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Objective: The efficacy of drug therapies in managing neuropathic pain is constrained by their limited effectiveness and potential for adverse effects. In contrast, exercise has emerged as a promising alternative for pain relief. In this study, we conducted a systematic evaluation of the therapeutic impact of exercise on neuropathic pain resulting from sciatic nerve injury in rodent models.

Methods: The PubMed, Embase, and Web of Science databases were retrieved before April 2024. A series of studies regarding the effect of treadmill, swimming, wheel and other exercises on neuropathic pain induced by sciatic nerve injury in rats and mice were collected. Using predefined inclusion criteria, two researchers independently performed literature screening, data extraction, and methodological quality assessment utilizing SYRCLE’s risk of bias tool for animal studies. Statistical analysis was conducted using RevMan 5.3 and STATA 12.0 analysis software.

Results: A total of 12 relevant academic sources were included in the analysis of controlled animal studies, with 133 rodents in the exercise group and 135 rodents in the sedentary group. The meta-analysis revealed that exercise was associated with a significant increase in paw withdrawal mechanical threshold [Standard Mean Difference1 (SMD) = 0.84, 95% confidence interval (CI): 0.28–1.40, p = 0.003] and paw withdrawal thermal latency (SMD = 1.54, 95%CI: 0.93–2.15, p < 0.0001) in rats and mice with sciatic nerve injury. Subgroup analyses were conducted to evaluate the impact of exercise duration on heterogeneity. The results showed that postoperative exercise duration ≤3 weeks could significantly elevate paw withdrawal mechanical threshold (SMD = 1.04, 95% CI: 0.62–1.46, p < 0.00001). Postoperative exercise duration ≤4 weeks could significantly improve paw withdrawal thermal latency (SMD = 1.93, 95% CI:1.19–2.67, p < 0.00001).

Conclusion: Exercise represents an effective method for improving mechanical and thermal hypersensitivity resulting from sciatic nerve injury in rodents. Factors such as pain models, the initiation of exercise, the type of exercise, and the species of rodent do not significantly impact the development of exercise-induced hypoalgesia. However, the duration of postoperative exercise plays a crucial role in the onset of exercise-induced hypoalgesia.
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1 Introduction

Chronic pain is a pervasive global issue that incurs substantial treatment expenses and imposes significant burdens on both society and families (1). Additionally, individuals suffering from chronic pain frequently experience comorbid anxiety and depression (2).

Symptoms of chronic pain, particularly insomnia, can result in considerable physical and psychological suffering (3, 4). Chronic pain frequently manifests with a neuropathic component, affecting an estimated 10% of cases (5) and is characterized by intricate pathophysiological mechanisms involving a complex interplay of neurotransmitters, receptors, ion channels, and cellular processes. The intricate nature of these pain factors presents a significant challenge in developing effective treatment strategies (6).

Pharmacological interventions represent a mainstay of managing pathological pain, despite the potential side effects of nausea, drowsiness, weight gain, and pruritus (7). However, the efficacy of medication alone is often limited, necessitating the incorporation of non-pharmacological treatments such as surgery, electrical stimulation, stem cell therapy, acupuncture, and exercise to achieve optimal therapeutic outcomes (8). These complementary approaches have demonstrated positive therapeutic effects in the management of pathological pain (9, 10).

Exercise, as a non-pharmacological intervention, has shown significant effects in pain management. It mainly reduces pain through several mechanisms. First, exercise promotes blood circulation, accelerates tissue repair and inflammation resolution, which is the key to relieving acute and chronic pain. At the same time, it enhances muscle strength and flexibility, improves body posture, and reduces pain caused by poor posture or muscle tension. Secondly, exercise’s positive regulation of the nervous system is also an important way to relieve pain. It can stimulate the endogenous analgesic system, release natural analgesic substances such as endorphins, regulate the transmission of pain signals, and reduce pain perception. In addition, exercise promotes neuroplasticity, including neuron regeneration and synaptic reconstruction, which helps restore damaged nerve function and relieve neuropathic pain. Exercise-induced pain relief has become a research hotspot in recent years due to its intricate link to the physiological responses of the human body. As a pain management modality, exercise offers a unique advantage in its ability to exert its influence on multiple organs and systems simultaneously, thereby benefiting the treatment of diverse medical conditions (11). Several studies have indicated that inadequate physical activity may contribute to the exacerbation of pain. Research conducted on both human subjects and rats has demonstrated that limitations in physical activity can result in heightened sensitivity to pain (12, 13).

Understanding the impact and underlying mechanisms of pain significantly influences clinical decision-making, providing a theoretical basis for the development of effective exercise intervention programs (14, 15). Meta-analyses on the effectiveness of exercise for pain relief are inconclusive due to substantial variations in pain models and measurement methods. These variations may also explain inconsistencies in research findings related to exercise methods, styles, intensity, duration, and specific pain conditions (16–18).

While numerous studies support the effectiveness of exercise for pain relief, others suggest it may not always be beneficial (19). Consequently, it is imperative to investigate the impact of various exercise regimens on distinct types of pain to prescribe exercise interventions that yield optimal results.

This study employs meta-analysis techniques to comprehensively evaluate the efficacy of diverse exercise interventions for alleviating pain in animal models of sciatic nerve injury. The primary objective is to elucidate the impact of exercise on the functional restoration of sciatic nerve tissue. Ultimately, this investigation aims to inform the development of future research on exercise prescription for pain management strategies. By exploring the potential of exercise-based interventions, this research contributes to the growing body of knowledge on multimodal treatment approaches for neuropathic pain, potentially complementing pharmacological interventions and stem cell therapies for a more comprehensive therapeutic approach.



2 Data and methods

The article adhered rigorously to the Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) guidelines (20).


2.1 Literature search strategy

A comprehensive literature search strategy was employed to identify relevant studies for this systematic review. The search was conducted by the author across four electronic databases: Cochrane Library, PubMed, Embase, and Web of Science. To ensure thoroughness, a broad range of search terms were used, encompassing various exercise modalities (exercise, locomotion, running, swimming, environmental enrichment, treadmill, vibration, aerobic, strength, isometric, isotonic, isokinetic, endurance, weight, physiotherapy, resistance, training), alongside terms related to sciatic nerve injury (sciatic nerve crush, nerve ligation, chronic constriction injury) and pain (pain, neuropathic pain, nociceptive, hyperalgesia, alodynia, sensory recovery, sciatica). Notably, the search encompassed studies published from December 2023 onwards. The specific search strategy employed within each database is detailed elsewhere (potentially in Figure 1). In addition to the electronic search, manual inspection of retrieved articles and reference lists was conducted to ensure the capture of potentially relevant studies not identified by the initial database search. This comprehensive approach aimed to maximize the identification of relevant studies for inclusion in the systematic review.
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FIGURE 1
 Retrieval strategies for PubMed database.




2.2 Inclusion and exclusion criteria


2.2.1 Inclusion criteria

1. Research object: Basic experimental research on the construction of a sciatic nerve injury pain model in rats and mice.

2. Exercise Intervention: All animals in the study underwent a postoperative exercise intervention.

3. Control Group: A control group was established that included animals with the sciatic nerve injury pain model but without exercise intervention.

4. Outcome Measures: Studies had to report at least one of the following pain outcome measures: (1) Mechanical pain threshold measured by von Frey filaments; (2) Thermal pain threshold measured by thermal radiation.

5. Study Design: Controlled animal experiments were included.



2.2.2 Exclusion criteria

1. Absence of a Control Group.

2. Duplicate Studies: Studies with redundant data were excluded, such as those from the same author using the same experimental subjects and procedures.

