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Abstract 

Background Increasing pre‑clinical evidence suggests that aerobic exercise positively modulates neuroimmune 
responses following traumatic nerve injury. However, meta‑analyses on neuroimmune outcomes are currently still 
lacking. This study aimed to synthesize the pre‑clinical literature on the effects of aerobic exercise on neuroimmune 
responses following peripheral nerve injury.

Methods MEDLINE (via Pubmed), EMBASE and Web of Science were searched. Controlled experimental studies on 
the effect of aerobic exercise on neuroimmune responses in animals with a traumatically induced peripheral neuropa‑
thy were considered. Study selection, risk of bias assessment and data extraction were performed independently by 
two reviewers. Results were analyzed using random effects models and reported as standardized mean differences. 
Outcome measures were reported per anatomical location and per class of neuro‑immune substance.

Results The literature search resulted in 14,590 records. Forty studies were included, reporting 139 comparisons of 
neuroimmune responses at various anatomical locations. All studies had an unclear risk of bias. Compared to non‑
exercised animals, meta‑analyses showed the following main differences in exercised animals: (1) in the affected 
nerve, tumor necrosis factor‑α (TNF‑α) levels were lower (p = 0.003), while insulin‑like growth factor‑1 (IGF‑1) 
(p < 0.001) and Growth Associated Protein 43 (GAP43) (p = 0.01) levels were higher; (2) At the dorsal root ganglia, 
brain‑derived neurotrophic factor (BDNF)/BDNF mRNA levels (p = 0.004) and nerve growth factor (NGF)/NGF mRNA 
(p < 0.05) levels were lower; (3) in the spinal cord, BDNF levels (p = 0.006) were lower; at the dorsal horn, microglia 
(p < 0.001) and astrocyte (p = 0.005) marker levels were lower; at the ventral horn, astrocyte marker levels (p < 0.001) 
were higher, and several outcomes related to synaptic stripping were favorably altered; (4) brainstem 5‑HT2A receptor 
levels were higher (p = 0.001); (5) in muscles, BDNF levels (p < 0.001) were higher and TNF‑α levels lower (p < 0.05); (6) 
no significant differences were found for systemic neuroimmune responses in blood or serum.

Conclusion This review revealed widespread positive modulatory effects of aerobic exercise on neuroimmune 
responses following traumatic peripheral nerve injury. These changes are in line with a beneficial influence on 
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pro‑inflammatory processes and increased anti‑inflammatory responses. Given the small sample sizes and the unclear 
risk of bias of the studies, results should be interpreted with caution.

Keywords Peripheral neuropathy, Mechanisms, Exercise, Physical activity, Neuro‑immune system, Cytokines, 
Neurotrophins, Macrophages, Neuroinflammation, Neurotransmitters

Background
Peripheral neuropathy is a common disorder in which 
the peripheral nervous system is affected [1, 2]. People 
with peripheral neuropathy often report numbness, par-
esthesia and/or muscle weakness [2]. Neuropathic pain 
is also a common symptom in people with peripheral 
neuropathy, and contributes to poor quality of life [3, 4]. 
Moreover, people with neuropathic pain more frequently 
experience severe pain, comorbidities, difficulties with 
work participation, insomnia, anxiety and depression 
compared to people with non-neuropathic chronic pain 
[5].

Exercise is an important part of chronic pain manage-
ment in people with neuropathic pain as it positively 
influences pain, physical functioning, general well-being 
and quality of life [6–8]. To date, the body of knowledge 
on the beneficial effects of exercise for peripheral neurop-
athy in human studies mostly focuses on non-traumatic 
nerve injuries, such as chemotherapy-induced peripheral 
neuropathy [7]. The beneficial effects of exercise in trau-
matic peripheral neuropathies (e.g., nerve lesion, crush 
or constriction) have however been extensively stud-
ied in animals [6, 7, 9]. Pre-clinical reviews showed that 
exercise has a positive effect on neuropathic pain, axon 
regeneration, and functional recovery [6, 7, 9].

Over the past decades, the potential of aerobic exer-
cise to positively influence neuroimmune processes that 
occur after peripheral nerve injury has gained increased 
attention [6]. Considering the invasive nature of the 
majority of methods used to determine neuroimmune 
responses in the nervous system, it is difficult and often 
impossible to assess these outcomes in humans, which is 
why these outcomes have been mainly studied in animals.

As a response to peripheral nerve injury, several neu-
roimmune changes occur at the site of the injury, the 
dorsal root ganglion (DRG), spinal cord and in higher 
brain areas [10, 11]. At these sites, immune cells, such as 
macrophages, mast cells and glial cells, are recruited and 
upregulated, and release mediators (e.g., neurotrophins, 
cytokines and reactive oxygen species) that lead to sensi-
tization of the pain neuraxis [11, 12]. Consequently, anti-
inflammatory and pro-resolving mediators are released, 
resulting in an active biochemical program that enables 
inflamed tissues to return to the pre-inflammatory state 
and to prevent chronic neuropathic pain [11, 13]. How-
ever, a prolonged and an exaggerated inflammatory 

response might lead to persistent sensitization within 
the neuraxis and predispose the transition from acute to 
chronic neuropathic pain [11, 13]. Regular exercise after 
nerve injury has been associated with neuroprotective 
effects and a general improvement in immune function, 
thereby preventing a prolonged and exaggerated inflam-
matory response [14].

A thorough review of the literature helps to gain 
insights into how aerobic exercise influences neuroim-
mune processes that occur after peripheral nerve injury. 
Furthermore, it is important to identify gaps in the cur-
rent body of knowledge, and provide recommenda-
tions for future research. To date, no systematic review 
with meta-analyses with this focus has been performed. 
Therefore, the aim of this systematic review was to 
summarize the effects of aerobic exercise on neuroim-
mune responses in animals with a traumatic peripheral 
neuropathy.

Methods
This review has been designed and is reported in line with 
the Preferred Reporting Items for Systematic reviews and 
Meta-Analyses (PRISMA) 2020 statement [15]. The pro-
tocol has been registered in the International prospective 
register of systematic reviews (PROSPERO; registration 
number CRD42021245911).

Literature search
A literature search was developed and conducted with 
the assistance of a research librarian (see Additional 
file  1). The following medical databases were searched 
from inception up to June 2020: MEDLINE (via Pubmed), 
EMBASE and Web of Science. Additionally, references 
from included studies were checked for potentially eligi-
ble studies.

