World Scientific Research Journal Volume 10 Issue 7,2024
ISSN: 2472-3703 DOI: 10.6911/WSR].202407_10(7).0008

Investigation into the Mechanism of Electroacupuncture at Hegu
and Taichong Points for Alleviating Pain Induced by ATP
Injection

Wei Wang?, Yuting Yang!, Jinxia Bail, Yanfei Wang?!, Hongfan Li%, Doblin Sandais3,
Haoling Zhang?3, Zhijing Song?*

1College of Acupuncture-Moxibustion and Tuina, Gansu University of Chinese Medicine,
Lanzhou, Gansu, China;

2Clinical College of Chinese Medicine, Gansu University of Chinese Medicine, Lanzhou, Gansu,
China;

3Department of Biomedical Sciences, Advanced Medical and Dental Institute, Universiti Sains
Malaysia, Kepala Batas, Penang, Malaysia.

*Corresponding author: Songzhijing2020@163.com

Abstract

This study endeavors to elucidate the pain mechanism associated with ATP injection
combined with Electroacupuncture at Hegu and Taizhong points, aiming to furnish a
scientific foundation for subsequent clinical investigations. Methods: Sixty rats were
randomly divided into five groups: the control group received injections of normal saline;
the model group received injections of ATP solution; the intervention group underwent
electroacupuncture at frequencies of 20Hz, 30Hz, and 50Hz. Electroacupuncture was
administered at both Hegu and Taichong points once daily for 20 minutes each session.
Blood RNA was extracted using the TRIzol method, followed by gene sequencing to
identify differential genes. Additionally, "pain” gene data were retrieved from the NCBI
gene database and intersected with the sequencing data. Enrichment analysis, module
analysis, miRNA-mRNA regulatory network analysis, and PCR verification of core genes
were conducted. Furthermore, assessments were made for cell cycle, apoptosis, ROS
levels, and mitochondrial membrane potential. Results: Differential gene expression
(DGE) analysis revealed 3688 differentially expressed genes (DEGs) in the sequencing
data, comprising 3569 up-regulated genes and 119 down-regulated genes. From the
NCBI database, 580 pain-related genes were retrieved, and Venn diagram analysis
identified 59 overlapping DEGs. KEGG analysis indicated involvement in pathways such
as EGFR tyrosine Kinase inhibitor resistance, PD-L1 expression, and the PD-1 checkpoint
pathway in cancer. The Cytoscape MCODE plug-in identified a core module comprising
14 shared DEGs. Topological analysis algorithms including Degree, EPC, MCC, and MNC
from the CytoHubba plug-in in Cytoscape software were utilized to identify the top 10
key genes in the protein-protein interaction (PPI) network. A Venn diagram illustrated
eight core genes identified by all four algorithms: TLR4, CREB1, FOXP3,STAT3, JUN, JAK2,
CD274, and ALB. Compared to the ATP group, the electroacupuncture group exhibited
significantly decreased apoptosis levels (P<0.001), increased mitochondrial membrane
potential (P<0.001), increased G0/G1 cycle cells (P<0.05), and decreased ROS levels.
Electroacupuncture also inhibited the expression of total CREB1 and increased the
expression levels of TLR4, FOXP3, STAT3, JUN, JAK2, CD274, and ALB in ATP-induced
pain rats. Conclusion: Electroacupuncture can inhibit pain induced by ATP injection.
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1. INTRODUCTION

Until the 1960s, pain was predominantly perceived as an inevitable sensory response solely
to tissue injury, devoid of any emotional nuances or susceptibilities to genetic disparities, prior
encounters, anxieties, or anticipations. Recent years have witnessed significant strides in
elucidating pain mechanisms and enhancing pain management strategies [1]. The
contemporary understanding recognizes pain as a multidimensional experience, impacting
both physiological and psychological facets of individual well-being. Pain is commonly defined
as an adverse sensation or emotional state linked to actual or potential tissue harm.
Consequently, pain is construed as a subjective perceptual phenomenon intricately entwined
with cognitive processes, transcending mere sensory registration [2].

Until the 1960s, pain was perceived as an inevitable sensory response exclusively to tissue
damage. This widespread perception largely neglected any emotional nuances and remained
impervious to genetic variations, past encounters, anxieties, or anticipations. Recent years have
witnessed significant advancements in unraveling the mechanisms of pain and refining pain
management strategies. The multifaceted nature of pain is a frequent concern in clinical
practice, exerting profound effects on both physiological and psychological well-being. Pain is
commonly characterized as an unpleasant sensation or emotional ordeal intricately linked to
actual or potential tissue injury. Thus, pain emerges as a subjective perceptual phenomenon
entailing cognitive processing, transcending mere sensory perception.

Chronic pain stands as the predominant ailment globally, precipitating profound disability
and imposing a substantial socio-economic burden [3]. Within the realm of chronic illnesses, it
stands as the foremost contributor to years of incapacitation and represents the most
financially burdensome factor in work-related disability. The pharmacological management of
acute pain demands personalized approaches, encompassing an assessment of treatment
expectations and the formulation of a tailored prescribing regimen. Acetaminophen and non-
steroidal anti-inflammatory drugs (NSAIDs) emerge as the primary pharmacotherapeutic
choices for addressing acute mild to moderate pain in the majority of patients. Nonetheless,
cautious dosing is imperative for individuals grappling with advanced liver disease,
malnutrition, or severe alcohol use disorders. While non-selective NSAIDs exhibit efficacy, their
utilization warrants circumspection in patients with a history of gastrointestinal bleeding,
cardiovascular ailments, or chronic kidney dysfunction [4]. Hence, the quest for alternative and
adjunctive therapeutic modalities beyond conventional drug interventions assumes paramount
importance.