3. Insufficient Data.

4. Animals with Altered Pain Perception.

5. Review Articles.



2.2.3 Literature screening and data extraction

The author independently conducted literature screening, data extraction, and cross-checking to ensure accuracy and minimize bias. In cases of disagreement, a third party was consulted to reach a consensus. If essential information was missing from the studies, attempts were made to contact the original authors for clarification. Additionally, Engage Digitizer software was utilized to extract data from measurement charts where necessary. The extracted data encompassed the following categories:

1. Basic Study Information: This included the first author, country/region of publication, and publication year.

2. Subject Characteristics: This included animal species, age, body mass, sex, and the specific pain model used.

3. Intervention Details: This included the duration, mode, intensity, and start time of exercise interventions for the experimental group, as well as any interventions administered to the control group.

4. Risk of Bias Assessment: Key elements were evaluated to assess the potential risk of bias within the included studies.

5. Outcome Measures: This included the specific pain outcome indicators employed in the studies, along with the corresponding data.



2.2.4 Literature quality assessment

The risk of bias in the original animal experiments included in this study was assessed using the Systematic Review Centre for Laboratory Animal Experimentation (SYRCLE) animal experiment risk of bias assessment tool recommended by SYRF (21). The evaluation was conducted independently by the author, who reviewed the included articles for research bias across various aspects:

1. Sequence generation.

2. Baseline characteristics.

3. Allocation concealment.

4. Animal placement: This refers to whether the randomization process included assigning animals to different cages or housing conditions to minimize bias.

5. Blinding of Researchers.

6. Randomized outcome evaluation.

7. Blinding of testers.

8. Incomplete data reporting.

9. Selective Outcome Reporting.

10. Other sources of bias.

11. For each criterion, “Y” indicated a low risk of bias, “N” indicated a high risk of bias, and “U” indicated unclear risk.




2.3 Outcome

The specific outcomes assessed in this study were mechanical pain threshold and changes in thermal pain threshold.



2.4 Statistical analysis

Data analysis was conducted using RevMan 5.3 and STATA 12.0, provided by the Cochrane Library Collaboration Network, with software from StataCorp in College Station, Texas, United States. The heterogeneity of the included studies was assessed using the I2 statistic. A value of I2 < 50% and a Q-test p-value > 0.1 indicated low heterogeneity, allowing for the use of a fixed-effects model for analysis. Conversely, I2 ≥ 50% or a Q-test p-value ≤ 0.1 indicated significant heterogeneity, necessitating the use of a random-effects model. Since the outcome indicators (mechanical and thermal pain thresholds) were continuous data, the standardized mean difference (SMD) with its corresponding 95% confidence interval (CI) was used for analysis. Based on the analysis results, subgroup and sensitivity analyses were conducted to explore potential sources of heterogeneity. Additionally, Egger’s test was employed for quantitative assessment of publication bias. A p-value < 0.05 from Egger’s test indicated potential publication bias. In such cases, the trim and fill method was utilized to potentially adjust for this bias.




3 Results


3.1 Literature retrieval

Following the outlined literature retrieval strategy and systematic search of library databases for relevant scholarly articles, a total of 1,801 articles were identified (Figure 2). The breakdown by database was as follows: PubMed (n = 286), EMBASE (n = 611), Web of Science (n = 745), CNKI (n = 38), and Wanfang (n = 120). Utilizing Endnote software, duplicate articles (n = 400) were removed. Title and abstract screening excluded an additional 1,373 articles. Finally, full-text review of the remaining articles resulted in the exclusion of 16, yielding a final selection of 12 studies for inclusion in this analysis.

[image: Figure 2]

FIGURE 2
 Flowchart of the literature retrieval process.




3.2 Basic characteristics of studies included in this research

This meta-analysis analyzed twelve controlled animal experiment articles published prior to April 2024 that explored the impact of exercise on pain management (16–18, 22–30). Three of these articles included two separate exercise regimens (16, 22, 29), resulting in a total of fifteen exercise protocols evaluated. The study population consisted of both rats (68.9%) and mice (31.1%). Within the rat population, 133 animals were assigned to the exercise intervention group, with an equal number assigned to the control group, for a total of 266 animals (133 rats and 133 mice).

The studies employed various sciatic nerve injury models, including partial ligation, chronic compression, and resection-repair. Within the exercise programs, treadmill exercise was most frequent (9 studies) (16, 18, 22, 23, 25–27). Swimming exercise programs were used in four studies (17, 22, 24, 29), and one study utilized a voluntary wheel running (28). Five studies initiated exercise interventions before surgery (18, 22, 27–29), while seven began exercise post-surgery (16, 17, 23–26, 30). Postoperative exercise duration ranged from 1 to 8 weeks with no reported adverse events (18, 23). Both control and exercise groups received the same pain model induction, with the control group not receiving any exercise intervention. This study focused on the therapeutic effects of exercise on mechanical and thermal hyperalgesia due to limited research on cold allodynia and exercise-induced spontaneous pain.

To ensure good homogeneity among studies, the included outcome indicators were the mechanical pain threshold measured by Von Fery filaments and the thermal pain threshold measured by thermal radiation. The comparisons based on different models are shown in Tables 1A–C.



TABLE 1 Characteristics of the included studies with (A) PSNL model, (B) CCI model, and (C) SNTR model.
[image: Table1]



3.3 The results of the risk of bias assessment

The risk of bias within the included studies was assessed using established criteria, and the evaluation results are presented in Table 2. This assessment focused on key areas such as random sequence generation, allocation concealment, blinding of outcome assessors, and selective outcome reporting. All studies adhered to complete data reporting standards. Baseline characteristics of the animals, including body weight, pre-surgery mechanical and thermal pain thresholds, were reported in all included articles. Three studies employed blinding for researchers (investigators conducting the experiment) (18, 22, 26), while six studies utilized blinding for pain testers who evaluated the animals’ responses (22, 23, 25–28).



TABLE 2 SYRCLE’s risk of bias tool for animal studies.
[image: Table2]



3.4 Meta-analysis results


3.4.1 The impact of exercise on mechanical pain threshold

Eight articles were included in this meta-analysis (16, 18, 22–26, 30). Two of these articles investigated two distinct exercise programs, resulting in a total of ten exercise protocols evaluated (16, 22). The meta-analysis revealed a significant combined effect size (SMD = 0.84, 95%CI: 0.28–1.40, p = 0.003) for exercise compared to control in reducing mechanical pain sensitivity following sciatic nerve injury, as depicted in Figure 3.

[image: Figure 3]

FIGURE 3
 Forest plot of meta-analysis results for exercise on mechanical paw withdrawal threshold. The mechanical pain threshold of the exercise group was significantly higher than that of the control group (p = 0.003). a,bRepresent different exercise programs in the same study.




3.4.2 Subgroup analysis results of exercise’s impact on mechanical pain threshold

To explore potential sources of heterogeneity in the effect of exercise on mechanical pain, subgroup analyses were conducted based on exercise duration and mode (Figure 4). The analysis focused on the duration of postoperative exercise intervention. When the intervention lasted for three weeks or less (≤3 weeks), a significant increase in the mechanical pain threshold was observed in the exercise group compared to the control group (SMD = −1.04, 95% CI: −1.46 to −0.62, p < 0.00001). This finding suggests a substantial improvement in pain sensitivity with shorter exercise interventions. Importantly, the heterogeneity within this subgroup was low (I2 = 0%), indicating consistency across studies. However, for exercise interventions lasting four weeks or longer (≥4 weeks), the increase in mechanical pain threshold was not statistically significant (SMD = 0.62, 95% CI: −0.45 to 1.69, p = 0.25). Additionally, the heterogeneity within this subgroup was high (I2 = 82%), suggesting high risk of heterogeneity across studies. These results imply that exercise interventions exceeding four weeks may not be effective in improving mechanical pain sensitivity.

[image: Figure 4]

FIGURE 4
 Forest plot of subgroup analysis: postoperative exercise duration on mechanical paw withdrawal threshold. Subgroup analysis based on postoperative exercise intervention time showed that postoperative exercise time ÿ 3 weeks could significantly improve the mechanical pain threshold, while postoperative exercise time ÿ 4 weeks had no significant improvement in mechanical pain threshold. a,bRepresent different exercise programs in the same study.