Study selection
The study selection was performed independently by two 
researchers (MSK, MK) using Rayyan [16]. The title and 
abstract of all studies were checked for potential eligibil-
ity. Then, the full text of the potentially eligible studies was 
screened to determine whether they met predetermined 
selection criteria. Discrepancies in study selection were dis-
cussed among the two researchers. If consensus could not 
be reached, a third reviewer (GSP or ILS) was consulted.
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Studies were eligible for inclusion if: (1) a controlled 
experimental animal study was conducted; (2) animals 
with a traumatically induced peripheral neuropathy 
(e.g., nerve lesion, crush or constriction) were used; (3) 
intervention group(s) consisted of any form of aerobic 
exercise (e.g., treadmill running or swimming); (4) con-
trol group(s) consisted of animals with a traumatically 
induced peripheral neuropathy which did not receive 
any form of treatment (i.e., non-exercised animals); and 
(5) at least one neuroimmune response (i.e., processes or 
substances involved in interactions between the immune 
system and nervous system) was quantified. Criteria 
for exclusion were: (1) infant animals, pregnant ani-
mals, non-injured animals or animals with a systemic, 
auto-immune or neurological disease; (2) neuropathies 
acquired by illness or toxins (e.g., diabetic neuropathy, 
chemotherapy-induced peripheral neuropathy), heredi-
tary neuropathies (e.g., Charcot–Marie–Tooth disease), 
cranial nerve neuropathy, experimental neuroma models, 
or laryngeal neuropathy; (3) multimodal treatment (i.e., 
aerobic exercise combined with other treatment inter-
ventions), passive exercise therapy (e.g., stretching, neu-
romobilizations), electrical stimulation, vehicle injections 
or sham graft injections near the site of injury. No studies 
were excluded based on language or publication date.

Risk of bias assessment
Risk of bias assessment was performed independently by 
two researchers from a pool of three researchers (MSK, 
PT, NR). The risk of bias tool for animal studies devel-
oped by the Systematic Review Center for Laboratory 
Animal Experimentation (SYRCLE) was used [17]. This 
tool consists of 10 items that assess selection bias, perfor-
mance bias, detection bias, attrition bias, reporting bias 
and other forms of bias. Items can be rated as ‘yes’, ‘no’ 
or ‘unclear’, indicating a high, low or unclear risk of bias, 
respectively. Differences in risk of bias scores were dis-
cussed among the two researchers. If necessary, a third 
researcher was consulted (MSK, PT, NR). The percentage 
agreement between the two researchers was calculated.

Data extraction
Data were extracted independently by two researchers 
from a pool of three researchers (MSK, PT, NR), using a 
predetermined form. Information was gathered regarding 
study design, animals (e.g., species, strain, age), disease 
model (e.g., disease model used, location), intervention 
(e.g., type, duration, frequency, intensity), control group, 
relevant subgroups, outcome measures and results. 
When results were available for both the ipsilateral and 
contralateral side, we only extracted data for the experi-
mental side (i.e., ipsilateral to the side of the lesion for the 
nervous system caudal and distal to the decussation, and 

contralateral to the lesion side for the nervous system 
cranial to the decussation). In case of discrepancies, the 
extracted information was discussed by the two research-
ers. If no consensus was reached, a third researcher was 
consulted (MSK, PT, NR). The authors of the papers were 
contacted if data were unclear or not reported in the arti-
cle. If authors did not respond after a reminder, a univer-
sal desktop ruler (Universal Digitizer 3.8, AVP Soft) was 
used to extract data from figures by two researchers inde-
pendently (MSK, NR).

Data analyses
Data were analyzed using Review Manager (RevMan; 
Version 5.4, The Cochrane Collaboration, 2020). Differ-
ences in neuroimmune responses between experimental 
group(s) and control group(s) were expressed as stand-
ardized mean differences (SMDs) and 95% confidence 
intervals (95%CI), using a random effects model. For 
each meta-analysis, the number of studies (N = …) and 
number of comparisons (cf = …) are reported (e.g., N = 3; 
cf = 10)).

Outcome measures were organized per class of neu-
roimmune substance (e.g., neurotrophins, cytokines and 
neuroinflammation markers), and were reported per ana-
tomical location (e.g., nerve, dorsal root ganglion, spinal 
cord). Meta-analyses were performed when at least two 
comparisons were available from a minimum of two orig-
inal studies within the same anatomical location. Statisti-
cal heterogeneity was assessed using I2.

When a range of animals (e.g., 6–9) was reported 
rather than the exact number, the median of the range 
was used in the analyses. The control group size was cor-
rected if a study compared multiple intervention groups 
to one control group (i.e., the number of control group 
animals was divided by the number of intervention 
groups, with minimally N = 2 per group). When a study 
measured the same outcomes repeatedly in the same ana-
tomical location (e.g., in two different muscles, or mul-
tiple laminae), the largest SMD was retained [18, 19]. If 
at least 10 independent comparisons were available, for-
mal subgroup analyses were conducted on type of ani-
mal, neuropathy, exercise or outcome. When sufficient 
low risk of bias studies were available, sensitivity analyses 
were performed to compare low risk of bias studies with 
all included studies. Publication bias was assessed by vis-
ual inspection of a funnel plot if at least 10 studies were 
available.

Results
Study selection
The literature search resulted in 14,590 records. After 
removal of duplicates and conference abstracts, 8596 
records were screened. Following title and abstract 
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screening, 132 articles remained. After full text screen-
ing of 126 retrieved papers, 40 studies were included 
in the review [20–59]. Reference screening yielded no 
additional included studies. The percentage agreement 
between the reviewers before deliberation was 75.8%. 
The flowchart of study selection is presented in Fig. 1.

Study characteristics
The study characteristics of the 40 included studies are 
shown in Table 1. The studies included rats (26 studies) 
[21–29, 32–38, 40–42, 45–47, 51, 52, 56, 58], mice (13 
studies) [20, 30, 31, 39, 44, 48–50, 53–55, 57, 59] or rab-
bits (1 study) [43]. Sprague Dawley rats (18 studies) [21, 
24–29, 32, 35–38, 40, 42, 47, 51, 52, 56], C57BL/6J mice 
(8 studies) [20, 30, 31, 39, 48, 53, 57, 59] and Wistar rats 
(7 studies) [22, 23, 33, 34, 41, 45, 58] were the most fre-
quently used animal strains. Thirty studies exclusively 
used male animals [20, 23, 25, 28–31, 33–39, 41–50, 52, 
54–56, 58, 59]. Animal age ranged from 6 to 16  weeks, 
while age was specified as ‘adult’ in six studies [24, 34, 40, 
45, 46, 51] and unclear in five studies [28, 29, 36, 44, 49].

Almost all studies involved the sciatic nerve (36 stud-
ies) [20, 21, 23–32, 34–51, 53–58]; other studies used the 
soleus nerve (the soleus nerve branch off the tibial nerve) 
(1 study)[52], median and ulnar nerve (1 study) [59], 
median nerve (1 study) [33] and the L5 spinal nerve (1 
study) [22].

A variety of disease models was used. Nerve transec-
tion was performed in 13 studies [21, 24, 26, 27, 32, 35, 
40–42, 51, 53, 57, 59], of which nine also used a form of 
repair [21, 24, 26, 27, 32, 40, 42, 51, 59]. The chronic con-
striction injury (CCI) model was used in 11 studies [25, 
28, 29, 33, 34, 36, 44, 45, 47, 56, 58], a nerve crush injury 
in nine studies [23, 37, 38, 43, 49, 50, 52, 54, 55], partial 
sciatic nerve ligation (PSL) was performed in four studies 
[20, 30, 31, 48], spared nerve injury (SNI) was used in two 
studies [39, 46] and one study used spinal nerve ligation 
(SNL) [22].