In recent decades, there has been a notable surge in the popularity and intrigue surrounding
alternative and complementary medical therapies. Among these, Electroacupuncture stands
out as one of the most widely embraced modalities. Despite lingering reservations among some
practitioners regarding its efficacy, patient enthusiasm for Electroacupuncture has been notably
kindled, particularly following a landmark announcement by the National Institutes of Health
(NIH) in 1997 [5]. Electroacupuncture operates by stimulating specific anatomical sites known
as acupoints, eliciting sensations such as pain, numbness, fullness, or heaviness, commonly
referred to as "qi" or needle sensation, when fully activated. Distinguished by its variants,
including hand Electroacupuncture and electric Electroacupuncture, this therapeutic approach
capitalizes on the unique composition of blood vessels, mast cells, and nerve fibers inherent to
Electroacupuncture points, rendering them inherently predisposed to facile activation
compared to non-Electroacupuncture sites [6].
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Electroacupuncture, with its roots tracing back over 3,000 years in China, has emerged as a
globally embraced therapeutic modality for pain management in recent decades. Its widespread
adoption is evidenced by the estimated 8 million Americans who have sought
Electroacupuncture treatments, predominantly for pain-related ailments. Despite this
pervasive utilization, research endeavors investigating Electroacupuncture's efficacy in
addressing pain and psychological disorders have predominantly progressed in isolation.
However, accumulating evidence suggests that Electroacupuncture may serve as a
somatosensory-guided mind-body intervention capable of concurrently addressing both pain
and psychological afflictions. Furthermore, advancements in understanding neurobiological
pathways have markedly enriched comprehension regarding Electroacupuncture's therapeutic
utility, particularly in managing chronic pain comorbid with psychological disorders [7].
[llustrating this therapeutic potential, a study showcased Electroacupuncture's efficacy as an
adjunctive intervention for pain management following cesarean section procedures,
surpassing both placebo intervention and standard treatment modalities in effectiveness.
Encompassing 180 female participants in the intention-to-treat analysis, findings revealed
lower average pain intensity during physical exertion on the first postoperative day among the
Electroacupuncture group compared to the placebo cohort. Notably, the study's outcomes
underscored the safety and efficacy of Electroacupuncture in alleviating postoperative pain and
facilitating patient mobility [8].

Decades have passed since the pain-inducing properties of ATP were elucidated in both
animal and human studies. Notably, the excessive release of ATP into the extracellular milieu
precipitates neuroinflammation via activation of purinergic receptors [9]. Nonetheless, the
extent to which extracellular ATP contributes to pain sensation remains poorly understood. ATP
release and subsequent activation of purinergic receptors have been implicated in various pain
pathologies. Yet, a pivotal question remains unanswered: What mechanisms underlie the
interference of electroacupuncture with the signaling cascade initiated by extracellular ATP,
which triggers pain? Emerging research findings increasingly underscore the pivotal role of
nucleotides in mediating neuron-glial cell communication via P2 purine receptors. Upon
neuronal damage, nucleotides such as ATP and UTP are released or leak, stimulating microglia
through their interaction with P2 purine receptors [10].

Hegu, known as the "Spiritual Pivot" or "Tiger Mouth," is a vital acupoint along the Hand
Yangming large intestine channel. Positioned at the juncture of the first and second metacarpal
bones, midway along the second metacarpal bone on the back of the hand, it can also be located
by placing the thumb phalangeal joint transversely across the web between the thumb and
index finger of the opposite hand, with the thumb tip landing directly under the point. Notably,
Hegu is characterized by the presence of the superficial branch of the radial nerve, the deep
medial nerve of the palmar proper nerve, and the dorsal vein network of the hand, with the
radial artery proximally located from the back of the hand to the palm. Its clinical indications
include a spectrum of symptoms such as fever, headache, red eye pain, epistaxis, sore throat,
dental pain, deafness, facial swelling, oblique mouth and eye, fever without sweating, excessive
sweating, thirst, jaundice, dysmenorrhea, amenorrhea, and delayed labor.

Taichong, deriving its name from the "Spiritual Pivot" or "Dachong," is situated along the liver
channel of foot Jueyin. Positioned in the dorsum of the foot, between the first and second
metatarsal bones, within the anterior depression at the junction of these bones, or at the site
where arterial pulsations are palpable, Taichong is associated with the dorsal venous network
of the foot and the first dorsal metatarsal artery. Moreover, it is intersected by the deep dorsal
nerve of the peroneal nerve, with the deep nerve representing the lowest medial nerve of the
tibial nerve. Clinical indications for Taichong encompass conditions such as stroke, vertigo,
irregular menstruation, dysmenorrhea, jaundice, hypochondriac pain, and urinary retention.
Both Hegu and Taichong are favored acupoints in clinical practice for the treatment of pain.
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The administration of ATP via injection can enhance myocardial contractility and augment
coronary artery perfusion. In gynecology, ATP (adenosine triphosphate) therapy entails the
pharmaceutical application of ATP, administered via injection into specific regions afflicted by
gynecological ailments, with the aim of therapeutic intervention. Its primary therapeutic effects
encompass anti-inflammatory actions, promotion of blood circulation, tissue repair, modulation
of immune function, and enhancement of tissue nutritional supply. Adverse effects may include
pain, discomfort, allergic reactions, and susceptibility to infection. To date, neither the pain
mechanisms precipitated by direct ATP injection nor the mitigating effects of
Electroacupuncture intervention have been extensively documented. Hence, this study
endeavors to elucidate the pain mechanisms induced by ATP injection in conjunction with
Electroacupuncture at the Hegu and Taichong acupoints, thereby furnishing a scientific
foundation for subsequent clinical investigations.

2. METHODS
2.1.Modeling of rats

In this investigation, 60 specific pathogen-free (SPF) Sprague-Dawley (SD) rats, comprising
an equal number of males and females, were procured from Gansu University of Traditional
Chinese Medicine. The experimental animal production license number was SCXK (Liao) 2019-
0004. All animals were aged between 6 to 8 weeks and exhibited a body mass within the range
of (250£20) g, housed in the SPF animal laboratory of Gansu University of Chinese Medicine.
Standardized feeding protocols and environmental controls were enforced, with a one-week
acclimatization period preceding the experiment. This study obtained approval from the Animal
Experiment Ethics Committee of Gansu University of Chinese Medicine (Ethics No.
21000042023189), ensuring compliance with the Guiding Opinions on Treating Experimental
Animals.

For Electroacupuncture procedures, Huatuo brand Electroacupuncture needles measuring
0.25mm x 13mm were utilized. The 60 rats were randomly divided into five groups: the control
group received injections of normal saline, the model group received ATP solution injections,
and the intervention groups underwent electroacupuncture at frequencies of 20Hz, 30Hz, and
50Hz, respectively.

ATP injections in human patients are typically administered intravenously at dosages ranging
from 10 to 40mg per day for individuals weighing 60kg. To determine the equivalent dosage for
rats, conversion based on body surface area is necessary, considering the approximate ratio of
6.25:1 between human and rat surface areas. Employing linear interpolation, the daily dose
conversion for rats corresponds to the minimum dose (10 mg) as 10 mg x (6.25/60), and for
the maximum dose (40 mg) as 40 mg x (6.25/60). The injections were administered once daily
for a duration of 2 weeks, and observations were made for licking, biting, or shaking behaviors.
Intervention occurred within 0-24 hours after successful modeling, with bilateral Hegu and
Taichong Electroacupuncture conducted once daily for 20 minutes each session.

