'.\' frontiers ‘ Frontiers in Molecular Neuroscience

ORIGINAL RESEARCH
published: 19 April 2022
doi: 10.3389/fnmol.2022.861312

OPEN ACCESS

Edited by:
lldiké Réacz,
University Hospital Bonn, Germany

Reviewed by:

Xuhong Wei,

Sun Yat-sen University, China
Enrique Verdu,

University of Girona, Spain
Renjun Peng,

Central South University, China
Han-Rong Weng,

California Northstate University,
United States

Sheu-Ran Choi,

Catholic Kwandong University,
South Korea

*Correspondence:
Tao Sun
suntaosdph@163.com

T These authors have contributed
equally to this work and share first
authorship

Specialty section:

This article was submitted to

Pain Mechanisms and Modulators,
a section of the journal

Frontiers in Molecular Neuroscience

Received: 24 January 2022
Accepted: 14 March 2022
Published: 19 April 2022

Citation:

Xue S, Cao Z-x, Wang J-n, Zhao Q-x,
Han J, Yang W-j and Sun T (2022)
Receptor-Interacting Protein Kinase 3
Inhibition Relieves Mechanical
Allodynia and Suppresses NLRP3
Inflammasome and NF-kB in a Rat
Model of Spinal Cord Injury.

Front. Mol. Neurosci. 15:861312.
doi: 10.3389/fnmol.2022.861312

Check for
updates

Receptor-Interacting Protein Kinase
3 Inhibition Relieves Mechanical
Allodynia and Suppresses NLRP3
Inflammasome and NF-kB in a Rat
Model of Spinal Cord Injury

Song Xue ', Zhen-xin Cao?', Jun-nan Wang?, Qing-xiang Zhao', Jie Han?, Wen-jie Yang?
and Tao Sun'"#

" Department of Pain Management, Shandong Provincial Hospital, Cheeloo College of Medicine, Shandong University, Jinan,
China, ? Departments of Pain Management, Shandong Provincial Hospital Affiliated to Shandong First Medical University,
Jinan, China

Background: Neuroinflammation is critical in developing and maintaining neuropathic
pain after spinal cord injury (SCI). The receptor-interacting protein kinase 3 (RIPK3) has
been shown to promote inflammatory response by exerting its non-necroptotic functions.
In this study, we explored the involvement of RIPK3 in neuropathic pain after SCI.

Methods: Thoracic (T10) SCI rat model was conducted, and the mechanical threshold
in rats was measured. The expressions of RIPK3, nod-like receptor family pyrin
domain-containing protein 3 (NLRP3), caspase-1, and nuclear factor-kB (NF-«kB) were
measured with western blotting analysis or quantitative real-time polymerase chain
reaction (QRT-PCR). Double immunofluorescence staining was used to explore the
colabeled NLRP3 with NeuN, glial fibrillary acidic protein (GFAP), and ionized calcium-
binding adapter molecule 1 (IBA1). In addition, enzyme-linked immunosorbent assay
(ELISA) was applied to analyze the levels of proinflammatory factors interleukin 1 beta
(IL-1p), interleukin 18 (IL-18), and tumor necrosis factor alpha (TNF-a).

Results: The expression of RIPK3 was elevated from postoperative days 7-21, which
was consistent with the development of mechanical allodynia. Intrathecal administration
of RIPK8 inhibitor GSK872 could alleviate the mechanical allodynia in SCl rats and reduce
the expression levels of RIPK3. The activation of NLRP3 infammasome and NF-kB was
attenuated by GSK872 treatment. Furthermore, immunofluorescence suggested that
NLRP3 had colocalization with glial cells and neurons in the L4-L6 spinal dorsal horns.
In addition, GSK872 treatment reduced the production of inflammatory cytokines.

Conclusion: Our findings indicated that RIPK3 was an important facilitated factor for
SCl-induced mechanical allodynia. RIPK3 inhibition might relieve mechanical allodynia
by inhibiting NLRP3 inflammasome, NF-kB, and the associated inflammation.

Keywords: neuropathic pain after spinal cord injury, receptor-interacting protein kinase 3, NLRP3 inflammasome,
nuclear factor-kappa B (NF-kB), GSK872
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RIPKS Is Involved in Neuropathic Pain

INTRODUCTION

Neuropathic pain is a common complication after spinal cord
injury (SCI) (Bryce et al, 2012; Sweis and Biller, 2017). The
neuropathic pain after SCI is stubborn, severe, and protracted,
which brings great pain and endless torture to the patients (Attal,
2021). The sense of helplessness and despair that pain brings to
patients is even more harmful than the impact of dysfunction.
Unfortunately, there is still a lack of effective treatment to control
the progression of pain. Therefore, it is essential to explore the
mechanisms of neuropathic pain after SCI to develop effective
treatment programs or drugs.

The pathophysiological mechanism of neuropathic pain after
SCI is complex. However, the previous research suggested that
neuroinflammation in the remote spinal dorsal horn might
play an especially critical role in the development course of
neuropathic pain after SCI (Gwak and Hulsebosch, 2009). It
was confirmed that activated glial cells and inflammatory factors
in the remote spinal dorsal horns promoted the induction and
maintenance of neuropathic pain after SCI by increasing neurons’
excitability (Detloff et al., 2008; Sandhir et al., 2011; Gwak et al.,
2012). However, the upstream kinases or signal pathways that
promote neuroinflammation in remote spinal dorsal horns have
not been well-studied.

Receptor-interacting protein kinase 3 (RIPK3) is a crucial
threonine-serine protein kinase for necroptosis (Khan et al.,
2014). Tumor necrosis factors, toll-like receptor agonists,
oxidative stress, and virus infection could activate RIPK3
and trigger necroptosis (Kaczmarek et al., 2013). It is well-
known that necroptosis is a highly inflammatory cell death
that can trigger inflammatory responses due to the release of
intracellular immunogenic contents. Interestingly, the recent
studies demonstrate that activated RIPK3 may contribute to
the inflammation by exerting its non-necroptotic functions,
such as activating nuclear factor-kB (NF-kB) or nod-like
receptor family pyrin domain-containing protein 3 (NLRP3)
inflammasome (Moriwaki et al., 2014) (Moriwaki and Chan,
2017). Both NF-kB and NLRP3 inflammasome are the important
pathways for promoting inflammatory. NF-kB is a transcriptional
activator of inflammatory factor genes (Lawrence, 2009). NLRP3
inflammasome is a protein complex composed of NLRP3,
the adaptor apoptosis-associated speck-like protein containing
a CARD (ASC) and caspase-1 (Kelley et al., 2019). When
stimulated by the endogenous and exogenous dangerous signals,
the assembled NLRP3 inflammasome activates caspase-1, which
converts the pro-IL-1f and pro-IL-18 into mature interleukin 1
beta (IL-1f) and interleukin 18 (IL-18) (Kelley et al., 2019).

