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Chinese massage therapy (Tuina) inhibits motor neuron apoptosis in rats with sciatic nerve injury by regulating the cPLA2 and RhoA/ROCK2 signaling pathways
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Objective: To investigate whether Tuina therapy alleviated inflammation and motor neuron apoptosis in sciatic nerve injury (SNI) rats by regulating cytosolic phospholipase A2 (cPLA2) and Ras homolog family member A/Rho-associated coiled-coil comprising protein kinase 2 (RhoA/ROCK2) signaling cascades.

Methods: Four experimental cohorts were established utilizing 36 male Sprague–Dawley rats: control, sham, SNI, and TUI. We implemented a sciatic nerve injury (SNI) model. At dthe mid-thigh level, sciatic nerves were exposed and crushed for 5 s using non-serrated forceps at points spaced approximately 2 mm apart. Postoperatively, Tuina therapy (Chinese therapeutic massage, Tuina) was administered to evaluate its neuromodulatory effects. SNI models were established in the SNI and TUI cohorts. TUI cohorts applied with “Three-Manipulation and Three-Acupoint” technique, which included pressing, plucking, and kneading on the acupoints Yinmen (BL37), Chengshan (BL57), and Yanglingquan (GB34). The control cohort underwent no intervention. The sham surgery and model cohorts underwent restraining interventions. Motor function was assessed using Basso, Beattie, and Bresnahan (BBB) scores and CatWalk gait analysis. Spinal cord (SC) histology was evaluated using hematoxylin and eosin and Nissl staining. NeuN-positive cells were quantified via immunofluorescence. Tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6), and aquaporin-4 levels were determined through enzyme-linked immunosorbent assay. RhoA, ROCK2, Bax, Bcl-2, and cPLA2 mRNA levels were analyzed using real-time quantitative polymerase chain reaction. RhoA, ROCK2, Bax, Bcl-2, cPLA2, and p-cPLA2 protein expressions were analyzed using western blotting to investigate the impact of Tuina therapy on nerve regeneration and apoptosis regulation.

Results: The TUI cohort showed better BBB scores and CatWalk results than the SNI cohort (all p < 0.001). Histological analysis revealed diminished inflammatory cell infiltration and increased neuronal survival. NeuN immunofluorescence indicated decreased motor neuron apoptosis in the anterior horn of the SC. Tuina therapy reversed TNF-α, IL-6, and aquaporin-4 levels (p < 0.01). The TUI cohort had lower mRNA expression of Bax, cPLA2, and ROCK2 (all p < 0.001), mRNA expression of RhoA (p < 0.01), and Bax, cPLA2, p-cPLA2, and RhoA/ROCK2 levels (all p < 0.001) than the SNI cohort. Conversely, mRNA and protein expression levels of Bcl2 were higher in the TUI cohort than in the SNI cohort (all p < 0.001).

Conclusion: Tuina therapy improved motor function in SNI rats by inhibiting motor neuron apoptosis via cPLA2 regulation, potentially via the RhoA/ROCK2 signaling pathway.
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Introduction

Peripheral nerve injury (PNI) represents a prevalent traumatic disorder characterized by motor, sensory, and autonomic dysfunction (1, 2). Motor neuron apoptosis in the spinal cord (SC) is a major cause of motor impairment (3, 4). The sciatic nerve, a regenerative mixed peripheral nerve, transmits sensory signals through the dorsal root ganglion (DRG) and motor signals via axons in the ventral horn of the SC (5). Despite the regenerative potential of peripheral nerves, achieving a full recovery remains challenging (6, 7). If left untreated, PNI can lead to symptoms such as numbness, tingling, burning, and severe pain, often resulting in long-term disability and functional loss (8). In the United States and Europe, over 200,000 PNI-related surgeries are performed annually, incurring a total cost exceeding $100 billion (9), underscoring the need for innovative therapeutic strategies.

Tuina, a traditional Chinese therapeutic modality, is an effective, low-side-effect, complementary, and alternative therapy for PNI. It alleviates pain by releasing endogenous analgesic substances, promoting axonal and myelin regeneration through neurotrophic factor secretion, and suppressing excessive inflammation to treat nerve-related conditions (10, 11). Tuina relieves pain associated with SNI by modulating changes in 10 specific neurotransmitters in the SC (12). Additionally, owing to its ability to reduce neuronal apoptosis, Tuina is widely used for its neuroprotective effects against neurodegenerative diseases (13–15). This investigation examined the impact of Tuina therapy on SC inflammation and motor neuron apoptosis to improve motor dysfunction caused by sciatic nerve injury.

The local inflammatory response triggered by sciatic nerve injury is a key factor in spinal motor neuron apoptosis (16) because the release of inflammatory mediators creates a sustained inflammatory environment that affects the central nervous system and promotes motor neuron death (17). Cytosolic phospholipase A2 (cPLA2) is a principal mediator in inflammatory processes (18), and its phosphorylation intensifies this response. Conversely, suppressing the Ras homolog family member A/Rho-associated coiled-coil containing protein kinase 2 (RhoA/ROCK2) pathway reduces the release of pro-inflammatory factors and prevents apoptosis through mechanisms such as mitochondrial dysfunction and Bax/Bcl-2 signaling (19, 20). Therefore, targeting the RhoA/ROCK2 pathway is a promising strategy to reduce motor neuron apoptosis in the SC.

This study builds upon our prior RNA-seq evidence regarding Tuina therapy. Established research confirms that Tuina alleviates SNI-induced motor deficits by modulating apoptotic pathways and Ras signaling cascades (21, 22). Given that the Ras homolog family member A/Rho-associated coiled-coil containing protein kinase 2 (RhoA/ROCK2) pathway the RhoA/ROCK2 pathway functions as a key apoptosis regulator within the Ras superfamily (23), this study aims to assess changes in RhoA/ROCK2 pathway proteins and apoptotic effectors following Tuina intervention, to elucidate the mechanism by which Tuina ameliorates motor dysfunction after PNI.

The SNI model simulated clinical PNI, enabling evaluation of neuropathic changes and nerve regeneration. The “Three-Manipulation and Three-Acupoint” is a combination of manipulations and acupoints that we have studied and proven to be effective (1, 16, 22). Yinmen (BL37) at the sciatic nerve trunk projection (biceps femoris); Chengshan (BL57) at the tibial nerve projection (gastrocnemius); and Yanglingquan (GB34) at the common peroneal nerve projection (tibialis anterior). Following 20 intervention sessions, significant improvements in neuromuscular structure and demonstrated significant effects of the “Three-Manipulation and Three-Acupoint.”

Although the mechanical effects of Tuina on sciatic nerve injury are known to improve spinal motor neuron survival by inhibiting inflammation and apoptosis, whether this process is regulated by the cPLA2 and RhoA/ROCK2 signaling pathways remains unclear. To address these questions, we established SNI models in rats to assess the effects of Tuina on motor neuron protection, inflammation, apoptosis, and the cPLA2 and RhoA/ROCK2 pathways. This study is the first-time to investigate the involvement of the RhoA/ROCK2 signaling pathway in Tuina’s therapeutic effects.



