
Journal of Orthopaedic Translation 46 (2024) 91–102

2214-031X/© 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Speaking Orthopaedic Society. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Effects of physical exercise on neuromuscular junction degeneration during 
ageing: A systematic review 

Qianjin Wang a,d, Can Cui a,d, Ning Zhang a,d, Wujian Lin a,d, Senlin Chai a,d, 
Simon Kwoon-Ho Chow a,b, Ronald Man Yeung Wong a, Yong Hu c, Sheung Wai Law a, 
Wing-Hoi Cheung a,d,* 

a Musculoskeletal Research Laboratory, Department of Orthopaedics and Traumatology, Prince of Wales Hospital, The Chinese University of Hong Kong, Hong Kong 
Special Administrative Region of China 
b Department of Orthopaedic Surgery, Stanford University, Stanford, CA, USA 
c Department of Orthopaedics and Traumatology, The University of Hong Kong, Hong Kong Special Administrative Region of China 
d Li Ka Shing Institute of Health Sciences, The Chinese University of Hong Kong, Hong Kong Special Administrative Region of China   

A R T I C L E  I N F O   

Keywords: 
Ageing 
Exercise 
Neuromuscular junction 
Physical training 
Systematic review 

A B S T R A C T   

The neuromuscular junction (NMJ) is a specialized chemical synapse that converts neural impulses into muscle 
action. Age-associated NMJ degeneration, which involves nerve terminal and postsynaptic decline, denervation, 
and loss of motor units, significantly contributes to muscle weakness and dysfunction. Although physical training 
has been shown to make substantial modifications in NMJ of both young and aged animals, the results are often 
influenced by methodological variables in existing studies. Moreover, there is still lack of strong consensus on the 
specific effects of exercise on improving the morphology and function of the ageing NMJ. Consequently, the 
purpose of this study was to conduct a systematic review to elucidate the effects of exercise training on NMJ 
compartments in the elderly. 

We conducted a systematic review using PubMed, Embase, and Web of Science databases, employing relevant 
keywords. Two independent reviewers selected studies that detailed NMJ changes during exercise in ageing, 
written in English, and available in full text. 

In total, 20 papers were included. We examined the altered adaptation of the NMJ to exercise, focusing on 
presynaptic and postsynaptic structures and myofibers in older animals or humans. Our findings indicated that 
aged NMJs exhibited different adaptive responses to physical exercise compared to younger counterparts. 
Endurance training, compared with resistance and voluntary exercise regimens, was found to have a more 
pronounced effect on NMJ structural remodeling, particularly in fast twitch muscle fibers. Physical exercise was 
observed to promote the formation and maintenance of acetylcholine receptor (AChR) clusters by increasing the 
recombinant docking protein 7 (Dok7) expression and stabilizing Agrin and lipoprotein receptor-related protein 
4 (LRP4). These insights suggest that research on exercise-related therapies could potentially attenuate the 
progression of neuromuscular degeneration. 

Translational potential of this article: This systematic review provides a detailed overview of the effects of 
different types of physical exercise on improving NMJ in the elderly, providing scientific support for the timely 
intervention of muscle degeneration in the elderly by physical exercise, and providing help for the development 
of new therapeutic interventions in the future.   

1. Introduction 

The neuromuscular junction (NMJ) is a highly specialized subcellu-
lar structure composed of pre- and postsynaptic compartments and 

