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Purpose: Neuropathic pain (NP) is a chronic pain state with a complex etiology that currently lacks effective treatment in clinical 
practice. Studies have found that exercise training can alleviate NP hyperalgesia, but the specific mechanism remains unclear. Here, we 
sought to identify proteins and signaling pathways critical for mediating the effects of treadmill training on NP in a mouse model of 
spared nerve injury (SNI).
Methods: We used Tandem Mass Tag (TMT) technology for proteins and signaling pathways identification. Functional enrichment 
analyses were conducted using DAVID and Metascape software. Ingenuity pathway analysis was used to conduct functional annotation 
and analyze alterations in canonical pathways and molecular networks. Reverse transcription quantitative PCR (RT-qPCR) was used to 
confirm the results of proteomics analysis.
Results: A total of 270 differentially expressed proteins were screened in the detrained and trained groups (P ≤0.05). Enrichment and 
ingenuity pathway analysis revealed the effects of treadmill training on autophagy, cAMP-mediated signaling, calcium signaling and 
NP signaling in dorsal horn nerves. Treadmill training reduced the expression of Akt3, Atf2, Gsk3b, Pik3c3, Ppp2ca, and Sqstm1, and 
increased the expression of Pik3cb in the autophagic pathway.
Conclusion: Our results suggest that treadmill training may alleviate nociceptive hyperalgesia in NP mice by modulating the 
autophagic pathway, providing unique mechanistic insights into the analgesic effects of exercise.
Keywords: proteomic changes, exercise, neuropathic pain, IPA, passway analysis

Introduction
Neuropathic pain (NP) is an incurable chronic pain caused by peripheral or central nervous system injury or dysfunction, 
with a prevalence of approximately 10% in the general population.1 NP treatment is difficult owing to the limited 
effectiveness and adverse effects of conventional analgesic drug therapy. Thus, there is an urgent need to find new 
directions and breakthroughs to study mechanisms underlying NP and its treatment.

Non-pharmacological treatments, including exercise, can significantly reduce pain. Clinical studies have shown that 
exercise is effective in improving arthritis, fibromyalgia, low back pain, intermittent claudication, neck pain, and knee 
osteoarthritis.2–6 Mechanistic studies have confirmed that exercise can relieve pain symptoms by increasing endogenous 
opioids, promoting the recovery of neurotrophic factors, activating serotonin (5-HT) receptors, modulating inflammatory 
factors, and enhancing pain line inhibition.7–10 Exploring the protective effect of exercise on NP and the specific 
molecular mechanisms involved is of great significance; however, limited studies have evaluated the role of treadmill 
training for alleviate NP.In recent years, tandem mass tagging (TMT) technology has been widely used in proteomics 
studies owing to its high precision, stability, and throughput. Hence, it can be used to determine the potential mechanisms 
by which exercise relieves pain. In this study, we used proteomic techniques to explore the impact of exercise on 
hyperalgesia in mice with NP and identify the specific mechanisms involved in this process.
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Materials and Methods
Experimental Animals
Fifty-six male C57BL/6 mice, weighing 18–23 g, were provided by the Lanzhou Institute of Veterinary Medicine, 
Chinese Academy of Agricultural Sciences (SCXK (Gan) 2015–0001). Mice were housed in the Experimental Animal 
Center of Lanzhou University Second Hospital in a controlled room temperature of 23 ± 1°C, maintained on a 12-hour 
light cycle (lights on at 8 am.), and food/water was available ad libitum. Animal protocols were approved by the 
Committee on the Ethics of Animal Experiments of the Lanzhou University Second Hospital and conducted in 
conformity with the guidelines of the International Association for the Study of Pain.

SNI Models
We modeled spared nerve injury (SNI) according to the method described by Decosterd.11 The mice were anesthetized 
with 40 mg/kg sodium pentobarbital by intraperitoneal injection before surgery. The femoris muscle was resected and 
separated to reveal the branches of the sciatic nerve. The tibial and common peroneal nerves were cut after ligation with 
6–0 silk thread, and the stump of the nerve was cut at approximately 3 mm distal to the ligature. Stretching and 
stimulation of the peroneal nerve were avoided during this procedure. In the sham group (S), the sciatic nerve of the mice 
was exposed, but was neither ligated nor cut.