The previous studies showed that RIPK3 might be
involved in inflammatory bowel disease (Lee et al, 2020)
and autoinflammatory disease (Speir and Lawlor, 2021). RIPK3
has also been studied in the rodent SCI model. A previous
study showed that RIPK3 was highly expressed at the injured
site for 21 days after SCI and localized in neurons, astrocytes,
and oligodendrocytes (Kanno et al.,, 2015). Furthermore, the
recent investigations have found that inhibiting RIPK3-mediated
necroptosis helped to reduce neuroinflammation and the
recovery of locomotion (Wang et al., 2019; Hongna et al,

2021). Nevertheless, a few studies investigated the expression
of RIPK3 in the remote spinal cord after SCI, and whether
RIPK3 inhibition could relieve neuropathic pain after SCI was
also unclear.

To solve these problems, by establishing the thoracic SCI
model, we studied the RIPK3 expression in the remote spinal
dorsal horns and further explored its role in neuropathic
pain after SCI. Furthermore, we examined the effect of
RIPK3 inhibitor GSK872 on the expression of the NLRP3
inflammasome, NF-kB, and proinflammatory cytokines.

MATERIALS AND METHODS

Animals and Grouping

This experimental object was the male SD rats (6-7 weeks,
210-260¢) provided by the Shandong University Laboratory.
All experimental rats were fed with a 12-h light/dark cycle at
25°C and had free access to rodent water and food. The Animal
Care and Use Committee at Shandong University approved our
experimental designs and operation procedures.

All rats were randomly divided into four groups (n = 4-7
per group for various analyses): sham group, SCI group, vehicle
group, GSK872 group. In the sham group, only the vertebral
lamina was removed without SCI; In the vehicle group, rats with
SCI received an intrathecal injection of 10% dimethyl sulfoxide
(DMSO) (Cell Signaling Technology, USA); In the GSK872
group, rats with SCI received an intrathecal injection of GSK872
(Med Chem Express, China). GSK872 was dissolved in DMSO.

SCI Model

Spinal cord injury model was made using modified Allen’s
method (Khan et al, 1999). Rats were anesthetized by
intraperitoneal injection of 30 mg/kg of pentobarbital. The skin
around the T10 segment in the back was disinfected and a
longitudinal incision was made. The tendons and muscle tissue
were separated to expose the T10 spinous processes and lamina,
and then, the T10 lamina was removed, which exposes the
corresponding spinal cord. A 10-g iron bar was used to cause
SCI, vertically dropped from a height of 30 mm through a
glass tube onto the exposed spinal cord. The hemostatic suture
was performed using 3-0 silk thread, and antibiotics were then
injected subcutaneously. Only the vertebral lamina was removed
in the sham group without SCI. Rats were intramuscularly
injected with 20 x 10* U/d penicillin for 5 days and received
artificial micturition two times a day until the recovery of
micturition function.

Intrathecal Injection and Drug

Administration

The direct transcutaneous intrathecal injection was based on
the method reported by Mestre et al. (1994). In brief, rats were
anesthetized by inhaling enflurane, and then, the hip tubercle was
touched to determine the L5 or L6. The 25-pl microinjection
syringe (Shanghai Gaoge Industry and Trade Co., Ltd) was
inserted into L5 or L6 intervertebral space vertically until the
occurrence of tail-flick reflex, which indicated the tip of the
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needle had reached the subarachnoid space. When the tail-
flick reflex was observed, the needle insertion was stopped and
injected 10 pl GSK872 (25 mmol/L) (Hou et al., 2018) or 10 1 of
DMSO. Rats were injected with GSK872 or DMSO 30 min before
the surgery, 1 day, and 2 days after the surgery.

Pain Behavior Assessment

A total of 50% paw withdrawal threshold (PWT) was used
to assess the mechanical allodynia according to the previous
reports (Chaplan et al., 1994). Observers were blinded to the
experimental groups and recorded 50% PWT on the first day
before surgery and on the 7th, 10th, 14th, 17th, and 21st days
after the operation. Before each measurement, it was necessary
to let the rats adapt to the watch box for at least 30 min until
exploration activities disappeared.

A total of eight von Frey hairs (0.4, 0.6, 1,2, 4, 6,8,and 15.0 g,
Stoelting, United States) were used to measure 50% PWT in rat
hind paws according to the “Up-Down” method. The filament
of 2 g was used first. Then, the intensity of the next filament was
decreased when the animal reacted or increased when the animal
did not respond. Withdrawal of claws, shaking or licking was
considered a painful reaction. When the response change was
observed for the first time, this procedure was continued for six
stimuli. Fifty percentage PWT was calculated using the following
formula: 50% PWT = 10X (Xf is the logarithm value of
the last von Frey fiber, and K is the corresponding value of the
sequence, d = 0.224). Bilateral rat hind paws were tested. Finally,
the average of 50% PWT of bilateral hind paws was taken.

Tissue Sample Collection

To explore the protein and mRNA expression of RIPK3 at
different time points after the operation, the rats in the SCI
group were sacrificed by pentobarbital anesthesia (60 mg/kg, i.p)
at postoperative days 7, 14, and 21 after conducting the pain
behavior assessment. Rats in the sham group were euthanized
on postoperative day 21. To study the effect of GSK872 on the
expression of target molecules, all rats in each group (sham, SCI,
vehicle, and GSK872 groups) were sacrificed at postoperative day
7. In double immunofluorescence staining, the rats were cardiac
infused with 0.9% NaCl and 4% paraformaldehyde, and then, the
L4-L6 spinal cord was separated from the rats and fixed with 4%
paraformaldehyde. For other molecular detection, bilateral spinal
dorsal horns (L4-L6) were collected, frozen in liquid nitrogen,
and stored at —80°C until further analysis.

Western Blotting

Total proteins from tissues were extracted in RIPA lysis
buffer (Solarbio, China), and a bicinchoninic acid (BCA)
protein assay kit (Solarbio, China) was used for evaluating
the protein concentration. The sample proteins were separated
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and transferred onto polyvinylidene difluoride membranes.
The membranes were blocked with 5% non-fat milk in
TBST followed by incubating with primary antibody overnight.
The primary antibodies were as follows: anti-RIPK3 (1:1,200;
Novus Biologicals), anti-NLRP3 (1:400; Novus Biologicals),
anti-caspase-1 (1:800; Novus Biologicals), anti- NF-kB/p65

TABLE 1 | Sequences of primers.

Gene Forward primer Reverse primer
RIPK3 CTACTGCACCGGGACCTCAA GTGGACAGGCCAAAGT
CTGCTA
NLRP3 CTGAAGCATCTGCAACC AACCAATGCGAGATCCTG
ACAAC
caspase-1 ACTCGTACACGTCTTGCC CTGGGCAGGCAGCAAA
CTCA TTC
B-actin GGAGATTACTGCCCTGGCT GACTCATCGTACTCCTG
CCTA CTTGCTG

(1:1,000; Cell Signaling Technology, CST), anti-f-actin (1:5,000;
Proteintech Group, PTG), and anti-glyceraldehyde 3-phosphate
dihydrogen (GAPDH) (1:5,000; Proteintech Group, PTG). After
being washed with Tris Buffered Saline with Tween (TBST) ,
the membranes were incubated with goat anti-rabbit second
antibody for 1.5h. Finally, the enhanced chemiluminescence
(ECL; Thermo Scientific) was used to visualize immunoblots,
and the densities of the relative target proteins were measured
using Image]. The GAPDH or B-actin was chosen as the internal
reference control.