surrounded by Schwann cells. It is located between motor neuron ter-
minals and muscle fibers, effectively converting neural electrical im-
pulses into muscular contractile responses [1–3]. When the action 
potential reaches the NMJ, the voltage-gated calcium channel of the 
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nerve terminal is activated and calcium enters the nerve, triggering the 
release of acetylcholine (Ach) from the nerve terminal to the synaptic 
cleft and then bind to acetylcholine receptors (AChRs) on the post-
synaptic membrane. In response to the AChR activation, the myotubes 
depolarize, causing the release of calcium from the sarcoplasmic retic-
ulum to trigger muscle contraction and movement [4]. The coordinated 
interplay of presynaptic motor nerve terminals, synaptic cleft, post-
synaptic receptors, and the Schwann cells enveloping them forms an 
efficient and sophisticated electrochemical transmission synapse [5,6]. 
Agrin, low-density lipoprotein receptor-related protein 4 (LRP4), 
muscle-specific kinase (MuSK), Dok7 and Rapsyn are essential for the 
formation and maintenance of the NMJ. Agrin, a neuroterminal secre-
tory protein, is released from nerve terminals into the synaptic cleft 
where it binds to the LRP4 on the postsynaptic membrane, activating 
MuSK. With the regulation of Dok7, the activated LRP4/MuSK complex 
promotes the aggregation and reinforcement of AChR clusters on the 
postsynaptic membrane. These synapses remain stable in young verte-
brates, while ageing introduces a range of functional and morphological 
alterations in NMJs [7,8], such as nerve terminal sprouting, postsynaptic 
fragmentation, reduced density of AChRs and synaptic decoupling [9]. 
These morphological adaptations are associated with a decline in 
neuromuscular transmission and muscle weakness [10,11]. Age-related 
degeneration in NMJ also correlates with chronic cycles of muscle fiber 
denervation and re-innervation, leading to an increase in the proportion 
of type I fibers and fiber grouping [12,13]. Typically, type I fibers 
contain a higher proportion of mitochondria than type II fibers [14]. 
Consequently, a decrease in oxidative capacity can be compensated by a 
phenotypic shift from oxidative to more glycolytic type I fibers, which 
can partially restore muscle strength and energy production, albeit at 
the cost of increased lactic acid production [15,16]. This age-related 
shift towards type I fiber dominance triggers morphological and 

functional changes in NMJ [17]. 
Recent advancements in research have led to the exploration of 

various strategies, including physical therapy [18–20], medication [21], 
and exercise [22,23], aimed at decelerating or even reversing NMJ 
degeneration. Of these, exercise training has gathered significant in-
terest, particularly regarding its application in the elderly [23–25]. A 
number of studies have established that NMJ morphology in older in-
dividuals is more susceptible to changes associated with reduced phys-
ical activity [2,26]. Physical exercise is crucial for enhancing physical 
fitness by increasing muscle strength, fortifying cardiopulmonary func-
tion and stimulating metabolic activity [27]. However, the body’s 
response to exercise alters with age. While a consensus has been reached 
that physical exercise can enhance NMJ in various ways in young ro-
dents, its efficacy in older animals remains to be elucidated. Some 
studies have reported that exercise induces muscle hypertrophy in 
young mice but causes weight loss in older ones [28]. 

To comprehensively understand the effects of exercise on age-related 
NMJ degeneration, a systematic review was conducted on the 
morphological, functional and gene expression changes in NMJs 
following exercise intervention, including those related to nerve termi-
nals, postsynaptic receptors and muscle fibers. 

2. Methods 

2.1. Search strategy 

A systematic literature search was carried out on 30 October 2023 
across PubMed, Embase and Web of science databases to identify rele-
vant publications and extract corresponding results. The search strategy 
employed the following keywords: (exercise OR training) AND (neuro-
muscular junction OR myoneural junction OR NMJ*) AND (ageing OR 

Figure 1. Flow diagram for the literature selection process.  
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Table 1 
Characteristics of included studies.  

Study Strain, 
species 

Gender Age Training 
mode 

Training protocol Duration Muscle types Methods 

Deschenes 
et al. [24] 
(2015) 

Fisher 344 
rats 

Male 9, 20 
months 

Resistance 
exercise 

Ladder climbing 
Animals climbed a 1 m long 
ladder with an 85◦ Angle, with 
additional weights attached to 
their tails. Each training 
session featured eight 
repetitions of ladder climbing, 
and added resistance was 
initially set at 50 % of body 
mass with 30 g increments 
added weekly. 