Treadmill Exercise
The mice were randomly assigned to three groups (n = 18): (1) S group, (2) SNI-detrained (SD) group, in which mice 
were not trained after surgery, and (3) SNI-trained (SNT) group: mice were trained after surgery. The treadmill training 
program (SA101; Jiangsu Sans Biotechnology Co. Ltd, Nanjing, China) was established based on the results of our 
previous studies and the related literature (Figure 1A and B).12,13 The mice in the SNT group were acclimatized for 2 
weeks, 5 days per week, before surgery. Mice were run at 7 m/min for 10 min/day during week 1. In week 2, mice started 
with 20 minutes of running at 7 m/min per day, and the exercise time was increased by 10 min per day until 60 min. Mice 
in the SNT group were trained on a treadmill at a speed of 10 m/min for 60 min/day, starting on the third day after SNI. 
Stimuli, such as electric shocks from the treadmill, were avoided to not cause stress that could bias the results. The mice 
ran continuously on the treadmill by tapping their tails.

Behavioral Test
The mechanical hyperalgesia threshold (PWT) was described by Chaplan et al to assess mechanical hyperalgesia in 
mice.14 Before SNI surgery and 3, 7 and 14 days after SNI surgery, mice were first placed in a clear plastic box with 
a metal grid at the bottom for 30 min, and then researchers blindly stimulated the lateral edge of the left hind paw was 
blindly stimulated with different grams (0.6, 1.0, 1.4, 2.0 and 4.0 g; North Coast Medical, Morgan Hill, CA, USA), and 
then calculated according to the up-and-down rule to determine the PWT.

Proteomic Analysis
Three mice were randomly selected for proteomic analysis in the SD and SNT groups at the end of behavioural testing 14 
days after SNI. Mice were anaesthetized with an intraperitoneal overdose of 1% sodium pentobarbital and then sacrificed. 
The L4–6 spinal cord segments were rapidly dissected and immediately stored at –80°C. SDT buffer was added to each 
tissue sample, which was homogenized with an MP homogenizer, and the supernatant was collected. Samples were 
subjected to repeated ultrafiltration using UA buffer. Then, 100 μL iodoacetamide was added to the samples and 
incubated in the dark for 30 min. After washing the filter twice with 100 μL UA buffer, and the filter was washed 
twice with 100 μL 40 mM NH4HCO3 buffer. The protein suspensions were then digested overnight at 37 °C in 40 μL 
TEAB buffer by adding 4 μg trypsin, and the filtrate was collected. The peptides were desalted, lyophilized mixed with 
40 μ L of 0.1% formic acid solution, re-solubilized, and quantified (OD280). The peptides in each sample were labelled 
using TMT reagent (Thermo Fisher Scientific, Waltham, MA, USA). The TMT-labeled samples were fractionated by 
basic pH reversed-phase liquid chromatography using an Agilent 1260 Infinity II high-pressure liquid chromatography 
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system. The samples were then loaded onto a trap column (1mL/min) and analytical column (Thermo Fisher Scientific, 
Waltham, MA, USA) before analysis. The samples were chromatographed and analyzed using a high-resolution 
Q-Exactive mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). Proteins were identified using the 
Proteome Discoverer 2.1 software. The proteome of Mus musculus was loaded from Uniprot, the maximum missed 
cleavage site was set to 2, the precursor mass tolerance was 10ppm, and the fragment mass tolerance was 0.05 Da, the 
quantitative method was TMT 6plex, and the FPR for peptide-spectrum match identification was 0.01. Differentially 
expressed proteins were identified using P < 0.05 as the screening criterion. We used R ggplot2 to plot volcano plots and 
heat maps to show the differentially expressed proteins in the SD and SNT groups.

Functional Enrichment Analyses of Differentially Expressed Proteins
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses were 
performed on differentially expressed proteins using clusterProfiler and GGplot2 software packages. The most signifi-
cantly enriched GO terms and KEGG pathways were screened based on P value.