The exercise programs reported in the studies were 
treadmill running (34 studies) [20–32, 36–41, 43, 45, 
47–59], swimming (6 studies) [29, 33, 34, 42, 44, 46] and 
voluntary wheel running (3 studies) [20, 26, 39]. The 
timing of the start of the exercise programs varied from 
immediately (0 days) to 15 days after injury. Three studies 
[20, 25, 46] did not report the starting day of the exer-
cise program. The length of the exercise program varied 
from 5 days to 8 weeks. One study [22] did not report the 
length of the exercise program.

Risk of bias
The results of the risk of bias assessment are shown 
in Fig.  2. Overall, 86.5% of the criteria were marked 
‘unclear’, because essential information regarding the 
methodology was missing. For five criteria, all studies 
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scored ‘unclear’, namely allocation sequence generation 
and application, similarity of the groups at baseline, 
adequate allocation concealment, random housing of 
animals and random selection of animals for outcome 
assessment. Four studies successfully blinded the car-
egivers and investigators [23, 30, 31, 49], 11 studies 
adequately blinded the outcome assessor [20, 23, 24, 
30, 31, 40, 41, 51, 53, 56, 57], four studies adequately 
addressed incomplete data [23, 28, 35, 53] and 27 stud-
ies were deemed ‘free of other problems that could 
result in high risk of bias’ [22, 25, 26, 28–32, 35, 37, 39, 
40, 42–45, 47, 49–53, 55–59]. Four studies were consid-
ered not to be free of selective outcome reporting [30, 
31, 41, 51]. Given the high number of ‘unclear’ scores, 
none of the studies were deemed to have a low risk 
of bias. The percentage agreement for the risk of bias 
assessment between the reviewers was 87.8%.

Results of syntheses
An overview of all neuroimmune responses and the 
number of studies and comparisons that are available is 
shown in Table  2. In total, 139 comparisons of neuro-
immune responses have been studied, which have been 
organized per class of neuroimmune substance and 
analyzed according to anatomical location. In total, 43 
meta-analyses could be performed. Results for the meta-
analyses per class are reported below and can be found 
in Table 2 and Fig. 3. An overview of all forest plots for 
the meta-analyses can be found in Additional file 2. For-
est plots for comparisons for which a meta-analysis could 
not be conducted can be found in Additional file 3.

Neuroinflammation markers
Dorsal horn In the dorsal horn, microglia (Iba1 or 
 CD−11b+) markers (6 studies, 13 comparisons (N = 6; 
cf = 13), pooled SMD: −  1.34 (95%CI: −  1.99, −  0.68)) 
[30, 36, 40, 44, 49, 56] and astrocyte (GFAP) marker lev-
els ((N = 3; cf = 7), pooled SMD: − 1.40 (95%CI: − 2.39, 
− 0.41)) [30, 49, 56] were significantly lower compared to 
controls.

Ventral horn Microglia (Iba1) and astrocyte (GFAP) 
reactivity surrounding axotomized motoneurons was 
determined for tibialis anterior and gastrocnemius mus-
cles [26, 32].

Microglia marker levels were not significantly lower in 
exercised animals compared to non-exercised controls 
((N = 2; cf = 6), pooled SMD: −  1.62 (95%CI: −  3.70, 
0.45)), whereas astrocyte marker levels were significantly 
higher ((N = 2; cf = 6), pooled SMD: 7.50 (95%CI: 3.33, 
11.68)) [26, 32].

Fig. 2 Risk of bias assessment. A ‘ + ’ represents low risk of bias, a ‘−’ 
high risk of bias and ‘?’ unclear risk of bias
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Table 2 Overview all neuroimmune responses

Number of original 
studies (N)

Total number of 
comparisons (N)

Pooled SMD (if applicable) Favors

Neuroinflammation markers

Brainstem

 1.1.1 Microglia
(Iba1)

1 1 N.A. (see Additional file 3 C1)

Dorsal horn

 1.2.1 Microglia
(Iba1 or  CD−11b+)

6 13 − 1.34 [− 1.99, − 0.68] EXP

 1.2.2 BDNF + Iba1 1 3 N.A. (see Additional file 3 C1)

 1.2.3 Astrocytes
(GFAP)

3 7 − 1.40 [− 2.39, − 0.41] EXP

 1.2.4 HDAC + nuclei 1 1 N.A. (see Additional file 3 C1)

Ventral horn
(Motoneurons)

 1.3.1  Microgliaa

(Iba1)
2 6 − 1.62 [− 3.70, 0.45] NS

 1.3.2  Astrocytesa

(GFAP)
2 6 7.50 [3.33, 11.68] EXP

Dorsal root ganglion

 1.4.1 Astrocytes 1 1 N.A. (see Additional file 3 C1)

Macrophages

Spinal cord (unspecified)

 2.1.1 Macrophage density 1 3 N.A. (see Additional file 3 C2)

Nerve

 2.2.1 Number of macrophages
(F4/80)

2 2 − 0.38 [− 1.85, 1.09] NS

 2.2.2 Number of CD68 + macrophages 1 1 N.A. (see Additional file 3 C2)

 2.2.3 Number of CD206 + macrophages 1 1 N.A. (see Additional file 3 C2)

 2.2.4. Relative proportion M1  Macrophagesb

(% of total macrophages)
1 1 N.A. (see Additional file 3 C2)

 2.2.5. Relative proportion M2  Macrophagesb

(% of total macrophages)
1 1 N.A. (see Additional file 3 C2)

 2.2.6. Relative proportion Intermediate  Macrophagesb

(% of total macrophages)
1 0 N.A

Neurotrophins

Brain

 A) Cerebral cortex
 3.1.1 BDNF

1 2 N.A. (see Additional file 3 C3)

 B) Brainstem
 3.2.1 BDNF

2 3 0.49 [− 0.13, 1.11] NS

Spinal cord (unspecified)

 3.3.1 BDNF 2 3 − 0.99 [− 1.69, − 0.29] EXP

 3.3.4 β‑NGF 1 1 N.A. (see Additional file 3 C3)

Dorsal horn

 3.4.1 BDNF 1 5 N.A. (see Additional file 3 C3)

 3.4.3 NT3 1 1 N.A. (see Additional file 3 C3)

Ventral horn

 3.5.1 BDNF mRNA 1 1 N.A. (see Additional file 3 C3)

 3.5.2 NT3 mRNA 1 1 N.A. (see Additional file 3 C3)

 3.5.3 NGF mRNA 1 1 N.A. (see Additional file 3 C3)

 3.5.4 GDNF mRNA 1 1 N.A. (see Additional file 3 C3)

 3.5.5 TrkB receptor 1 1 N.A. (see Additional file 3 C3)

 3.5.6 TrkC receptor 1 1 N.A. (see Additional file 3 C3)
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Table 2 (continued)

Number of original 
studies (N)

Total number of 
comparisons (N)

Pooled SMD (if applicable) Favors

 3.5.7 p‑AKT/AKT 1 1 N.A. (see Additional file 3 C3)