2.2.Gene Sequencing

Blood RNA was extracted using the TRIzol method, followed by gene sequencing. Specifically,
RNA was extracted utilizing the TRIzol method, and 1 pL was utilized for quantification using a
Nanodrop instrument. Based on the quantitative results, 500 ng of 1% agarose was employed
for electrophoresis detection, with supplementation of the end of dscDNA post-synthesis.
Subsequently, 12.5 pL of A-tailing buffer was added to 17.5 pL of DNA, thoroughly mixed, and
incubated at 37°C for 30 minutes. Following this, PCR enrichment was performed after
spligation, and the RNA library was quantified using Qubit. [llumina Hiseq 3000 sequencing was
carried out subsequent to cluster formation using the Start cBot instrument.
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2.3.Differential gene and intersection gene

The DESeq2 software was employed to analyze the gene sequencing data from the
aforementioned two groups. Differential genes meeting the criteria of |log2FC|=1 and P<0.05
were identified between the groups. Additionally, "pain" gene data were retrieved from the
NCBI gene database and overlapped with the sequencing data.

2.4.Enrichment analysis and module analysis

Biological and functional annotation of target genes was conducted using R language and the
Bioconductor package. Gene set enrichment analysis (version 3.0) was employed for GO
analysis and KEGG enrichment analysis to determine statistically defined gene sets
(http://software.broadinstitute.org/gsea/). A screening condition of P< 0.05 was applied, with
smaller P values indicating greater abundance, which is indicative of important biological
processes and pathways. Gene set variation analysis (GSVA) was utilized as a nonparametric,
unsupervised method to assess transcriptomic gene enrichment. By scoring the gene set of
interest comprehensively, GSVA converts gene-level changes into pathway-level changes,
thereby elucidating the biological function of the sample. Gene sets were downloaded from the
Molecular Signatures Database (version 7.0), and each gene set was comprehensively scored
using the GSVA algorithm to evaluate potential biological functional changes in different
samples. The protein-protein interaction (PPI) network diagram was exported from STRING,
and hub genes of the gene sequencing results were screened based on the central degree of
nodes.

2.5. Analysis of miRNA-mRNA regulatory network

Bioinformatics tools and databases, such as TargetScan, were employed to predict the
miRNAs targeted by differentially expressed mRNA. Regulatory networks were constructed
using Cytoscape.

2.6.RT-qPCR detection

The ice bath was prepared to thaw the reagents on ice for subsequent use. Blood in each
group were cultured until 90% of the bottom of the culture bottle was covered. The collected
Blood were then transferred into 1.5ml enzyme-free EP tubes, and 1ml pre-cooled Trizol was
added to each tube. Ultrasound was utilized to disrupt the samples, followed by a 30-minute
incubation at 4°C to fully dissociate the ribosomes. 1/5 volume of chloroform was introduced
to the lysate, vigorously shaken for 15 seconds, and allowed to rest on ice for 5 minutes. The
mixture was centrifuged at 4°C, 12000r/min for 15 minutes, and the upper aqueous phase was
carefully transferred to a fresh centrifugal tube. Then, before centrifuging at 12000 rpm for 10
minutes at 4°C, 1/2 volume of isopropyl alcohol was added, completely mixed by inversion, and
left to stand at room temperature for 10 minutes. The supernatant was discarded, and the pellet
was washed with 1mL 75% ethanol, followed by centrifugation at 4°C, 12000r/min for 10
minutes. The pellet was allowed to air dry for ten minutes at room temperature after repeating
the ethanol wash phase. The RNA pellet was dissolved in 20uL of RNase-free water, and the
concentration and purity of RNA were evaluated using a Q5000 ultraviolet spectrophotometer.
It was ensured that the A260nm/A280nm ratio fell within the range of 1.8-2.0 for subsequent
experiments, and any residual RNA was stored at -80°C for future use.

According to the system formula, the reaction mixture was added into the sterilization PCR
tube of RNAse free on ice: (1)12puL RNase free ddH20; (2)3uL 5xgDNA digester, rapid
centrifugation, incubation at 42°C for 2 min, total 15uL. After finishing, the PCR reaction tubes
of each group were placed on ice, the following reagents were added (Table 1), and the tubes
were rapidly centrifuged to observe that there were no droplets on the wall of the tubes and no
bubbles at the bottom of the tubes. The reaction conditions were as follows: 25°C for 5 min, 5°C

79



World Scientific Research Journal Volume 10 Issue 7,2024
ISSN: 2472-3703 DOI: 10.6911/WSR].202407_10(7).0008

for 15 min, 85°C for 5 min on the PCR reaction meter. The synthesized cDNA was stored in the
refrigerator at -80°C for subsequent experiments.

Table 1. Reverse transcription reaction system (prepared on ice)

Constituent Usage amount
cDNA 15ul
4xHifair® III Supermix plus S5ul

Primer design: The sequence of gene primers is shown in Table 2.

Table 2. gRT-PCR primer sequence
Gene (Rabbit) Prime Product length

F-GCAAAGTGGATGTTGTCGCC
GAPDH R:TGATGACCAGCTTCCCGTTC 132

F: ACCGTATCTCCTGAG TTCCAT
FOXP3 R:GTCCAGCTTGACCACA GTTTAT 167

F:ACCCAC TCCTTGCCAGTTGT
STATS R: GGCCACTTG ATCCCAGGTT 119

JUN F:ACCAAGAACTGCATGGACCTAAC 107
R:CGGAGCACTACAGAAGCAATCTAC

AK2 F: TTTGGATCCCTGGATACATACCTGA 128
] R: TGGCACACACATTCCCATGA

F: GAGCGGACTACAAGCGAATCAC

(b274 R: CTCAGCCTGGCACATTAGTTCAT 113

ALB F: TGCCGTGAAAGAG-AAAGCAC 317
R: GTCATCCGCGCATTCC-AACGGATTTG

TLR4 F: GAGGTTGCTGTTCTTATTCTGAT 127
R: GAGTGCTGAAAGTCCAGGTATT

Quantitative PCR reaction system was configured, as shown in Table 3. The primer was
designed and synthesized by Gansu Ke BiotechnologyCo., LTD. The primer sequences online
server (https://www.ncbi.nlm.nih.gov/tools/primer-blast/).

Table 3. PCR reaction system

Constituent Volume(pl) Final concentration
Hieff gPCR SYBR Green Master Mix(low Rox) 10 1

Forward Primer (10uM) 0.4 0.2ul

Reverse Primer (10uM) 0.4 0.2ul

Template DNA 1

Sterile ultra-pure water 8.2

After completing the preceding experimental steps, the PCR reaction procedure was initiated.
The reaction conditions were set as follows: initial denaturation at 95°C for 5 minutes for one
cycle; followed by denaturation at 95°C for 10 seconds, annealing at 60°C for 20 seconds, and
extension at 72°C for 20 seconds for 40 cycles. Finally, a melt curve analysis was conducted with
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the default settings for one cycle. Subsequently, CT values were obtained for each group, and
GAPDH was employed as the internal reference to calculate the relative gene expression.