The results were sorted according to P values, and the top 10 most significantly enriched GO entries and the top 20 
most significantly enriched KEGG pathways were filtered. The STRING database was used to construct a protein 
interaction network (PPI) for differentially expressed proteins.
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Figure 1 Protocol for treadmill exercise training and time-course of mechanical paw withdrawal threshold measured by von Frey hair stimulation. (A) Representation of the 
treadmill running protocols. (B) The mice were divided into three groups: (1) Sham (S) group, (2) SNI-detrained (SD) group: mice without running after SNI surgery, (3) SNI- 
trained (SNT) group: mice with running after SNI surgery. (C) The withdrawal threshold values of the S (n = 18), SD (n = 18), and SNT (n = 18) groups were determined at 
baseline and at 3, 7, and 14 days after SNI or sham surgery. Data points represent mean ± standard deviation from experiments. **P < 0.01 versus the SD group; ###P < 0.001 
versus the S group, one-way repeated-measures ANOVA for each time point.
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Ingenuity Pathway Analysis (IPA)
IPA software (Qiagen, Redwood City, CA, USA) was used to conduct functional annotation to analyze alterations in 
canonical pathways and molecular networks. We determined relative and absolute expression fold-change values for the 
identified peptides and performed core IPA analysis, biomarkers, and molecular and functional comparative analyses. IPA 
analysis was used to identify potential pathways and chart networks based on previously reported protein relationships.

RT- qPCR
After PWT was assessed at 14 days postoperatively in S, SD, and SNT groups, L4–6 spinal cord tissues were collected, 
weighed, and stored at −80 °C after rapid freezing in liquid nitrogen. Total RNA was fractionated using TRIzol reagent 
(Invitrogen, Carlsbad, USA) and qPCR was performed with SYBR Premix following the manufacturer’s instructions. 
Gene expression was normalized using the expression of gene encoding glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) using the 2–ΔΔCT method. The primer sequences used for qPCR are listed in Table 1.

Statistical Analyses
Statistical analyses were performed using GraphPad Prism 8 and SPSS 26.0. Results are expressed as means ± standard 
deviation, and data were analyzed using one-way analysis of variance (ANOVA) or Student’s t-test, and statistical 
significance was set at P < 0.05.

Results
Treadmill Training Reduces Mechanical Nociceptive-Related Behaviors After SNI 
Surgery
There was no significant difference in the preoperative ipsilateral PWT of mice in each group (P > 0.05). As shown in 
Figure 1C and Table 2, compared with the S group, the SD and SNT groups had significantly decreased PWT from 3 
days postoperatively until 14 days postoperatively (###P < 0.001), indicating that the SNI model of NP in mice was 
successfully constructed. The PWT was significantly higher in the SNT group than in the SD group at 7 and 14 days 
postoperatively (**P < 0.01), showing that treadmill training can greatly alleviate nociceptive hyperalgesia in mice 
with NP.

Identification of Differentially Expressed Proteins Following Treadmill Training
Differences in protein expression in the spinal cord tissue between the SD and SNT groups were quantified by 
proteomics. The results identified 47,716 unique peptides, corresponding to 6123 individual proteins. At a P value ≤ 

Table 1 Primer Sequences Used for qRT-PCR

Gene Forward Primer (5′-3′) Reverse Primer (5′-3′)

AKT3 TTTTCTCTATTATTTGGGCTGAGTC CCCCTCTTCTGAACCCAACC

ATF2 CACCAGCAGCACGAGTCTC TGTGCGAGGCAAACAGGAG

GNAI3 GATATTCCCTGGACCTGCTAA AGATGATGCCCGACAGTTATT

GSK3B ACCCTCATTACCTGACCTT CTCAACTTAACAGACGGCT

PIK3C3 TAACGTGGAGGCAGATGGTT CATGTGTCCTTGCCGATGAG

PIK3CB CTGATTTTACGGCGGCATGG TGAGGGCCTCGTCAAACTTC

PPP2CA TGGGTTCTACGACGAGTGTT AGAAGATCTGCC CATCCACC

SQSTM1 AGACCC CTCACAGGAAGGAC CATCTGGGAGAGGGACTCAA

GAPDH AGGGCTGCTTTTAACTCTGGT CCCCACTTGATTTTGGAGGGA
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0.05, 270 differentially expressed proteins were identified, of which 221 were downregulated and 49 were upregulated in 
the SNT group compared to the SD group (Supplemental Table 1). Figure 2A shows a cluster analysis of these results.