Dorsal root ganglion

 3.6.1 BDNF / BDNF mRNA 2 2 − 1.01 [− 1.70, − 0.31] EXP

 3.6.2 NGF / NGF mRNA 3 4 − 0.64 [− 1.29, 0.00] EXP

 3.6.3 GDNF / GDNF mRNA 2 2 − 1.30 [− 3.30, 0.69] NS

 3.6.4 NT3 mRNA 1 1 N.A. (see Additional file 3 C3)

Nerve

 3.7.1 BDNF / BDNF mRNA 3 3 0.21 [− 1.38, 1.81] NS

 3.7.2 GDNF 1 1 N.A. (see Additional file 3 C3)

 3.7.3 IGF‑1 2 2 1.72 [0.87, 2.57] EXP

Blood/serum

 3.8.1  BDNFc 1 0 N.A

 3.8.2 GDNF 1 1 N.A. (see Additional file 3 C3)

 3.8.3 IGF‑1 2 2 3.35 [− 2.59, 9.28] NS

Muscle

 3.9.1 BDNF 2 3 3.12 [2.00, 4.24] EXP

 3.9.2 GDNF 1 1 N.A. (see Additional file 3 C3)

 3.9.3 IGF‑1 / IGF‑1  mRNAd 3 3 0.97 [− 1.27, 3.22] NS

 3.9.4 TrkB kinase 1 1 N.A. (see Additional file 3 C3)

 3.9.5 p‑TrkB receptors 1 1 N.A. (see Additional file 3 C3)

Liver

 3.10.1 IGF‑1 mRNA 1 1 N.A. (see Additional file 3 C3)

Cytokines

Cerebral cortex

 4.1.1 IL‑1β 1 2 N.A. (see Additional file 3 C4)

 4.1.2 IL‑4 1 2 N.A. (see Additional file 3 C4)

Brainstem

 4.2.1 TNF‑α 1 1 N.A. (see Additional file 3 C4)

 4.2.2 IL‑1β 2 3 0.24 [− 1.43, 1.91] NS

 4.2.3 IL‑4 1 2 N.A. (see Additional file 3 C4)

Spinal cord (unspecified)

 4.3.1 TNF‑α 1 1 N.A. (see Additional file 3 C4)

 4.3.2 IL‑1β 2 3 − 0.54 [− 1.18, 0.10] NS

 4.3.4 IL‑4 1 2 N.A. (see Additional file 3 C4)

 4.3.6 IL‑6 1 2 N.A. (see Additional file 3 C4)

 4.3.7 IL‑6 receptor 1 1 N.A. (see Additional file 3 C4)

 4.3.8 IL‑10 2 3 0.60 [− 0.39, 1.60] NS

 4.3.9 Irisin 1 1 N.A. (see Additional file 3 C4)

Dorsal horn

 4.4.1 IL‑1 receptor antagonist 1 1 N.A. (see Additional file 3 C4)

 4.4.2 IL‑4 1 1 N.A. (see Additional file 3 C4)

 4.4.3 IL‑5 1 1 N.A. (see Additional file 3 C4)

 4.4.4 IL‑6 1 1 N.A. (see Additional file 3 C4)

Nerve

 4.5.1 TNF‑α 5 10 -1.10 [− 1.81, − 0.39] EXP

 4.5.2 IL‑1β 3 4 − 0.89 [− 1.98, 0.21] NS

 4.5.3 IL‑1 receptor antagonist 2 2 0.64 [− 0.70, 1.99] NS

4.5.4 IL‑4 2 2 0.54 [− 0.62, 1.69] NS

 4.5.5 IL‑5 1 1 N.A. (see Additional file 3 C4)
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Table 2 (continued)

Number of original 
studies (N)

Total number of 
comparisons (N)

Pooled SMD (if applicable) Favors

 4.5.6 IL‑6 4 8 − 0.42 [− 1.78, 0.93] NS

 4.5.7 IL‑6 receptor 2 2 1.36 [− 3.16, 5.88] NS

 4.5.8 STAT3 1 1 N.A. (see Additional file 3 C4)

 4.5.9 IL‑10 3 7 0.40 [− 0.54, 1.35] NS

Blood/serum

 4.6.1 IL‑6 1 1 N.A. (see Additional file 3 C4)

Muscle

 4.7.1 TNF‑α 2 2 − 1.06 [− 2.12, − 0.01] EXP

 4.7.2 IL‑1β 2 2 − 0.57 [− 1.52, 0.39] NS

 4.7.3 IL‑1ra 1 1 N.A. (see Additional file 3 C4)

 4.7.4 IL‑4 1 1 N.A. (see Additional file 3 C4)

 4.7.5 IL‑6 1 1 N.A. (see Additional file 3 C4)

Cerebrospinal fluid

 4.8.1 TNF‑α 1 1 N.A. (see Additional file 3 C4)

Neurotransmitters

(nor)adrenergic

 Brainstem

  5.1.1 α1a receptor 1 1 N.A. (see Additional file 3 C5)

  5.1.2 β2 receptor 1 1 N.A. (see Additional file 3 C5)

 Dorsal horn

  5.2.1 α1a receptor 1 1 N.A. (see Additional file 3 C5)

  5.2.2 β2 receptor 1 1 N.A. (see Additional file 3 C5)

Serotonin

 Brainstem

  6.1.1 5‑HT (unspecified)e 1 1 N.A. (see Additional file 3 C6)

  6.1.2 5‑HT 1A receptor 1 1 N.A. (see Additional file 3 C6)

  6.1.3 5‑HT 1B receptor 1 1 N.A. (see Additional file 3 C6)

  6.1.4 5‑HT 2A receptor/receptor mRNA 2 2 1.25 [0.49, 2.01] EXP

  6.1.5 5‑HT 2C receptor 1 1 N.A. (see Additional file 3 C6)

  6.1.6 5‑HT 3A receptor 1 1 N.A. (see Additional file 3 C6)

  6.1.7 5‑HT 7 receptor 1 1 N.A. (see Additional file 3 C6)

  6.1.8 SERT (serotonin transporter) 1 1 N.A. (see Additional file 3 C6)

  6.1.9 Tryptophan hydroxylase 2 (Tph2) 1 1 N.A. (see Additional file 3 C6)

 Dorsal horn

  6.2.1 5‑HT receptor (unspecified) 1 1 N.A. (see Additional file 3 C6)

  6.2.2 5‑HT 2A receptor 1 1 N.A. (see Additional file 3 C6)

 Ventral horn

  6.3.1 5‑HT receptor (unspecified) 1 1 N.A. (see Additional file 3 C6)

GABA

 SPINAL CORD (unspecified)

  7.1.1 GAD65 1 1 N.A. (see Additional file 3 C7)

 Dorsal horn

  7.2.1 GABA 1 1 N.A. (see Additional file 3 C7)

  7.2.2 GABA + /NeuN + neurons 1 1 N.A. (see Additional file 3 C7)

  7.2.4 GAD65/67 (no distinction) 1 1 N.A. (see Additional file 3 C7)

  7.2.6 Rnf34 1 3 N.A. (see Additional file 3 C7)

 Ventral horn

  7.1.5 GAD67 2 5 0.88 [‑0.38, 2.13] NS
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Table 2 (continued)

Number of original 
studies (N)

