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Background: There is accumulating evidence showing that exercise therapy may play an active role in peripheral neuropathic pain (NP). However, there have been no meta-analysis to investigate the effects of exercise on NP induced by peripheral nerve injury in rat models.

Methods: PubMed, EMBASE, and Web of Science were searched from inception to January 2019. A random-effect model was implemented to provide effect estimates for pain-related behavioral test outcome. Mean differences (MDs) with 95% confidence intervals (CIs) were calculated.

Results: Fourteen studies were included. For the mechanical withdrawal threshold, rats in the exercised group exhibited significantly higher thresholds than those in the control group, with a MD of 0.91 (95% CI 0.11–1.71), 3.11 (95% CI 1.56–4.66), 3.48 (95% CI 2.70–4.26), 4.16 (95% CI 2.53–5.79), and 5.58 (95% CI 3.44–7.73) at 1, 2, 3, 4, and 5 weeks, respectively. Additionally, thermal withdrawal latency increased in the exercised group compared with the control group, with a MD of 2.48 (95% CI 0.59–4.38), 3.57 (95% CI 2.10–5.05), 3.92 (95% CI 2.82–5.03), and 2.84 (95% CI 1.29–4.39) at 1, 2, 3, and 4 weeks, respectively. Subgroup analyses were performed for pain models, exercise start point, exercise forms, and duration, which decreased heterogeneity to some extent.

Conclusion: This meta-analysis indicated that exercise provoked an increase in mechanical withdrawal threshold and thermal withdrawal latency in animal NP models. Exercise therapy may be a promising non-pharmacologic therapy to prevent the development of NP. Further, preclinical studies focused on improving experiment design and reporting are still needed.
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INTRODUCTION

Neuropathic pain (NP) is an important public health issue, with a prevalence ranging from 3.3 to 8.2% (1). According to a systematic review of epidemiological study, NP in a general population can reach 10% (2). In 2008, NP has been redefined as pain caused by a lesion or disease of the somatosensory system by the Assessment Committee of the NP Special Interest Group (NeuPSIG) (3). Various causes for NP have been observed, including trauma, infection (e.g., herpes zoster virus), metabolic abnormality (e.g., diabetic neuropathy), neurotoxin (e.g., chemotherapy drug), and tumor infiltration. Patients with NP exhibit a complex combination of symptoms, such as partial or complete loss of sensation, hyperpathia, and allodynia. Patients with conditions frequently experience daily pain that greatly reduces their health-related quality of life. The incidence of emotional disorders such as depression and anxiety also increases (4).

NP is effectively treated differently. Drugs, such as analgesics and antidepressants, are relatively ineffective in coping with NP, and long-term pharmacotherapy in patients always experience problematic adverse effects (5, 6). NP treatments require increased attention to multidisciplinary pain management, including some non-pharmacologic therapies (7). NP rehabilitation has focused on exercise therapy, but minimal agreement is found in literature. Exercise therapy applied in reducing NP is still relatively new, and the effects have not been confirmed in patients. In recent years, multiple animal experiments studies on the effects of exercise have been published. To the best of our knowledge, no systematic review and meta-analysis have been performed to explore the effects of exercise on NP. In the present study, we used NP rat models induced by peripheral nerve injury to determine the effects of exercise, summarize experimental designs, and provide a basis for clinical studies.

MATERIALS AND METHODS

This systematic review and meta-analysis complied with PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) guidelines (Supplementary Table 1) (8). We registered the protocol on PROSPERO, and the registration number is CRD42019124689. The record can be accessed at https://www.crd.york.ac.uk/PROSPERO.

Search Strategy

PubMed, EMBASE, and Web of Science were searched from the earliest available date to January 2019. Key search terms included neuralgia, neurodynia, NP, nerve pain, sciatica, nerve crush, nerve ligation, nerve constriction, peripheral neuropathy, exercise, locomotion, run, swim, and environmental enrichment. The detailed search strategies are available in Supplementary Table 2. The reference lists of included studies were reviewed manually for other potentially relevant citations. No limits on language, publication date, or publication status were applied.

Inclusion Criteria for Studies
 Types of Studies

Controlled comparative animal studies investigating the effects of exercise in NP rat models induced by peripheral nerve injury were included.

Types of Animals

We included NP rat models induced by peripheral nerve injury, such as sciatic nerve ligation (SNL), chronic constriction injury (CCI), sciatic nerve injury, and diabetic neuropathy. Each model displayed at least one of the pathophysiological characteristics of NP. Considering the potential differences in the underlying mechanisms and treatments between adults and infants, infant nerve injury models were excluded.

Types of Interventions

The intervention groups used exercise therapy. The forms of exercise could be voluntary, for example, voluntary wheel running, and environmental enrichment and forced, for example, treadmill running, swimming, and forced wheel running. The exercised group referred to NP rats with exercise therapy, while the control group included NP rats without any exercise.

Types of Outcome Measurements

Pain-related behavioral test was reported as outcome measures, for example, mechanical allodynia, thermal hyperalgesia, and cold allodynia.

Study Selection

Two researchers independently searched the database according to the search strategies and imported all the records into Endnote software. Evaluators included articles by removing duplications, screening titles and abstracts, and assessing full texts based on the inclusion criteria for studies. Disagreements were solved together by discussion.