Functional Enrichment Analyses Differentially Expressed Proteins
GO enrichment analysis was conducted for differential expressed proteins, and the results were sorted based on P values 
in order of their significance (P < 0.05). “Protein localization to nucleus”, “vesicle-mediated transport in synapse”, 
“synaptic vesicle cycle”, “endosomal transport”, and “vesicle-mediated transport to the plasma membrane” were the 
biological functions most substantially activated by the differentially expressed proteins (Figure 2B).

The top 20 significantly enriched pathways are indicated in Figure 2C, among which the pathways of neurodegenera-
tion, cAMP signaling pathway, nucleocytoplasmic transport, EGFR tyrosine kinase inhibitor resistance, dopaminergic 
synapses, autophagy, and proteasome potential were closely related to NP. PPI networks were used to identify 
differentially expressed proteins using STRING (Supplemental Figure 1).

Integrated IPA of Proteins
Table 3 shows the signaling pathways ranked based on P values, including the EIF2, synaptogenic, mTOR, ferritin, and 
cAMP-mediated signaling pathways as well as autophagy, and NP neuropathway in dorsal horn neurons. The direction of 
the functional changes was predicted using the z-score; a z-score ≥ 2 or ≤ −2 and P < 0.05 showed significantly activated 
or inhibited pathways, respectively, with the most significantly changed pathway being autophagy (Figure 2D). 
Supplemental Figures 2 and 3 show the highest-scoring autophagic pathway and another neural pathway for NP signaling 
in dorsal horn neurons, respectively, which may be of interest for future studies. There are eight differentially expressed 
proteins involved in the autophagic pathway, namely AKT3, ATF2, GNAI3, GSK3B, PIK3C3, PIK3CB, PPP2CA, and 
SQSTM1. However, while the classical pathway may provide a more detailed picture of the regulatory processes, new 
pathways and molecules could not be identified, mainly because the molecular mechanisms of neuropathic hyperalgesia 
are unknown; thus, additional signaling pathways that may be involved need to be identified. Figure 3A shows the 
expression trend of proteins with SQSTM1 as the core. Upstream and downstream molecules such as GSK3B, IKBKG, 
and HTT have been studied and confirmed to be closely related to autophagy, implying that autophagy may play an 
important part in exercise-induced hyperalgesia. Compared to the classical pathway shown in Supplement Figure 2, this 
network suggests more upstream and downstream molecules.

RT-qPCR Confirmed the Results of Proteomics Analysis
Differentially expressed proteins were analyzed by GO, KEGG, and IPA, and the results suggested that autophagy is 
a key cue for exercise-induced hyperalgesia in mice withNP and that several proteins are closely related to the autophagic 
pathway. To determine the fitness of the TMT proteomic screening results, we examined the expression of genes 
encoding Akt3, Atf2, Gnai3, Gsk3b, Pik3c3, Pik3cb, Ppp2ca, and Sqstm1 in the S, SD, and SNT groups using RT- 
qPCR (Figure 3B). Compared to that in the S group, the expression of Akt3, Atf2, Gnai3, Gsk3b, Pik3c3, Pik3cb, Ppp2ca, 
and Sqstm1 encoding genes was elevated in the ipsilateral L4–L6 spinal cord of mice in the SD group. The expression of 
genes encoding Akt3, Atf2, Gsk3b, Pik3c3, Ppp2ca, and Sqstm1 in the spinal cord of mice in the SNT group decreased 
after treadmill training, expression of gene encoding Pik3cb increased, and that of gene encoding Gnai3 remained 

Table 2 PWT Changes of Mice in Different Groups

Group n 0 (d) 3 (d) 7 (d) 14 (d)