Total number of 
comparisons (N)

Pooled SMD (if applicable) Favors

Dopamine

 Brainstem

  8.1.1 TH immunoreactivity 1 1 N.A. (see Additional file 3 C8)

Purine

 Spinal cord (unspecified)

  9.1.1 P2X3 (ATP receptor) 1 1 N.A. (see Additional file 3 C9)

Opioid system

 Brainstem

  10.1.1 μ‑opioid receptor 1 1 N.A. (SEE Additional file 3 C10)

  10.1.2 β‑endorphin 1 5 N.A. (see Additional file 3 C10)

 Spinal cord (unspecified)

  10.2.1 μ‑opioid receptor 1 1 N.A. (see Additional file 3 C10)

 Dorsal horn

  10.3.1 μ‑opioid receptor 1 5 N.A. (see Additional file 3 C10)

Neuropeptides

Dorsal horn

 11.1.1 CGRP 1 3 N.A. (see Additional file 3 C11)

 11.1.2 PACAP mRNA 1 3 N.A. (see Additional file 3 C11)

Bone

 11.4.1 Substance P 1 1 N.A. (see Additional file 3 C11)

(Sub)epidermis

 11.5.1 Intraepidermal nerve fiber density 1 2 N.A. (see Additional file 3 C11)

 11.5.2 CGRP 1 3 N.A. (see Additional file 3 C11)

 11.5.4 PGP 1 3 N.A. (see Additional file 3 C11)

Synaptic stripping

Dorsal horn

 12.1.1 Synaptophysin 1 1 N.A. (see Additional file 3 C12)

Ventral horn (motoneurons)

 12.2.1  Synaptophysine,f 3 10 2.05 [1.32, 2.77] EXP

 12.2.2  Vglut1e,f 5 15 1.38 [0.62, 2.15] EXP

 12.2.3 Gephyrin 1 4 N.A. (see Additional file 3 C12)

 12.2.4 Perineuronal  Netse 3 10 0.39 [− 0.31, 1.09] NS

 12.2.5  VGat1e 2 6 − 2.99 [− 4.72, − 1.26] EXP

 C‑Boutons 1 5 N.A. (see Additional file 3 C12)

Other

Potassium‑chloride cotransporters (KCC)

 Dorsal horn

  13.1.1  KCC2e 1 2 N.A. (see Additional file 3 C13)

  13.1.2 pKCC2 1 2 N.A. (see Additional file 3 C13)

 Dorsal root ganglion

  13.2.1 NKCC1 1 2 N.A. (see Additional file 3 C13)

  13.2.2 pNKCC1 1 2 N.A. (see Additional file 3 C13)

MAPK signaling pathway

 Nerve

  14.1.1 p‑ERK1/2 1 2 N.A. (see Additional file 3 C14)

  14.1.2 p‑38MAPK 1 2 N.A. (see Additional file 3 C14)

  14.1.3 c‑Jun N‑terminated kinase (JNK) 1 2 N.A. (see Additional file 3 C14)

  14.1.4 p–c‑Jun 1 2 N.A. (see Additional file 3 C14)

  14.1.5 ATF3 1 2 N.A. (see Additional file 3 C14)
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Macrophages
Nerve In the sciatic nerve, the number of macrophages 
(F4/80) was not significantly lower ((N = 2; cf = 2), pooled 
SMD: − 0.38 (95%CI: − 1.85, 1.09)) in exercised animals 
compared to control animals [48, 49].

Neurotrophins
Brainstem In the brainstem, there was no significant dif-
ference in brain-derived neurotrophic factor (BDNF) lev-
els between the control and exercise group ((N = 2; cf = 4), 
pooled SMD: 0.49 (95%CI: − 0.13, 1.11)) [51, 58].

Spinal cord In the spinal cord (unspecified location) 
there were significantly lower levels of BDNF in the exer-

cise group compared to the control group ((N = 2; cf = 4), 
pooled SMD: − 0.99 (95%CI: − 1.69, − 0.29)) [49, 58].

Dorsal root ganglion In the dorsal root ganglion, 
BDNF/BDNF mRNA levels ((N = 2; cf = 2), pooled 
SMD: − 1.01 (95%CI: − 1.70, − 0.31)) [24, 44] and nerve 
growth factor (NGF)/NGF mRNA levels ((N = 3; cf = 4), 
pooled SMD: -0.64 (95%CI: − 1.29, − 0.00)) [24, 40, 44] 
were significantly reduced in exercised animals. Glial 
cell line-derived neurotrophic factor (GDNF)/GDNF 
mRNA levels ((N = 2; cf = 2), pooled SMD: −  1.30 
(95%CI: − 3.30, 0.69)) were not significantly lower com-
pared to control animals [24, 44].

Table 2 (continued)

Number of original 
studies (N)

Total number of 
comparisons (N)

Pooled SMD (if applicable) Favors

GAP43

 Dorsal root ganglion

  15.1.1 CGRP + GAP43 1 1 N.A. (see Additional file 3 C15)

 Nerve

  15.2.1 GAP43 2 3 0.76 [0.17, 1.35] EXP

 (Sub)epidermis

  15.3.1 CGRP +  GAP43g 1 3 N.A. (see Additional file 3 C15)

CREB

 Brainstem

  16.1.1 p‑CREB 1 1 N.A. (see Additional file 3 C16)

  15.1.2 p‑CREB/TH + 1 1 N.A. (see Additional file 3 C16)

 Dorsal horn

  16.2.1 p‑CREB 1 1 N.A. (see Additional file 3 C16)

  16.2.2 total CREB 1 1 N.A. (see Additional file 3 C16)

 Nerve

  16.3.1 p‑CREB 1 2 N.A. (see Additional file 3 C16)

Oxidative stress

 Serum

  17.2.1 FRAP 1 1 N.A. (see Additional file 3 C17)

  17.2.2 MDA 1 1 N.A. (see Additional file 3 C17)

PLCy‑1

 Dorsal horn

  18.1.1 phosphorylated PLCy‑1 1 1 N.A. (see Additional file 3 C18)

  18.1.2 total PLCy‑1 1 1 N.A. (see Additional file 3 C18)