Data Extraction

Two pairs of researchers independently extracted and cross-checked data of all the included studies by using a standardized data extraction table. The following information were extracted: general information, such as the last name of the first author, and publication year, characteristics of the rats, such as rat species, gender, age, and weight, pain models, exercise program, such as exercise forms, start point, intensity, and duration, control intervention, and behavioral tests. Data on findings and proposed mechanisms and the risk of bias were also extracted. Pain behavior outcomes, including mean value, standard deviation, and the number of rats per group, were extracted for each study. If relevant data were unavailable in the articles, we would contact the corresponding author to obtain the original data. However, if a response was not available, we would use Getgata software to obtain the data showed by graphs. Disagreements were resolved by discussions.

Assessment of Risk of Bias

The methodological quality of all included studies was evaluated using Systematic Review Center for Laboratory Animal Experimentation's (SYRCLE) risk of bias tool for animal studies (9). This tool is composed of 10 items and reflects the 6 aspects of the risk of bias: (1) selection bias (sequence generation, baseline characteristics, and allocation concealment), (2) performance bias (random housing, and blinding), (3) detection bias (random outcome assessment, and blinding), (4) attrition bias (incomplete outcome data), (5) reporting bias (selective outcome reporting), and (6) other sources of bias. Indicating “yes” means a low risk of bias, “no” means a high risk of bias, and “unclear” means no sufficient details to measure the risk of bias.

Statistical Analysis

We imported the quantitative data into Review Manager 5.3. The outcome measure of pain-related behavioral test was a continuous outcome. Mean differences (MDs) with 95% confidence intervals (CIs) were calculated. We used random-effects models for pooled-effect estimates, which considers the variation between studies and weighs each study accordingly. Between-study heterogeneity was measured via Chi2 statistic (P < 0.1) and quantified with I2 statistic (10). I2 values <25, 50%, and over 50% indicate low, moderate, and high heterogeneity, respectively (10). Subgroup analyses were performed as predefined in the protocol aimed at reducing heterogeneity. Variables included pain models, exercise forms, start point, and duration. Moreover, sensitivity analysis was performed to assess the robustness of the findings, and we considered the effect of the hormone. We assessed the possibility of publication bias by using Egger's regression analysis (11). Values of P < 0.05 were considered statistically significant.

RESULTS

A study identification and selection process flow chart is shown in Figure 1. We identified 3,267 records through database searching and other sources. After removing duplications, 1,824 records remained. The researchers then screened the records based on titles and abstracts, and the remaining 36 records were reviewed for full-text reading. As a result, 22 studies were excluded because they were non-controlled studies, their outcomes were not of our interest, only their abstracts were available, or their study involved no baseline. An additional 14 articles (12–25) were included, and 13 articles (12–20, 22–25) were pooled for meta-analysis.
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FIGURE 1. Flow chart of the study selection procedure.



Study Characteristics

Table 1 summarizes the basic characteristics of the 14 eligible studies (12–25), all of which had been published between 2007 and 2018. All of the studies involved 268 rats, 137 and 131 of which were in the exercise (51.1%) and control groups (48.9%), respectively. The two species of rats in the included studies were Sprague–Dawley (78.6%) and Wistar rats (21.4%). Only one study (22) (7.1%) used female rats, and 13 studies (12–21, 23–25) (92.9%) used male rats in their experiments. The age of the rats was mentioned in 3 studies (17, 18, 22), which ranged from 6 weeks old to 12 weeks old, and 4 articles (13, 23–25) described as adult rats. A total of 12 studies (12–17, 19–21, 23–25) described the weight of rats, which ranged from 180 to 380 g. Three pain models were reported in the different studies, which included SNL (21.4%), CCI (50%), and diabetic neuropathy (28.6%). The included studies used mechanical withdrawal threshold and thermal withdrawal latency as outcome data.


Table 1. Characteristics of included studies.
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Two types of exercise were employed in the 14 studies (12–25). One study (18) used voluntary exercise, and the remaining studies used forced exercise. Grace et al. (18) used voluntary wheel running as exercise form, and the rats in the experimental group were housed with running wheels, whereas control rats were housed with locked wheels. Treadmill running and swimming were the forced exercise training in 10 (13, 14, 16, 17, 19–22, 24, 25) and 2 studies (12, 23), respectively. Only one study (15) used both treadmill running and swimming for the research. Six studies (12, 13, 15–17, 23) showed a period of habituation to training between 2 days and 2 weeks. However, the rats were allowed to recover between 2 and 8 days after surgery in 6 studies (19–22, 24, 25) and then training commenced. Another 2 studies (14, 18) started training at surgery day or streptozotocin administration. The running protocols consisted of inclination, velocity, and duration. Rats in seven studies (14, 19–22, 24, 25) were forced to run with inclination, whereas 8 and 10% grades were used in the 4 (14, 19–21) and 3 studies (22, 24, 25), respectively. The velocity of running involved a gradual transition from 5 m/min to 30 m/min. The running duration was between 10 and 60 m/min, 4 and 7 day/week, and 3 and 10 weeks. Considering the swimming protocols, three studies (12, 15, 23) were included. Two studies (12, 15) underwent swimming training for 90 min/day for 39 days. The time duration in the study of Farzad et al. (23) increased from 10 min/day to 60 min/day for 4 weeks. Among the 14 studies, non-exercise was used as the control intervention in 13 studies (12–17, 19–25), and the remaining one study (18) adopted locked wheels as a control intervention.