The subgroup analysis investigated the effect of different exercise modes on mechanical pain threshold, as depicted in Figure 5. Treadmill exercise showed a significant increase in mechanical pain threshold compared to the control group. The heterogeneity within the treadmill exercise group was moderate (I2 = 66%). In contrast, swimming exercise did not yield a statistically significant improvement in mechanical pain threshold. Additionally, the heterogeneity within the swimming exercise group was high (I2 = 88%). These findings suggest that treadmill exercise may be more effective than swimming exercise in improving mechanical pain sensitivity following sciatic nerve injury. While swimming showed a trend toward improvement, it did not reach statistical significance in this analysis.

[image: Figure 5]

FIGURE 5
 Forest plot regarding subgroup analysis of exercise forms of mechanical paw withdrawal threshold. Subgroup analysis was conducted based on different exercise methods. Treadmill exercise significantly increased the mechanical pain threshold, while swimming exercise did not significantly increase the mechanical pain threshold. a,bRepresent different exercise programs in the same study.




3.4.3 Effect of exercise on thermal pain threshold

11 articles (16, 17, 22–30) investigated the effect of exercise on thermal pain threshold. Three of these articles included two distinct exercise programs, resulting in a total of fourteen exercise protocols evaluated (16, 20, 22). The meta-analysis revealed significant heterogeneity among the studies, necessitating the use of a random effects model. The pooled analysis indicated a significant effect size (SMD = 1.54, 95% CI: 0.93–2.15, p < 0.0001) favoring exercise compared to control in reducing thermal pain sensitivity following sciatic nerve injury (Figure 6). These findings suggest that exercise interventions may be beneficial for improving thermal allodynia in this population.

[image: Figure 6]

FIGURE 6
 Forest plot regarding meta-analysis estimate for exercise on paw withdrawal thermal latency. The thermal pain threshold of the exercise group was significantly higher than that of the control group (P < 0.00001). a,bRepresent different exercise programs in the same study.


Given the limited research on exercise interventions for thermal pain and the substantial heterogeneity observed among studies, we hypothesized that variations in factors such as animal species, pain model, exercise type, timing of exercise initiation, and intervention duration might contribute to this heterogeneity. To explore these potential sources, a meta-regression analysis was conducted on the aforementioned variables (Table 3). The analysis revealed that species and pain models were not significant contributors to heterogeneity. However, the timing of postoperative exercise intervention emerged as a significant source (p-value = 0.037), suggesting that the time point at which exercise begins after surgery may influence treatment effects.



TABLE 3 Meta-regression analysis results of heterogeneity factors affecting paw withdrawal thermal latency.
[image: Table3]



3.4.4 Subgroup analysis of the effect of exercise on thermal pain threshold

To further explore the sources of heterogeneity, a subgroup analysis was conducted based on the duration of postoperative exercise intervention. For interventions lasting four weeks or less (≤4 weeks), a significant increase in thermal pain threshold was observed in the exercise group compared to the control group (SMD = 1.93, 95%CI: 1.19–2.87, p < 0.00001). However, the heterogeneity within this subgroup remained high (I2 = 75%).

In contrast, exercise interventions lasting at least five weeks (≥5 weeks) showed an increase in thermal pain threshold, but this increase was not statistically significant (SMD = 0.42, 95% CI: 0.08–0.83, p = 0.10). Moreover, the heterogeneity within this subgroup was low (I2 = 0%), indicating consistency in treatment effects across studies. These findings suggest that exercise interventions exceeding four weeks may not be as effective in improving thermal pain sensitivity following sciatic nerve injury, as depicted in Figure 7.

[image: Figure 7]

FIGURE 7
 Forest plot regarding subgroup analysis of postoperative exercise duration of paw withdrawal thermal latency. In subgroup analysis with postoperative exercise time, the postoperative exercise time ≤ 4 weeks significantly increased the thermal pain threshold, and the postoperative exercise ≥ 5 weeks. There was no significant increase in the heat pain threshold. a,bRepresent different exercise regimens for the same study.




3.4.5 Sensitivity analysis results

To assess the robustness of the meta-analysis findings, a sensitivity analysis was conducted. This analysis evaluated the impact of excluding individual studies on the overall effect sizes for both mechanical and thermal pain thresholds. Each study was systematically removed from the analysis one at a time, and the remaining studies were reanalyzed. The results of the sensitivity analysis revealed that the exclusion of any single study did not significantly alter the combined effect sizes for exercise on either mechanical or thermal pain thresholds. This finding suggests a high level of consistency and reliability in the overall research findings.




3.5 Publication bias analysis

STATA 12.0 software was employed to assess publication bias. Funnel plots were generated to visualize potential bias for both mechanical and thermal pain thresholds following exercise intervention (Figure 8). Additionally, Egger’s regression test was utilized for quantitative analysis of publication bias.

[image: Figure 8]

FIGURE 8
 Mechanical pain threshold funnel plot. The funnel plot is symmetrical and has no publication bias.


Egger’s test yielded a p-value of 0.073, suggesting an absence of publication bias for the analysis of mechanical pain threshold. Conversely, the funnel plot for thermal pain threshold (Figure 9) exhibited asymmetry, and Egger’s test confirmed this with a highly significant p-value of less than 0.001, indicating the presence of publication bias. To address this bias, a trim and fill method was implemented (Figure 10). This method statistically imputes missing studies to achieve a symmetrical funnel plot, suggesting the addition of four hypothetical studies. Despite a slight change in the effect size after adjusting for publication bias (SMD = 2.81, 95%CI: 0.31–1.74, p = 0.005), a significant difference between the exercise and control groups remained.

[image: Figure 9]

FIGURE 9
 Thermal pain threshold funnel plot. The funnel plot is asymmetrical and there is publication bias.


[image: Figure 10]

FIGURE 10
 Analysis chart of trim and fill method for thermal pain threshold index. After adding four studies using the trimming and patching method, publication bias was eliminated.


Thermal pain perception involves not only TRPV1 channels, but may also be affected by other temperature-sensitive ion channels, neurotransmitters, and receptors. In addition, thermal stimulation may trigger a wider range of neuroinflammatory responses, which may show greater variability under different experimental conditions. Mechanical pain perception is relatively more direct, and its neural pathways may be relatively simple. Therefore, under experimental conditions, changes in mechanical pain thresholds may be more consistent and predictable. The reasons why thermal responses may show deviations in meta-analysis involve many factors, such as the complexity of pain mechanisms, differences in experimental methods, uncertainties in data collection and analysis, and physiological adaptation and fatigue effects. These factors work together to lead to inconsistencies in the results of thermal pain thresholds in different studies. However, by adopting appropriate statistical methods and interpretation strategies, we can reduce this bias to a certain extent and improve the reliability and validity of meta-analysis results.




4 Discussion


4.1 The effect of postoperative exercise intervention duration on mechanical pain threshold

Subgroup analysis revealed that exercise interventions lasting four weeks or less (≤4 weeks) significantly improved mechanical pain sensitivity compared to control, while interventions exceeding four weeks (≥ 4 weeks) did not. This finding aligns with a previous meta-analysis by Guo et al. (14) on exercise for peripheral neuropathy in rats, which showed no significant improvement in mechanical pain sensitivity with interventions lasting five weeks or longer. Similarly, Chen et al. (22) investigated the effect of exercise on mechanical pain threshold using a chronic compression sciatic nerve injury model in rats. Their findings showed a significant difference in pain threshold between exercise and control groups early after surgery, but no difference by day 39 post-surgery. This suggests minimal improvement after six weeks of exercise. Grace et al. (31) also used a chronic compression model and found that mechanical pain sensitivity persisted in the control group for 15 weeks. Variations in pain duration across similar models might be due to differences in the severity of nerve damage caused by the specific pain model, potentially contributing to the observed heterogeneity in our findings. Overall, the duration of the exercise intervention significantly impacted the collective results. Most studies demonstrated a positive effect on reducing mechanical pain sensitivity before the end of the exercise program. These findings suggest that the duration of postoperative exercise plays a critical role in improving mechanical pain sensitivity through physical activity. Notably, exercise interventions within three weeks of surgery appear to have the most pronounced impact on improving mechanical pain sensitivity following sciatic nerve injury.