Heat shock protein 72

 Nerve

  Heat shock protein  72h 1 0 N.A

EXP favors experimental, NS not significant

Bold values represent significant results. aUnable to include two studies due to inability to determine mean and/or SD for all groups [21, 27]. bUnable to include one 
study due to inability to determine mean and/or SD for all groups [48]. cUnable to include one study due to inability to determine mean and/or SD for all groups [59]. 
dSensitivity analyses performed, due to the same but opposite effects reported in two muscles. eUnable to include one comparison due to inability to determine 
SD for all groups [41]. eUnable to include one study in meta‑analysis due to inability to determine mean and/or SD for all groups [27]. fAdded a negative sign before 
results for Arbat‑Plana [21, 26], because unit of measurement was % loss. gUnable to include two comparisons from one study due to inability to determine mean and/
or SD for all groups [40]. hUnable to include two comparisons from one study due to inability to determine mean and/or SD for all groups [29]
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Fig. 3 Results meta‑analyses. N = number of studies (number of comparisons). * p < 0.05; # Iba1 or  CD−11b+; †GFAP; e Iba1; Results in favor 
of exercised animals compared to controls. BDNF brain‑derived neurotrophic factor, GAD67 glutamic acid decarboxylase 67, GAP43 Growth 
Associated Protein 43, GDNF glial cell line‑derived neurotrophic factor, IGF-1 insulin‑like growth factor‑1, IL Interleukin, NGF nerve growth factor, PNN 
perineuronal net, SMD standardized mean difference, TNF-α tumor necrosis factor‑α, VGat1 vesicular GABA transporter 1, VGlut1 vesicular glutamate 
transporter 1
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Fig. 3 continued
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Nerve BDNF/BDNF mRNA levels were measured 
in the sciatic [38] or median nerve [33, 59]. There was 
no significant difference in BDNF/BDNF mRNA levels 
((N = 3; cf = 3), pooled SMD: 0.21 (95%CI: − 1.38, 1.81)) 
[33, 38, 59] in exercised compared to non-exercised ani-
mals. Insulin-like growth factor-1 (IGF-1) levels meas-
ured in the sciatic [50] or median nerve [59] were sig-
nificantly increased ((N = 2; cf = 2), pooled SMD: 1.72 
(95%CI: 0.87, 2.57)) in exercised animals compared to 
non-exercised controls [50, 59].

Serum Serum levels of IGF-1 were not significantly 
increased ((N = 2; cf = 2), pooled SMD: 3.35 (95%CI: 
− 2.59, 9.28)) in exercised animals compared to controls 
[35, 59].

Muscle BDNF levels measured in the forearm extrin-
sic finger flexor muscles [59] or soleus muscle [52] were 
significantly increased ((N = 2; cf = 3), pooled SMD: 3.12 
(95%CI: 2.00, 4.24)) in exercised animals. IGF-1/IGF-1 
mRNA levels in the red muscle of the gastrocnemius 
[35], triceps surae [50] and forearm extrinsic finger flexor 
muscles [59] were not significantly altered ((N = 3; cf = 3), 
pooled SMD: 0.97 (95%CI: − 1.27, 3.22)) in exercised ani-
mals in comparison with the control group.

Cytokines
Brainstem Levels of interleukin (IL)-1β in the brainstem 
did not differ significantly ((N = 2; cf = 3), pooled SMD: 
0.24 (95%CI: − 1.43, 1.91)) between exercised and control 
animals [55, 58].

Spinal cord In the spinal cord (unspecified location), 
IL-1β levels ((N = 2; cf = 3), pooled SMD: − 0.54 (95%CI: 
−  1.18, 0.10)) [54, 58] and IL-10 levels ((N = 2; cf = 3), 
pooled SMD: 0.60 (95%CI: − 0.39 1.60)) [36, 54] were not 
significantly different between exercised animals com-
pared to control animals.

Nerve In the sciatic nerve, tumor necrosis factor-α 
(TNF-α) levels were significantly reduced ((N = 5; cf = 10), 
pooled SMD: − 1.10 (95%CI: − 1.81, − 0.39)) [28, 29, 47, 
50, 54], while IL-1β levels were not significantly lower 
((N = 3; cf = 4), pooled SMD: −  0.89 (95%CI: −  1.98, 
0.21)) [29, 50, 54] in exercised animals compared to con-
trols. Levels of IL-6 ((N = 4; cf = 8), pooled SMD: − 0.42 
(95%CI: − 1.78, 0.93)) [28, 46, 47, 49] and IL-6 receptor 
((N = 2; cf = 2), pooled SMD: 1.36 (95%CI: − 3.16, 5.88)) 
[46, 54] in the sciatic nerve were not significantly different 
from controls.

Levels of IL-1 receptor antagonist (IL-1RA) ((N = 2; 
cf = 2), pooled SMD: 0.64 (95%CI: − 0.70, 1.99)) [49, 50], 

IL-4 ((N = 2; cf = 2), pooled SMD: 0.54 (95%CI: −  0.62, 
1.69)) [49, 50] and IL-10 ((N = 3; cf = 7), pooled SMD: 
0.40 (95%CI: − 0.54, 1.35)) [28, 47, 54] in the sciatic nerve 
were not significantly higher in exercised animals com-
pared to control animals.

Muscle The levels of TNF-α/TNF-α mRNA measured 
in the triceps surae [50] or red muscle of the gastroc-
nemius [35] were significantly reduced ((N = 2; cf = 2), 
pooled SMD: − 1.06 (95%CI: − 2.12, − 0.01)) [35, 50] in 
exercised animals compared to controls. Levels of IL-1β/ 
IL-1β mRNA in the triceps surae [50] or tibialis anterior 
muscle [35] of exercised animals did not significantly dif-
fer from control animals ((N = 2; cf = 2), pooled SMD: 
− 0.57 (95%CI: − 1.52, 0.39)) [35, 50].

Neurotransmitters
Brainstem Serotonergic 5-HT2A receptor/5-HT2A 
receptor mRNA levels ((N = 2; cf = 2), pooled SMD: 1.25 
(95%CI: 0.49, 2.01)) were significantly higher in exercised 
animals than in control animals [51, 55].

Ventral horn Motoneuron levels of glutamic acid decar-
boxylase 67 (GAD67) were not significantly higher in 
exercised animals compared to controls ((N = 2; cf = 5), 
pooled SMD: 0.88 (95%CI: -0.38, 2.13)) [53, 57].

Synaptic stripping
Ventral horn Motoneuron levels of synaptophy-
sin ((N = 3; cf = 10), pooled SMD: 2.05 (95%CI: 1.32, 
2.77)) [21, 26, 32] and vesicular glutamate transporter 1 
(VGlut1) ((N = 5; cf = 15), pooled SMD: 1.38 (95%CI: 0.62, 
2.15)) [21, 26, 32, 53, 57] were significantly higher in exer-
cised animals, while perineuronal nets (PNNs) ((N = 3; 
cf = 10), pooled SMD: 0.39 (95%CI: −  0.31, 1.09)) [21, 
26, 32] were not significantly different compared to con-
trols. Motoneuron levels of vesicular GABA transporter 
1 (VGat1) ((N = 2; cf = 6), pooled SMD: −  2.99 (95%CI: 
− 4.72, − 1.26)) were significantly lower in exercised ani-
mals compared to control animals [26, 32].

Other neuroimmune substances
Nerve Levels of Growth Associated Protein 43 (GAP43) 
measured in the sciatic [37] or median [33] nerve ((N = 2; 
cf = 3), pooled SMD: 0.76 (95%CI: 0.17, 1.35)) were sig-
nificantly elevated in exercised animals compared to con-
trols.