Methods


Animals and groups

Male Sprague–Dawley rats aged 8 weeks (200 ± 10 g) were acquired from Beijing SPF Biotechnology Co., Ltd. (SCXK [Beijing] 2019–0010, Beijing, China). They were maintained within the barrier facility at the Beijing University of Chinese Medicine Animal Center under a 12-h light/dark cycle with unrestricted access to food and water, allowing a 7-day adaptation period before experimentation. In total, 36 rats were arbitrarily split into four experimental cohorts [blank control (CON), sham model (SHA), SNI, and TUI], with nine animals allocated to each cohort. All research protocols received authorization from the Animal Use and Management Committee of Beijing University of Chinese Medicine (approval number: BUCM-2023061906-2220), adhering to the 3Rs principles (Replacement, Reduction, Refinement) and in accordance with NIH protocols for laboratory animal maintenance and handling.



Development of sciatic nerve compression model

The SNI rat model was developed as previously described (24). After a 7-day acclimation period, the right hind limbs of rats in the SHA, SNI, and TUI cohorts were shaved and under isoflurane anesthesia (R510-22-10, Shenzhen Ruowei Life Science Technology Co., Ltd., China). A 1 cm incision was made along the femur axis in the right sciatic nerve projection area to visualize the sciatic nerve. In the SHA cohort, the nerve was separated from the muscle without clamping, while in the SNI and TUI cohorts, a custom-made hemostatic clamp was applied to the sciatic nerve for 5 s with a pressure of 4 N. After modeling, the animals were arbitrarily assigned to the SNI or TUI cohort (Figure 1).

[image: A sequence of six images labeled A to F showing a procedure on a rodent for sciatic nerve exposure. Panel A shows the anesthetized rodent. Panel B shows skin preparation with shaved fur. Panel C indicates the incision site with a red dot. Panel D shows the exposure of the sciatic nerve. Panel E depicts clamping the nerve. Panel F shows the sutured incision site.]

FIGURE 1
 Modeling process. (A) Anesthesia; (B) Skin preparation and disinfection; (C) Incision; (D) Expose the sciatic nerve; (E) Clamp; (F) Suture.




Tuina therapy

The intervention commenced on the 7th day following model establishment. To ensure intervention quality control, all manipulations were performed exclusively by the same trained practitioner using the Intelligent Tuina device (Chinese Patent No. ZL202320511277.5). This device precisely regulated force, duration, and frequency parameters during “Three-Manipulation and Three-Acupoint” interventions, guaranteeing methodological consistency (25). The rats in the TUI cohort received Tuina therapy simulated using the Intelligent Tuina device (Chinese Patent No. ZL202320511277.5), employing the “Three-Manipulation and Three-Acupoint” technique (1, 26), which included pressing, plucking, and kneading on the acupoints Yinmen (BL37), Chengshan (BL57), and Yanglingquan (GB34). The pressure was set to 4 N, with a frequency of 90 cycles per minute (Figure 2). Each technique was applied for 1 min per acupoint, for a total of 9 min per session (1 min per technique × 3 techniques × 3 acupoints). The intervention was performed once daily, with a cycle of 10 sessions, followed by 1 day of rest, for a total treatment duration of 21 days. The control cohort underwent no intervention. The sham surgery and model cohorts underwent restraining interventions, with one session per day, each lasting 9 min, for 10 days, followed by 1 day of rest, for a total of 21 days.

[image: Panel A shows the DOBOT Magician robotic arm. Panel B depicts the robotic arm applying pressure to a rat's leg. Panel C is an illustration of a rat with acupuncture points labeled Yanglingquan (GB 34), Yinmen (BL 37), and Chengshan (BL 57) highlighted in red.]

FIGURE 2
 Intervention facilities and site diagram. (A) Tuina operation simulator; (B) SD rat placed on the rat platform for intervention with the instrument; (C) Diagram illustrating the acupoint locations.




BBB locomotor scores

Motor function recovery in rats following SNI was assessed using the Basso, Beattie, and Bresnahan (BBB) scales. BBB assessments were conducted in an unrestricted environment before surgery, 1 day before the intervention, and on the 10th and 20th days post-intervention. Trained observers who were blinded to group allocations performed all evaluations. The scale ranges from 0 (complete paralysis) to 21 (normal movement), with scores between 1 and 20, providing a detailed classification based on rat activity. The evaluation considered factors such as limb joint movement, forelimb and hindlimb coordination, trunk stability, tail and body movements, and weight-bearing ability.



Gait analysis

Gait analysis following intervention was conducted by investigators blinded to group assignments using the DigiGait™ Imaging System (MSI-DIG-AMW, Mouse Specifics, United States) to assess functional recovery in the affected limb after SNI. One week before surgery, the rats were acclimated to the equipment, with the treadmill gradually increasing in speed to 10 cm/s. The system automatically recorded the animal’s full movement and calculated the maximum contact area at the peak contact pressure of the right hind limb (paw area), the ratio of swing to stance phase duration (stance/swing), and the ratio of maximum stride area to stride duration (dA/dT).



Sample collection and preparation

After completing the CatWalk gait analysis, the rats received anesthesia through an intraperitoneal administration of 1% pentobarbital sodium (57–33-0, Beijing Ouhuo Technology Co., Ltd., China), and the SC was subsequently dissected. Under a cold environment, the L4-6 segment of the SC was swiftly extracted. One portion of the SC was flash-frozen in liquid nitrogen and maintained at −80°C, while another portion was preserved in 4% paraformaldehyde for 24 h.



Histochemical analysis

Histochemical evaluation was performed employing Nissl staining to examine variations in the SC tissue cavity regions, inflammatory cell infiltration, and neuronal apoptosis among the distinct cohorts. SC specimens were stabilized in 4% paraformaldehyde, subsequently washed, subjected to dehydration via an ethanol gradient, rendered transparent with xylene, and incorporated into paraffin. Paraffin blocks were sectioned to 4–5 μm thickness utilizing a Leica RM2235 microtome (Leica, Germany). Following deparaffinization, the sections underwent hematoxylin and eosin (H&E) and Nissl staining, proceeded by dehydration, transparency enhancement, and mounting with neutral resin. SC tissue morphology was assessed by investigators blinded to group assignments under an optical microscope (BX43, Olympus, Japan) at 200 × and 400 × magnifications, and 4–5 fields from each section were randomly selected for imaging. H&E was utilized to examine the overall structural alterations in the SC, and Nissl staining was used to evaluate neuronal survival.



Immunofluorescence

After deparaffinizing and cleaning, the SC tissue sections were air-dried and blocked with 5% goat serum. The sections were subsequently maintained at 4°C overnight with a mouse anti-NeuN antibody (1:200 dilution, 66,836-1-1 g, Proteintech Group, Inc., China). The following day, the sections were washed five times with PBS for 8 min each. Subsequently, the sections were incubated for 60 min at room temperature with goat anti-mouse IgG H&L (1:500 dilution, AB0142, Shanghai Bowan Biotechnology Co., Ltd., Shanghai, China) in the dark. Cell nuclei underwent DAPI staining treatment for 10 min (ZKWB-0, Beijing Zhongke Wanbang Biotechnology Co., Ltd., Beijing, China), and the slides were sealed with an aqueous mounting medium. Images were analyzed by investigators blinded to group assignments utilizing a fluorescence microscope (TH4-200, Olympus, Japan) and ImageJ software (National Institutes of Health, United States).