4.2 The effect of postoperative exercise intervention duration on thermal pain threshold

Sciatic nerve injury is known to significantly reduce thermal pain threshold and lead to thermal sensitivity symptoms. Assessing thermal pain threshold involves measuring the latency in response to thermal radiation. However, inconsistencies in the literature regarding the intensity of thermal radiation used during experiments can lead to varying outcomes. This variation in methodology for thermal pain threshold testing may be a significant contributor to the observed heterogeneity in results across studies.

A comprehensive review by Pitcher et al. (19) examined the impact of exercise on pain models in mice. Their analysis included 22 studies investigating thermal pain sensitivity in exercise-treated pain models for both rats and mice. Notably, the majority of these studies reported significant improvement in thermal pain sensitivity following exercise intervention. Pitcher et al. considered several factors that might influence the effectiveness of exercise, including animal characteristics (gender and species), timing and type of exercise initiation, the specific pain model used, and the duration of the exercise program (19). Importantly, their review did not identify a single factor that definitively influenced the success of exercise in enhancing thermal sensitivity. However, their findings echo the results of the current study. Exercise interventions lasting four weeks or less (≤4 weeks) were associated with a significant improvement in thermal pain sensitivity following sciatic nerve injury. In contrast, exercise programs exceeding five weeks (≥5 weeks) did not yield a significant improvement in thermal pain sensitivity, but may still play a role in promoting recovery processes.



4.3 Analysis of the reasons for the differences in the results of postoperative exercise intervention on mechanical pain threshold and thermal pain threshold

Mechanical and thermal pain are mediated by distinct receptors and neural pathways. At the primary level of sensory input, these pathways differentiate between various physical sensations, including nociceptive heat/cold, mechanical stimulation, and itching (32). Studies have shown that Mas-related G protein-coupled receptors (MRGPRs) are prominently expressed in primary sensory neurons (33). Specifically, nociceptors expressing transient receptor potential vanillic acid receptor 1 (TRPV1) are responsible for thermal pain, while mechanical pain is mediated solely by nociceptors (34). Importantly, there is no observed interaction between these two receptor systems in pain production (35). Furthermore, nerve growth factor (NGF) plays a crucial role in neuropathic pain development (36). Its high-affinity receptor, tyrosine kinase receptor A (TrkA), mediates mechanical pain sensitivity resulting from cutting injury and inflammatory pain, but does not affect basal mechanical and thermal pain thresholds (37). These findings, along with the influence of higher neural centers on pain processing, highlight the distinct characteristics of mechanical and thermal pain generation. Consequently, the variations in underlying mechanisms contribute to the observed inconsistencies in the effects of exercise interventions on these two types of pain (38).



4.4 Analysis under different pain models

When exploring exercise as an effective means of relieving pain from sciatic nerve injury, we must not only focus on the overall conclusion of the impact of exercise duration on pain behavior, but also need to conduct an in-depth analysis of the development, duration, and spontaneous recovery of hypersensitivity reactions under different pain models. Characteristic. These subtle differences are critical to fully understanding the effects of exercise interventions and developing targeted pain management strategies. The following is a detailed analysis and discussion of this issue.

This meta-analysis shows that in animal models of sciatic nerve injury, short-term postoperative (≤3 weeks) exercise intervention significantly improves mechanical pain thresholds, while mid-term postoperative (≤4 weeks) exercise intervention significantly improves mechanical pain thresholds. Thermal pain threshold. However, when the duration of exercise was extended to more than 4 weeks, its relief effect on mechanical pain and thermal pain was no longer significant. This finding suggests that exercise can effectively reduce pain hypersensitivity caused by nerve damage within a specific period of time, but beyond this time window, its effect may gradually weaken or disappear.


4.4.1 Differences in specificity among different pain models

Although the overall trends are consistent, different pain models exhibit significant differences in the development and duration of hypersensitivity reactions and spontaneous recovery. These differences may arise from a variety of factors, including the severity of the nerve injury, the anatomy of the injury site, and the physiological responses of the individual animals (39).



4.4.2 Development and duration of hypersensitivity reactions

The rate of development and duration of hypersensitivity reactions vary in different pain models. For example, in some models, significant mechanical and thermal pain hypersensitivity occurs immediately after nerve injury and lasts from weeks to months; in other models, the hypersensitivity may be more gradual and persistent. The time is relatively short. This difference directly affects the optimal time point and duration of exercise intervention (40).



4.4.3 Spontaneous recovery phenomenon

Of note, animals in some models experience spontaneous recovery of hypersensitivity reactions within weeks of injury (41). This phenomenon shows that the nervous system has a certain self-healing ability and can reduce pain hypersensitivity to a certain extent. Therefore, long-term exercise intervention may not provide additional pain relief in these models because the animals are already in the process of spontaneous recovery. However, this does not mean that exercise intervention has no value in alleviating initial hypersensitivity reactions; on the contrary, short-term exercise intervention can still significantly reduce pain levels and provide positive support for the animal’s recovery process (42).



4.4.4 Deep explanation and recognition of exercise effectiveness


4.4.4.1 Discussion on physiological mechanisms

The reason why exercise can alleviate the pain hypersensitivity caused by sciatic nerve injury to a certain extent may be related to its impact on multiple physiological mechanisms. Exercise can promote blood circulation, increase the release of neurotrophic factors, and promote nerve regeneration and repair (43). At the same time, exercise can also regulate the function of the immune system, reduce inflammatory reactions and neuroimmune reactions, thereby indirectly relieving pain (44). However, the effects of these physiological mechanisms may be affected by factors such as pain model specificity and exercise duration.



4.4.4.2 Recognize the importance of model specificity

When drawing conclusions about the effectiveness of exercise, we must acknowledge differences in specificity between pain models. This difference is not only reflected in the development and duration of hypersensitivity reactions, but may also affect the specific effects and application strategies of exercise intervention. Therefore, when formulating an exercise-based pain management program, we need to fully consider factors such as individual pain model characteristics (45, 46), injury severity, and physiological responses to achieve personalized and precise treatment (47).




4.4.5 Suggestions for future research directions

In order to further verify and expand the conclusions of this article, future research can start from the following aspects:

Refining the classification of pain models: Carry out a more detailed classification and comparison of different sciatic nerve injury models to clarify their specific differences in the development, duration and spontaneous recovery of hypersensitivity reactions.

Explore the optimal time window for exercise intervention: Through more experimental studies, determine the optimal starting time and duration of exercise intervention under different pain models to maximize its pain relief effect.

In-depth study of the impact of exercise on physiological mechanisms: using advanced molecular biology and neuroimaging techniques, in-depth exploration of the specific impact of exercise intervention on physiological mechanisms such as blood circulation, neurotrophic factor release, immune system function, and its relationship with pain relief internal connections.

Formulation of personalized treatment plans: Develop personalized exercise treatment plans based on individual pain model characteristics, physiological responses and other factors to improve the pertinence and effectiveness of pain management.




4.5 Reasons for the few effects of long-term exercise


4.5.1 Spontaneous recovery phenomenon

It is pointed out that in some models, untreated animals will spontaneously recover over time, and their pain thresholds gradually approach or reach the level of trained animals (48). Therefore, although prolonged exercise may help with initial relief, the later effects are no longer significant.