S 18 1.243 ± 0.183 1.239 ± 0.155 1.226 ± 0.193 1.221 ± 0.166

SD 18 1.211 ± 0.175 0.513 ± 0.081### 0.263 ± 0.058### 0.352 ± 0.068###

SNT 18 1.236 ± 0.184 0.477 ± 0.060 0.331 ± 0.061** 0.438 ± 0.084**

Notes: Fgroup=834.1, P < 0.001; Ftime=216.2, P < 0.001; **P ≤ 0.01 compared with the SD group; ###P < 0.001 
compared with the S group, one-way repeated-measures ANOVA for each time point.
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unchanged. These results indicate that treadmill training downregulates the expression of Akt3, Atf2, Gsk3b, Pik3c3, 
Ppp2ca, and Sqstm1 encoding genes and upregulates the expression of Pik3cb in the spinal cord of SNI mice, which is 
consistent with the results of the TMT proteomic screening. These proteins may play important roles in exercise-induced 
hyperalgesia in mice with NP.
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Figure 2 Bioinformatics analysis for differentially expressed proteins from ipsilateral L4-L6 spinal cord tissues between S group, SD group and SNT group. (A) Heat map of 
differentially expressed proteins. (B) GO enrichment analysis of differentially expressed proteins. (C) KEGG pathway enrichment analysis of differentially expressed proteins. 
(D) The top fifteenth significant findings from the ingenuity pathway analysis (IPA) are shown. Z-scores >2 or <-2 and P < 0.05 were considered statistically significant. 
Results ranked according to statistical significance. 
Abbreviations: GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes.
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Discussion
Exercise training can alleviate NP. However, the specific molecular mechanisms underlying this effect remain unclear. In 
this study, we used TMT-based proteomics techniques to quantify differentially expressed proteins and investigated the 
underlying pathway whereby treadmill training relieves pain in mice experiencing NP.

In this study, 270 differentially expressed proteins were identified between the SD and SNT groups. Of these, 49 were 
up-regulated and 221 were down-regulated. GO and KEGG analyses showed that differentially expressed proteins were 
mainly enriched in pain-related biological processes and signaling pathways such as cAMP signaling pathway, EGFR 
tyrosine kinase inhibitor resistance, dopaminergic synapses, and autophagy. Analysis of the classical pathways involving 
differentially expressed proteins using the IPA bioinformatic analysis revealed that among the significantly enriched 

Table 3 Ingenuity Canonical Pathways of IPA

Ingenuity Canonical Pathways -log (p-value)

EIF2 Signaling 6.69

Synaptogenesis Signaling Pathway 4.92

mTOR Signaling 3.90

NAD Salvage Pathway II 3.69

Insulin Secretion Signaling Pathway 3.63

Semaphorin Neuronal Repulsive Signaling Pathway 3.56

Ferroptosis Signaling Pathway 3.19

Gα12/13 Signaling 3.17

cAMP-mediated signaling 2.91

Ephrin Receptor Signaling 2.73

G-Protein Coupled Receptor Signaling 2.68

3-phosphoinositide Biosynthesis 2.66

LPS-stimulated MAPK Signaling 2.61

PDGF Signaling 2.59

Autophagy 2.57

G Beta Gamma Signaling 2.51

WNT/β-catenin Signaling 2.51

Ceramide Signaling 2.50

Neurovascular Coupling Signaling Pathway 2.45

Superpathway of Inositol Phosphate Compounds 2.32

Neuropathic Pain Signaling In Dorsal Horn Neurons 2.29

Production of Nitric Oxide and Reactive Oxygen 

Species in Macrophages

2.28

Protein Kinase A Signaling 2.24

Estrogen Receptor Signaling 2.24

Oxytocin In Brain Signaling Pathway 2.20
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Figure 3 (A) The top network of molecular interactions predicted by IPA based on the differentially expressed proteins. Nodes represent protein molecules, red nodes 
represent up-regulated proteins, and green nodes represent down-regulated proteins; edges represent direct (solid line) and indirect (dashed line) interactions between 
molecules based on information present in the Ingenuity knowledge base; node shapes and functional categories Correlation, where vertical rectangles represent G protein- 
coupled receptors, triangles represent phosphatases, inverted triangles represent kinases, vertical diamonds represent enzymes, horizontal diamonds represent peptidases, 
vertical ovals for transmembrane receptors, horizontal ovals for transmembrane modulators and complex/other circles. (B) The gene expression of Akt3, Atf2, Gnai3, 
Gsk3b, Pik3c3, Pik3cb, Ppp2ca, and Sqstm1 in spinal cord after exercise in the S, SD, and SNT group were validated by RT-qPCR. *P < 0.05, **P < 0.01, and ***P < 0.001.
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classical pathways, the EIF2, synaptogenesis, mTOR, and cAMP-mediated signaling pathways as well as autophagy and 
NP signaling in dorsal horn neurons were associated with the generation and persistence of NP, further demonstrating the 
accuracy of the proteomic results.