Enzyme-linked immunosorbent assay

Per the supplier’s protocols, ELISA kits for rat TNF-α (RGB-60080R, RegBio, China), IL-6 (RGB-60023R, RegBio, China), and aquaporin-4 (AQP-4) (RGB-60752R, RegBio, China) were used for detection. After anesthesia, an appropriate amount of the SC anterior horn tissue was collected, weighed, and homogenized with PBS at a 1:9 volume ratio employing a homogenizer (LANYI-GTM, Shanghai Lanyi, China). The mixture underwent centrifugation at 3,000 rpm for 20 min, and the supernatant was extracted for analysis. The assay protocol encompassed standard dilution, sample addition, washing, color development, and reaction termination. The absorbance was determined at 450 nm utilizing a microplate reader (Thermo Multiskan MK3, Thermo Fisher Scientific, United States). A standard curve was developed, and TNF-α, IL-6, and AQP-4 protein levels in the samples were ascertained.



Real-time quantitative polymerase chain reaction

SC tissue RNA was procured through TRIzol extraction methodology, and the RNA quality and concentration were evaluated utilizing a nucleic acid quantification device (Unano-1000, UMI Instruments, China). Complementary DNA was prepared employing a reverse transcription system (A502, EXONGEN, Israel), before quantitative fluorescence analysis. In summary, RNA isolation was executed per the supplier’s protocols to avoid RNAse contamination. The RNA purity and yield were assessed employing a nucleic acid concentration measuring instrument. The isolated RNA underwent reverse transcription to generate cDNA utilizing a reverse transcription system. Quantitative PCR analysis was executed on a CFX Connect™ RT-PCR instrument (1,855,200, Bio-Rad, United States), with cDNA as the amplification template. The thermal cycling parameters encompassed initial denaturation at 95°C for 5 min, succeeded by 40 cycles of denaturation (95°C, 10 s), annealing (58°C, 20 s), and extension (72°C, 20 s). A melt-curve analysis was subsequently executed. The transcript levels of RhoA, ROCK2, Bax, Bcl-2, and cPLA2 were determined through the 2-△△Ct methodology, utilizing glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as the internal control for standardization. The primer sequences utilized in these experiments are depicted in Appendix 1.



Western blotting

For western blot analysis, 100 mg of SC tissue was subjected to homogenization utilizing immunoprecipitation lysis buffer (P0013; Shanghai Biyuntian Biotechnology Co., Ltd., Shanghai, China) to obtain total protein. Protein concentration was quantified using the BCA assay for subsequent comparisons. Briefly, 20 μg of total protein was separated by SDS-PAGE, and the resulting gel was transferred onto a PVDF membrane following methanol immersion for 1 min. The transfers were conducted at 100 V for 1 h. Subsequently, the membranes underwent blocking at room temperature for 30 min with a rapid blocking solution. The blocked membrane underwent overnight incubation at 4°C with the following primary antibodies: rabbit anti-GAPDH (1:3000, 10,494-1-AP, Proteintech Group, Inc., China), rabbit anti-RhoA (1:1000, 10,749-1-AP, Proteintech Group, Inc., China), rabbit anti-ROCK2 (1:1000, 21,645-1-AP, Proteintech Group, Inc., China), rabbit anti-Bax (1:1000, 60,267-1-Ig, Proteintech Group, Inc., China), rabbit anti-Bcl-2 (1:1000, 26,593-1-AP, Proteintech Group, Inc., China), rabbit anti-cPLA2 (1:1000, AF6329, Jiangsu Qinke Bio Research Center Co., Ltd., China), and rabbit anti-p-cPLA2 (1:1000, AF3329, Jiangsu Qinke Bio Research Center Co., Ltd., China). The following day, the membrane underwent a triple wash process using 1 × TBST, with each wash lasting 10 min, followed by a 60-min exposure to horseradish peroxidase-linked secondary antibody, goat anti-rabbit IgG H&L (1:3000, MD912565, Kangtai Medical Testing Service, Hebei, China). Following three additional TBST rinses, the membrane received treatment with enhanced chemiluminescence substrate, combined at equal proportions, and applied for 1 min. Image acquisition was performed utilizing a ChemiDoc MP imaging system (1,708,280, Bio-Rad, United States).



Statistical analysis

Statistical analyses were performed using SPSS Statistics 26.0 (IBM Corp., Armonk, NY, United States). Continuous data are expressed as mean ± standard deviation. Normality was assessed using Shapiro–Wilk tests. For normally distributed data, intergroup differences were analyzed by one-way ANOVA followed by LSD post hoc tests when variance homogeneity held (verified by Levene’s test). Under variance heterogeneity, Tamhane’s T2 method was applied for pairwise comparisons. Non-normally distributed data were analyzed using Kruskal-Wallis tests with Dunn’s post hoc correction. Statistical significance was defined at p < 0.05 (Figure 3).

[image: Timeline showing experimental stages over 36 days. Adaptation from day 0 to 7, modeling from day 7 to 14, and Tuina intervention from day 15, ending day 36. Yellow circles indicate BBB Locomotor Scores on days 7, 24, 35; blue stars signify Gait Analysis on days 14, 24, 35. Assessments like HE Staining, Nissl Staining, Immunofluorescence, Elisa, Western blot, and RT-PCR are on day 36.]

FIGURE 3
 Flowchart of animal experiment.





Results


TUI therapy enhanced the functional recovery of the sciatic nerve in SNI rats

No signs of redness or swelling were observed at the injury site following model induction, and the postoperative recovery was satisfactory. On the 7th day after SNI surgery, rats were unable to support their body weight on the injured limb, exhibited limping or dragging behavior, and experienced declined motor coordination and fine motor skills, confirming the success of model induction.

We assessed the recovery of neurological function and hind limb motor ability using the BBB scoring systems. No notable variations in BBB scores were detected between the CON and SHA cohorts after the 10th and 20th interventions. In contrast, the SNI cohort’s BBB scores were markedly lower than those of the CON and SHA cohorts (p < 0.001). After the 10th and 20th interventions, the TUI cohort showed significantly improved BBB scores compared with the SNI cohort (p < 0.001). However, the scores remained markedly diminished compared with those of the SHA cohort. These results indicate that Tuina therapy improves motor function following SNI (Figure 4A).

[image: Graphs A to D display the changes over time for BBB locomotor scores, stance/swing ratios, max dA/dT, and paw area, respectively, across four groups: CON, SHA, SNI, and TUI. Graphs E to H illustrate the right hind limb's paw area over time for each group, indicating variations in step patterns.]