ELISA

On the 7th postoperative, the bilateral spinal dorsal horns were
ground to tissue homogenization and were centrifuged at 10,000
rpm at 4°C for 30 min. After the supernatant was collected, we
used enzyme-linked immunosorbent assay (ELISA) kits (TNE-
a: Westang, China; IL-1p: MultiSciences, China; IL-18: Westang,
China) to detect the levels of TNF-a, IL-1f, and IL-18 according
to the instructions of ELISA Kkits.

gRT-PCR

According to the instructions, total RNAs were extracted from
the bilateral dorsal horns using RNAex Pro Reagent (AG21102,
Accurate Biotechnology, Hunan, China). Complementary DNA
(cDNA) was synthesized using Evo M-MLV RT Mix Kit
(AG11728, Accurate Biotechnology, Hunan, China). Polymerase
chain reaction (PCR) amplifications were conducted using
SYBR® Green Premix Pro Tag HS gqPCR kit (AG11701,
Accurate Biotechnology, Hunan, China). Real-time fluorescent
quantitative PCR was carried out using Light Cycler® 480
IT (Roche, Switzerland). B-actin was served as the internal
reference for normalization. The mRNA levels of RIPK3, NLRP3,
and caspase-1 were calculated using the 27421 method. The
primers for NLRP3, RIPK3, caspase-1, and B-actin are shown in
Table 1.

Double Immunofluorescence Staining

On postoperative day 7, the L4-L6 spinal cord was harvested
from rats (n = 3 for SCI group), embedded in paraffin, and cut
into 20-pm-thick sections. These sections (n = 3 for each sample)
were dewaxed, dehydrated by gradient alcohol, and repaired
by antigen. Next, the sections were blocked with endogenous
peroxidase and 10% donkey serum and then incubated with the
following primary antibodies: NLRP3 (1:200; bs-6655R, Bioss),
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GFAP (1:500; GB12096, Servicebio), IBA-1(1:500; GB12105,
Servicebio), and NeuN (1:100; GB13138-1, Servicebio) overnight
at 4°C. After the primary antibody incubation, the sections
were incubated with the corresponding secondary antibodies
conjugated with CY3 and FITC for 1 h in dark conditions at 37°C.
Finally, the dorsal horns were observed and photographed under
a fluorescence microscope (Olympus, Japan).

Statistical Analysis

SPSS 24.0 software (IBM, USA) was used to perform all the
data analysis. All results were presented as mean £ SD. The
Kolmogorov-Smirnov test was used to detect whether the
data conformed to the normal distribution. For behavioral
experiments, comparisons between multiple groups were
conducted by repeated-measures analysis of variance and
Tukey’s post-hoc analysis. For quantitative real-time polymerase
chain reaction (qQRT-PCR), western blot, and ELISA, multiple-
group comparisons were carried out by one-way ANOVA and
Tukey’s post-hoc analysis. When p < 0.05, we considered the
difference between the two groups to be statistically significant.

RESULTS

Upregulation of RIPK3 Expression in the

SCI Model

Mechanical allodynia was tested using 50% PWT (Figure 1).
Compared with the rats in sham group, rats in the SCI group
developed mechanical allodynia from 7 to 21 days after the
surgery (p < 0.05), which indicated that the SCI model was
established successfully.

Western blot analysis was carried out to detect the RIPK3
protein level at different time points postoperation (Figure 2A).
Compared with the sham group, the protein expression of RIPK3
was significantly increased in SCI group from postoperative days
7-21 (p < 0.05). Meanwhile, similar results were verified using
qRT-PCR (p < 0.05) (Figure 2B).

GSK872 Decreased RIPK3 Expression
Level and Relieved Mechanical Allodynia
Induced by SCI

To determine whether RIPK3 was involved in neuropathic pain
after SCI, the effect of GSK872 on mechanical allodynia and the
RIPK3 expression level were assessed. About 10 nl GSK872(25
mmol/L) was injected 30 min before the surgery, 1 day, and 2 days
after the surgery. Western blot analysis was performed to evaluate
RIPK3 expression level (Figure 3A). The protein expression of
RIPK3 was upregulated in vehicle rats compared with those in
the sham group (p < 0.05). The upregulation of RIPK3 was
wholly reversed after GSK872 treatment (p < 0.05). In addition,
the results from qRT-PCR were consistent with the western blot
analysis (p < 0.05) (Figure 3B).

As shown in Figure 1, 50% PWT was significantly decreased
in the vehicle group compared with the sham group (p <
0.05). After intrathecal injection of RIPK3 inhibitor GSK872,
mechanical allodynia in rats who received SCI was relieved from
7 to 21 days postoperation (p < 0.05).

GSK872 Reduced the Production of

Inflammatory Cytokines

To further investigate whether inhibition of RIPK3 could restrict
neuroinflammation, ELISA was used to assess the levels of
inflammatory cytokines (Figures 4A-C). The expressions of IL-
18 (p < 0.05), IL-18 (p < 0.05), and TNF-a (p < 0.05) markedly
ascended in the vehicle group compared with the sham group.
The protein levels of TNF-a (p < 0.05), IL-1f (p < 0.05), and IL-
18 (p < 0.05) were restricted in the GSK872 group compared with
the vehicle group.

GSK872 Suppressed the Activation of

NLRP3 Inflammasome in Glia and Neurons
To further explore the potential molecular mechanism of
GSK872 in alleviating mechanical allodynia, the expression
of NLRP3 inflammasome was investigated. The results from
western blot showed that the protein levels of NLRP3 (p < 0.05)
and caspase-1 (p < 0.05) were remarkably upregulated in the
vehicle group compared with the sham group (Figures 5A,B).
Rats treated with GSK872 exhibited lower protein levels of
NLRP3 (p < 0.05) and caspase-1 (p < 0.05) compared with
the rats in the vehicle group. We also found similar results
by examining the mRNA expression of NLRP3 (p < 0.05) and
caspase-1 (p < 0.05) (Figures 5C,D).

In addition, the cellular localization of NLRP3 in nerve cells
of spinal dorsal horns was researched (Figures 5E-P). Double
immunofluorescent staining revealed that NLRP3 was localized
in the microglia, neurons, and astrocytes in the dorsal horn of
SCl rats.

Effect of GSK872 on NF-«kB p65

The western blot was conducted to evaluate the expression level
of NF-kB p65 (Figure 6). Our data showed that NF-kB p65 was
markedly upregulated in the vehicle group compared with the
sham group (p < 0.05). Intrathecal delivery of GSK872 inhibited
the protein level of NF-kB p65, as shown in the GSK872 group
(p < 0.05).