Study Quality Assessment

The results of risk of bias for each study is summarized in Table 2. The risk of bias on randomization and allocation concealment in all the studies were inadequate to judge. Baseline characteristics in the 14 studies were assessed as low risk. Baseline characteristics, such as initial weight, was described in the included studies, which suggested that no significant differences between the experiment and control groups were observed. Blinding of caregivers and researchers were incompletely described in all the studies. Five studies (15, 16, 18, 20, 21) (7%) provided information relating to blinding for outcome assessment. In addition, random housing, random outcome assessment, incomplete outcome data, and selective outcome reporting were assessed as unclear risk.


Table 2. SYRCLE's risk of bias tool for animal studies.
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Meta-Analysis of the Efficacy of Treatment With Exercise
 Mechanical Withdrawal Threshold

A total of 11 studies (13–20, 22, 24, 25) with 226 rats investigating the effect of exercise on mechanical withdrawal threshold in pain models were involved in the meta-analysis. Overall, the results showed exercise increased mechanical withdrawal threshold at 1 week (n = 212, MD = 0.91, 95% CI 0.11–1.71, I2 = 87%), 2 weeks (n = 202, MD = 3.11, 95% CI 1.56–4.66, I2 = 96%), 3 weeks (n = 200, MD = 3.48, 95% CI 2.70–4.26, I2 = 82%), 4 weeks (n = 182, MD = 4.16, 95% CI 2.53–5.79, I2 = 96%), and 5 weeks (n = 138, MD = 5.58, 95% CI 3.44–7.73, I2 = 97%) (Figure 2) The results of subgroup analyses are described in Table 3 and revealed that the effects varied across different NP models and exercise programs (start point, and duration). For example, subgroup analysis for NP models found that exercise can increase mechanical withdrawal thresholds in CCI, SNL, and DPN models after 2 weeks. Additionally, subgroup analysis for the exercise start point, we found that the effect was related to the presence or absence of habituation to exercise. The training group before modeling reported positive results at 1 week (n = 62, MD = 1.93, 95% CI 0.24–3.63, I2 = 90%) and 2 weeks (n = 72, MD = 5.57, 95% CI 3.83–7.31, I2 = 86%), but no remarkable difference was found in the group of after modeling at 1 week (n = 126, MD = 0.75, 95% CI −0.68 to 2.18, I2 = 91%) and 2 weeks (n = 114, MD = 1.04, 95% CI −0.49 to 2.58, I2 = 90%). We found that the effect was independent from the exercise duration by subgroup analysis according to exercise duration. At 1 week, the results revealed that the effect was significant (n = 62, MD = 1.83, 95% CI 1.23–2.42, I2 = 0%) in <4 weeks duration, but did not appear to be effective (n = 150, MD = 0.52, 95% CI −0.45 to 1.49, I2 = 89%) in more than 5 weeks duration.
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FIGURE 2. Meta-analysis estimate for exercise on mechanical withdrawal threshold. (A) Effect estimates were reported at 1 week; (B) effect estimates were reported at 2 weeks; (C) effect estimates were reported at 3 weeks; (D) effect estimates were reported at 4 weeks; (E) effect estimates were reported at 5 weeks. CI, confidence interval; IV, inverse variance. Data are reported as pooled mean differences by using the inverse variance method with random-effects models.




Table 3. Summary of results.
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Thermal Withdrawal Latency

Eight studies (12, 14–17, 19, 20, 23) with 140 rats were included in the meta-analysis (Figure 3), and the results found that the thermal withdrawal latency was increased in the exercised group compared with the control groups at 1 week (n = 140, MD = 2.48, 95% CI 0.59–4.38, I2 = 93%), 2 weeks (n = 140, MD = 3.57, 95% CI 2.10–5.05, I2 = 87%), 3 weeks (n = 140, MD = 3.92, 95% CI 2.82–5.03, I2 = 69%), and 4 weeks (n = 120, MD = 2.84, 95% CI 1.29–4.39, I2 = 86%). Subgroup analyses on different NP models and exercise programs, such as forms, start point, and duration, are shown in Table 3. For NP models, thermal withdrawal latencies were all significantly increased by exercise at 1 week (n = 96, MD = 3.00, 95% CI 0.52–5.48, I2 = 94%), 2 weeks (n = 96, MD = 4.46, 95% CI 2.60–6.32 I2 = 89%), 3 weeks (n = 96, MD = 4.33, 95% CI 3.38–5.28, I2 = 40%) and 4 weeks (n = 76, MD = 3.36, 95% CI 0.94–5.77, I2 = 92%) in CCI model, while only increased at 3 weeks (n = 24, MD = 4.25, 95% CI 2.09–6.42, I2 = 0%) in SNL model. The results of subgroup analysis on exercise duration in thermal withdrawal latency supported the conclusion of mechanical withdrawal threshold ( ≤ 4 weeks: n = 76, MD = 2.89, 95% CI −0.84 to 6.62, I2 = 96%; ≥5 weeks: n = 64, MD = 2.02, 95% CI 0.43–3.61, I2 = 76%).
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FIGURE 3. Meta-analytic estimate for exercise on thermal withdrawal latency. (A) Effect estimates were reported at 1 week; (B) effect estimates were reported at 2 weeks; (C) effect estimates were reported at 3 weeks; (D) effect estimates were reported at 4 weeks. CI, confidence interval; IV, inverse variance. Data are reported as pooled mean differences by using the inverse variance method with random-effects models.