4.5.2 Exercise fatigue or adaptation

Prolonged exercise may cause fatigue or adaptation in animals, thereby reducing the pain-relieving effect of exercise (49).



4.5.3 Complexity of pain mechanisms

Emphasizes the complexity of pain mechanisms, which may involve changes in multiple neurotransmitters, receptors, and ion channels (50). Prolonged exercise may not be sufficient to sustainably affect these complex pathophysiological processes.





5 Limitations of this research

This study has several limitations that should be acknowledged. Incomplete data and the inability to contact original authors for clarification resulted in the exclusion of potentially relevant studies. Additionally, variations in exercise interventions and pain measurement methods across studies may have contributed to the observed inconsistencies in results. Despite employing sensitivity and subgroup analyses, the issue of heterogeneity remains unresolved. Furthermore, the limited literature available on exercise interventions for chronic pain primarily involves male subjects. This restricts our ability to draw definitive conclusions regarding potential gender-based differences in the analgesic efficacy of exercise. Inconsistencies in the types of exercise employed further complicate efforts to compare exercise intensity and elucidate the relationship between intensity and pain reduction (24, 25). While exercise remains a cornerstone of pain management, tailored to individual presentations, further research is necessary to address these limitations. Given established sex differences in pain mechanisms (51), future studies should explore whether exercise has differential effects on pain improvement based on gender.



6 Conclusion

Exercise has emerged as an effective intervention for improving both mechanical and thermal allodynia resulting from sciatic nerve injury in rodents. Notably, the species, method, and timing of exercise initiation appear to have minimal influence on the overall effectiveness of the intervention. However, the duration of pain sensitization in the specific pain model significantly impacts the success of exercise-induced analgesia. Studies have shown that exercise demonstrably improves sciatic nerve damage in animals. Postoperative exercise interventions lasting less than three weeks resulted in a significant improvement in mechanical allodynia, while those lasting less than four weeks yielded a significant improvement in thermal hyperalgesia. These findings highlight the importance of considering the duration of pain sensitivity within the chosen pain model for future research on exercise-induced analgesia.

Future research should prioritize investigating the specific exercise movements or modalities that induce positive changes in pain-related molecules. While exercise demonstrates promise as a pain management strategy, it is important to acknowledge that it may not be a universally effective treatment for all types of pain. Therefore, further studies are needed to explore the potential benefits of combining exercise with existing therapies such as medication, acupuncture, and even novel approaches like stem cell tissue engineering. This multi-faceted approach has the potential to address pain relief from various perspectives and improve patient outcomes.

In summary, the different responses of mechanical pain threshold and thermal pain threshold to exercise intervention may originate from their respective unique molecular mechanisms. Further studies should delve into the interplay between these mechanisms and how they jointly regulate the process of neuropathic pain. By deeply understanding these molecular features, we can provide a theoretical basis for developing more precise and effective pain treatment strategies.
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Footnotes

1   Standardized mean difference (SMD): It is used to measure the difference between the means of two independent samples, taking into account the sample standard deviation, and is suitable for comparisons of different measurement units or standard deviations. A positive SMD means that the mean of the experimental group is higher than that of the control group, while a negative SMD means the opposite.



References

 1. Sá, KN, Moreira, L, Baptista, AF, Yeng, LT, Teixeira, MJ, Galhardoni, R , et al. Prevalence of chronic pain in developing countries: systematic review and meta-analysis. Pain Rep. (2019) 4:e779. doi: 10.1097/pr9.0000000000000779 

 2. Breivik, H, Collett, B, Ventafridda, V, Cohen, R, and Gallacher, D. Survey of chronic pain in Europe: prevalence, impact on daily life, and treatment. Eur J Pain. (2006) 10:287–333. doi: 10.1016/j.ejpain.2005.06.009


 3. Zhou, W, Jin, Y, Meng, Q, Zhu, X, Bai, T, Tian, Y , et al. A neural circuit for comorbid depressive symptoms in chronic pain. Nat Neurosci. (2019) 22:1649–58. doi: 10.1038/s41593-019-0468-2 

 4. Goldberg, DS, and McGee, SJ. Pain as a global public health priority. BMC Public Health. (2011) 11:770. doi: 10.1186/1471-2458-11-770 

 5. van Hecke, O, Austin, SK, Khan, RA, Smith, BH, and Torrance, N. Neuropathic pain in the general population: a systematic review of epidemiological studies. Pain. (2014) 155:654–62. doi: 10.1016/j.pain.2013.11.013 

 6. Cohen, SP, and Mao, J. Neuropathic pain: mechanisms and their clinical implications. BMJ. (2014) 348:f7656. doi: 10.1136/bmj.f7656


 7. Attal, N
. Pharmacological treatments of neuropathic pain: The latest recommendations. Rev Neurol (Paris). (2019) 175:46–50. doi: 10.1016/j.neurol.2018.08.005 

 8. Hylands-White, N, Duarte, RV, and Raphael, JH. An overview of treatment approaches for chronic pain management. Rheumatol Int. (2017) 37:29–42. doi: 10.1007/s00296-016-3481-8


 9. Vickers, AJ, Vertosick, EA, Lewith, G, MacPherson, H, Foster, NE, Sherman, KJ , et al. Acupuncture for Chronic Pain: Update of an Individual Patient Data Meta-Analysis. J Pain. (2018) 19:455–74. doi: 10.1016/j.jpain.2017.11.005 

 10. Bastidas, A, de la Serna, J, El Idrissi, M, Oostvogels, L, Quittet, P, López-Jiménez, J , et al. Effect of Recombinant Zoster Vaccine on Incidence of Herpes Zoster After Autologous Stem Cell Transplantation: A Randomized Clinical Trial. JAMA. (2019) 322:123–33. doi: 10.1001/jama.2019.9053 

 11. Pedersen, BK, and Saltin, B. Exercise as medicine—evidence for prescribing exercise as therapy in 26 different chronic diseases. Scand J Med Sci Sports. (2015) 25:1–72. doi: 10.1111/sms.12581 

 12. Terkelsen, AJ, Bach, FW, and Jensen, TS. Experimental forearm immobilization in humans induces cold and mechanical hyperalgesia. Anesthesiology. (2008) 109:297–307. doi: 10.1097/ALN.0b013e31817f4c9d 

 13. Trierweiler, J, Göttert, DN, and Gehlen, G. Evaluation of mechanical allodynia in an animal immobilization model using the von frey method. J Manip Physiol Ther. (2012) 35:18–25. doi: 10.1016/j.jmpt.2011.09.007 

 14. Guo, JB, Chen, BL, Wang, Y, Zhu, Y, Song, G, Yang, Z , et al. Meta-Analysis of the Effect of Exercise on Neuropathic Pain Induced by Peripheral Nerve Injury in Rat Models. Front Neurol. (2019) 10:636. doi: 10.3389/fneur.2019.00636 

 15. Jaggi, AS, Jain, V, and Singh, N. Animal models of neuropathic pain. Fundam Clin Pharmacol. (2011) 25:1–28. doi: 10.1111/j.1472-8206.2009.00801.x


 16. Tsai, KL, Huang, PC, Wang, LK, Hung, CH, and Chen, YW. Incline treadmill exercise suppresses pain hypersensitivity associated with the modulation of pro-inflammatory cytokines and anti-inflammatory cytokine in rats with peripheral nerve injury. Neurosci Lett. (2017) 643:27–31. doi: 10.1016/j.neulet.2017.02.021 

 17. Almeida, C, DeMaman, A, Kusuda, R, Cadetti, F, Ravanelli, MI, Queiroz, AL , et al. Exercise therapy normalizes BDNF upregulation and glial hyperactivity in a mouse model of neuropathic pain. Pain. (2015) 156:504–13. doi: 10.1097/01.j.pain.0000460339.23976.12 