DISCUSSION

The current work mainly explores whether RIPK3 is a
potential target for alleviating neuropathic pain after SCI. We
are the first to find an increased expression of RIPK3 in
the lumbar spinal dorsal horns of rats with thoracic SCI.
Significantly, RIPK3 inhibitor GSK872 inhibited the expression
of RIPK3 and alleviated mechanical hyperalgesia. Furthermore,
we showed that GSK872 treatment reduced the expression of
NLRP3 inflammasome, NF-kB, and proinflammatory factors,
which indicated that RIPK3 inhibition effectively relieved
neuroinflammation in the lumbar spinal dorsal horns.

Thoracic spinal cord contusion in male rats is the most
commonly used model for studying SCI pain because this model
matches clinical characteristics quite well in terms of trauma type
and gender (Kramer et al., 2017). Mechanical stimulation and
thermal stimulation were used to evaluate the pain behavior of
neuropathic pain models. However, heat response in SCI models
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FIGURE 1 | Intrathecal administration of GSK872 (10 I, 25 mmol/L) attenuated mechanical hypersensitivity induced by SCI (1 = 7 for each group). All data were
calculated as mean =+ SD. *p < 0.05 vs. the sham group; #p < 0.05 the vehicle group. Comparisons between multiple groups were conducted by
repeated-measures analysis of variance and Turkey’s post-hoc analysis SCI: spinal cord injury. 50% PWT, fifty percentage paw withdrawal threshold.

A
sham 7d 14d 21d
RIPK3 S & VR
) G — e |)) B
[B-actin
1.5+ 5 =
A
s 4
c —
1.0+ O
© '-g 3
1
oy E=
g 3
2—1
4
2 o5+ £
& o
E
4
0.0+ 0=
sham 7d 14d 21d sham 7d 14d 21d
SCI SClI

FIGURE 2 | RIPK3 was up-regulated in the dorsal horns after thoracic SCI. (A) The expression of RIPK3 in the SCI group was measured by western blot analysis on
the 7th, 14th, 21th postoperative days (n = 5 for each group). (B) Quantitative analysis of the mMRNA expression of RIPK3 in the sham group and SCI group on the
7th, 14th, 21th postoperative days (n = 4 for each group). All data were calculated as mean + SD. *p < 0.05, vs. the sham group. Comparisons between multiple
groups were carried out by one-way ANOVA and Turkey’s post-hoc analysis. RIPK3, receptor-interacting protein kinase 3.
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FIGURE 3 | GSK872 (10 pl, 25 mmol/L) reduced the expression levels of RIPK3 after SCI. (A) The expression of RIPK3 in different groups, including sham, SCI,
vehicle and GSK872 group, was measured by western blot analysis (n = 5 for each group). (B) Quantitative analysis of the RIPK3 mRNA expressions in different
groups including sham, SCI, vehicle and GSK872 group (n = 4 for each group). All data were calculated as mean 4 SD. *p < 0.05 vs. the sham group. #p < 0.05 vs.
the vehicle group. Comparisons between multiple groups were carried out by one-way ANOVA and Turkey’s post-hoc analysis.

could represent exaggerated spinal reflexes (Shiao and Lee-Kubli,
2018). It has been reported that patients with SCI have a low
probability of thermal hyperalgesia (Finnerup et al., 2014). In
addition, van Gorp et al. (2014) found that rats that received
severe thoracic contusion did not show low thermal withdrawal
latency. In this study, we studied mechanical hyperalgesia of
male rats with SCI and found that rats that received thoracic
spinal cord contusion showed lower PWT than rats in the sham
group, which indicated that the SCI neuropathic pain model
was established.

Recently, RIPK3 has been well-studied in the neuropathic
pain model caused by peripheral nerve injury. For instance,
investigators reported that RIPK3 was highly expressed in the
spinal cord, dorsal root ganglia, and hippocampus of the chronic
constriction injury (CCI) model (Pu et al., 2018). He et al. (2021)
further found that RIPK3 played an important role in CCI-
induced neuropathic pain, and inhibition of RIPK3 ameliorated
neuropathic pain via suppressing JNK signaling. We were curious
about the role of RIPK3 in neuropathic pain after SCI. Our
results indicated that rats with thoracic SCI exhibited high
expressions of RIPK3, accompanied by remarkable mechanical
allodynia from 7 to 21 days postoperation. It has been reported
that the death signal ligand TNF-a activated RIPK3 and caused
necrosis by binding to the death receptor (Vandenabeele et al.,
2010). Our results showed that SCI led to increased TNF-
o expression. Therefore, we speculated that TNF-o might
be an important factor for causing the increased expression

of RIPK3. Our observation also showed that RIPK3-specific
inhibitor GSK872 could relieve allodynia and downregulate the
expression of RIPK3 in the dorsal horns. Taken together, it
suggested that the high expression of RIPK3 in the spinal dorsal
horn could contribute to the development of neuropathic pain
after SCL

Inflammatory factors are the essential components
of neuroinflammation. It has been demonstrated that
proinflammatory factor is involved in neuropathic pain
progress. Proinflammatory factors, such as IL-18, IL-1B, and
TNF-a, are the famous pain mediators (Kawasaki et al., 2008;
Pilat et al, 2016). The previous studies have indicated that
increased expressions of TNF-a and IL-1p were associated with
pain-related behaviors in a rat model of SCI (Detloff et al., 2008).
The proinflammatory factor could induce SCI rat hyperalgesia
via upregulating the excitability of superficial dorsal horn
neurons (Fakhri et al., 2021). RIPK3 is a key kinase in regulating
inflammatory factors (Yabal et al., 2014). Moreover, one research
found that RIPK3 inhibition relieved neuropathic pain induced
by peripheral nerve injury by decreasing proinflammatory
factors’ expressions (Fang et al, 2021). In this study, the
proinflammatory factors were significantly increased in the
spinal dorsal horns in SCI rats, accompanied by a reduction
in mechanical pain threshold. Meanwhile, after intrathecal
administration of GSK872, the proinflammatory factors such
as IL-18, IL-1B, and TNF-a levels descended, with the relief of
mechanical pain in rats with SCI. These results suggested that
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FIGURE 4 | Intrathecal injection of GSK872 (10 pl, 256 mmol/L) inhibited neuroinflammation in the lumbar spinal dorsal horns (n = 4 for each group). (A-C) The levels
of TNF-a, IL-1, and IL-18 in different groups, including sham, vehicle and GSK872 group, were investigated by ELISA. The protein level of TNF-a, IL-18, and IL-18
were reduced after GSK872 treatment. All data were calculated as mean =+ SD. *p < 0.05 vs. the sham group. #p < 0.05 vs. the vehicle group. Comparisons
between multiple groups were carried out by one-way ANOVA and Turkey’s post-hoc analysis. IL, interleukin; TNF-a, tumor necrosis factor-a.