The significant enrichment of EIF2 signaling suggests an enhancement of ElF2 signaling in the spinal dorsal horn of 
SNI mice after treadmill training; this may be possibly related to the endoplasmic reticulum stress involved in the 
occurrence and continuation of NP.15 In addition, spinal mTOR signaling plays an essential role in regulating spinal 
sensitization in NP.16 Targeting mTOR may provide a new strategy for pain treatment. Synaptic plasticity underlies spinal 
cord sensitization in NP, and synaptic transmission can be enhanced by synaptogenic signaling pathways, which are 
closely related to NP onset.17 CAMP-mediated signaling in the spinal cord may be critical for the development of painful 
neuropathy,18 and the autophagic pathway is a potential therapeutic target for NP.19 These pathways mainly involve 
differentially expressed proteins, such as AGO2, AKT3, ATF2, and CAMK2A.

Autophagy is involved in NP development. In a rat model of spinal nerve ligation (SNL), the expression of both 
microtubule-associated protein light chain 3 (LC3) and P62 was upregulated at 7 days postoperatively, suggesting that 
NP onset is associated with impaired lysosomal degradation and dysregulated autophagic processes.20 Intrathecal 
injection of the autophagy inducer rapamycin three days after surgery in the SNL model induced autophagy in spinal 
microglia and inhibited inflammatory factor IL-1β, which relieved pain, suggesting that autophagy induction can relieve 
NP.21 Autophagy dysfunction is involved in the onset and development of NP, and appropriate induction of autophagy 
may be an effective measure for NP treatment. Recent studies have found that exercise can inhibit nociceptive 
hyperalgesic behavior and effectively alleviate pain in various animal models of NP.22,23 Whether exercise can improve 
pain and its specific mechanisms remain unclear and require further exploration. Increased exercise intensity early in the 
peripheral nerve chronic constriction injury (CCI) model rats relieved nociceptive hyperalgesia in the sciatic nerve region 
while increasing neurotrophic factor levels.24 Kami et al reported that mice with a partial sciatic nerve ligation PSL 
model had significantly reduced pain after exercise.12 Although these studies explored the biological role of exercise in 
NP, but the specific molecular mechanisms by which exercise reduces pain remain unclear. Autophagy was the most 
significantly enriched classical signaling pathway in IPA analysis in this study, indicating that autophagy may play an 
essential role in exercise-induced hypoalgesia. The differential proteins involved in this pathway include ATF2, AKT3, 
GNAI3, GSK3B, PIK3C3, PPP2CA, and SQSTM1.

The transcription factor ATF2 is a downstream target of p38 mitogen-activated protein kinase (p38-MAPK) in dorsal 
horn neurons of the spinal cord, mainly found in dorsal root ganglia and spinal cord tissue. Transcriptionally activated 
ATF2 regulates various genes that regulate cellular responses associated with pain and inflammatory responses.25 

Activation of p38-MAPK and ATF2 is important in central NP sensitization and spinal nerve ligation in chronic pain 
models has been shown to induce mechanical nociceptive hyperalgesia and thermal nociceptive hypersensitivity in rats, 
leading to increased expression of ATF2 and ATF3 in the ipsilateral dorsal root ganglia and spinal cord. Intrathecal 
injection of ATF siRNA reverses nociceptive hypersensitivity.26,27 Studies suggest that ATF2 is involved in the 
maintenance of NP in animal models of nerve injury.

Glycogen synthase kinase 3 beta (GSK3B) is one of the rate-limiting enzymes of glycogen synthesis and acts on 
several intracellular signaling pathways to regulate glial cell activation and production of pro-inflammatory factors in the 
central nervous system.28 Zhang et al reported that GSK3B may participate in NP maintenance by regulating the 
relationship between proinflammatory and anti-inflammatory factors.29 Conversely, the administration of GSK3B 
inhibitors reduces the response to injurious stimuli and tolerance to morphine in mice with pathological pain.30,31 

GSK3B is associated with the onset and development of NP through various mechanisms, including promotion of 
peripheral sensitization, central sensitization, and glial cell activation. Thus, it is a potential new pharmacological target 
for NP treatment. In the present study, exercise training suppressed ATF2 and GSK3B expression, which is consistent 
with published reports.