Sensitivity Analysis

To confirm the robustness of our results, we performed a sensitivity analysis. Estrogen can influence pain behaviors in animals. Mechanical pain thresholds of male and female rats change in estrogen-dependent manners (26). We excluded the study Yamaoka et al. (22) that used female rats. The results revealed an inverse at 1 week for assessing mechanical withdrawal threshold (MD = 0.75, 95% CI −0.08 to 1.58, p = 0.08), but did not statistically alter the results at 3 and 5 weeks.

Publication Bias Test

In the meta-analysis for mechanical withdrawal threshold, no publication bias was found at 1 week (P = 0.204, Egger test). However, subsequent publication bias was not assessed because <10 studies were included, which potentially interfered with the power of Egger test.

Signaling Pathways

Among the 14 included studies, 13 studies (13–25) described the possible mechanisms of exercise in attenuating NP. The main signaling pathways were summarized in four aspects, namely, inflammatory response, ion channel, endogenous opioid system, and immune response, as shown in Table 4.


Table 4. Proposed mechanisms of included studies.
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DISCUSSION

This study is the first to systematically review the effects of exercise on NP induced by peripheral nerve injury in rat models. Our finding was based on a thorough analysis of all the included studies. We proved that exercise training can increase mechanical withdrawal threshold and thermal withdrawal latency in NP models. Summary of results were seen in Table 3, a relation between the effect and the presence or absence of habituation to exercise has been demonstrated by subgroup analyses. However, total duration of exercise was independent. These results suggested that people who exercise may recover better from peripheral nerve injury than those who do not. The evidence was also supported by longitudinal population-based studies (27, 28). The prevalence of chronic pain is lower in those who reporting a history of regular exercise. Maintain exercising may make people more likely to have high pain thresholds. Regarding different forms of exercise, we planned to discuss the differences between forced exercise and voluntary exercise. However, only one included study (18) related to voluntary wheel running was performed. Thus, no comparison was made. Voluntary exercise means unrestricted access to running, and the paradigm in Grace et al. (18) has been demonstrated that it weakens the proinflammatory response to endotoxin and stress. Moreover, they found that voluntary wheel running after CCI progressively reduced NP. We then compared different forms of forced exercise, such as running and swimming, but no evidence has been demonstrated as to which one is more effective. In addition, different NP models may have different responses to exercise. The results in Table 3 showed that exercise can increase mechanical withdrawal thresholds in CCI, SNL and DPN models after 2 weeks, while thermal withdrawal latencies at 1 week, 2 weeks, 3 weeks, and 4 weeks were all significantly increased only in CCI model. These promising results supported exercise in managing NP induced by peripheral nerve injury in rat models.

Concerning the physiological explanations for exercise-induced benefits described above, 13 studies (13–25) have discussed the effects of exercise on the mechanisms of NP induced by peripheral nerve injury (Table 4). For example, six studies (15, 19–21, 24, 25) have shown that exercise decreased proinflammatory cytokine expressions, such as tumor necrosis factor-α (TNF-α), interleukin (IL)-1β, and IL-6, and increased the expression of anti-inflammatory cytokines, such as IL-10. However, exactly how exercise affected these cytokines has yet to be fully explored in these studies. Chen et al. (15) found that rats in CCI group shows lower Heat shock protein (Hsp) 72 and greater proinflammatory cytokines (TNF-α and IL-1β) in sciatic nerve than in normal group, but exercise reversed the expression of Hsp72, TNF-α, and IL-1β. Chen et al. (16) also found in diabetic neuropathy rats that increased Hsp72 alleviates pain. Experiments have confirmed that increased Hsp72 protects cells from different stresses and increases cellular survivability (29, 30). Some evidence has been found that Hsp72 can modulate proinflammatory cytokines and reduce their secretion through inactivating the pathway of nuclear factor kappa B (31).

This systematic review showed several limitations. First, substantial heterogeneity was observed among our included studies in the meta-analysis. Further subgroup analyses were conducted to reveal some possibilities of heterogeneity, such as models of NP and exercise forms and duration. Heterogeneity was in reduced varying degrees after subgroup analyses. Second, some methodological weaknesses in the included animal studies were observed, such as experimental designs, performance, and reporting methods, which could affect the authenticity and reliability of the results. We used SYRCLE's risk of bias tool to assess the quality of these animal studies and found the risk of bias could not be estimated in most of the studies, which indicated a high risk of bias. Egger test for assessing publication bias was performed, and the results of mechanical withdrawal threshold in 1 week indicated no potential publication bias.

Based on the results in this systematic review, we found that exercise could alleviate pain induced by peripheral nerve injury in CCI, SNL, and DPN rat models. Although limited by poor reported risk of bias and high level of heterogeneity, the current meta-analysis still highlighted that exercise might play an active role in NP induced by peripheral nerve injury. Exercise therapy may be a promising non-pharmacologic therapy to prevent the development of NP. Using the ARRIVE guidelines (32) and Gold Standard Publication Checklist (33) is also essential to improve the reporting and methodological quality of animal studies. Further preclinical studies focused on improving experiment design and reporting are still needed.

DATA AVAILABILITY

The raw data supporting the conclusions of this manuscript will be made available by the authors, without undue reservation, to any qualified researcher.

AUTHOR CONTRIBUTIONS

PC and XW: conceptualization and supervision. YW and GS: methodology. JG and BC: validation and writing—original draft preparation. JG and YZhe: formal analysis. YW, ZY, GS, and YZhu: investigation. JG, YZhu, PC, and XW: writing—review and editing. BC and ZY: visualization.