RIPK3 inhibition ameliorated mechanical allodynia possibly
by reducing proinflammatory factors’ expressions. However,
the production mechanism of proinflammatory factors is not
completely clear. We were curious about the upstream pathway
of inflammatory factors.

Nod-like receptor family pyrin domain-containing protein
3 is a widely studied inflammasome that plays a vital role in
the inflammatory immune response (Kelley et al., 2019). It has
been reported that the dysregulation of the inflammasome is
involved in a series of inflammatory diseases via promoting
the secretion of inflammatory factors (Mangan et al, 2018).
In the SCI model, we found that the expressions of NLRP3,
caspase-1, and proinflammatory factors were increased in remote
dorsal horns. In addition, immunofluorescence showed that
NLRP3 was expressed in glial cells and neurons. These results
indicated that NLRP3 inflammasome could contribute to the
release of proinflammatory factors in glial and neurons, which
also explain the potential mechanism of inflammatory factors
released by the neurons and glial in remote dorsal horns. The
growing evidence shows that NLRP3 may be a molecular target
for neuropathic pain relief (Chen et al., 2021). For example,

adenosine deaminase acting on RNA 3 (ADAR3) promoted
pain relief in CCI rats by targeting NLRP3 inflammasome
(Li et al, 2021). Our previous study also confirmed that
caspase-1 inhibitor VX-765 could attenuate radicular pain
via inhibiting NLRP3 inflammasome activation (Wang et al.,
2020). In addition, D-PB-hydroxybutyrate, one of the NLRP3
inflammasome inhibitors, effectively alleviated mechanical and
thermal pain hypersensitivities in rats with SCI (Qian et al.,
2017). The previous studies have confirmed that RIPK3 is
a critical kinase regulating the NLRP3 inflammasome (Yabal
et al., 2014). RIPK3 could contribute to NLRP3 inflammasome
activation by producing ROS or potassium efflux (Moriwaki
and Chan, 2017). The recent studies further suggested that
RIPK3 is involved in the development of renal fibrosis (Shi
et al., 2020), brain injury after subarachnoid hemorrhage (Zhou
et al,, 2017), and lung injury (Chen et al., 2018) by activating
the NLRP3 inflammasome. Therefore, we speculated that the
analgesic effect of RIPK3 inhibition might be connected with
the reduction of proinflammatory cytokines by inhibiting the
NLRP3 inflammasome. Intrathecal injection of GSK872 could
significantly decrease the expressions of NLRP3, caspase-1, IL-18,
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FIGURE 5 | GSK872 (10 wl, 25 mmol/L) suppressed the activation of NLRP3 inflammasome in glia and neurons. (A,B) The expressions of NLRP3 and caspase-1 in
different groups, including sham, SCI, vehicle and GSK872 group, were measured by western blot analysis (n = 5 for each group). (C,D) Quantitative analysis of
NLRP3 and caspase-1 mRNA expressions in different groups including sham, SCI, vehicle and GSK872 group (n = 4 for each group). (E-P) Immunofluorescence
staining of NLRP3 (red) with NeuN, a neuronal marker (green); GFAP, an astrocyte marker (green); and Iba-1, a microglial marker (green) in the lumbar dorsal horns of
SCl rats. Scale bar, 50 um (E-G,l-K). Scale bar, 25 um (M-0). Scale bar, 20 um (H,L,P). All data were calculated as mean + SD. *p < 0.05 vs. the sham group. #p
< 0.05 vs. the vehicle group. Comparisons between multiple groups were carried out by one-way ANOVA and Turkey’s post-hoc analysis.
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FIGURE 6 | Intrathecal injection of GSK872 (10 pl, 25 mmol/L) inhibited NF-kB p65 in the lumbar spinal dorsal horns (n = 5 for each group). The expression of NF-kB
p65 in different groups, including sham, SCI, vehicle and GSK872 group, was measured by western blot analysis. All data were calculated as mean + SD. *p < 0.05
vs. the sham group. #p < 0.05 vs. the vehicle group. Comparisons between multiple groups were carried out by one-way ANOVA and Turkey’s post-hoc analysis.

NF-kB, nuclear factor-kappa B.

and IL-18 in the dorsal horns of model rats. These results further
confirmed our conjecture.

The NF-kB p65, the main component of NF-kB pathways,
is important in inflammatory and immune processes (Liu
et al, 2017). When stimulated by external signals, NF-kB p65
separates from IkB and enters the nucleus to promote the
transcription and expression of inflammatory genes related to
pain (Mitchell and Carmody, 2018). NF-kB p65 has been shown
to act as a contributor to neuropathic pain (Chu et al., 2020;

Zhao et al., 2021). It has been reported that NF-kB inhibitor
PDTC had a significant analgesic effect on CCI rats (Li et al,,
2017). L-arginine, one of the NF-«kB inhibitor, also relieved
thermal pain hypersensitivity induced by SCI (Meng et al,
2017). An early investigation demonstrated that over-expression
of RIPK3 could activate NF-kB signal (Kasof et al, 2000).
The recent study further showed that RIPK3 inhibition could
ameliorate osteoclastogenesis by regulating the NF-kB signaling
pathway (Liang et al., 2020). Our experiments suggested that
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the expression of NF-kB p65 was significantly increased after
SCI. Intrathecal injection of GSK872 could inhibit NF-kB p65
protein expression in SCI rat models. These results preliminarily
indicated that anti-inflammatory and analgesic effects of RIPK3
inhibition are also related to the regulation of NF-kB pathways.

The previous studies mainly discussed the role of RIPK3-
mediated necroptosis in secondary SCI, but few studies further
explored the effects of regulating RIPK3 on neuroinflammation
and pain. Sugaya et al. (2019) found that RIPK3 modulation
prevented necroptosis of various nerve cells at the lesion
site and favored neuroprotection. Dabrafenib treatment, one
of the RIPK3 inhibitors, also promoted the recovery of
motor function and sensory function after SCI. In this study,
we studied the effects of RIPK3 modulation on pain and
neuroinflammation. Our results suggested that the RIPK3
inhibition may mediate an anti-nociceptive effect by alleviating
dorsal horn neuroinflammation. This study further emphasized
the role of RIPK3 inhibition, which can not only alleviate
necroptosis in the injured spinal cord and favor neuroprotection,
but also reduce neuroinflammation and neuropathic pain
after SCI.

Our study has some limitations, which need to be solved
in the future research. This study preliminarily proved that
RIPK3 inhibition could relieve mechanical allodynia of SCI rats.
We did not further explore the effect of GSK872 dose change
on mechanical allodynia. In this study, it was also not clear
whether the inhibition of RIPK3 contributes to alleviating the
neuroinflammation at the injured spinal cord and promoting the
recovery of motor function.