 18. Cobianchi, S, Marinelli, S, Florenzano, F, Pavone, F, and Luvisetto, S. Short- but not long-lasting treadmill running reduces allodynia and improves functional recovery after peripheral nerve injury. Neuroscience. (2010) 168:273–87. doi: 10.1016/j.neuroscience.2010.03.035


 19. Pitcher, MH
. The Impact of Exercise in Rodent Models of Chronic Pain. Curr Osteoporos Rep. (2018) 16:344–59. doi: 10.1007/s11914-018-0461-9 

 20. Moher, D, Liberati, A, Tetzlaff, J, and Altman, DG. Preferred reporting items for systematic reviews and meta-analyses: the PRISMA statement. PLoS Med. (2009) 6:e1000097. doi: 10.1371/journal.pmed.1000097 

 21. Hooijmans, CR, Rovers, MM, de Vries, RB, Leenaars, M, Ritskes-Hoitinga, M, and Langendam, MW. SYRCLE's risk of bias tool for animal studies. BMC Med Res Methodol. (2014) 14:43. doi: 10.1186/1471-2288-14-43


 22. Chen, YW, Li, YT, Chen, YC, Li, ZY, and Hung, CH. Exercise training attenuates neuropathic pain and cytokine expression after chronic constriction injury of rat sciatic nerve. Anesth Analg. (2012) 114:1330–7. doi: 10.1213/ANE.0b013e31824c4ed4 

 23. Cobianchi, S, Casals-Diaz, L, Jaramillo, J, and Navarro, X. Differential effects of activity dependent treatments on axonal regeneration and neuropathic pain after peripheral nerve injury. Exp Neurol. (2013) 240:157–67. doi: 10.1016/j.expneurol.2012.11.023 

 24. Farzad, B, Rajabi, H, Gharakhanlou, R, Allison, DJ, Hayat, P, and Jameie, SB. Swimming Training Attenuates Allodynia and Hyperalgesia Induced by Peripheral Nerve Injury in an Adult Male Rat Neuropathic Model: Effects on Irisin and GAD65. Pain Med. (2018) 19:2236–45. doi: 10.1093/pm/pnx294


 25. Huang, PC, Tsai, KL, Chen, YW, Lin, HT, and Hung, CH. Exercise Combined With Ultrasound Attenuates Neuropathic Pain in Rats Associated With Downregulation of IL-6 and TNF-α, but With Upregulation of IL-10. Anesth Analg. (2017) 124:2038–44. doi: 10.1213/ane.0000000000001600 

 26. Hung, CH, Huang, PC, Tzeng, JI, Wang, JJ, and Chen, YW. Therapeutic Ultrasound and Treadmill Training Suppress Peripheral Nerve Injury-Induced Pain in Rats. Phys Ther. (2016) 96:1545–53. doi: 10.2522/ptj.20140379 

 27. Kami, K, Taguchi Ms, S, Tajima, F, and Senba, E. Improvements in impaired GABA and GAD65/67 production in the spinal dorsal horn contribute to exercise-induced hypoalgesia in a mouse model of neuropathic pain. Mol Pain. (2016) 12:174480691662905. doi: 10.1177/1744806916629059 

 28. Kami, K, Tajima, F, and Senba, E. Activation of mesolimbic reward system via laterodorsal tegmental nucleus and hypothalamus in exercise-induced hypoalgesia. Sci Rep. (2018) 8:11540. doi: 10.1038/s41598-018-29915-4 

 29. Kuphal, KE, Fibuch, EE, and Taylor, BK. Extended swimming exercise reduces inflammatory and peripheral neuropathic pain in rodents. J Pain. (2007) 8:989–97. doi: 10.1016/j.jpain.2007.08.001 

 30. Safakhah, HA, Moradi Kor, N, Bazargani, A, Bandegi, AR, Gholami Pourbadie, H, Khoshkholgh-Sima, B , et al. Forced exercise attenuates neuropathic pain in chronic constriction injury of male rat: an investigation of oxidative stress and inflammation. J Pain Res. (2017) 10:1457–66. doi: 10.2147/jpr.S135081 

 31. Grace, PM, Fabisiak, TJ, Green-Fulgham, SM, Anderson, ND, Strand, KA, Kwilasz, AJ , et al. Prior voluntary wheel running attenuates neuropathic pain. Pain. (2016) 157:2012–23. doi: 10.1097/j.pain.0000000000000607 

 32. Moayedi, M, and Davis, KD. Theories of pain: from specificity to gate control. J Neurophysiol. (2013) 109:5–12. doi: 10.1152/jn.00457.2012


 33. Bader, M, Alenina, N, Andrade-Navarro, MA, and Santos, RA. MAS and its related G protein-coupled receptors, Mrgprs. Pharmacol Rev. (2014) 66:1080–105. doi: 10.1124/pr.113.008136


 34. Zhang, Y, and Wang, Y. TRPV1: an important molecule involved in the peripheral sensitization during chronic pain and central pain modulation. Sheng Li Xue Bao. (2017) 69:677–84.

 35. Cavanaugh, DJ, Lee, H, Lo, L, Shields, SD, Zylka, MJ, Basbaum, AI , et al. Distinct subsets of unmyelinated primary sensory fibers mediate behavioral responses to noxious thermal and mechanical stimuli. Proc Natl Acad Sci USA. (2009) 106:9075–80. doi: 10.1073/pnas.0901507106


 36. Wen, YR, Tan, PH, Cheng, JK, Liu, YC, and Ji, RR. Microglia: a promising target for treating neuropathic and postoperative pain, and morphine tolerance. J Formos Med Assoc. (2011) 110:487–94. doi: 10.1016/s0929-6646(11)60074-0 

 37. Chaumette, T, Delay, L, Barbier, J, Boudieu, L, Aissouni, Y, Meleine, M , et al. c-Jun/p38MAPK/ASIC3 pathways specifically activated by nerve growth factor through TrkA are crucial for mechanical allodynia development. Pain. (2020) 161:1109–23. doi: 10.1097/j.pain.0000000000001808 

 38. Cui, CX, Liu, HY, Yue, N, Du, YR, Che, LM, and Yu, JS. Research progress on the mechanism of chronic neuropathic pain. IBRO Neurosci Rep. (2023) 14:80–5. doi: 10.1016/j.ibneur.2022.12.007 

 39. Ferrillo, M, Giudice, A, Marotta, N, Fortunato, F, di Venere, D, Ammendolia, A , et al. Pain Management and Rehabilitation for Central Sensitization in Temporomandibular Disorders: A Comprehensive Review. Int J Mol Sci. (2022) 23:2164. doi: 10.3390/ijms232012164 

 40. Nijs, J, Leysen, L, Vanlauwe, J, Logghe, T, Ickmans, K, Polli, A , et al. Treatment of central sensitization in patients with chronic pain: time for change? Expert Opin Pharmacother. (2019) 20:1961–70. doi: 10.1080/14656566.2019.1647166


 41. Doña, I, Pérez-Sánchez, N, Eguiluz-Gracia, I, Muñoz-Cano, R, Bartra, J, Torres, MJ , et al. Progress in understanding hypersensitivity reactions to nonsteroidal anti-inflammatory drugs. Allergy. (2020) 75:561–75. doi: 10.1111/all.14032 

 42. Siddall, B, Ram, A, Jones, MD, Booth, J, Perriman, D, and Summers, SJ. Short-term impact of combining pain neuroscience education with exercise for chronic musculoskeletal pain: a systematic review and meta-analysis. Pain. (2022) 163:e20–30. doi: 10.1097/j.pain.0000000000002308


 43. Kong, Y, Kuss, M, Shi, Y, Fang, F, Xue, W, Shi, W , et al. Exercise facilitates regeneration after severe nerve transection and further modulates neural plasticity. Brain Behav Immun Health. (2022) 26:100556. doi: 10.1016/j.bbih.2022.100556 