2.7.Apoptosis detection

The Hoechst 33342 /P1 method was employed to assess apoptosis. Hoechst 33342 utilizes a
krypton laser to excite ultraviolet light, with an excitation wavelength of 352 nm and an
emission wavelength ranging from 400 to 500 nm, resulting in blue fluorescence. Conversely, PI
utilizes an argon ion laser to excite fluorescence, with an excitation light wavelength of 488 nm
and an emission light wavelength greater than 630 nm, producing red fluorescence. The cells
were suspended in 1 mL of cell staining buffer, combined with 5 uL of Hoechst staining solution
and 5 uL of PI staining solution, and then incubated at 4°C for 20-30 minutes. Subsequently, the
apoptosis rate was assessed via flow cytometry.

2.8.Cell cycle detection

Staining methods employing Propidium lodide (PI) were utilized to investigate alterations in
the cell cycle. Preparation of the PI staining solution involved adding 25pl of Propidium lodide
stain solution (20x) and 10ul of RNaseA (50x) to 0.5mL of stain buffer for flow detection. Red
fluorescence emitted at an excitation wavelength of 488nm was detected, while light scattering
was assessed via flow cytometry. Cell DNA content and light scattering data were subsequently
analyzed using suitable analysis software.

2.9.Flow cytometry was used to detect ROS levels

DCFH-DA was diluted with serum-free medium at a ratio of 1:1000 to achieve a final
concentration of 10pmmol/L. The DCFH-DA was then washed with PBS three times to
thoroughly eliminate any DCFH-DA that had not entered the cell. Typically, the positive control
for reactive oxygen species (ROS) involves a significant increase in ROS levels after cells are
stimulated for 20-30 minutes. Only Rosup was added to the positive control well for this
purpose, and detection was performed using flow cytometry with an excitation wavelength of
488nm and an emission wavelength of 525nm. Flowjo software was employed to analyze the
results obtained from flow cytometry.

2.10. Detection of mitochondrial membrane potential

Preparation of JC-1 staining working solution: For each well of the six-well plate, 1mL of ]JC-1
staining working solution is required. JC-1 was diluted by adding 8uL of ultra-pure water for
every 50uL of JC-1 (200x). After vigorous shaking to fully dissolve and mix JC-1, 2ZmL of JC-1
staining buffer (5x) was added and thoroughly mixed to create the JC-1 staining working
solution. Rh123 (working concentration: 10pug-L-1) was added to the peripheral blood
precipitation at a volume of 1mL, followed by incubation at 37°C for 30 minutes in the dark. The
cells were then washed twice, the supernatant was discarded, and they were subsequently
washed once with 1L of PBS buffer to completely remove any residual dye. Finally, the samples
were analyzed using flow cytometry.

3. RESULTS

3.1.Identification of differential genes

Differential gene expression (DGE) analysis revealed 3688 differentially expressed genes
(DEGs) in the sequencing data, comprising 3569 up-regulated genes and 119 down-regulated
genes (Figure 1B-C). From the NCBI database, 580 genes related to pain were extracted, and
Venn diagram analysis identified 59 overlapping DEGs (Figure 2C).

3.2.Functional enrichment analysis
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Through functional enrichment analysis of the sequencing data, KEGG showed that These
genes are involved in NOD-like receptor signaling pathway, Growth hormone synthesis,
secretion and action, PD-L1 expression and PD-1 checkpoint pathway, etc. (Figure 2A). GO
analysis showed that these genes were mainly enriched in biological processes (BP), including
transcription coregulator activity, catalytic activity, acting on RNA and histone binding. Cell
components (CC) mainly involve nuclear speck, nuclear envelope and ribonucleoprotein
granule. Molecular function (MF) mainly involves histone modification, ribonucleoprotein
complex biogenesis and mRNA processing (Figure 2B).

Among the 59 common genes identified by Venn diagram analysis, GO analysis showed that
they were mainly enriched in regulation of neuron death, neuron death and regulation of
neuron apoptotic process. KEGG was mainly involved in EGFR tyrosine kinase inhibitor
resistance, PD-L1 expression and PD-1 checkpoint pathway in cancer and PD-L1 expression
and PD-1 checkpoint pathway in cancer (Figure 3A-B).
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Figure 1. Analysis of genetic differences and construction of PPI: (A) Visualization of the
protein-protein interaction (PPI) network was constituted by STRING. (B-C) Boxplot and
heatmap of differential analysis; blue represents the control group samples, red represents the
experimental group samples, "***' represents P<0.001, "**' represents P<0.01, "*' represents

P<0.05;
sw ;g.efsg"fmw"'g“;;u g???
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Figure 2. Enrichment analysis and screening of pain-related genes: (A) KEGG enrichment
analysis of differential genes. (B) GO enrichment analysis of differential genes. (C) Venn
diagrams showing differential genes and pain genes.

3.3.3.3 PPI network construction and modularization analysis

The protein-protein interaction (PPI) network was established using data from the STRING
database, illustrating the network formed by the differential genes extracted from the
sequencing data, as depicted in Figure 1A. Additionally, Figure 3C presents the PPI network
diagram constructed from pain-related genes identified through Venn diagram analysis.
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Utilizing Cytoscape's MCODE plug-in, a core module comprising 14 commonly shared
differentially expressed genes (DEGs) was identified, as illustrated in Figure 3D.

. 1 -?\\\\

B ::
.E:/ = lf«‘\\ B

2T )
\%

(l\pu/}“\\‘;’g “"

'-"'\ '% A\ 1

' > ‘A{ ..“
" ~=, 4

<<

Figure 3. Shared hub genes identification and functional interaction network diagram. (A)
KEGG enrichment analysis of pain-related differential genes. (B) GO enrichment analysis of
pain-related differential genes. (C) Visualisation of protein-protein interaction (PPI) networks
for pain-related genes. (D) key gene modules identified by the MCODE plug-in in Cytoscape.
(E-H)The top 10 core genes identified by Degree. MNC. EPC and MCC algorithms using the
Cytohubba plugin in Cytoscape.