FUNDING

This work was supported by the National Natural Science Foundation of China [grant numbers 81871844]; Fok Ying-Tong Education Foundation of China [grant numbers 161092]; the Shanghai Municipal Commission of Health and Family Planning [grant numbers 201840346]; and the Shanghai Key Lab of Human Performance (Shanghai University of Sport) [grant numbers 11DZ2261100].

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fneur.2019.00636/full#supplementary-material

Supplementary Table 1. PRISMA Checklist of this meta-analysis.

Supplementary Table 2. Search strategies for all databases.

REFERENCES

 1. Haanpaa M, Attal N, Backonja M, Baron R, Bennett M, Bouhassira D, et al. NeuPSIG guidelines on neuropathic pain assessment. Pain. (2011) 152:14–27. doi: 10.1016/j.pain.2010.07.031

 2. van Hecke O, Austin SK, Khan RA, Smith BH, 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

 3. Treede RD, Jensen TS, Campbell JN, Cruccu G, Dostrovsky JO, Griffin JW, et al. Neuropathic pain: redefinition and a grading system for clinical and research purposes. Neurology. (2008) 70:1630–5. doi: 10.1212/01.wnl.0000282763.29778.59

 4. Attal N, Lanteri-Minet M, Laurent B, Fermanian J, Bouhassira D. The specific disease burden of neuropathic pain: results of a French nationwide survey. Pain. (2011) 152:2836–43. doi: 10.1016/j.pain.2011.09.014

 5. O'Connor AB, Dworkin RH. Treatment of neuropathic pain: an overview of recent guidelines. Am J Med. (2009) 122:S22–32. doi: 10.1016/j.amjmed.2009.04.007

 6. Haanpaa M. The assessment of neuropathic pain patients. Pain Manage. (2013) 3:59–65. doi: 10.2217/pmt.12.71

 7. Jain KK. Current challenges and future prospects in management of neuropathic pain. Expert Rev Neurotherapeutics. (2008) 8:1743–56. doi: 10.1586/14737175.8.11.1743

 8. Moher D, Liberati A, Tetzlaff J, Altman DG, Grp P. Preferred reporting items for systematic reviews and meta-analyses: the PRISMA statement. Int J Surg. (2010) 8:336–41. doi: 10.1016/j.ijsu.2010.02.007

 9. Hooijmans CR, Rovers MM, de Vries RB, Leenaars M, Ritskes-Hoitinga M, 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

 10. Higgins JP, Thompson SG, Deeks JJ, Altman DG. Measuring inconsistency in meta-analyses. BMJ. (2003) 327:557–60. doi: 10.1136/bmj.327.7414.557

 11. Egger M, Davey Smith G, Schneider M, Minder C. Bias in meta-analysis detected by a simple, graphical test. BMJ. (1997) 315:629–34. doi: 10.1136/bmj.315.7109.629

 12. Kuphal KE, Fibuch EE, 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

 13. Shankarappa SA, Piedras-Renteria ES, Stubbs EB Jr. Forced-exercise delays neuropathic pain in experimental diabetes: effects on voltage-activated calcium channels. J Neurochem. (2011) 118:224–36. doi: 10.1111/j.1471-4159.2011.07302.x

 14. Stagg NJ, Mata HP, Ibrahim MM, Henriksen EJ, Porreca F, Vanderah TW, et al. Regular exercise reverses sensory hypersensitivity in a rat neuropathic pain model: role of endogenous opioids. Anesthesiology. (2011) 114:940–8. doi: 10.1097/ALN.0b013e318210f880

 15. Chen YW, Li YT, Chen YC, Li ZY, 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

 16. Chen YW, Hsieh PL, Chen YC, Hung CH, Cheng JT. Physical exercise induces excess hsp72 expression and delays the development of hyperalgesia and allodynia in painful diabetic neuropathy rats. Anesth Analg. (2013) 116:482–90. doi: 10.1213/ANE.0b013e318274e4a0

 17. Kim YJ, Byun JH, Choi IS. Effect of exercise on micro-opioid receptor expression in the rostral ventromedial medulla in neuropathic pain rat model. Ann Rehabilit Med. (2015) 39:331–9. doi: 10.5535/arm.2015.39.3.331

 18. 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

 19. Hung CH, Huang PC, Tzeng JI, Wang JJ, 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

 20. Huang PC, Tsai KL, Chen YW, Lin HT, Hung CH. Exercise combined with ultrasound attenuates neuropathic pain in rats associated withdownregulation of IL-6 and TNF-alpha, but with upregulation of IL-10. Anesth Analg. (2017) 124:2038–44. doi: 10.1213/ANE.0000000000001600

 21. Tsai KL, Huang PC, Wang LK, Hung CH, 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

 22. Yamaoka S, Oshima Y, Horiuchi H, Morino T, Hino M, Miura H, et al. Altered gene expression of RNF34 and PACAP possibly involved in mechanism of exercise-induced analgesia for neuropathic pain in rats. Int J Mol Sci. (2017) 18:E1962. doi: 10.3390/ijms18091962

 23. Farzad B, Rajabi H, Gharakhanlou R, Allison DJ, Hayat P, 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

 24. Ma X, Liu S, Liu D, Wang Q, Li H, Zhao Z. Exercise intervention attenuates neuropathic pain in diabetes via mechanisms of mammalian target of rapamycin (mTOR). Arch Physiol Biochem. (2018). 13:1–8. doi: 10.1080/13813455.2018.1489851