 44. Modarresi Chahardehi, A, Masoumi, SA, Bigdeloo, M, Arsad, H, and Lim, V. The effect of exercise on patients with rheumatoid arthritis on the modulation of inflammation. Clin Exp Rheumatol. (2022) 40:1420–31. doi: 10.55563/clinexprheumatol/fohyoy 

 45. Binda, KH, Chacur, M, and Martins, DO. Exercise Improves Orofacial Pain and Modifies Neuropeptide Expression in a Rat Model of Parkinson's Disease. Neurotox Res. (2023) 41:459–70. doi: 10.1007/s12640-023-00651-6 

 46. Bharadwaj, VN, Sahbaie, P, Shi, X, Irvine, KA, Yeomans, DC, and Clark, JD. Effect of Voluntary Exercise on Endogenous Pain Control Systems and Post-traumatic Headache in Mice. J Pain. (2023) 24:1859–74. doi: 10.1016/j.jpain.2023.05.015 

 47. Matesanz-García, L, Billerot, C, Fundaun, J, and Schmid, AB. Effect of Type and Dose of Exercise on Neuropathic Pain After Experimental Sciatic Nerve Injury: A Preclinical Systematic Review and Meta-Analysis. J Pain. (2023) 24:921–38. doi: 10.1016/j.jpain.2023.01.011 

 48. Cochrane Back and Neck GroupIJzelenberg, W, Oosterhuis, T, Hayden, JA, Koes, BW, van Tulder, MW , et al. Exercise therapy for treatment of acute non-specific low back pain. Cochrane Database Syst Rev. (2023) 2023:CD009365. doi: 10.1002/14651858.CD009365.pub2 

 49. Berardi, G, Eble, C, Hunter, SK, and Bement, MH. Localized Pain and Fatigue During Recovery From Submaximal Resistance Exercise in People With Fibromyalgia. Phys Ther. (2023) 103:pzad033. doi: 10.1093/ptj/pzad033


 50. Sluka, KA, Frey-Law, L, and Hoeger, BM. Exercise-induced pain and analgesia? Underlying mechanisms and clinical translation. Pain. (2018) 159:S91–s97. doi: 10.1097/j.pain.0000000000001235 

 51. Mogil, JS
. Sex differences in pain and pain inhibition: multiple explanations of a controversial phenomenon. Nat Rev Neurosci. (2012) 13:859–66. doi: 10.1038/nrn3360 


Copyright
 © 2024 Liu, Li, Wang, Zhang, Zhao, Su, Zou, Feng and Zhang. 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/images/fneur-15-1424050-t003.jpg
Regression Standard error t-value P-value 95% CI

coefficient
Species ~2424 1069 -2270 0053 (-4.889,0.040]
Pain mode ~0.785 0610 -1.290 0234 [-2.191,1.263)
Exercise mode ~0519 0773 ~0.670 0520 (~2302,1.263)
Start time ~0531 0836 ~0.630 0544 [~2.460,1.398)
Intervention time -2136 0854 ~2.500 0037 (~4.104,~0.168)

A significance level of p <005 suggests that this factor influences the heterogeneity observed between studies.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Exercise as a promising alternative for sciatic nerve injury pain relief: a meta-analysis



		1 Introduction



		2 Data and methods



		2.1 Literature search strategy



		2.2 Inclusion and exclusion criteria



		2.2.1 Inclusion criteria



		2.2.2 Exclusion criteria



		2.2.3 Literature screening and data extraction



		2.2.4 Literature quality assessment









		2.3 Outcome



		2.4 Statistical analysis









		3 Results



		3.1 Literature retrieval



		3.2 Basic characteristics of studies included in this research



		3.3 The results of the risk of bias assessment



		3.4 Meta-analysis results



		3.4.1 The impact of exercise on mechanical pain threshold



		3.4.2 Subgroup analysis results of exercise’s impact on mechanical pain threshold



		3.4.3 Effect of exercise on thermal pain threshold



		3.4.4 Subgroup analysis of the effect of exercise on thermal pain threshold



		3.4.5 Sensitivity analysis results









		3.5 Publication bias analysis









		4 Discussion



		4.1 The effect of postoperative exercise intervention duration on mechanical pain threshold



		4.2 The effect of postoperative exercise intervention duration on thermal pain threshold



		4.3 Analysis of the reasons for the differences in the results of postoperative exercise intervention on mechanical pain threshold and thermal pain threshold



		4.4 Analysis under different pain models



		4.4.1 Differences in specificity among different pain models



		4.4.2 Development and duration of hypersensitivity reactions



		4.4.3 Spontaneous recovery phenomenon



		4.4.4 Deep explanation and recognition of exercise effectiveness



		4.4.4.1 Discussion on physiological mechanisms



		4.4.4.2 Recognize the importance of model specificity









		4.4.5 Suggestions for future research directions









		4.5 Reasons for the few effects of long-term exercise



		4.5.1 Spontaneous recovery phenomenon



		4.5.2 Exercise fatigue or adaptation



		4.5.3 Complexity of pain mechanisms















		5 Limitations of this research



		6 Conclusion



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Footnotes



		References



















OPS/images/fneur-15-1424050-t002.jpg
First author, year of

publication

Huang etal. (25), 2017 u Y u u N u Y N u Y
Teai etal. (16), 2017 u Y u u N u U N u Y
Kami etal. (27), 2016 u Y u u N U Y N v Y
Almeida etal. (17), 2015 u Y u u N U U N u ¥
Chenetal. (22), 2012 u Y u u Y u ¥ N u Y
Hung etal. (26), 2016 u Y u u Y U Y N v Y
Cobianchi etal. (23), 2013 u Y u u N U Y N u ¥
Kamietal. (25), 2018 u Y u u N u ¥ N u Y
Cobianchi etal. (15), 2010 u Y u u Y U U N u Y
Kuphal etal. (29), 2007 U Y U u N U U N u ¥
Farzad etal. (24), 2018 u Y u u N u U N u Y
Safakhah et al. (30), 2017 u Y u u N u u N U Y

“Y" indicates a low risk of bias, “N” indicates a high risk of bias, and *U” indicates unclea risk of bias. The table evaluates ten key areas: (1) sequence generation (randomization of allocation to
groups), (2) baseline charactristics (similariy of groups at the study start), 3) allocation concealment (blinding those assigning animals to groups), (4) animal placement randomization
(avoiding bias in housing), (5) blinding o researchers, (6) blinding of outcome assessors, 7) blinding of testers conducting pain assessments, (8) completeness of data reporting, (9) selective
outcome reporting (reporting all relevant results), and (10) other potential sources of bias.






OPS/images/fneur-15-1424050-t001.jpg
Author/year of  Animal Pain Sample size  Movement Exercise Outcome