3.4.Selection and analysis of hub genes

Utilizing the CytoHubba plug-in within the Cytoscape software, topological analysis
algorithms such as Degree, EPC, MCC, and MNC were applied to discern the top 10 key genes
within the protein-protein interaction (PPI) network (Figure 3E-H). A Venn diagram was
employed to illustrate the eight core genes identified by all four algorithms: TLR4, CREB1,
FOXP3, STAT3, JUN, JAK2, CD274, and ALB (Figure 4A). Subsequently, seven central genes were
pinpointed utilizing the CytoHubba and MCODE visualization plug-ins, alongside the CytoHubba
plug-ins (Figure 4B). These identified pivotal genes may hold significant implications in the
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pathological progression of ATP-induced pain. Analysis conducted through the GeneMANIA
database revealed that Physical Interactions constituted 49.37%, Pathway 18.98%, Co-
expression 16.23%, Shared protein domains 8.84%, and Predicted 6.57% of the gene co-
expression networks and related functions (Figure 4E). KEGG analysis primarily implicated
pathways such as PD-L1 expression and PD-1 checkpoint pathway in cancer, Inflammatory
bowel disease, and Kaposi sarcoma-associated herpesvirus infection. Meanwhile, GO analysis
predominantly enriched terms associated with alpha-beta T cell activation, regulation of tumor
necrosis factor superfamily cytokine production, and tumor necrosis factor superfamily
cytokine production, among others (Figure 4C-D).

3.5.miRNA-TF-mRNA regulatory network analysis

Utilizing the TRRUST database, it was discerned that four transcription factors play a
regulatory role in modulating the expression of three genes (JUN, JAK2, TLR4) (Figure 4F).

3.6.Effect of Electroacupuncture on apoptosis level in ATP-induced pain treatment in rats

To explore the impact of Electroacupuncture on apoptosis during the treatment of ATP-
induced pain in rats, flow cytometry was employed to assess apoptosis. As depicted in Figure
5A-D, the apoptosis rate of cells in the Electro-acupuncture group exhibited a marked decrease
compared to that in the ATP group (P<0.001). These findings indicate that Electroacupuncture
effectively suppresses apoptosis in rats undergoing ATP-induced pain treatment.
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Figure 4. Shared hub genes identification and functional interaction network diagram.
(A)Shared core gene venn maps were identified by the Degree, MNC, EPC and MCC algorithms
using the Cytohubba plugin in Cytoscape. (B) Venn diagram showing the 7 crossover hub
genes between the candidate genes of CytoHubba and MCODE. (C) KEGG enrichment analysis
of shared genes. (D) GO enrichment analysis of shared genes. (E) GeneMANIA diagram
illustrates the co-expression interactions between the 7 identified shared hub genes and their
neighboring genes. Color codes indicate the functions shared by genes. (F) Network diagram
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of miRNA and mRNA interactions. (A, E, I, M) represent the control group, (B, E ], N) represent
the ATP group, and (C, G, K, O) represent the Elcctro-acupuncture group.

3.7.Effects of Electroacupuncture and moxibustion on mitochondrial membrane
potential levels in ATP-induced pain treatment in rats

The findings indicated a notable increase in mitochondrial membrane potential in the
Electro-acupuncture group compared to the ATP group(P<0.001). This implies that
Electroacupuncture treatment can elevate cellular mitochondrial membrane potential levels
during ATP-induced pain management in rats (Figure 5 E-H).

3.8.Effect of Electroacupuncture on cell cycle in ATP-induced pain treatment in rats

Cell proliferation progresses through three distinct stages: 1. The initial stage involves DNA
synthesis, known as the G1 phase; 2. The DNA synthesis phase, referred to as the S phase; 3. The
mitotic phase, also known as the G2 phase. Cells exhibit varying degrees of sensitivity to drugs
at different stages, allowing for the selection of different drugs to optimize therapeutic
outcomes based on these sensitivities. In this experiment, the cell cycle of each group was
assessed using flow cytometry following the instructions provided in the cycle kit. The findings
revealed that, in comparison to the ATP group, cells in the Electro-acupuncture group exhibited
a significant increase in the GO/G1 phase (P<0.05) (Figure 5 I-L).

3.9.Effect of Electroacupuncture on cell ROS levels in ATP-induced pain treatment in rats

The fluorescence probe method was employed to assess the impact of Electroacupuncture on
ROS levels in rats undergoing ATP-induced pain treatment. The findings revealed a significant
reduction in ROS levels in the Electro-acupuncture group compared to the ATP group (P<0.001)
(Figure 5 M-P).

3.10. RT-qPCR was used to detect core genes

In comparison to the control group, the expression level of CREB1 in cells treated solely with
ATP exhibited a significant increase (P<0.05). Conversely, the expression levels of TLR4, FOXP3,
STAT3, JUN, JAK2, CD274, and ALB were significantly reduced (P<0.05). Conversely, in contrast
to the ATP group, the Electro-acupuncture group demonstrated a notable decrease in the
expression level of CREB1 (P<0.05). Additionally, the expression levels of TLR4, FOXP3, STATS3,
JUN, JAK2, CD274, and ALB were significantly elevated (P<0.05). This suggests that
Electroacupuncture can suppress the overall expression level of CREB1 in ATP-induced pain in
rats, while concurrently elevating the expression levels of TLR4, FOXP3, STAT3, JUN, JAKZ,
CD274, and ALB (Figure 6).
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Figure 5. Effects of Electroacupuncture on apoptosis, mitochondrial membrane potential, cell
cycle, and ROS levels in ATP-induced pain treatment in rats. (A-D) Electroacupuncture on the
level of apoptosis in ATP-induced pain treatment in rats. (E-H) Electroacupuncture on the
level of cellular mitochondrial membrane potential in ATP-induced pain treatment in rats. (I-
L) Electroacupuncture for cell cycle changes in ATP-induced pain treatment in rats. (M-P)
Electroacupuncture for cellular ROS levels in ATP-induced pain treatment in rats.
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Figure 6. Shows the effect of Electroacupuncture on mRNA expression levels of TLR4, FOXP3,
STAT3, JUN, JAK2, CD274, and ALB expression levels in the blood of ATP-induced pain treated
rats.

4. DISCUSSION

Recent studies have increasingly substantiated the hypothesis of ATP serving as a mediator
of peripheral pain. The identification of a family of P2X ion channels, with ATP as a ligand,
particularly the selective distribution of P2X3 receptors in the rat injury system, has spurred
numerous investigations into ATP's potential role in pain mediation. ATP elicits excitatory
inward currents in small diameter sensory ganglion cells, akin to those induced by ATP on
recombinant expressed heterogeneous P2X2/3 channels and homologous molecules
comprising P2X2 and P2X3. In vivo behavioral models have delineated ATP's pain-inducing
properties under normal conditions and in peripheral sensitization models. In humans, ATP
iontophoresis induces moderate pain, which in rats and humans is contingent upon capsaicin-
sensitive neurons and augmented in the presence of inflammatory mediators. Given ATP's
potential release near peripheral pain terminals across various circumstances, purinergic
biological pathways exist that connect tissue damage to pain perception [11]. However, the
challenge persists in establishing the physiological role of endogenous ATP in triggering this
cascade of events.