 25. Ma XQ, Qin J, Li HY, Yan XL, Zhao Y, Zhang LJ. Role of exercise activity in alleviating neuropathic pain in diabetes via inhibition of the pro-inflammatory signal pathway. Biol Res Nurs. (2019) 21:14–21. doi: 10.1177/1099800418803175

 26. Khasar SG, Dina OA, Green PG, Levine JD. Estrogen regulates adrenal medullary function producing sexual dimorphism in nociceptive threshold and beta-adrenergic receptor-mediated hyperalgesia in the rat. Eur J Neurosci. (2005) 21:3379–86. doi: 10.1111/j.1460-9568.2005.04158.x

 27. Landmark T, Romundstad P, Borchgrevink PC, Kaasa S, Dale O. Longitudinal associations between exercise and pain in the general population - the HUNT pain study. PLoS ONE. (2013) 8:e65279. doi: 10.1371/journal.pone.0065279

 28. Landmark T, Romundstad P, Borchgrevink PC, Kaasa S, Dale O. Associations between recreational exercise and chronic pain in the general population: evidence from the HUNT 3 study. Pain. (2011) 152:2241–7. doi: 10.1016/j.pain.2011.04.029

 29. Jaattela M, Wissing D. Heat-shock proteins protect cells from monocyte cytotoxicity: possible mechanism of self-protection. J Exp Med. (1993) 177:231–6. doi: 10.1084/jem.177.1.231

 30. Kluger MJ, Rudolph K, Soszynski D, Conn CA, Leon LR, Kozak W, et al. Effect of heat stress on LPS-induced fever and tumor necrosis factor. Am J Physiol. (1997) 273:R858–863. doi: 10.1152/ajpregu.1997.273.3.R858

 31. Yamada P, Amorim F, Moseley P, Schneider S. Heat shock protein 72 response to exercise in humans. Sports Med. (2008) 38:715–33. doi: 10.2165/00007256-200838090-00002

 32. Kilkenny C, Browne WJ, Cuthill IC, Emerson M, Altman DG. Improving bioscience research reporting: the ARRIVE guidelines for reporting animal research. J Pharmacol Pharmacother. (2010) 1:94–9. doi: 10.4103/0976-500X.72351

 33. Hooijmans CR, Leenaars M, Ritskes-Hoitinga M. A gold standard publication checklist to improve the quality of animal studies, to fully integrate the three Rs, and to make systematic reviews more feasible. Alternat Lab Anim ATLA. (2010) 38:167–82. doi: 10.1177/026119291003800208

Conflict of Interest Statement: 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.

Copyright © 2019 Guo, Chen, Wang, Zhu, Song, Yang, Zheng, Wang and Chen. 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-10-00636-t002.jpg
References Sequence  Baseline Allocation ~ Random  PerformanceRandom  Blindingof Incomplete Selective  Other

generation  characteristics concealment housing  Blinding  outcome  outcome  outcome  outcome  sources of
assessment assessment data reporting  bias

Kuphaletal. (12) U Y u u N u u u u Y
Shankarappa et al. U Y u u N u U u U Y
(19)

Staggetal. (14) U Y u u N u u u u Y
Chenetal (15) U Y u u N u Y u u Y
Chenetal.(16) U Y U u N u Y u u Y
Kimetal.(17) U Y u u N u u u u Y
Graceetal. (18) U Y [ u N u Y u U Y
Hungetal. (19) U Y u u N u u u u Y
Huangetal. (20) U Y v u N u Y u u Y
Tsaietal.(21) U Y u u N u Y u u Y
Yamaoka etal. (22)U Y U u N u U u u Y
Farzad etal. (23) U Y v u N u U u u Y
Maetal.(25) U Y U u N u u u u Y
Maetal.(24) U Y u u N u u u u Y

Y, yes = low risk of bias; N, no = high risk of bias; U, unclear = unclear risk of bias.






OPS/images/fneur-10-00636-t003.jpg
ime
point

Subgroup

MECHANICAL WITHDRAWAL THRESHOLD

1 week Modeling

Start point

Duration

Overall
2 weeks Modeling

Start point

Duration
Overall

3 weeks Modeling

Start point

Duration

Overall
4 weeks Modeling

Start point

Duration

Overall
5 weeks Modeling

Start point

Overall

col
SNL
DPN
Before
modeling
After
modeling

The day of
modeling

<4 weeks

25 weeks

cal
DPN
Before
modeling
After
modeling
<4 weeks
>5 weeks

CCl
SNL
DPN

Before
modeling

After
modeling

<4 weeks
25 weeks

col
DPN
Before
modeling
After
modeling
<4 weeks

=5 weeks

SNL
DPN
Before
modeling
After
modeling

THERMAL WITHDRAWAL LATENCY

1 week Modeling

Exercise
type

Start point

Duration

Overall
2 weeks Modeling

Exercise
type

Start point

Duration

Overall
3 weeks Modeling

Exercise
type

Start point

Duration

Overall
4 weeks Modeling

Exercise
type

Start point

Duration

Overall

CCl, chronic constriction injury; SNL, partial sciatic nerve ligation; DPN, diabetic peripheral neuropathy.