Post hoc sensitivity analysis
Because one study [35] reported exactly the same but 
opposite IGF-1 mRNA levels in two muscles (i.e., tibi-
alis anterior and the red muscle of the gastrocnemius), a 
post hoc sensitivity analysis was performed. Sensitivity 
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analyses using the results for the tibialis anterior muscle 
instead of the red muscle of the gastrocnemius, showed 
a significant increase of IGF-1/IGF-1 mRNA ((N = 3; 
cf = 3), pooled SMD: 1.77 (95%CI: 1.03, 2.52)). The most 
conservative effect estimate (i.e., red muscle of the gas-
trocnemius) has been retained.

Subgroup analyses and publication bias
It was not possible to perform subgroup analyses or 
assess publication bias, because insufficient studies were 
available. The risk of bias of all studies was unclear.

Discussion
The aim of this systematic review and meta-analyses was 
to determine the effect of aerobic exercise on neuroim-
mune responses in animals with a traumatic peripheral 
neuropathy. Results from 40 studies were included. In 
general, the findings indicate that aerobic exercise has a 
positive influence on neuroimmune responses that occur 
following traumatic peripheral neuropathy. These posi-
tive effects are seen at local and remote locations relative 
to the lesion site.

Effects of aerobic exercise
Nerve
In the early stages after peripheral nerve injury, mac-
rophages are involved in the increased release of pro-
inflammatory cytokines in the nerve [7, 12, 60]. Mainly 
macrophages located in the DRG were found to be 
responsible for the development and maintenance of 
hypersensitivity after peripheral neuropathy [4]. Down-
regulation of pro-inflammatory cytokines by an increased 
differentiation into anti-inflammatory M2 macrophages 
under the influence of IL-4 is suggested to play a role in 
reducing hypersensitivity after peripheral nerve injury 
[4, 7]. One of the proposed effects of exercise lies in mac-
rophage phenotype polarization at the site of injury from 
a pro-inflammatory (M1) to an anti-inflammatory (M2) 
state [60]. Based on our findings however, no definite 
conclusions on the influence of aerobic exercise on mac-
rophage levels and phenotype polarization at or around 
the site of injury could be drawn from two studies [48, 
49] with a limited number of animals, indicating more 
research on this subject is warranted.

Pro-inflammatory cytokines, such as TNF-α, IL-1β and 
IL-6, are released in response to injury [61]. Increased 
levels of pro-inflammatory cytokines incite further pro-
liferation of these cytokines, causing an escalation of 
pro-inflammatory processes [61]. Anti-inflammatory 
cytokines, such as IL-10 and IL-4, keep the inflammatory 
response in check by downregulating pro-inflammatory 
processes [61]. Although a variety of pro- and anti-
inflammatory cytokine levels in the nerves have been 

investigated in response to aerobic exercise, the only 
significant difference was found for a decreased level of 
TNF-α in the sciatic nerve [28, 29, 47, 50, 54]. Given that 
TNF-α is considered a key mediator of neuropathic pain 
[61], lower levels of TNF-α imply an anti-inflammatory 
influence of aerobic exercise. Additionally, although not 
significant, a general trend of lower levels of pro-inflam-
matory cytokines and higher levels of anti-inflammatory 
cytokines could be observed in exercised animals, com-
pared to control animals. However, additional research is 
needed to draw more definite conclusions.

GAP43 is involved in axonal growth and is considered 
an indicator for rapid neuron regeneration [62, 63]. Evi-
dence suggests that in the early stages after dorsal root 
injury, mainly GAP43 immunoreactive neurons support 
axonal growth, followed later by neurons that are not 
GAP43 immunoreactive [62]. The increased levels of 
GAP43 in the nerve of exercised animals [33, 37], meas-
ured at 1–3 weeks after nerve injury, therefore suggest an 
improved nerve regeneration in trained animals. Physical 
activity induced BDNF at the dorsal horn level has been 
implicated to play a role in the enhanced GAP43 expres-
sion and subsequent increased neuroplasticity [64, 65]. In 
this review however, BDNF/BDNF mRNA levels in the 
nerve of exercised animals were not significantly different 
from control animals [33, 38, 59]. These results might be 
explained by the difference in timing of outcome meas-
urement and the low number of animals included in the 
studies. Additional research is needed to shed light on 
the impact aerobic exercise has on BDNF levels at the 
site of injury. The significant increase of insulin growth 
factor-1 (IGF-1) levels in the nerve found in our study 
[50, 59] also supports the notion that exercise leads to 
enhanced nerve regeneration [50, 61].

Dorsal root ganglion
Neurotrophin levels in the DRG were lower in exercised 
animals, with a significant reduction in BDNF/BDNF 
mRNA [24, 44] and NGF/NGF mRNA levels [24, 40, 44] 
and a non-significant reduction of GDNF/GDNF mRNA 
levels [24, 44]. Given that upregulation of BDNF and 
NGF in the dorsal horn after nerve injury is associated 
with an enhanced pro-inflammatory response and hyper-
algesia, these findings are indicative of a normalization 
of neurotrophic levels in response to exercise, resulting 
in an anti-inflammatory response [14, 49, 61]. Unfortu-
nately, no other meta-analyses could be performed at the 
DRG level.

Spinal cord
Significantly lower spinal cord BDNF levels were found 
in physically active animals, compared to controls [49, 
58]. Activated microglia in the spinal cord release BDNF, 



Page 23 of 27Sleijser‑Koehorst et al. Journal of Neuroinflammation          (2023) 20:104  

among other molecules, in response to nerve injury [61]. 
Increased levels of BDNF impact GABA-mediated neu-
ronal inhibitory processes, thus facilitating nociception 
[11, 61]. The lower BDNF levels found in exercised ani-
mals therefore imply a beneficial effect of aerobic exer-
cise. Additionally, although not significant, the reduction 
of IL-1β and increased levels of IL-10 are also indicative 
of an anti-inflammatory effect of exercise at the spinal 
cord level.

After nerve injury, glial cells in the dorsal horn are 
upregulated, leading to stimulation of first and second 
order neurons through the release of pro-inflammatory 
mediators [12, 61]. In the long term, this process can 
cause plastic changes at the dorsal horn and central sen-
sitization [12]. Microglia change from a homeostatic phe-
notype into classical activation promptly after peripheral 
nerve injury, causing neuronal hyperexcitability through 
the release of pro-inflammatory mediators [11, 12, 60, 
61, 66, 67]. The results in our study showed a significant 
decrease of microglia markers (Iba1 or  CD−11b+) in the 
dorsal horn [30, 36, 40, 44, 49, 56]. Astrocyte activation 
occurs later than microglial activation, and is associ-
ated with the persistence of neuropathic pain through 
the release of pro-inflammatory mediators [11, 61, 66]. 
Inversely, a possible anti-nociceptive influence of astro-
cytes is proposed through the release of the primarily 
anti-nociceptive neurotrophin GDNF [61]. The results 
found in our study showed an overall decrease in levels of 
astrocyte marker GFAP after exercise [30, 49, 56]. While 
the GFAP levels measured 7 days post-injury appear to be 
similar for both groups, a more apparent reduction was 
seen at later stages (i.e., at 2, 3 and 5 weeks post-injury), 
indicating that the relative decrease of GFAP levels in 
physically active animals occurs mainly at a later stage. 
Overall, these results suggest a positive influence of aero-
bic exercise on glial cell levels at the dorsal horn. Given 
that no other meta-analyses could be performed for 
neuroimmune processes at the dorsal horn, despite the 
important role the dorsal horn plays in nociceptive path-
ways, future research should focus on further unravelling 
the influence of exercise on neuroimmune processes tak-
ing place at the dorsal horn.