FIGURE 4
 BBB scores and gait analysis. (A) BBB Locomotor Scores; (B) Stance/Swing Ratio; (C) Max dA/dT; (D) Paw Area. (E–H) Screen-captured images of DigiGait™ periodic waveforms representing stance and swing phases of stride of rat hind limb. (E) CON cohorts; (F) SHA cohorts; (G) SNI cohorts; (H) TUI cohorts. (n = 6) *p < 0.001 vs. SHA; ▲compared to SNI, ▲▲p < 0.001.


Stability and coordination of rat movements were evaluated by measuring paw area, stance/swing ratio, and maximum acceleration/time ratio. Compared with the CON and SHA cohorts, the SNI cohort exhibited markedly reduced paw area, stance/swing ratio, and maximum acceleration/time ratio (all p < 0.001). After the 10th and 20th interventions, the TUI cohort showed significant improvements in these parameters compared with the SNI cohort (p < 0.001). These observations suggest that Tuina intervention promotes hind limb stability and coordination during movement, enhancing the overall motor function in rats (Figures 4A–D). DigiGait™ periodic waveforms of rats right hind limb are presented in Figures 4E–H.



Tuina therapy alleviated inflammatory response

ELISA was applied to measure inflammatory factor levels in SC tissue to assess the inflammatory response. ELISA results showed heightened tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6), and AQP-4 levels in the model cohort. Tuina treatment notably reduced these inflammatory cytokine levels in the SC (p < 0.01). These observations suggest that Tuina treatment alleviated the inflammation induced by sciatic nerve injury (Figures 5A–C).

[image: Bar graphs labeled A, B, and C show levels of IL-6, TNF-α, and AQP4 in nanograms per gram or milligram. Four group colors: purple for CON, blue for SHA, teal for SNI, and orange for TUI. SNI shows higher levels for IL-6 and TNF-α; TUI also shows an increase. Asterisks and triangles indicate statistical significance.]

FIGURE 5
 Levels of IL-6, TNF-α, and AQP-4 in spinal cord of rats after Tuina intervention. Levels of IL-6 (A), TNF-α (B), and AQP-4 (C) in spinal cord tissue, measured by enzyme-linked immunosorbent assay (ELISA). Data are presented as mean ± standard deviation. (n = 6) *p < 0.001 vs. SHA; ▲compared to SNI, ▲p < 0.01, ▲▲p < 0.001.




H&E staining and Nissl staining

Histological analysis was executed using H&E staining to examine structural changes in the SC tissue at the injury site. The outcomes indicated that SC tissue in the CON and SHA cohorts appeared mostly normal, without significant pathological alterations. In contrast, rats in the SNI cohort exhibited severe damage to SC segments at the sciatic nerve injury site, including neuronal dissolution, vacuole formation, neuronal degeneration, and nuclear pyknosis, accompanied by significant inflammatory cell infiltration and focal hemorrhage. Furthermore, Tuina treatment reduced vacuole-like changes and alleviated inflammatory cell infiltration at the injury site in the SNI cohort. These observations suggest that Tuina therapy mitigated the structural changes in the SC caused by sciatic nerve injury (Figure 6A).

[image: Panel A shows pink-stained spinal cord tissue sections (HE staining) at 200× and 400×magnifications for groups CON, SHA, SNI, and TUI. Panel B displays blue-stained spinal cord tissue sections (Nissl staining) at 200×, 400×, and 800× magnifications under the same conditions. The images compare histological differences across groups.]

FIGURE 6
 Spinal cord histopathology: Nissl and H&E staining. (A) Spinal cord tissue section; magnification: 200 × (scale bar = 50 μm), 400 × (scale bar = 20 μm). (B) Nissl staining of spinal cord tissue; magnification: 200 × (scale bar = 100 μm), 400 × (scale bar = 50 μm), 800 × (scale bar = 25 μm).


The survival status of motor neurons within the anterior horn of the SC was assessed through Nissl staining. The examination revealed that motor neurons displayed normal morphology in both CON and SHA cohorts, characterized by transparent cytoplasm and regularly shaped nuclei. In comparison, motor neuron counts were notably decreased in the SNI cohort, with certain neurons demonstrating vacuolation and condensed nuclei. The TUI cohort exhibited more distinct Nissl bodies and less pronounced nuclear condensation than the SNI cohort. These observations indicate that Tuina administration enhances neuronal viability and regeneration (Figure 6B).



Tuina therapy improved cell apoptosis

Immunofluorescence staining was used to assess apoptosis in SC tissue. NeuN immunofluorescence staining showed that the nuclei were stained blue with DAPI, and NeuN was stained green to label the motor neurons in the anterior horn of the SC. NeuN expression was markedly lower in the SNI cohort than in the CON and SHA cohorts (p < 0.001). NeuN distribution was more pronounced in the TUI cohort, with markedly higher fluorescence intensity than that in the SNI cohort (p < 0.001). The findings demonstrate that Tuina treatment successfully improved motor neuron apoptosis following sciatic nerve injury (Figures 7A,D).

[image: Fluorescent microscopy images and bar graphs depicting NeuN and DAPI staining in different conditions: CON, SHA, SNI, and TUI. Images show variations in cell presence. Bar graphs (B-D) compare Bax mRNA expression, Bcl-2 mRNA expression, and NeuN positive cell rate across conditions. Western blots (E) display Bax and Bcl-2 protein levels. Graphs (F-G) illustrate Bax/GAPDH and Bcl-2/GAPDH relative expression. Symbols indicate statistically significant differences.]

FIGURE 7
 Immunofluorescence, mRNA expression levels, and apoptosis-related proteins. (A) Immunofluorescence staining of NeuN protein in spinal cord tissue. Magnification: 400 × (scale bar = 50 μm). (B,C) Real-time RT-PCR analysis of Bax (B) and Bcl-2 (C) mRNA expression levels. (n = 6) *p < 0.001 vs. SHA; ▲compared to SNI, ▲p < 0.01, ▲▲p < 0.001. (D) Fluorescence intensity of NeuN in spinal cord tissue (n = 3). (E) Quantification of specific signal intensity. (F,G) Relative protein expression of Bax (F) and Bcl-2 (G) in the spinal cord. Data are presented as mean ± standard deviation. (n = 6) *p < 0.001 vs. SHA; ▲compared to SNI, ▲p < 0.01, ▲▲p < 0.001.


The expression levels of apoptosis-associated genes were analyzed through RT-PCR methodology. The SNI cohort exhibited a marked elevation in Bax mRNA levels compared with both CON and SHA cohorts (p < 0.001), while Bcl-2 expression demonstrated significant downregulation (p < 0.001). Conversely, the TUI cohort showed diminished Bax mRNA levels alongside enhanced Bcl-2 expression (p < 0.01, Figure). These findings indicated that Tuina suppressed apoptotic processes via modulation of apoptosis-related gene expression (Figures 7B,C).