publication species/sex/  model (exercise begin time interventions measures
body weight group/control
group, n)
(A) PSNL model
Almeida etal. (17), BALB/c mouse, PSNL 1012 7 days postoperatively  Swimming, 1 min/d, Hot pain threshold
2015 male (23.5+0.24) g preoperative acclimatization for
5d.Start with 10min/d and
increase every 3days of training
10min, to 50min, then stop
increasing, 5/week, for a total of
Sweeks
Kamietal.(27),2016  CS7BL/6 mouse, PSNL 6/6 12 days preoperatively | Treadmill, 10min/d 2weeks Hot pain threshold
male, Weight was before surgery, 20-60 min
not provided Tweek before surgery, 2days
after surgery, 60min/d for 5
consecutive days, 7m/min
Kamietal. (25),2018  C57BL/6] mouse, PSNL 86 14 days preoperatively | Runner, 14days preoperatively | Hot pain threshold
‘Weight was not to 14days postoperatively
provided
Kuphal etal. (29), 2007 Sprague-Dawley PSNL 6/8 14 days preoperatively  Swimming, 14days before Hot pain threshold
rat, male, 250-300g surgery to 25 days after surgery,
90min/d
Kuphal etal. (29),2007  CD1 mouse, male, PSNL 1010 5 days preoperatively  Swimming, continuous exercise | Hot pain threshold
30-35g for 5days before surgery, and
continuous exercise for 6 days
after 1 day after surgery,
30min/d
(B) CCI model
Chenetal. (22,2012 Sprague-Dawley ca 1010 ‘Treadmill,no slope, from 20m/ | Mechanical pain
rat, male, 250-300g min to 30m/min, 15-60min/d,  threshold, Hot pain
5 d/wweek, Gweeks in total threshold
Chenetal. (22,2012 Sprague-Dawley ca 1010 2days preoperatively  Swimming, start with 10min/  Mechanical pain
rat, male, 250-300g repetition and gradually threshold, Hot pain
increase to 90 min/repetition 1 threshold
training session per day for
90 min for 39 days
Cobianchietal. (18), DI mouse, male, ca 811 14 days preoperatively  Treadmill, 12m/min start, Mechanical pain
2010 40-45g 1.2-31.2m/min increments threshold
every Smin, 1h/d, 5 days/week,
2weeks preoperatively plus
3-56days postoperatively
Huangetal. (25,2017 Sprague-Dawley ca 1010 8 days postoperatively  Treadmill, 8% uphill, 14-16m/  Mechanical pain
rat, male, 220-270g min, 30min/d, 3 weeks threshold, Hot pain
threshold
Hungetal. (26,2016 Sprague-Dawley ca 1010 3 days postoperatively  Treadmill, 8% uphill, 14-16m/ | Mechanical pain
rat, male, 220-270g min, 30min/d, 5 d/week for threshold, Hot pain
4weeks threshold
Tsai etal. (16), 2017 Sprague-Dawley ca 1212 3 days postoperatively  Treadmill, 14-16m/min, Mechanical pain
rat, male, 285-335g 30min/d, 8% uphill, 3weeks of  threshold, Hot pain
continuous movement threshold
Tsai etal. (16), 2017 Sprague-Dawley ca 1212 2days postoperatively  Treadmill, 14-16m/min, Mechanical pain
rat, male, 285-335g 30min/d, no slope, 3weeks of  threshold, Hot pain
continuous movement threshold
Faraad etal. (24), 2018 Wistar rat, male, ccr "7 3 days postoperatively  Swimming, 3days of Mechanical pain
180-220g acclimatization training, the  threshold, Hot pain
exercise time gradually threshold
increased to 60min/d in the
first week, and the total
movement was carried out
Move for 4weeks
Safakhah etal. (30), Wistar rat, male, ca o8 3 days postoperatively  Treadmill, 5 days Mechanical pain
2017 (200420)g acdlimatization, 16 m/min, threshold, Hot pain
30min/d, 5 dweek for 3weeks  threshold
of exercise
(C) SNTR model
Cobianchietal. (23),  Sprague-Dawley SNTR 8115 3 days postoperatively  Treadmill, no slope, starting | Mechanical pain
2013 rat, female, speed 6m/min, increasingby  threshold, Hot pain
(240+30) g 1.2-19.2m/min every 5min. threshold

No further increase in velocity,
1h/d, total of 5.d





OPS/images/fneur-15-1424050-g010.jpg
Filled funnel plot with pseudo 95% confidence limits

S i





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

Exercise as a promising
alternative for sciatic nerve injury
pain relief: a meta-analysis












OPS/images/crossmark.jpg
©

2

i

|






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






OPS/images/fneur-15-1424050-g005.jpg
Experimental Control group Std. Mean Std. Mean
group Difference Difference
2.5.1 Treadmill sports
Study or Subgroup | Mea | SD | Tota | Mean | SD | Total | Weight v, IV, Random,
n 1 Random,95%Cl 95%CT
ChenYW2012a | 0.09 | 14 | 10 | 038 | 1.98 | 10 | 108% | 026[-0.62,1.14]
9
Cobianchi S2010 | 64 | 14 | 8 | 480 | 186 | 11 | 10.3% | -0.90[-1.86,0.07]
1
Cobianchi § 2013 28 8 [ 192 [426] 15 | 105% | 1.13-0.202.06]
147 | 3
Huang PC 2017 S [20 [ 10 [-1298 [ 187 10 | 10.6% | 0.77-0.15,1.68]
13| 8
5
Hung CH 2016 23 10 [-1184| 20 | 10 | 97% | 1.74[0.68281] E,
7.83
Safakhah 2017 - 22 6 |-3284]753] 8 82% | 1.770.46,3.08] :
203 8 ®
Tsai KL2017a ~ 35| 12 [-1295 [ 198 | 12 | 10.7% | 134[0.44224]
892 | 9 e
Tsai KL 20176 ~ L6 | 12 [-1295 [ 198 | 12 | 11.2% | 0.65-0.18,147]
17| 8 -
2
Subtotal (95% CI) 88 | 82.1% | 0.81]0.23,139]
Heterogeneity: Tau'= 7(P=0.005); = 66%
Test for overall effec
2.5.2 Swimming
Chen YW2012b [ 038 | 1.5 | 10 | 05 | 178 10 | 10.9% | -0.07[-0.950.81]
8
Farzad B 2018 55 (23| 7 | 10 [049] 7 | 71% | 2.53[1.01.4.06]
Subtotal 195% CT) 17 17 | 17.9% | 1.15-1.39.3.70]
Heterogeneity: Tau’= 41, df=1(P=0.004); I'=88%
Test for overall effect: (P=037)
Total (95% CT) 93 105 | 100.0 | 0.84[0.28,1.40]
%

Heterogeneity: Tau™= 0.55; Chi= 29.04, df= 9(P=0.0006); I'= 69%

Test for overall effect: Z=2.93 (P =0.003)

Test for subaroun differences: Cl

0.07.df=1(P=0.79) '=0%
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Chen YW2012b | 098 | 2.08 | 10 10 83% | 0.66[-0.25,1.57]
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Heterogeneity: Taw’= 0.96; Chi’= 52.98, df= 13(P<0.00001},P= 75%

‘Test for overall effect: Z=4.95 (P < 0.00001)
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Total(95% CD) 105 100.0% 0.84[0.28,1.40]
Heterogeneity: Taw’= 0.55; Chﬁ=2904df—9(ﬁ00006)1’=60%
Test for overall effect; Z= 2.93 (P = 0.003)
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Tsai KL.2017a - 35| 12 | -1295| 198 12 10.7% 1.34[0.44,2.24]
892 | 9
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17| 8 ‘
2 |
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Subtotal (95% CT) 48 57 | 51.3% | 1.04[0.62,146] 1=
Heterogeneity: Tau’= 0.00; Chi’= 2.87, df= 4(P=0.58); P=0% e
Test for overall effect Z=4.84 (P < 0.00001)
2.3.2 The postoperative exercise time > 4 weeks =
ChenYW2012a (009 | 14| 10 | -038 | 1.98 10 10.8% | 0.26[-0.62,1.14] =
9
ChenYW2012b | 038 | 1.5 [ 10 0.5 178 10 10.9% | -0.07[-0.95,0.81] =
8
Cobianchi $2010 | -64 [ 14 [ 8 | 481 | 186 11 10.3% | -0.90[-1.86,0.07
1
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Heterogeneity: Tau’=1.20; Chi’= 21.80, df= 4(P=0.0002); P=82%
Test for overall effect Z= 1.14 (P=0.25)
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Heterogeneity: Tau’= 0.55; Chi’= 29.04, df= 9(P=0.0006); P= 69%

Test for overall effect Z=2.93 (P =0.003)

Test for subaroum differences; Chi’= 0.51.df=1(P=0.48) I’=0%
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Heterogeneity: Tau’= 1.09; Chi= 39.51, df= 10(P<0.0001);>= 75%
Test for overall effect: Z=5.13 (P < 0.00001)
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Test for overall effect: Z=4.95 (P < 0.00001)
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