In a particular investigation, a solitary administration of 6 pl of 150 um ATP into the sciatic
nerve of female rats led to a four-fold escalation in axonal growth within the spinal cord injury
core. Subsequent to the initial injection, a second ATP injection one week later markedly
augmented the stimulatory effect of the initial administration. The singular ATP injection
elevated the expression of phospho-STAT3 and GAP43, indicative of heightened regenerative
activity in sensory neurons. Consecutively, the dual ATP injection sustained the activation of
phospho-STAT3 and GAP43, potentially contributing to the observed growth of central axons
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within the lesion. Comparable investigations in P2X7 or P2Y2 receptor knockout mice unveiled
the involvement of the P2Y2 receptor in STAT3 activation following ATP injection or conditioned
reflex injury, whereas the P2X7 receptor did not demonstrate such involvement. Importantly,
the injection of 150 pm ATP exhibited no significant long-term deleterious effects on sciatic
nerve function[12].

ATP injections represent nucleotide derivatives integral to the metabolic processes of lipids,
proteins, carbohydrates, nucleic acids, and nucleotides within the organism. During periods
necessitating energy for absorption, secretion, muscle contractions, and biochemical synthesis,
ATP undergoes hydrolysis to yield ADP and phosphate groups, thereby releasing energy.
Adenosine disodium triphosphate possesses the capability to traverse the blood-cerebrospinal
fluid barrier, thereby enhancing nerve membrane structural stability and regenerative potential,
consequently fostering nerve process regrowth. Nonetheless, long-standing clinical
observations and prior research have documented that ATP injections, through energy release,
can incite discomfort and pain in patients. Conversely, Electroacupuncture has exhibited
unprecedented efficacy in pain management. However, to date, the mechanistic insights into
Electroacupuncture intervention and its management of ATP injection-induced pain remain
unexplored.

Through functional enrichment analysis of the sequencing data, KEGG analysis revealed that
the identified genes primarily participate in pathways such as PD-L1 expression and the PD-1
checkpoint pathway in cancer, as well as other pathways associated with cancer progression.
The PD-L1 expression and PD-1 checkpoint pathway are intertwined yet distinct signaling
cascades crucial in cancer pathogenesis. PD-L1 (programmed death ligand 1), expressed by
both tumor and immune cells, binds to the PD-1 (programmed death 1) receptor, modulating
immune responses by regulating T cell function. These pathways predominantly function to
dampen immune system activity, facilitating tumor cell evasion and survival. Within the PD-L1
expression and PD-1 checkpoint pathway, PD-L1 engagement with PD-1 induces programmed
cell death of T cells, curtailing their activity and effector functions. PD-1 receptors, primarily
situated on T cell surfaces, upon PD-L1 binding, mitigate T cell activation, diminishing their
assault on tumor cells. This immunosuppressive mechanism enables tumor cells to evade
immune surveillance, thereby fostering tumor progression and proliferation[13,14].

ERBB3, characterized as a pseudokinase, exhibits a notable affinity for ATP binding. Our
investigation revealed that inactivated mutants of ERBB3 ATP-binding exhibited diminished
tumorigenic potential in genetically engineered mouse models and hindered xenograft tumor
growth in colorectal cancer (CRC) cell lines. Notably, cells harboring ERBB3 ATP-binding
mutants displayed significantly attenuated IFN-y-induced PD-L1 expression. Mechanistically,
ERBB3 modulates IFN-y-induced PD-L1 expression via the IRS1-PI3K-PDK1-RSK-CREB
signaling cascade. CREB, a transcription factor, governs the expression of the PD-L1 gene in CRC
cells. Introduction of tumor-derived ERBB3 mutations located within the kinase domain
sensitizes mouse colon cancer to anti-PD1 antibody therapy[15].

Melanoma and normal nerve tissues, including the dorsal root ganglion (DRG), produce PD-
L1, which effectively mitigates acute and chronic pain. Plantar injection of PD-L1 induces
analgesia in young mice via PD-1, while neutralization of PD-L1 or blocking of PD-1 leads to
mechanical pain abnormalities. Mice lacking Pd1 (Pdcd1) exhibit thermal and mechanical
hypersensitivity. PD-L1 activates PD-1 in DRG pain neurons, inducing tyrosine phosphatase
SHP-1 phosphorylation, sodium channel inhibition, and hyperpolarization through TREK2 K+
channel activation. PD-L1 also efficiently suppresses the excitability of nociceptive neurons in
human DRGs. Notably, PD-L1 or PD-1 blockade elicits both spontaneous and abnormal pain in
melanoma-bearing mice, revealing an unrecognized role of PD-L1 as an endogenous pain
inhibitor and neuromodulator[16]. The PD-L1/PD-1 pathway serves as a crucial inhibitory
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element in the immune system, regulating neuroinflammation and immune responses.
Emerging evidence indicates abnormal activation of the PD-L1/PD-1 pathway in various pain
models. Blocking this pathway exacerbates pain behavior[17]. In humans and mice, neural
tissues, including the DRG, express basal levels of PD-1 and PD-L1. During the progression of
paclitaxel-induced neuropathy, PD-L1 expression increases in DRG macrophages, contingent
upon toll-like receptor 4 activation by paclitaxel. Moreover, PD-L1 inhibits pain behavior in mice
induced by paclitaxel or formalin, suggesting that the PD-1/PD-L1 signaling pathway attenuates
peripheral neuropathy development. Consistently, combining anti-PD-L1 with paclitaxel
exacerbates mechanical aberrant pain and chronic neuropathy induced by either treatment
alone. This exacerbation is associated with elevated expression of inflammatory markers (Tnf,
116, and Cx3crl) in peripheral nerve tissues[18].

The top 10 key genes in the protein-protein interaction (PPI) network were identified using
CytoHubba plug-in within the Cytoscape software, employing topological analysis algorithms
including Degree, EPC, MCC, and MNC. A Venn diagram was utilized to illustrate the eight core
genes identified by all four algorithms: TLR4, CREB1, FOXP3, STAT3, JUN, JAK2, CD274, and ALB.

Electroacupuncture (EA) demonstrates prolonged and effective attenuation of paclitaxel-
induced neuropathic pain in rat models and elucidates the associated mechanism. Specifically,
in rats treated with paclitaxel, Toll-like receptor 4 (TLR4) and its downstream signals MyD88
(myeloid differentiation primary response 88) and TRPV1 (transient receptor potential
vanilloid 1) were observed to be upregulated in dorsal root ganglia (DRGs), while EA treatment
mitigated this overexpression. Calcium imaging further revealed enhanced activity of the
TRPV1 channel in paclitaxel-treated rat DRG neurons, which was counteracted by EA.
Pharmacological blockade of TRPV1 mimicked the analgesic effects of EA on pain
hypersensitivity, whereas capsaicin reversed the effects of EA. Furthermore, EA reduced the
activation of spinal cord astrocytes and microglia in paclitaxel-treated rats[19]. In the
experimental setup, rats were intraperitoneally administered a cumulative dose of 8 mg/kg
paclitaxel (2 mg/kg daily) or alternate-day control injections (on days 0, 2, 4, and 6). From days
0 to 14, EA treatment was administered every other day at bilateral ST36 acupoints using a
frequency of 10 Hz and intensity of 1 mA. Mechanical allodynia in both paws was significantly
alleviated following EA treatment, but not with sham EA treatment. Additionally, EA inhibited
the activation of lumbar microglia (TMEM119) and astrocytes (GFAP), whereas pseudo-EA did
not. Western blot analysis revealed that EA suppressed the expression of TLR4 and NF-kB
proteins in the spinal cord of rats, whereas sham EA treatment exhibited no inhibitory effect on
their expression[20].

