammation by modulating the
expression of inflammatory mediators induced by pSNL. Thus,
TGRS5, which acts at the site of peripheral nerve injury, emerges as
a promising target for treating neuropathic pain. However, further
studies are warranted to confirm these findings using an
intervention protocol with a TGRS agonist.
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