The phosphatidylinositol 3-kinase (PI3K) pathway is involved in the regulation of central and peripheral nerve 
sensitization, and its inhibitors can reduce nociceptive sensitization induced by nerve injury.32 The PI3K pathway has 
recently received increasing attention as a potential therapeutic target for pain management. PIK3CB, a member of the 
PI3K family, is associated with insulin resistance, sensory neuron inflammation, neuropathy, and NP.33–35 By establishing 
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a model of NP caused by brachial plexus nerve injury, Wang et al found that the neuropathic PIK3C3 is an autophagy- 
related isoform of the PI3K family and plays a very vital role in activating autophagy.36,37 PIK3C3 may regulate 
autophagy through STAT3 and is associated with NP maintenance.38,39 In the present study, exercise training-induced 
PIK3CB expression and decreased PIK3C3 expression, which is consistent with published reports. Thus, PIK3CB and 
PIK3C3 may be novel NP biomarkers.

Protein phosphatase 2A (PP2A) is an critical protein phosphatases in the central nervous system. Earlier, a model of 
central sensitization to pain was established by subcutaneous injection of capsaicin in the hind paw of rats to induce 
mechanical and thermal nociceptive sensitization; this resulted in a notable upregulation of PP2A expression in the rat 
spinal cord, which regulates the phosphorylation status of basic proteins involved in central sensitization.40 In the present 
research, exercise training inhibited the expression of GNAI3 and PPP2CA, which is consistent with previous reports.

SQSTM1/P62 is a critical protein in the autophagic pathway and a potential indicator of the extent of autophagy.41 

Autophagy dysfunction is closely associated with the onset and development of NP, with rats exhibiting reduced 
mechanical and thermal pain thresholds and hyperalgesia seven days after the establishment of an SNL model in animals 
with NP. In contrast, the expression of the spinal autophagy markers LC3II and SQSTM1 was significantly increased and 
co-expressed in microglia of the spinal dorsal horn. After intrathecal injection of an autophagy inducer, the pain threshold 
started to increase, LC3II expression increased, SQSTM1 expression decreased, and the number of autophagosomes in 
microglia in the dorsal horn of the spinal cord increased significantly. The opposite result was observed with intrathecal 
injection of autophagy inhibitors.21 In NP models, dysregulation of autophagy in the spinal dorsal horn is a fundamental 
cause of chronic pain progression.20,42 Increasing the autophagic activity of microglia in the spinal cord horn plays a vital 
role in the alleviation of NP development. Figure 2D shows that SQSTM1 is located more centrally and interacts directly 
with GSK3B, CPLV2, CHCHD2, HTT, MTX2, DNAJA2, USP7, and IKBKG. These upstream and downstream 
regulatory relationships need further experimental verification.

AKT3 belongs to the Akt kinase family, which is closely associated with NP, and is a potential target for treatment. 
Akt inhibition attenuates nociceptive sensitization and downregulates pro-inflammatory cytokine expression in vivo.43 

The differentially expressed proteins PIK3C3, PI3CB, GNAI3, and SQSTM1 in this study were shown to be associated 
with Akt signaling, further suggesting that the AKT pathway may play an essential role in the induction of exercise- 
induced hypoalgesia via autophagy.

To further explore the potential molecular changes and specific bioinformatic functions involved, we used high- 
throughput proteomic tools to identify proteins differentially expressed in the spinal cord after treadmill training. Some 
molecular relationships among the predicted networks have been confirmed in the literature. The molecular mechanisms 
of exercise-induced hypoalgesia remain unknown and may not be necessarily regulated by known classical pathways; 
therefore, further studies are needed. Additional signaling pathways that may be involved in this process need to be 
identified.

This study has some limitations. First, the proteomic sample size was too small to draw definite conclusions. Second, 
the clinical significance of the genes determined to play a role in exercise-induced hyperalgesia remains unknown, and 
thus, further functional studies are warranted. Finally, the present study presents data only at the gene level, and further 
validation at the protein level is required.

Conclusion
This is the first proteomic study using a murine NP model to identify a role for the autophagy pathway in treadmill 
training to modulate NP nociceptive hypersensitivity. Our study offers a basis for the application of exercise therapy to 
improve chronic pain and provides clues for finding new therapeutic targets.
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