Compared to the control group, the model group exhibited significantly decreased paw
withdrawal thresholds (PWTs) at 4 hours, 3 days, and 5 days after the first administration, and
at 1 day, 2 days, and 3 days after the second administration (P<0.05). Additionally, positive
expressions of cAMP, P-PKA, and P-CREB in the right anterior cingulate cortex (ACC) brain area
were significantly elevated in the model group compared to the control group (P<0.05), along
with a significant increase in the number of positive cells co-expressing cAMP/P-PKA and P-
PKA/P-CREB (P<0.05). Furthermore, compared to the model group, indomethacin group, and
pseudoEA group, EA group showed significantly increased PWTs on day 1, day 2, and day 3 after
the second injection (P<0.05). Moreover, compared to the model group, indometacin group, and
pseudoEA group, the positive expression levels of P-PKA and P-CREB in the right ACC brain area
of the EA group were significantly decreased (P<0.05), along with a reduction in the number of
positive cells co-expressing cAMP/P-PKA and P-PKA/P-CREB (P<0.05). Additionally, compared
to the model group and pseudoEA group, cAMP positive expression in the right ACC brain region
of the EA group was decreased (P<0.05). EA exhibits a direct intervention effect on pain memory
and outperforms NSAIDs in the treatment of chronic pain. The primary effect of EA on pain
memory may be linked to the inhibition of the cAMP/PKA/CREB pathways in the ACC[21].
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Chronic inflammatory pain (CIP) often co-occurs with depression, and the progression of pain
and depression is associated with alterations in synaptic plasticity. EA can mitigate CIP and
associated depressive behaviors, safeguard hippocampal neuronal structure from damage, and
modulate hippocampal 5-HT/GABA/Glu levels. Moreover, EA significantly enhances the
expression of synapse-associated proteins PSD-95 and Syn by activating the BDNF/TrKB/CREB
signaling pathway[22].

The clinical presentation of the endometriosis group included dysmenorrhea, chronic pelvic
pain, deep dyspareunia, infertility, periodic dysmenorrhea, and periodic dysuria, whereas
dysmenorrhea was observed in some women in the control group. At this juncture, significant
disparities emerged. Dysmenorrhea was reported in 85.7% of endometriosis patients
compared to 36.7% of healthy women (P = 0.0006). Studies have revealed diminished
expression of Foxp3 in the ectopic endometrium of individuals with endometriosis and chronic
pelvic pain, suggesting its potential as an adjunct diagnostic tool for endometriosis[23].
Microglia are pivotal in neuropathic pain. Enhanced Foxp3 expression in microglia has been
associated with tissue repair, addressing neuroinflammation in excitotoxin-induced neuronal
death, which may mitigate neuropathic pain. Moreover, Foxp3 NPs (nanoparticles) significantly
attenuated pain behaviors in rats 7 days post-spinal cord nerve ligation by inhibiting microglial
activity in the dorsal horn of the spinal cord, subsequently modulating the expression of
nociceptive and anti-nociceptive genes. Collectively, these findings suggest that Foxp3 NPs
effectively alleviate neuropathic pain in animal models by reducing microglial activity and
regulating neuroinflammation, thereby holding therapeutic promise for neuropathic pain
treatment[24].

Substantial evidence indicates that the Janus Kinase 2 (JAK2)/Signal Transducer and
Activator of Transcription 3 (STAT3) signaling pathway assumes a pivotal role in various stages
of chronic pain. Anomalous activation of the JAK2 /STAT3 pathway is discernible across multiple
chronic pain models. Moreover, an increasing body of research suggests that downregulating
JAK2 /STAT3 can ameliorate chronic pain in diverse animal models[25]. Interleukin-6 (IL-6) is
also implicated in pain stemming from peripheral nerve damage. We investigated the activation
of the IL-6 signaling cascade in the spinal cord following peripheral nerve injury and its role in
neuropathic pain. L5-L6 spinal cord nerve (SNL) ligation leads to the accumulation of the active
phosphorylated form of STAT3 in dorsal spinal microglia, predominantly within the projection
area of the injured nerve. SNL also induces the expression of IL-6 mRNA in dorsal root ganglia
and elevates IL-6 concentration in the dorsal spinal cord. Intrathecal injection of rat IL-6
antibody prevents SNL-induced accumulation of phosphorylated STAT3 in the spinal cord.
Blocking the STAT3 pathway with AG490, a Janus Kinase 2 inhibitor, mitigates mechanical
dysdynia and thermal hyperalgesia in SNL rats[26].

Histone deacetylase inhibitors (HDACIs) disrupt the epigenetic process of histone acetylation
and are recognized for their analgesic properties in chronic inflammatory pain models. At 1 and
3 weeks post-nerve injury, HDAC1 protein levels in the spinal cord of spared nerve injury (SNI)
mice exhibited significant elevation, consistent with the nociceptive phenotype. Conversely, no
notable alterations were observed in HDAC3, DNMT3a, AcH3, MBD3, and MeCP2 levels. The
augmented expression of HDAC1 coincided with the activation of the JNK-c-Jun signaling
pathway. Following nerve injury, there was a selective increase in JNK-1 hyperphosphorylation,
as well as in p-c-Jun and HDAC1 protein levels in the spinal cord[27,28]. Furthermore, the
transcription factor c-Jun governs the expression of vasoactive intestinal peptide (VIP) and
neuropeptide Y (NPY) in cultured dorsal root ganglion (DRG) neurons. Intrathecal
administration of c-jun antisense oligodeoxynucleotide (AS-ODN) notably attenuated
mechanical pain following chronic constriction injury (CCI), albeit with no impact on thermal
hyperalgesia. Additionally, c-jun AS-ODN inhibited significant elevations in VIP and NPY mRNA
in DRGs post-CCI, as well as the percentage of phosphorylated c-jun-, VIP-, and NPY-
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immunoreactive neurons. These findings suggest that c-Jun activation in DRGs induces the
upregulation of VIP and NPY, contributing to the pathogenesis of neuropathic pain following
CCI[29].