Cccl
SNL
Running

Swimming
Before
modeling
After
modeling
<4 weeks
25 weeks

cal
SNL
Running

Swimming

Before
modeling

After
modeling

<4 weeks
=5 weeks

cal
SNL

Running

Swimming
Before
modeling
After
modeling
<4 weeks
25 weeks

cal
SNL
Running

Swimming

Before
modeling

<4 weeks
=5 weeks

No of
trials

w N oo

@ A AR OOR® O ®WNAOCD®

[SIESIECEE

ISR I NN aw N oo s N w oN oo s s

w

No of
rats

o
24
o
62

126

24

62
150
212
82
108
72

114

62
140
202
82
24
%
62

126

62

138
200
62

108
76

94

42
140
182
2
94
40

86

138

96
24
94

3
88

Y

76
64
140
96
24
94

46
88

40

76
64
140
96
24
94

46
8

40

76
64
140
76
24
74

46
88

56
64
120

Mean difference
(95% CI)

1.08[0.13, 1.93]
1.34 (~0.64, 3:31)
060 [-2.19, 3.40)
1.93(0.24, 3.63]

0.75 (-0.68, 2.18)
~0.27 [-1.14,061)

1.83(1.28, 2.42)
052 [0.45, 1.49)
091 [0.41, 1.71)
3.32(1.97, 4.67)
3.46 [0.05, 6.87)
5.57 [3.83, 7.31)

1.04 [~0.49, 2.58)

3.13(1.04,5.22]
3.12[1.01,5.24)
3.11[1.56, 4.66]
3.32[1.97, 4.67)
588 [4.42, 7.34)
280 [2.33, 3.28)
3.86 [3.45, 4.28)

3.18[1.97, 4.39)

3.13[1.04,5.22)
3.66[2.79, 4.53)
3.48 [2.70, 4.26)
3.24[1.45,5.02)
4.56 [2.07,7.04)
356 [1.76, 5.36)

4.38 [2.64,6.29)

3.96 [1.66, 6.36)
4.25[2.24,6.27)
416 [2.63,5.79)

10.64 [8.32, 12.96]
3.90 [0.18, 7.62)
2.23[0.10, 4.36)

6.77 [4.09, 9.45)

558 [3.44,7.73)

3.00[0.52, 5.48)
1.82 [-0.23, 3.87)
2.63(-0.56, 5.82)

1.98(0.37,3.60]
1.67 0.2, 3.05)

4.88(0.04,9.72]

289 (-0.84, 6.62)
2.02[0.43,3.61)
248 [0.59, 4.38)
4.46 [2.60, 6.32]

153 (155, 4.61]
3.96[1.43, 6.49]

286 (2.18,3.55)
2.54[1.97,3.11]

685[4.09,9.62]

4.93(2.54,7.32)
2.32 [1.47,3.16]
357 [2.10,5.08)
433(3.38,5.28)
4.25 [2.09, 6.42]
3.94 2,07, 5.81)

360 [2.32, 4.89)
335 (2,14, 4.56]

5.22[3.89,6.54)

4.79[3.88,5.69]
2.96 [1.63, 4.29)
3.92 (2.82,5.09)
3.36(0.94,5.77)
232 (~1.43,6.07)
366 [1.55,5.76)

245 [0.54, 4.36)
2.08(0.43,3.79)

4.393.28,5.54]
1.48 (024, 2.71)
284 [1.29, 4.39)

Heterogeneity
(%)

81
79
95
90

91

89
87
86
97
86

20

88
97
96
86

12

85

88
81
82
89
96
o1

90

84
97
96

98
95

92

97

94

”

96
76

89
41
%2

82

89
23
87
40

81

a4

838 BBo

76

86

56
86

Effect size
3

0.03
0.19
0.67
0.03

0.31

0.55

<0.00001
0.30
0.03

<0.00001
0.05

<0.00001

0.18

0.003
0.004
<0.0001
<0.00001
<0.00001
<0.00001
<0.00001

<0.00001

0.003
<0.00001
<0.00001

0.0004
0.0003
0.0001

<0.00001

0.001
<0.0001
<0.00001
<0.00001

0.04

0.04

<0.00001

<0.00001

002
0.08
0.009

0.1
0.02

0.05

0.13
0.01
0.01
<0.00001
0.33
0.002

<0.00001
<0.00001

<0.00001

<0.0001
<0.00001
<0.00001
<0.00001
0.0001
<0.0001

<0.00001
<0.00001

<0.00001

<0.00001
<0.0001
<0.00001
0.006
0.23
0.0007

0.01
0.01

<0.00001
0.02
0.0003





OPS/images/fneur-10-00636-g003.gif
e 4 e

o T RIS

a1

et
i
it

2w

fn

AT






OPS/images/fneur-10-00636-t001.jpg
References

Kuphal et al. (12)
Shankarappa et al.
(19)

Stagg et al. (14)

Chen etal. (15)

Chen et al. (16)

Kimet al. (17)

Grace et al. (18)

Hung et al. (19)

Huang et al. (20)

Tsaietal. (21)

Yamaoka et al. (22)
Farzad et al. (23)
Ma et al. (25)
Magetal. (24)

Species

SDrats

SDrats

8D rats

SDrats

Wistar rats

8D rats

8D rats

8D rats

8D rats

8D rats

Wistar rats

Wistar rats

8D rats

8D rats

Gender Age(week)
Iweight(g)
Male  NR/250-300
Male  Adult/200
Male  NR/250-380
Male  NR/250-300
Male  NR/285-335
Male  10/250-300
Male  10-12/NR
Male  NR/220-270
Male  NR/220-270
Male  NR/285-335
Female 6-8/NR
Male  Adult/180-
220
Male  Adult/200-
250
Male  Adult/200-
250