CONCLUSION

Our findings indicated that over-expressed RIPK3 developed
mechanical allodynia in the SCI rat model. RIPK3 inhibition

REFERENCES

Attal, N. (2021). Spinal cord injury pain. Rev. Neurol.
doi: 10.1016/j.neurol.2020.07.003

Bryce, T. N., Biering-Sorensen, F., Finnerup, N. B., Cardenas, D. D., Defrin,
R, Lundeberg, T., et al. (2012). International spinal cord injury pain
classification: part I. Background and description. Spinal Cord 50, 413-417.
doi: 10.1038/s¢.2011.156

Chaplan, S. R., Bach, F. W., Pogrel, ]. W., Chung, J. M., and Yaksh, T. L. (1994).
Quantitative assessment of tactile allodynia in the rat paw. J. Neurosci. Methods
53, 55-63. doi: 10.1016/0165-0270(94)90144-9

Chen, J., Wang, S., Fu, R, Zhou, M., Zhang, T., Pan, W., et al. (2018).
RIP3 dependent NLRP3 inflammasome activation is implicated in acute
lung injury in mice. J. Transl. Med. 16, 233. doi: 10.1186/s12967-01
8-1606-4

177, 606-612.

Chen, R, Yin, C., Fang, J, and Liu, B. (2021). The NLRP3
inflammasome: ~ an  emerging  therapeutic  target for  chronic
pain. J. Neuroinflamm. 18, 84. doi: 10.1186/s12974-021-0
2131-0

Chu, L. W, Cheng, K. I, Chen, J. Y., Cheng, Y. C,, Chang, Y. C, Yeh, J. L., et al.
(2020). Loganin prevents chronic constriction injury-provoked neuropathic
pain by reducing TNF-a/IL-1f-mediated NF-kB activation and Schwann
cell demyelination. Phytomedicine 67, 153166. doi: 10.1016/j.phymed.201
9.153166

relieved mechanical allodynia possibly by suppressing NLRP3
inflammasome, NF-kB, and proinflammatory cytokines.
Therefore, RIPK3 may be a potential target for treating
neuropathic pain after SCI.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/supplementary materials, further inquiries can be
directed to the corresponding author.

ETHICS STATEMENT

The animal study was reviewed and approved by Ethical
Committee of the Shandong University.

AUTHOR CONTRIBUTIONS

SX and Z-xC carried out the major part of the study for
making SCI model, detecting molecular indicators, the statistical
analyses, and writing the manuscript. J-nW helped to conduct
behavioral tests. Q-xZ performed the part of the western blot
study. JH was in charge of part of the ELISA study. W-jY
conducted the part of qRT-PCR. TS designed the study and
revised the manuscript. All authors read and approved the
final manuscript.

FUNDING

This article was supported by the grants from the National
Natural Science Foundation of China (grant no. 81772443
and 81972145) and Natural Science Foundation of Shandong
Province (grant no. ZR2020MH283).

Detloff, M. R., Fisher, L. C., McGaughy, V., Longbrake, E. E., Popovich,
P. G, and Basso, D. M. (2008). Remote activation of microglia and
pro-inflammatory cytokines predict the onset and severity of below-level
neuropathic pain after spinal cord injury in rats. Exp. Neurol. 212, 337-347.
doi: 10.1016/j.expneurol.2008.04.009

Fakhri, S., Abbaszadeh, F., and Jorjani, M. (2021). On the therapeutic
targets and pharmacological treatments for pain relief following spinal
cord injury: a mechanistic review. Biomed. Pharmacother. 139, 111563.
doi: 10.1016/j.biopha.2021.111563

Fang, P, Sun, G., and Wang, J. (2021). RIPK3-mediated necroptosis
increases neuropathic pain via microglia activation: necrostatin-1 has
therapeutic potential. FEBS Open Bio 11, 2858-2865. doi: 10.1002/2211-546
3.13258

Finnerup, N. B., Norrbrink, C., Trok, K., Piehl, F., Johannesen, L. L., Sorensen, J. C.,
etal. (2014). Phenotypes and predictors of pain following traumatic spinal cord
injury: a prospective study. J. Pain15, 40-48. doi: 10.1016/j.jpain.2013.09.008

Gwak, Y. S., and Hulsebosch, C. E. (2009). Remote astrocytic and
microglial activation modulates neuronal hyperexcitability and below-
level neuropathic pain after spinal injury in rat. Neuroscience 161, 895-903.
doi: 10.1016/j.neuroscience.2009.03.055

Gwak, Y. S., Kang, J., Unabia, G. C., and Hulsebosch, C. E. (2012). Spatial
and temporal activation of spinal glial cells: role of gliopathy in central
neuropathic pain following spinal cord injury in rats. Exp. Neurol. 234,
362-372. doi: 10.1016/j.expneurol.2011.10.010

Frontiers in Molecular Neuroscience | www.frontiersin.org

April 2022 | Volume 15 | Article 861312


https://doi.org/10.1016/j.neurol.2020.07.003
https://doi.org/10.1038/sc.2011.156
https://doi.org/10.1016/0165-0270(94)90144-9
https://doi.org/10.1186/s12967-018-1606-4
https://doi.org/10.1186/s12974-021-02131-0
https://doi.org/10.1016/j.phymed.2019.153166
https://doi.org/10.1016/j.expneurol.2008.04.009
https://doi.org/10.1016/j.biopha.2021.111563
https://doi.org/10.1002/2211-5463.13258
https://doi.org/10.1016/j.jpain.2013.09.008
https://doi.org/10.1016/j.neuroscience.2009.03.055
https://doi.org/10.1016/j.expneurol.2011.10.010
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-neuroscience#articles

Xue et al.

RIPKS Is Involved in Neuropathic Pain

He, N, Qu, Y. J, Li, D. Y, and Yue, S. W. (2021). RIP3 Inhibition
ameliorates chronic constriction injury-induced neuropathic pain by
suppressing JNK signaling. Aging 13, 24417-24431. doi: 10.18632/agin
203691

Hongna, Y., Hongzhao, T., Quan, L., Delin, F., Guijun, L., Xiaolin, L.,
et al. (2021). Jia-Ji Electro-acupuncture improves locomotor function
with spinal cord injury by regulation of autophagy flux and inhibition
of necroptosis. 14, 616864. doi: 10.3389/fnins.202
0.616864

Hou, W., Zhou, Y., Li, C., Zhu, M., Huang, D., Luo, L, et al. (2018).
Expression of receptor-interacting protein kinase 3
model of neuropathic pain. Chin. J. Oncol. Prev. Treat. 10, 105-109.
doi: 10.3969/j.issn.1674-5671.2018.02.07

Kaczmarek, A., Vandenabeele, P., and Krysko, D. V. (2013). Necroptosis:
the release of damage-associated molecular patterns and its physiological

Front. Neurosci.

in an animal

relevance.  Immunity 38,  209-223.  doi:  10.1016/j.immuni.201
3.02.003

Kanno, H., Ozawa, H., Tateda, S., Yahata, K., and Itoi, E. (2015).
Upregulation of the receptor-interacting protein 3  expression
and involvement in neural tissue damage after spinal cord
injury in mice. BMC Neurosci. 16, 62. doi: 10.1186/s12868-01
5-0204-0