Western blot analysis evaluated the impact of Tuina extract on proteins associated with apoptosis. Analysis revealed that Bax protein levels within SC tissues exhibited significant elevation in both SNI and TUI cohorts compared with those in the SHA cohort (p < 0.001). Nevertheless, Bax levels demonstrated a marked reduction in the TUI cohort compared with that in the SNI cohort (p < 0.001). Bcl-2 expression displayed decreased levels in the SNI cohort relative to the SHA cohort (p < 0.001) while showing enhanced expression in the TUI cohort compared with that in the SNI cohort (p < 0.001). The observed data indicates that Tuina administration diminished the Bax/Bcl-2 ratio, consequently mitigating apoptosis post-SNI (Figures 7E–G).



Effect of Tuina therapy on the gene and Protein expression related to the cPLA2 and RhoA/ROCK2 pathways

RT-PCR examination of SC tissue indicated alterations in the RhoA/ROCK2 signaling cascade. Compared to the SNI cohort, the mRNA expression level of RhoA in the TUI cohort decreased (p < 0.01; Figure 8A), and the ROCK2 was significantly decreased (p < 0.001; Figure 8B), and the cPLA2 was significantly decreased (p < 0.001; Figure 8C).

[image: Bar graphs and Western blots show the expression of RhoA, ROCK2, cPLA2, and p-cPLA2 in four groups: CON, SHA, SNI, and TUI. Graphs A-C and E-H depict relative mRNA and protein expressions, with SNI showing significant increases (*), while TUI exhibits moderate levels (▲, ▲▲). Blots (D) illustrate expression levels across groups, normalized to GAPDH.]

FIGURE 8
 Tuina-regulated factors associated with cPLA2 and RhoA/ROCK2 pathways levels. (A–C) mRNA expression levels of RhoA (A), ROCK2 (B), and cPLA2 (C) detected by real-time RT-PCR. (D) Quantification of specific signal intensities. (E–H) Relative protein expression of RhoA (E), ROCK2 (F), cPLA2 (G), and p-cPLA2 (H) in spinal cord tissue. Data are presented as mean ± standard deviation. (n = 6) *p < 0.001 vs. SHA; ▲compared to SNI, ▲p < 0.01, ▲▲p < 0.001.


Western blot analysis suggested alterations in the RhoA/ROCK2 signaling cascade (Figure 8D). Compared to the SNI cohort, the protein abundance of RhoA in the Tuina treatment cohort showed a significant decreased (p < 0.001; Figure 8E), and ROCK2 in the TUI showed a significant decreased (p < 0.001; Figure 8F), and cPLA2 in the TUI showed a significant decreased (p < 0.001; Figure 8G), and p-cPLA2 in the TUI showed a significant decreased (p < 0.001; Figure 8H).




Discussion

Tuina, a non-pharmacological therapy widely used in clinical settings for PNI management, offers distinct advantages including rapid onset, absence of drug dependence, and procedural simplicity (27). Evidence confirms its efficacy in promoting post-PNI neurological recovery and improving spinal cord (SC) tissue morphology (28). As a form of traditional Chinese external therapy, Tuina achieves neural functional restoration through physical intervention, representing a unique therapeutic approach complementary to conventional treatments (29). The “Three-Manipulation and Three-Acupoint” intervention method, which combines proven techniques and acupoints, is effective through experimental validation (30). By applying the three techniques—pressing, picking, and kneading—on the Yinmen (BL 37), Chengshan (BL 57), and Yanglingquan (GB 34) acupoints, behavioral recovery was promoted effectively in SNI model rats. Moreover, after 20-day treatment, motor function improved in the TUI cohort, confirming the therapeutic efficacy of the “Three-Manipulation and Three-Acupoint” approach. This investigation evaluated the motor function recovery in SNI-induced rats through BBB scoring and CatWalk gait analysis. The findings demonstrated that the “Three-Manipulation and Three-Acupoint” Tuina intervention effectively alleviated motor dysfunction in the SNI rats, gradually restoring their function to normal levels.


Local inflammation-induced cell apoptosis is crucial in SNI

Apoptosis, induced by local inflammatory responses, is pivotal in SNI. Following SNI, pro-inflammatory cytokines released at the injury site activate neuroinflammatory pathways, exacerbating nerve damage and potentially leading to motor neuron apoptosis in the anterior horn of the SC, thereby impairing motor function (31, 32). Excessive immune responses in the anterior horn of the SC trigger cellular stress, promote neuronal apoptosis, and worsen motor function loss (33). Therefore, reducing the inflammatory response is a key strategy for protecting motor neurons and promoting nerve regeneration and repair. Inhibiting inflammation not only reduces neuronal apoptosis but also facilitates the recovery of motor function (34). In summary, excessive inflammation following SNI disrupts the homeostasis of motor neurons in the anterior horn of the SC, amplifying neuronal apoptosis and motor dysfunction. Modulating the spinal inflammatory microenvironment and cell apoptosis is promising for improving motor impairments resulting from SNI. Tuina therapy effectively reduced motor neuron apoptosis after SNI, as evidenced by increased NeuN expression, decreased Bax levels, and elevated Bcl-2 mRNA and protein levels, modulating the Bax/Bcl-2 ratio to protect motor neurons and improve survival.



The cPLA2 pathway links inflammation and cell apoptosis

cPLA2 is crucial in regulating neuroinflammatory responses (35). TNF-α and IL-6 are key inflammatory markers in the nerve injury response. These cytokines activate the cPLA2 signaling pathway, enhancing its enzyme activity and promoting the synthesis of inflammatory mediators, encompassing prostaglandins and leukotrienes, further exacerbating local nerve inflammation (36). cPLA2 phosphorylation promotes the synthesis of these mediators and may also influence the expression of AQP4 (37). Abnormal AQP4 expression increases water transport, leading to SC edema. Edema worsens nerve tissue damage and potentially disrupts the blood–brain barrier, allowing more inflammatory cells to infiltrate and cause further neuronal injury. The investigation measured TNF-α, IL-6, and AQP4 expression levels in SC tissue, finding markedly elevated levels in the SNI cohort. In contrast, after 20 sessions of Tuina intervention, cPLA2 protein and mRNA expression decreased. Additionally, after 20 interventions, the SC tissue structure was relatively intact, and the infiltration of inflammatory cells was alleviated, suggesting that Tuina therapy reduces inflammation, inhibits the excessive expression of AQP4, and mitigates edema and nerve damage.



Role of the RhoA/ROCK2 signaling pathway

The RhoA/ROCK2 pathway is a critical signaling pathway in neuronal apoptosis in neurological disorders (38, 39). cPLA₂, which mediates inflammatory and apoptotic processes, functions as a key effector in this pathway (40). Inhibition of RhoA/ROCK2 signaling reduces expression of downstream mediators, including pro-inflammatory cytokines (TNF-α, IL-6), the water channel protein AQP4, and the apoptosis regulator Bcl-2. RT-PCR and western blot analyses revealed that Tuina reduced Bax levels and increased Bcl-2 levels, diminishing the Bax/Bcl-2 ratio. Additionally, Tuina suppressed the mRNA and protein levels of cPLA2 and RhoA/ROCK2, suggesting that Tuina alleviates apoptosis and protects motor neurons by modulating the RhoA/ROCK2 signaling pathway.