Malignant peripheral nerve sheath tumors (MPNSTs), also known as neurofibrosarcomas, are
rare and highly aggressive soft tissue sarcomas originating from peripheral nerve branches or
sheaths. Molecular analysis of MPNSTs has identified frequent mutations in MAPK pathways
(NF1, RASSF9), as well as deletions of tumor suppressor genes such as TP53 and CDKNZ2A.
Despite these findings, targeted therapies have generally shown limited success in treating
MPNSTs. Typically, MPNSTSs exhibit low programmed death ligand-1 (PD-L1) expression, yet a
relatively high infiltration of cytotoxic T cells and a low presence of immunosuppressive
regulatory T cells. This immunophenotype suggests potential benefits from immune checkpoint
suppression. In rare cases of MPNSTSs, an increase in CD274/PD-L1 copy number has also been
observed. However, due to the rarity of MPNSTSs, evidence regarding the effectiveness of PD-
1/PD-L1 immune checkpoint blockade remains limited[30]. Concurrent with the onset of
neuropathic pain, there is an increase in Cd274 mRNA expression in mouse dorsal root ganglia
[31].

Compared to the ATP group, the Electro-acupuncture group exhibited a significant decrease
in apoptosis levels (P < 0.001). Dysregulation of apoptosis is implicated in various pathologies,
and emerging evidence suggests its involvement in chronic pain conditions, particularly
neuropathic pain. Neuropathic pain, arising from primary damage or dysfunction of the nervous
system, is characterized by persistent pain sensations. Transient receptor potential (TRP)
channels, akin to voltage-gated potassium channels or nucleotide-gated channels, play a pivotal
role in calcium and magnesium homeostasis. TRP channels facilitate calcium influx into nerve
endings, potentially triggering apoptosis and nerve terminal damage. Moreover, certain TRPs
are activated by acidic pH and reactive oxygen species (ROS). ROS, chiefly generated in the
mitochondrial respiratory chain, can induce oxidative stress (OS) when produced excessively
or when antioxidant mechanisms are compromised. Depending on OS severity, it can either
promote cell proliferation or precipitate cell degradation and apoptosis[32]. Oxidative stress-
associated neuronal apoptosis is considered a crucial step in central pain sensitization. The
cysteine aspartate-specific protease family (Caspases) is recognized as a pivotal signaling
molecule in inflammation and apoptosis across various neurological disorders. Recent
investigations have unveiled the unconventional role of caspases in microglial activation,
astrocytic morphogenesis, chemokine release, cytokine secretion, neuronal apoptosis, and the
initiation and perpetuation of chronic pain hypersensitivity, synaptic plasticity, and signaling
cascades. This underscores the potential of targeting the caspase pathway for chronic pain
prevention and management[33].

Electroacupuncture (EA) is globally recognized for its efficacy in pain management. Following
spinal cord injury (SCI), AP exerts its analgesic effects by suppressing the production of
superoxide anions (02 free radicals), which act as regulators of microglial activation. The anti-
microglial activation property of AP is believed to underlie its analgesic efficacy. Direct
administration of reactive oxygen species (ROS) scavengers has been shown to mitigate SCI-
induced neuropathic pain (NP). Additionally, AP reduces levels of prostaglandin E2 (PGE2),
synthesized via ERK signaling, which mediates nociceptive responses through PGE2 receptors.
Administration of p38MAPK or ERK inhibitors attenuates NP and diminishes PGE2 production.
Furthermore, ROS generated post-injury activate p38MAPK and ERK in microglia, culminating
in mechanical allodynia and thermal hyperalgesia, phenomena alleviated by AP or ROS
scavengers. AP also demonstrates inhibitory effects on the expression of inflammatory
mediators[34]. In the context of chronic constriction injury (CCI) sciatica in rats,
Electroacupuncture exhibits favorable analgesic and anti-inflammatory effects, possibly
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mediated through the regulation of NOX1, NOX2, NOX4, and NLRP3 expression, along with ROS
inhibition[35].

The mitochondrial membrane potential denotes the voltage discrepancy across the
mitochondrial membrane within a cell, crucial for maintaining cellular functionality and
viability. A higher mitochondrial membrane potential may mitigate damage to mitochondrial
function and the onset of apoptosis, thereby shielding cells from harm and demise. The findings
revealed a significant elevation in mitochondrial membrane potential in the Electro-
acupuncture group compared to the ATP group (P<0.001). This implies that Electroacupuncture
could augment the cellular mitochondrial membrane potential levels in rats subjected to ATP-
induced pain treatment. Additionally, phosphorylated extracellular signal-regulated kinase
(pERK) levels were notably heightened in sensitized dorsal root ganglion (DRG) neurons.
Calcium ions (Ca2+), cytoplasmic adenosine triphosphate (ATP), and mitochondrial membrane
potential (Aym) displayed strong correlations with pERK intensity (P<0.05). Pulsed
radiofrequency (PRF) treatment reduced pERK intensity from 108.48+16.95 arbitrary units
(AU) to 38.57+5.20 AU (P<0.05). Sensitized neurons exposed to PRF exhibited calcium influx,
albeit at a lower level than unexposed neurons. Moreover, the cytoplasmic ATP level of PRF-
sensitized neurons (0.0458+0.0010 mM) surpassed that of wunsensitized neurons
(0.0198+£0.0004 mM) (P<0.05). Furthermore, PRF exposure in sensitized neurons led to a
reduction in Aym from 109.24+6.43 AU to 33.21+£1.769 AU (P<0.05)[36].

Chronic pain subsequent to spinal cord injury (SCI) may manifest as hyperalgesia, abnormal
pain, and/or spontaneous pain, often demonstrating resistance to conventional analgesics. Cell
cycle activation (CCA) is considered a pivotal pathophysiological event following SCI. Early
administration of cell cycle inhibitors centrally or systemically has been demonstrated to
mitigate CCA, forestall glial alterations, and curtail SCI-induced hyperesthesia[37]. The trkB
gene deficiency markedly ameliorated mechanical hyperesthesia, motor impairment, lesion
volume, and white matter degradation post-SCI in mice. Proteomic analysis validated the
upregulation of cell cycle genes in trkB.T1+/+ spinal cords but not in trkB.T1-/- counterparts
post-SCI. Moreover, TGF-B-induced reactive astrocytes in wild-type (WT) mice exhibited
augmented cyclin expression, whereas trkB-induced astrocytes displayed a pronounced
decrease in cyclin expression. T1-/- mice lacking full-length trkB and TRKB.T1 demonstrated
analogous reductions in hyperesthesia, motor deficits, and dorsal horn (SDH) glial alterations
post-SCI following selective inhibition of cyclin-dependent kinases by CR8, akin to trkB[38].
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