Kasof, G. M., Prosser, J. C., Liu, D. Lorenzi, M. V. and
Gomes, B. C. (2000). The RIP-like kinase, RIP3, induces
apoptosis and NF-kappaB nuclear translocation and localizes to
mitochondria. FEBS Lett. 473, 285-291. doi: 10.1016/S0014-5793(00)
01473-3

Kawasaki, Y., Zhang, L., Cheng, J. K,, and Ji, R. R. (2008). Cytokine mechanisms
of central sensitization: distinct and overlapping role of interleukin-1beta,
interleukin-6, and tumor necrosis factor-alpha in regulating synaptic and
neuronal activity in the superficial spinal cord. J. Neurosci. 28:5189-5194.
doi: 10.1523/JNEUROSCI.3338-07.2008

Kelley, N., Jeltema, D., Duan, Y., and He, Y. (2019). The NLRP3 inflammasome: an
overview of mechanisms of activation and regulation. Int. J. Mol. Sci. 20, 3328.
doi: 10.3390/ijms20133328

Khan, N., Lawlor, K. E., Murphy, J. M., and Vince, J. E. (2014). More to
life than death: molecular determinants of necroptotic and non-necroptotic
RIP3 kinase signaling. Curr. Opin. Immunol. 26:76-89. doi: 10.1016/j.c0i.201
3.10.017

Khan, T., Havey, R. M., Sayers, S. T., Patwardhan, A., and King, W. W.
(1999). Animal models of spinal cord contusion injuries. Lab. Anim. Sci. 49,
161-172.

Kramer, J. L., Minhas, N. K., Jutzeler, C. R., Erskine, E. L., Liu, L. J., and
Ramer, M. S. (2017). Neuropathic pain following traumatic spinal cord injury:
models, measurement, and mechanisms. J. Neurosci. Res. 95, 1295-1306.
doi: 10.1002/jnr.23881

Lawrence, T. (2009). The nuclear factor NF-kappaB pathway in inflammation.
Cold Spring Harb. Perspect. Biol. 1, a001651. doi: 10.1101/cshperspec
t.a001651

Lee, S. H., Kwon, J. Y., Moon, J., Choi, J., Jhun, J., Jung, K., et al. (2020).
Inhibition of RIPK3 pathway attenuates intestinal inflammation and cell
death of inflammatory bowel disease and suppresses necroptosis in peripheral
mononuclear cells of ulcerative colitis patients. Immune Netw. 20, el6.
doi: 10.4110/in.2020.20.e16

Li, J., Zhao, P. P, Hao, T., Wang, D., Wang, Y., Zhu, Y. Z,, et al. (2017). Urotensin
IT inhibitor eases neuropathic pain by suppressing the JNK/NF-kB pathway. J.
Endocrinol. 232, 165-174. doi: 10.1530/JOE-16-0255

Li, Z., Zhu, J, and Wang, Y. (2021). ADARS3 alleviated inflammation
and pyroptosis of neuropathic pain by targeting NLRP3 in chronic
constriction injury mice. Gene, 805, 145909. doi: 10.1016/j.gene.202
1.145909

Liang, S., Nian, Z., and Shi, K. (2020). Inhibition of RIPK1/RIPK3 ameliorates
osteoclastogenesis through regulating NLRP3-dependent NF-«kB and MAPKs
signaling pathways. Biochem. Biophys. Res. Commun. 526, 1028-1035.
doi: 10.1016/j.bbrc.2020.03.177

Liu, T., Zhang, L., Joo, D., and Sun, S. C. (2017). NF-kB signaling in
inflammation. Signal Transduct. Target Ther. 2, 17023. doi: 10.1038/sigtrans.
2017.23

Mangan, M. S. ], Olhava, E. ], Roush, W. R,, Seidel, H. M., Glick, G. D., and Latz,
E. (2018). Targeting the NLRP3 inflammasome in inflammatory diseases. Nat.
Rev. Drug Discov. 17, 588-606. doi: 10.1038/nrd.2018.97

Meng, F. X,, Hou, J. M,, and Sun, T. S. (2017). In vivo evaluation of microglia
activation by intracranial iron overload in central pain after spinal cord injury.
J. Orthop. Surg. Res. 12, 75. doi: 10.1186/s13018-017-0578-z

Mestre, C., Pélissier, T., Fialip, J., Wilcox, G., and Eschalier, A. (1994). A
method to perform direct transcutaneous intrathecal injection in rats.
J. Pharmacol. Toxicol. Methods 32, 197-200. doi: 10.1016/1056-8719(94)
90087-6

Mitchell, J. P., and Carmody, R. J. (2018). NF-kB and the transcriptional

control of inflammation. Int. Rev. Cell Mol. Biol. 335, 41-84.
doi: 10.1016/bs.ircmb.2017.07.007
Moriwaki, K., Balaji, S, McQuade, T. Malhotra, N., Kang, J., and

Chan, F. K. (2014). The necroptosis adaptor RIPK3 promotes injury-
induced cytokine expression and tissue repair. Immunity 41, 567-578.
doi: 10.1016/j.immuni.2014.09.016

Moriwaki, K., and Chan, F. K. (2017). The inflammatory signal adaptor
RIPK3: functions beyond necroptosis. Int. Rev. Cell Mol. Biol. 328, 253-275.
doi: 10.1016/bs.ircmb.2016.08.007

Pilat, D., Piotrowska, A., Rojewska, E., Jurga, A., Slusarczyk, J., and Makuch, W.,
et al. (2016). Blockade of IL-18 signaling diminished neuropathic pain and
enhanced the efficacy of morphine and buprenorphine. Mol. Cell. Neurosci. 71,
114-124. doi: 10.1016/j.mcn.2015.12.013

Pu, S, Li, S, Xu, Y., Wu, ], Lv, Y., and Du, D. (2018). Role of receptor-
interacting protein 1/receptor-interacting protein 3 in inflammation and
necrosis following chronic constriction injury of the sciatic nerve. Neuroreport
29, 1373-1378. doi: 10.1097/WNR.0000000000001120

Qian, J., Zhu, W., Lu, M., Ni, B,, and Yang, J. (2017). D-B-hydroxybutyrate
promotes functional recovery and relieves pain hypersensitivity in mice
with spinal cord injury. Br. J. Pharmacol. 174, 1961-1971. doi: 10.1111/bph.
13788

Sandhir, R, Gregory, E.,, He, Y. Y., and Berman, N. E. (2011). Upregulation
of inflammatory mediators in a model of chronic pain after spinal
cord injury. Neurochem. Res. 36, 856-862. doi: 10.1007/s11064-011-
0414-5

Shi, Y., Huang, C., Zhao, Y., Cao, Q., Yi, H., Chen, X., et al. (2020). RIPK3 blockade
attenuates tubulointerstitial fibrosis in a mouse model of diabetic nephropathy.
Sci. Rep. 10, 10458. doi: 10.1038/s41598-020-67054-x