Consistent with previous studies, the “Three-Manipulation and Three-Acupoint” Tuina intervention potentially suppresses the production of inflammatory mediators TNF-α and IL-6, reduce cPLA2 activity, and regulate the levels of AQP4. This intervention appeared to alleviate excessive activation of the RhoA/ROCK2 signaling pathway, decrease the Bax/Bcl-2 ratio, reduce apoptosis of motor neurons in the SC anterior horn, and improve the local inflammatory microenvironment in the SC. Although these outcomes suggest that Tuina intervention accelerates functional recovery following nerve injury, its clinical potential in nerve repair remains unclear.




Conclusion

The “Three-Manipulation and Three-Acupoint” Tuina intervention could effectively promote motor function recovery after SNI, as demonstrated by improvements in BBB scores and CatWalk analysis. Tuina therapy could modulate the release of cPLA2 and inhibit the RhoA/ROCK2 signaling pathway, thereby reducing inflammation and motor neuron apoptosis in the SC to functional repair.

This research investigated the effects of Tuina regarding motor neuron apoptosis in the SC following SNI, emphasizing its therapeutic potential in nerve repair. Future research will explore whether SC tissue recovery can promote nerve repair and further elucidate the repair mechanisms of Tuina therapy. Although the present work examined Tuina’s impact on motor neuron apoptosis post-SNI, nerve damage constitutes the fundamental etiology. Thus, future investigation will determine whether recovery from such apoptosis facilitates neural repair or influences its efficacy, either beneficially or adversely. The results establish substantial scientific support for implementing Tuina in clinical treatments of PNI.



Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary material.



Ethics statement

The animal study was approved by the Animal Use and Care Committee of Beijing University of Chinese Medicine (approval number: BUCM-2023061906-2220). The study was conducted in accordance with the local legislation and institutional requirements.



Author contributions

JS: Data curation, Conceptualization, Writing – review & editing, Visualization, Formal analysis, Writing – original draft. YZ: Methodology, Writing – review & editing. ZL: Supervision, Writing – review & editing. HaZ: Writing – review & editing. JL: Writing – review & editing. YX: Writing – review & editing. RN: Writing – review & editing. HoZ: Writing – review & editing. JY: Writing – review & editing. TY: Funding acquisition, Writing – review & editing, Supervision.



Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This investigation was supported by the National Natural Science Foundation of China (nos. 82274675 and 82074573) and the Beijing Natural Science Foundation (no. 7232278).



Acknowledgments

We would like to thank Editage (www.editage.cn) for English language editing.



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.



Generative AI statement

The authors declare that no Gen AI was used in the creation of this manuscript.



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.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fneur.2025.1622602/full#supplementary-material



Abbreviations


BBB, Basso, Beattie, and Bresnahan; cPLA2, Cytosolic phospholipase A2; DRG, Dorsal root ganglion; ELISA, Enzyme-linked immunosorbent assay; H&E, Hematoxylin and eosin; IL-6, Interleukin-6; PNI, Peripheral nerve injury; RhoA, Ras homolog family member A; ROCK2, Rho-associated coiled-coil containing protein kinase 2; SHA, Sham model cohort; SNI, Sciatic nerve injury model; SPF, Specific pathogen-free; TNF-α, Tumor necrosis factor-alpha.