Axotomy of spinal motoneuron in the ventral horn 
leads to large-scale synaptic stripping [21, 26, 68]. 
Microglia have been implicated as an important con-
tributor to synaptic stripping [68]. However, a recent 
systematic review suggested a paradigm shift away 
from the notion that microglia are considered the 
‘universal synaptic strippers’ [68]. They describe two 
different forms of synaptic plasticity: a mechanism 
of synaptic stripping that is influenced, among oth-
ers, by local microglia, astrocytes and neurotrophin 

levels. Additionally, these authors propose a process 
that is microglia-dependent [68]. The levels of microglia 
marker Iba1 in the ventral horn of exercised animals 
found in our review were not significantly altered com-
pared to controls [26, 32]. However, significantly higher 
levels of astrocyte marker GFAP were found in the ven-
tral horn of exercised animals compared to controls [26, 
32]. Findings from a recent study imply a rapid astro-
cyte activation at the ventral horn after peripheral nerve 
injury, that coincides with increased neurotrophin levels 
and appears to be beneficial for nerve regeneration and 
motor function [69]. This may imply that the increased 
GFAP levels found in exercised animals are associated 
with a beneficial effect on nerve regeneration. However, 
the precise role that astrocytes play and the mechanisms 
associated with higher GFAP levels found in exercised 
animals compared to controls require further investi-
gation. Several outcomes related to synaptic stripping 
were examined, showing significantly higher levels of 
synaptophysin [21, 26, 32] and Vglut1 [21, 26, 32, 53, 57] 
and significantly lower levels of VGat1 [26, 32] in active 
animals, compared to controls. PNN levels were not sig-
nificantly different between groups. These results sug-
gest a beneficial role of physical activity in the reduction 
of synaptic stripping in motoneurons after peripheral 
nerve injury. GABA-related GAD67 levels were not sig-
nificantly altered in exercised animals compared to con-
trols [53, 57].

Brain
Three meta-analyses could be performed for neuroim-
mune responses in the brainstem, while no meta-analyses 
could be performed for the cerebral cortex, highlight-
ing the need for additional studies in these areas. In the 
brainstem, we found a significant increase of the seroto-
nin 5-HT2A receptor/5-HT2A receptor mRNA expres-
sion [51, 55]. Enhanced serotonergic neurotransmission 
is one of the proposed mechanisms behind exercise-
induced analgesia by facilitating descending inhibitory 
processes at the dorsal horn [51, 55]. The increased levels 
of 5-HT receptor levels found in our study are therefore 
suggestive of a beneficial influence of exercise on sero-
tonergic neurotransmission. No significant difference 
was found in BDNF [51, 58] and IL-1β [55, 58] levels in 
the brainstem.

Blood/serum
One meta-analysis could be performed for neuroimmune 
responses in blood or serum, showing a non-significant 
increase in IGF-1 [35, 59].
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Muscle
In contrast with results found in the spinal cord and 
dorsal root ganglion, BDNF levels were significantly 
higher in the muscles of exercised animals [52, 59]. The 
increased levels of BDNF found in muscles after aerobic 
exercise are considered an important part of the muscle 
reinnervation process that takes place after nerve injury 
[52]. This suggests that the higher BDNF levels as a result 
of physical activity are beneficial for recovery [52].

The significantly reduced levels of the pro-inflam-
matory cytokine TNF-α found in exercised animals 
compared to controls [35, 50] are indicative of an anti-
inflammatory effect of aerobic exercise. Although not 
significant, the observed decrease in pro-inflammatory 
IL-1β [35, 50] and higher levels of IGF-1 [35, 50, 59] also 
suggests anti-inflammatory responses in muscles of exer-
cised animals. However, more studies are needed to con-
firm these findings.

Limitations and recommendations
Several limitations should be considered when interpret-
ing the results reported in this systematic review and 
meta-analyses. A wide range of neuroimmune responses 
was measured in the included studies. However, the 
number of studies that measured these outcomes was 
generally low, making it impossible to perform meta-
analyses for a large proportion of the neuroimmune 
responses. Moreover, most studies included only small 
numbers of animals (e.g., 4–5 animals per group), which 
tends to make effect measures imprecise.

There was a large degree of heterogeneity between 
the included studies. A variety of peripheral neuropathy 
models and animal species and strains were used in the 
studies. Although all intervention groups consisted of 
aerobic exercise, the exercise type (e.g., treadmill train-
ing, swimming, voluntary wheel running), duration, fre-
quency and intensity differed substantially. Considering 
the large variability in timing, length and intensity of the 
exercise programs, subgroup analyses were not possible. 
Additionally, the timepoints at which the outcomes were 
measured varied considerably leading to inconsistency. 
Considering that different phases of recovery following 
peripheral neuropathy require a different balance of pro- 
and anti-inflammatory processes, the optimal levels of 
pro- and anti-inflammatory substances differ over time. 
To account for the heterogeneity in the study design, ran-
dom effect models were used to estimate effects.

The focus of this review was on the neuroimmune 
processes that occur after aerobic exercise, therefore no 
functional outcomes were included. It would be informa-
tive to gain insight in the relations between neuroim-
mune outcomes and functional outcomes to determine 
whether changes in neuroimmune processes also lead to 

better functional outcomes, however this was beyond the 
scope of this review.

Only 10 out of 40 studies included female animals. In 
recent years, it has become apparent that (neuro)immune 
responses to peripheral nerve injury differ between male 
and female animals [70–72]. Unfortunately, there were 
too few independent comparisons per outcome meas-
ure to perform reliable subgroup analyses for sex. Nev-
ertheless, the observation that there are too few studies 
conducted using female animals highlights the need for 
future studies. These studies should investigate the extent 
to which neuroimmune responses associated with exer-
cise differ between male and female animals after periph-
eral nerve injury.

Risk of bias assessment showed that most risk of bias 
criteria were scored as ‘unclear’ in the included studies. 
This makes it difficult to judge the impact of important 
sources of bias, such as allocation sequence generation, 
application and concealment, similarity of the groups at 
baseline, blinding of caregivers, researchers and outcome 
assessors and selective reporting, on the results. Future 
animal studies should adhere to the ARRIVE reporting 
guidelines for animal studies [73] to ensure more clarity 
on the methods used and provide a clearer picture of the 
influence potential sources of bias might have had on the 
findings.

Conclusions
Overall, the findings of this systematic review and meta-
analyses suggest that aerobic exercise has beneficial 
effects on neuroimmune responses across various ana-
tomical locations along the neuraxis. Additional research 
is needed to further elucidate the mechanisms underly-
ing the effect of exercise on neuroimmune processes and/
or substances.
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