Shiao, R., and Lee-Kubli, C. A. (2018). Neuropathic pain after spinal cord
injury: challenges and research perspectives. Neurotherapeutics 15, 635-653.
doi: 10.1007/s13311-018-0633-4

Speir, M., and Lawlor, K. E. (2021). RIP-roaring inflammation: RIPK1 and RIPK3
driven NLRP3 inflammasome activation and autoinflammatory disease. Semin.
Cell Dev. Biol. 109:114-124. doi: 10.1016/j.semcdb.2020.07.011

Sugaya, T., Kanno, H., Matsuda, M., Handa, K., Tateda, S., Murakami, T,
et al. (2019). B-RAFY9%F jnhibitor dabrafenib attenuates RIPK3-mediated
necroptosis and promotes functional recovery after spinal cord injury. Cells.
8, 1582. doi: 10.3390/cells8121582

Sweis, R., and Biller, J. (2017). Systemic complications of spinal cord
injury. Curr. Neurol. Neurosci. Rep. 17, 8. doi: 10.1007/s11910-017-
0715-4

van Gorp, S., Deumens, R., Leerink, M., Nguyen, S., Joosten, E. A., and Marsala, M.
(2014). Translation of the rat thoracic contusion model; part 1-supraspinally
versus spinally mediated pain-like responses and spasticity. Spinal Cord 52,
524-528. doi: 10.1038/5¢.2014.72

Vandenabeele, P., Declercq, W., Van Herreweghe, F., and Vanden Berghe, T.
(2010). The role of the kinases RIP1 and RIP3 in TNF-induced necrosis. Sci.
Signal. 3, re4. doi: 10.1126/scisignal.3115re4

Wang, Y. Jiao, J., Zhang, S., Zheng, C., and Wu, M. (2019). RIP3
inhibition protects locomotion function through ameliorating mitochondrial
antioxidative capacity after spinal cord injury. Biomed. Pharmacother. 116,
109019. doi: 10.1016/j.biopha.2019.109019

Wang, Y. H, Li, Y, Wang, J. N, Zhao, Q. X, Wen, S, Wang, S.
C., et al. (2020). A novel mechanism of specialized proresolving lipid
mediators mitigating radicular pain: the negative interaction with NLRP3
inflammasome. Neurochem. Res. 45, 1860-1869. doi: 10.1007/s11064-020-
03050-x

Frontiers in Molecular Neuroscience | www.frontiersin.org

11

April 2022 | Volume 15 | Article 861312


https://doi.org/10.18632/aging.203691
https://doi.org/10.3389/fnins.2020.616864
https://doi.org/10.3969/j.issn.1674-5671.2018.02.07
https://doi.org/10.1016/j.immuni.2013.02.003
https://doi.org/10.1186/s12868-015-0204-0
https://doi.org/10.1016/S0014-5793(00)01473-3
https://doi.org/10.1523/JNEUROSCI.3338-07.2008
https://doi.org/10.3390/ijms20133328
https://doi.org/10.1016/j.coi.2013.10.017
https://doi.org/10.1002/jnr.23881
https://doi.org/10.1101/cshperspect.a001651
https://doi.org/10.4110/in.2020.20.e16
https://doi.org/10.1530/JOE-16-0255
https://doi.org/10.1016/j.gene.2021.145909
https://doi.org/10.1016/j.bbrc.2020.03.177
https://doi.org/10.1038/sigtrans.2017.23
https://doi.org/10.1038/nrd.2018.97
https://doi.org/10.1186/s13018-017-0578-z
https://doi.org/10.1016/1056-8719(94)90087-6
https://doi.org/10.1016/bs.ircmb.2017.07.007
https://doi.org/10.1016/j.immuni.2014.09.016
https://doi.org/10.1016/bs.ircmb.2016.08.007
https://doi.org/10.1016/j.mcn.2015.12.013
https://doi.org/10.1097/WNR.0000000000001120
https://doi.org/10.1111/bph.13788
https://doi.org/10.1007/s11064-011-0414-5
https://doi.org/10.1038/s41598-020-67054-x
https://doi.org/10.1007/s13311-018-0633-4
https://doi.org/10.1016/j.semcdb.2020.07.011
https://doi.org/10.3390/cells8121582
https://doi.org/10.1007/s11910-017-0715-4
https://doi.org/10.1038/sc.2014.72
https://doi.org/10.1126/scisignal.3115re4
https://doi.org/10.1016/j.biopha.2019.109019
https://doi.org/10.1007/s11064-020-03050-x
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-neuroscience#articles

Xue et al.

RIPKS Is Involved in Neuropathic Pain

Yabal, M., Miiller, N., Adler, H., Knies, N., Grof3, C. J., Damgaard, R. B,, et al.
(2014). XIAP restricts TNF- and RIP3-dependent cell death and inflammasome
activation. Cell Rep. 7, 1796-1808. doi: 10.1016/j.celrep.2014.05.008

Zhao, L., Tao, X., and Song, T. (2021). Astaxanthin alleviates neuropathic pain by
inhibiting the MAPKs and NF-kB pathways. Eur. J. Pharmacol. 912, 174575.
doi: 10.1016/j.ejphar.2021.174575

Zhou, K. Shi, L., Wang, Z., Zhou, ], Manaenko, A. Reis, C., et al
(2017). RIP1-RIP3-DRP1 pathway regulates NLRP3 inflammasome
activation following subarachnoid hemorrhage. Exp. Neurol. 295, 116-124.
doi: 10.1016/j.expneurol.2017.06.003

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Xue, Cao, Wang, Zhao, Han, Yang and Sun. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Molecular Neuroscience | www.frontiersin.org

12

April 2022 | Volume 15 | Article 861312


https://doi.org/10.1016/j.celrep.2014.05.008
https://doi.org/10.1016/j.ejphar.2021.174575
https://doi.org/10.1016/j.expneurol.2017.06.003
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-neuroscience#articles

	Receptor-Interacting Protein Kinase 3 Inhibition Relieves Mechanical Allodynia and Suppresses NLRP3 Inflammasome and NF-κB in a Rat Model of Spinal Cord Injury
	Introduction
	Materials and Methods
	Animals and Grouping
	SCI Model
	Intrathecal Injection and Drug Administration
	Pain Behavior Assessment
	Tissue Sample Collection
	Western Blotting
	ELISA
	qRT-PCR
	Double Immunofluorescence Staining
	Statistical Analysis

	Results
	Upregulation of RIPK3 Expression in the SCI Model
	GSK872 Decreased RIPK3 Expression Level and Relieved Mechanical Allodynia Induced by SCI
	GSK872 Reduced the Production of Inflammatory Cytokines
	GSK872 Suppressed the Activation of NLRP3 Inflammasome in Glia and Neurons
	Effect of GSK872 on NF-κB p65

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