References
	 1. Zhang, Y, Zhang, H, Liu, J, Sun, J, Xu, Y, Shi, N , et al. Tuina alleviates the muscle atrophy induced by sciatic nerve injury in rats through regulation of PI3K/Akt signaling. J Orthop Surg Res. (2024) 19:892. doi: 10.1186/s13018-024-05270-1 
	 2. Gu, X, Ding, F, and Williams, DF. Neural tissue engineering options for peripheral nerve regeneration. Biomaterials. (2014) 35:6143–56. doi: 10.1016/j.biomaterials.2014.04.064 
	 3. Sang, Q, Sun, D, Chen, Z, and Zhao, W. NGF and PI3K/Akt signaling participate in the ventral motor neuronal protection of curcumin in sciatic nerve injury rat models. Biomed Pharmacother. (2018) 103:1146–53. doi: 10.1016/j.biopha.2018.04.116 
	 4. Kong, L, Gao, X, Qian, Y, Sun, W, You, Z, and Fan, C. Biomechanical microenvironment in peripheral nerve regeneration: from pathophysiological understanding to tissue engineering development. Theranostics. (2022) 12:4993–5014. doi: 10.7150/thno.74571 
	 5. Cheah, M, Fawcett, JW, and Haenzi, B. Differential regenerative ability of sensory and motor neurons. Neurosci Lett. (2017) 652:35–40. doi: 10.1016/j.neulet.2016.11.004 
	 6. Acker-Palmer, A. Guiding axon regeneration: Instructions from blood vessels. Neuron. (2024) 112:175–7. doi: 10.1016/j.neuron.2023.11.017 
	 7. Li, R, Li, D, Wu, C, Ye, L, Wu, Y, Yuan, Y , et al. Nerve growth factor activates autophagy in Schwann cells to enhance myelin debris clearance and to expedite nerve regeneration. Theranostics. (2020) 10:1649–77. doi: 10.7150/thno.40919 
	 8. Wei, J, Su, W, Zhao, Y, Wei, Z, Hua, Y, Xue, P , et al. Maresin 1 promotes nerve regeneration and alleviates neuropathic pain after nerve injury. J Neuroinflammation. (2022) 19:32. doi: 10.1186/s12974-022-02405-1 
	 9. Wu, Z, Sun, J, Liao, Z, Sun, T, Huang, L, Qiao, J , et al. Activation of PAR1 contributes to ferroptosis of Schwann cells and inhibits regeneration of myelin sheath after sciatic nerve crush injury in rats via Hippo-YAP/ACSL4 pathway. Exp Neurol. (2025) 384:115053. doi: 10.1016/j.expneurol.2024.115053 
	 10. Wang, Z, Xu, H, Wang, Z, Wang, Y, Diao, J, Chen, J , et al. Traditional Chinese Manual Therapy (Tuina) Improves Knee Osteoarthritis by Regulating Chondrocyte Autophagy and Apoptosis via the PI3K/AKT/mTOR Pathway: An in vivo Rat Experiment and Machine Learning Study. J Inflamm Res. (2024) 17:6501–19. doi: 10.2147/JIR.S488023 
	 11. Pan, F, Yu, TY, Wong, S, Xian, ST, Lu, MQ, Wu, JC , et al. Chinese tuina downregulates the elevated levels of tissue plasminogen activator in sciatic nerve injured Sprague-Dawley rats. Chin J Integr Med. (2017) 23:617–24. doi: 10.1007/s11655-015-2142-1 
	 12. Sachula, YZ, Yu, T, Chen, J, Zhang, R, Zhang, Y , et al. Exploring the mechanism of immediate analgesia induced by Tuina intervention on minor chronic constriction injury in rats using LC-MS. J Pain Res. (2024) 17:321–34. doi: 10.2147/JPR.S438682 
	 13. Liu, J, Liu, T, Qian, X, Ma, D, Chen, L, Li, A , et al. Tuina inhibits chondrocyte apoptosis by regulating the FAK/PI3K/Akt pathway in rabbits with IVDD. Comb Chem High Throughput Screen. (2024) 28:1746–53. doi: 10.2174/0113862073305177240430063022 
	 14. Chengguo, SU, Xiaoyan, Z, Jiangnan, YE, Xin, Z, Yuqing, J, Junjie, G , et al. Effect of Tuina along "bladder meridian" alleviating intervertebral disc degeneration by regulating the transforming growth factor-β1/Smad signaling pathway in a rabbit model. J Tradit Chin Med. (2023) 43:991–1000. doi: 10.19852/j.cnki.jtcm.2023.05.005 
	 15. Lu, Q, Su, C, Liu, H, Luo, C, and Yan, B. Effect of constant compressive stress induced by imitating Tuina stimulation with various durations on the cell cycle, cellular secretion, apoptosis, and expression of myogenic differentiation and myogenic factor 5 of rat skeletal muscle cells in vitro. J Tradit Chin Med. (2020) 40:550–61. doi: 10.19852/j.cnki.jtcm.2020.04.004 
	 16. Yi-Zhen, L, Run-Pei, M, Tian-Yuan, Y, Wan-Zhu, B, Jing-Jing, C, Meng-Qian, L , et al. Mild Mechanic Stimulate on Acupoints Regulation of CGRP-Positive Cells and Microglia Morphology in Spinal Cord of Sciatic Nerve Injured Rats. Front Integr Neurosci. (2019) 13:58. doi: 10.3389/fnint.2019.00058 
	 17. Kong, FQ, Zhao, SJ, Sun, P, Liu, H, Jie, J, Xu, T , et al. Macrophage MSR1 promotes the formation of foamy macrophage and neuronal apoptosis after spinal cord injury. J Neuroinflammation. (2020) 17:62. doi: 10.1186/s12974-020-01735-2 
	 18. Farooqui, AA, Ong, WY, and Horrocks, LA. Inhibitors of brain phospholipase A2 activity: their neuropharmacological effects and therapeutic importance for the treatment of neurologic disorders. Pharmacol Rev. (2006) 58:591–620. doi: 10.1124/pr.58.3.7 
	 19. Li, Q, Li, R, Zhu, X, Chu, X, An, X, Chen, M , et al. EphA1 aggravates neuropathic pain by activating CXCR4/RhoA/ROCK2 pathway in mice. Hum Cell. (2023) 36:1416–28. doi: 10.1007/s13577-023-00911-9 
	 20. Xiang, X, Wang, X, Jin, S, Hu, J, Wu, YM, Li, YY , et al. Activation of GPR55 attenuates cognitive impairment and neurotoxicity in a mouse model of Alzheimer's disease induced by Aβ(1-42) through inhibiting RhoA/ROCK2 pathway. Prog Neuro-Psychopharmacol Biol Psychiatry. (2022) 112:110423. doi: 10.1016/j.pnpbp.2021.110423 
	 21. Wang, H, Liu, Z, Yu, T, Zhang, Y, Xu, Y, Jiao, Y , et al. Exploring the mechanism of immediate analgesic effect of 1-time tuina intervention in minor chronic constriction injury rats using RNA-seq. Front Neurosci. (2022) 16:1007432. doi: 10.3389/fnins.2022.1007432 
	 22. Lyu, T, Liu, Z, Yu, T, Lu, M, Zhang, Y, Jiao, Y , et al. Applying RNA sequencing technology to explore repair mechanism of Tuina on gastrocnemius muscle in sciatic nerve injury rats. Chin Med J. (2022) 135:2378–9. doi: 10.1097/CM9.0000000000001960 
	 23. Morstein, J, Bowcut, V, Fernando, M, Yang, Y, Zhu, L, Jenkins, ML , et al. Targeting Ras-, Rho-, and Rab-family GTPases via a conserved cryptic pocket. Cell. (2024) 187:6379–92.e17. doi: 10.1016/j.cell.2024.08.017 
	 24. Ma, LT, Bai, Y, Li, J, Qiao, Y, Liu, Y, and Zheng, J. Elemene Emulsion Injection Administration Reduces Neuropathic Pain by Inhibiting Astrocytic NDRG2 Expression within Spinal Dorsal Horn. Chin J Integr Med. (2021) 27:912–8. doi: 10.1007/s11655-021-3438-3 
	 25. Yang, Z, Wu, S, Yu, T, Chen, J, Zhang, R, Wang, H , et al. Characteristics of Pain Changes in Rats with Nerve Injury within 24 Hours after One-Time Tuina Intervention. J Vis Exp. (2024):203. doi: 10.3791/65593 
	 26. Zhang, H, Zhang, Y, Wang, H, Liu, J, Sun, J, Chen, J , et al. Mechanistic insights into “three methods and three Acupoints” Tuina therapy for improving spinal microcirculation and motor function in sciatic nerve injury model rats. J Tradit Chin Med Sci. (2025) 12:125–34. doi: 10.1016/j.jtcms.2024.12.002
	 27. Ma, SJ, Zhang, JP, Hua, XY, Wu, JJ, Zheng, MX, and Xu, JG. Tuina therapy promotes behavioral improvement and brain plasticity in rats with peripheral nerve injury and repair. Brain Behav. (2023) 13:e3174. doi: 10.1002/brb3.3174 
	 28. Hongye, H, Bingqian, W, Shuijin, C, Jiayu, F, Xiaohua, W, Lechun, C , et al. Chinese Tuina remodels the synaptic structure in neuropathic pain rats by downregulating the expression of N-methyl D-aspartate receptor subtype 2B and postsynaptic density protein-95 in the spinal cord dorsal horn. J Tradit Chin Med. (2023) 43:715–24. doi: 10.19852/j.cnki.jtcm.20221214.002 
	 29. Fan, Z, Jia, S, Zhou, X, Li, C, Shao, J, Liu, X , et al. Clinical efficacy of Tuina therapy combined with traditional Chinese exercises in the treatment of symptomatic lumbar disc herniation: a multicentre randomised controlled trial protocol. Front Neurol. (2025) 16:1497933. doi: 10.3389/fneur.2025.1497933 
	 30. Lv, TT, Mo, YJ, Yu, TY, Shao, S, Lu, MQ, Luo, YT , et al. Using RNA-Seq to Explore the Repair Mechanism of the Three Methods and Three-Acupoint Technique on DRGs in Sciatic Nerve Injured Rats. Pain Res Manag. (2020) 2020:1–12. doi: 10.1155/2020/7531409 
	 31. Xiao, S, Zhong, N, Yang, Q, Li, A, Tong, W, Zhang, Y , et al. Aucubin promoted neuron functional recovery by suppressing inflammation and neuronal apoptosis in a spinal cord injury model. Int Immunopharmacol. (2022) 111:109163. doi: 10.1016/j.intimp.2022.109163 
	 32. Ma, H, Wang, C, Han, L, Kong, F, Liu, Z, Zhang, B , et al. Tofacitinib Promotes Functional Recovery after Spinal Cord Injury by Regulating Microglial Polarization via JAK/STAT Signaling Pathway. Int J Biol Sci. (2023) 19:4865–82. doi: 10.7150/ijbs.84564 
	 33. Zhou, QM, Zhang, JJ, Li, S, Chen, S, and le, WD. n-butylidenephthalide treatment prolongs life span and attenuates motor neuron loss in SOD1 (G93A) mouse model of amyotrophic lateral sclerosis. CNS Neurosci Ther. (2017) 23:375–85. doi: 10.1111/cns.12681 
	 34. Chen, H, Xu, G, Wu, Y, Wang, X, Wang, F, and Zhang, Y. HBO-PC Promotes Locomotor Recovery by Reducing Apoptosis and Inflammation in SCI Rats: The Role of the mTOR Signaling Pathway. Cell Mol Neurobiol. (2021) 41:1537–47. doi: 10.1007/s10571-020-00921-3 
	 35. Xia, M, and Zhu, Y. Signaling pathways of ATP-induced PGE2 release in spinal cord astrocytes are EGFR transactivation-dependent. Glia. (2011) 59:664–74. doi: 10.1002/glia.21138 
	 36. Berenbaum, F, Humbert, L, Bereziat, G, and Thirion, S. Concomitant recruitment of ERK1/2 and p38 MAPK signalling pathway is required for activation of cytoplasmic phospholipase A2 via ATP in articular chondrocytes. J Biol Chem. (2003) 278:13680–7. doi: 10.1074/jbc.M211570200 
	 37. Tajuddin, N, Moon, KH, Marshall, SA, Nixon, K, Neafsey, EJ, Kim, HY , et al. Neuroinflammation and neurodegeneration in adult rat brain from binge ethanol exposure: abrogation by docosahexaenoic acid. PLoS One. (2014) 9:e101223. doi: 10.1371/journal.pone.0101223 
	 38. Li, Y, Hu, Z, Xie, L, Xiong, T, Zhang, Y, Bai, Y , et al. Buyang huanwu decoction inhibits the activation of the RhoA/Rock2 signaling pathway through the phenylalanine metabolism pathway, thereby reducing neuronal apoptosis following cerebral ischemia-reperfusion injury. J Ethnopharmacol. (2025) 340:119246. doi: 10.1016/j.jep.2024.119246 
	 39. Liu, J, Gao, HY, and Wang, XF. The role of the Rho/ROCK signaling pathway in inhibiting axonal regeneration in the central nervous system. Neural Regen Res. (2015) 10:1892–6. doi: 10.4103/1673-5374.170325 
	 40. Wu, X, Walker, CL, Lu, Q, Wu, W, Eddelman, DB, Parish, JM , et al. RhoA/Rho Kinase Mediates Neuronal Death Through Regulating cPLA (2) Activation. Mol Neurobiol. (2017) 54:6885–95. doi: 10.1007/s12035-016-0187-6 