Pain
model

SNL

Diabetic
neuropathy

SNL

cal

Diabetic
Neuropathy

col

Diabstic
neuropathy
Diabetic
neuropathy

Exercise type

Swimming
Treadmill running
Treadnill running

Treadmill running
or swimming

Treadmill running
Treadmill running
Voluntary wheel
running
Treadmill running

Treadmill running

Treadnill running

Treadmill running
Swimming
Treadmill running

Treadmill running

Start point

2 weeks before surgery
5 days before streptozotocin
administration

The day of surgery

2 days before surgery

3 days before surgery
1 week before surgery
the day of surgery

3 days after surgery

8 days after surgery

6 days after surgery

2 day after surgery
1 week before surgery

The week of streptozotocin
administration
The week of streptozotocin
administration

Exercise intensity

Increase from 10 min/session to 90
min/session, for 90 min/day

18 m/min, with 0° slope, for 60 min/day, 5
day/week

Increase from 14 m/min to 16 m/min with 8%
grade, for 30 min/ciay, 5 day/week

Treadmill running: increase from 20 m/min to
30 m/imin, with 0°slope; from 15 min/d to 60
min/day, 5 day/week; swimming: increase
from 10 min/session to 90 min/session, for
90 min/day

Increase from 20 m/min to 25 m/min, for 30
min/day to 60 min/day, 7 day/week

Increase from 8 m/min to 22 m/min, for 30
min/day, 5 day/week

single-housed with in-cage running wheels

Increase from 14 to 16 m/min with an 8%
grade, for 30 min/cay, 5 day/week
Increase from 14 to 16 m/min, with 8%
grade, for 30 min/day, 7 day/week
Increase from 14 m/imin to 16 m/min, with
8% grade, for 30 min/day, 7 day/week

Increase from 10 m/min to 20 m/min with
10° slope, for 10 min/day, 5 day/week
Increase from 10 min/session to 30
min/session, for 10-60 mi/day, 5 day/week
Increase from 5 m/min to 10 m/min with 10%
grade, 10 min/day, 4 day/week

Increase from 5 m/min to 10 m/min, with
10% grade, 10 min/day, 4 day/week

8D, Sprague Dawley; NR, no record: CCI, chronic constriction injury; SNL, partial sciatic nerve ligation; TWL, Thermal withdrawal latency; MWT, Mechanical withdrawal threshold.

Exercise
duration

39d
10

weeks

5 weoks
Treadmill
funning:

6 wooks;
swimming:
39 day
8weeks

4 weeks
11

weeks.

4 weeks

3 weeks

3 weeks

6 weeks

4 weeks

5 weeks

5 weeks

Control
intervention

No exercise

No exercise

No exercise

No exercise

No exercise

No exercise

locked wheels

No exercise

No exercise

No exercise;
treadmil
running  with
0% grade
No exercise

No exercise

No exercise

No exercise

Behavioral
tests

WL

MWT

MWT, TWL

MWT, TWL

MWT, TWL

MWT, TWL

MWT

MWT, TWL

MWT, TWL

MWT, TWL

MWT, TWL

MWT, TWL

MWT

MWT





OPS/images/fneur-10-00636-t004.jpg
References

Kuphal et al. (12)
Shankarappa et al. (13)

Stagg et al. (14)
Chen etal. (15)
Chen etal. (16)
Kim etal. (17)

Grace et al. (18)
Hung et al. (19)

Huang et al. (20)

Teai etal. (21)

Yamaoka et al. (22)
Farzad et al. (23)

Ma et al. (25)
Ma etal. (24)

Findings and proposed mechanisms

NR
Exercise reduced high-voltage activated Ca2+ current
density

Exercise increased B-endorphin, met-enkephalin
Exercise increased Hsp72;

Exercise reduced TNF-a, IL-1B

Exercise increased Hsp72

Exercise reduced p.-opioid receptor

Exercise increased NLRP3, p65, P2X4R, p-p3s, BDNF
Exercise increased IL-10;

Exercise reduced IL-6, lbal

Exercise increased IL-10;
Exercise reduced TNF-a, IL-6

Exercise increased IL-10;
Exercise reduced IL-6, TNF-a

Exercise reduced Rnf34, Pacap

Exercise increased GADB5;
Exercise reduced lrisin

Exercise reduced IL-1B, IL-6, TNF-a, IL-1R, IL-6R, TNFR1
Exercise reduced mTOR, IL-6, S6K1, 4E-BP1

NR, no record; Hsp, Heat shock protein; GAD, glutamate decarboxylase; TNF-a, tumor
necrosis factor-a; IL, interleukin; p-p38, Phosphorylated p38; BDNF, Brain derived
neurotrophic factor; Ibaf, ionized calcium binding adaptor molecule 1; IL-1R, interleukin~
1 receptor; TNFRI, tumor necrosis factor receptor 1; mTOR, mammalian target

of rapamycin,





OPS/images/fneur-10-00636-g001.gif
[ISSTT—— Ao e detiiod

s e s
it o)
Resonts ittt et
ity
[erp— [
[ N Pt

[T ———y

Fullextarticles asessed rensons (0 ~22)
LR e [ -
ot st o1
[,

ot )






OPS/images/fneur-10-00636-g002.gif





OPS/images/cover.jpg
, frontiers
in Neurology

Meta-Analysis of the Effect of
Exercise on Neuropathic Pain
Induced by Peripheral Nerve Injury
in Rat Models









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Neurology