Copyright
 © 2025 Sun, Zhang, Liu, Zhang, Liu, Xu, Na, Zhang, Yan and Yu. 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.

OPS/xhtml/Nav.xhtml




Contents





		Cover



		Chinese massage therapy (Tuina) inhibits motor neuron apoptosis in rats with sciatic nerve injury by regulating the cPLA2 and RhoA/ROCK2 signaling pathways



		Introduction



		Methods



		Animals and groups



		Development of sciatic nerve compression model



		Tuina therapy



		BBB locomotor scores



		Gait analysis



		Sample collection and preparation



		Histochemical analysis



		Immunofluorescence



		Enzyme-linked immunosorbent assay



		Real-time quantitative polymerase chain reaction



		Western blotting



		Statistical analysis









		Results



		TUI therapy enhanced the functional recovery of the sciatic nerve in SNI rats



		Tuina therapy alleviated inflammatory response



		H&E staining and Nissl staining



		Tuina therapy improved cell apoptosis



		Effect of Tuina therapy on the gene and Protein expression related to the cPLA2 and RhoA/ROCK2 pathways









		Discussion



		Local inflammation-induced cell apoptosis is crucial in SNI



		The cPLA2 pathway links inflammation and cell apoptosis



		Role of the RhoA/ROCK2 signaling pathway









		Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Generative AI statement



		Publisher’s note



		Supplementary material



		Abbreviations



		References



















OPS/images/cover.jpg
& frontiers | Frontiers in Neurology

Chinese massage therapy (Tuina)
inhibits motor neuron apoptosis
in rats with sciatic nerve injury by
regulating the cPLA2 and RhoA/
ROCK?2 signaling pathways












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
, frontiers Frontiers in Neurology






OPS/images/fneur-16-1622602-g005.jpg
=1 coN
[ sHA
[ S
= TUI

e = o

s S S
O (Bu/Bu) pdOV

<
<

0.8
0.0

*

15

2 -
Mm (8/8u) P-ANL

<
-«

0

s ® © ¥ & o

< (3/8u) 911





OPS/images/fneur-16-1622602-g006.jpg
<< 200X 400X m 200X 400X 800X





OPS/images/fneur-16-1622602-g003.jpg
HE Staining

Nissl Staining
Immunofluorescence
Elisa
‘Western blot
Tuina intervention RT-PCR
— et
24 26 35 36 Day





OPS/images/fneur-16-1622602-g004.jpg





OPS/images/fneur-16-1622602-g007.jpg
TUI

DAPI

B CoN

[ SHA
= SN
= TUl

m
i

15
0
5

0.0

(%) 93¢ 1199 2Agisod NN

-« (-
wﬂ

S S S §

:a_mwn‘axa VNYW Z-Pg

O

8

il

= g
uorssoadxo

AANEPI HAAVO/T-PE

—r I 1
in Z I S
o 2 3 s

uopssoadxa
2ANuPI HAAVO/XeH

1kD
37kD
kD

5

I

= & & =

_S.nﬁ&a VNYW xeg

[sa]

Bax

Bel-.
GAPDH | s e | 37kD

GAFDH | S
g





OPS/images/fneur-16-1622602-g008.jpg
Ass B, Cy %
s z . = =1 con
§a * i H I SHA
£ A g2 g2 as =N
g
< 5 a4 5 = Tl
& ]
g 1 Eq
< g o
S 05 g hi
2 g z

0.0 0 0
D s¥ase S & S S&L

e £

- 20 roc [T v e[S peras

e e P B ] e ] e

E 1.0 F 1.0 G 15 H 0.8
t : H % £ H 2
LT £ 0 e zs
g by £ S
£ S 5o g5 £
g% bR E Zos g
02 02 42
i g 5 K

g





OPS/images/fneur-16-1622602-g001.jpg
Anesthesia Skin preparation Incision






OPS/images/fneur-16-1622602-g002.jpg
Yinmen
(BL37)
)

Yanglingquan
(GB 34) Chengshan
o (BL357)