3 days/ 
week for 7 
weeks 

Soleus, Plantaris Cytofluorescence staining 
Histochemical Staining 

Cheng et al. 
[34] (2013) 

C57BL/6J 
mice 

Female 8 
months 

Voluntary 
Exercise 

Wheel running 
A low profile wireless running 
wheel was placed in mouse 
cage (2–4 mice per cage). The 
average distance run was 
recorded by dividing the total 
distance by the number of 
mice in the cage. 

from 8 
months to 
sacrifice 

TA Cytofluorescence staining 

Chugh et al. 
[22] (2021) 

C57BL/6J 
mice 

Female 
and 
Male 

22 
months 

Voluntary 
exercise 

Wheel running 
Mice were single housed in 
individual standard cages 
fitted with voluntary running 
wheels. The distance run per 
day for each mouse was 
calculated by dividing the total 
distance by the total number of 
days 

5 months Gastrocnemius 
and soleus 

Single fiber 
electromyography 
Western blot 
ELISA 

Valdez et al. 
[30] (2010) 

Transgenic 
mice 
C57BL/6J 
and CD-1 
wild-type 
mice 

— 22 
months 

Voluntary 
Exercise 

Wheel running 
Mice were housed in cages 
with monitored running 
wheels. Running distance was 
monitored electronically 

1 month TA, gracilis and 
GM 

NMJ time-lapse imaging 

Yano et al. 
[31] (2017) 

Balb/c mice Male 8 
months 

Voluntary 
exercise 

Wheel running 
Mice in exercise groups were 
individually housed in plastic 
cages equipped with a running 
wheel. Exercise volume of 
each mouse in the training 
groups was recorded. 

6 months EDL Cytofluorescence staining 
(anti-Synapsin 1, α-BTX) 
QPCR 

Sugita et al. 
[32] (2021) 

BALB/c mice 
and C57BL/ 
6J mice 

Male 6.18 
months 

Voluntary 
exercise 

Wheel running 
The exercise group was housed 
in plastic cages with running 
wheels 

to 23 
months old 

EDL and GM Cytofluorescence staining 
Toluidine blue staining 
Western blot analysis 

Fahim et al. 
[33] (1997) 

C57BL/ 
6NNia mice 

Male 10, 28 
months 

Endurance 
exercise 

Treadmill running 
Initially, the exercise began 
with a moderate walk-jog pace 
of 15–20 m/min for 30 min/ 
day. The velocity and duration 
of the exercise were gradually 
increased until they could run 
between 25 and 28 m/min for 
60 min/day. The animals were 
exercised at this intensity for 
the final 8 weeks of their 
training. 

5 days/ 
week for 
12 weeks 

GM Electrophysiological 
recording 
Safety Margin of Synaptic 
Transmission 

Endo et al. 
[34] (2021) 

C57BL/6 
mice 

Male 24 
months 

Resistance 
exercise 

Treadmill running 
Mice were subjected to a 
moderate regimented running 
exercise on a treadmill at an 
increasing speed of 12 m/min 
for 40 min 

3 times/ 
week for 8 
weeks 

GM RNA sequencing 
Quantitative RT -PCR 
Protein quantification with 
Immunoblotting 
Histology and 
immunostaining 

Herscovich 
et al. [28] 
(1987) 

C57BL/6J 
mice 

Female 4, 10, 18 
and 24 
months 

Resistance 
exercise 

Wheel running 
The program began with 5 
min/day exercise and 
increased by 5 min every 2nd 
day. At the beginning of week 
2, the maximum training time 
per day was 30 min. 

10 weeks GM, quadriceps 
and the 
diaphragm 
muscle 

[l25I]-a-BGT 

Pour et al. [23] 
(2017) 

Wistar rats Male 23–24 
months 

Endurance 
exercise 

Treadmill running 
The program was commenced 
at 15 min per session at a speed 

5 days/ 
week for 
10 weeks 

EDL and soleus Western blot 

(continued on next page) 
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Table 1 (continued ) 

Study Strain, 
species 

Gender Age Training 
mode 

Training protocol Duration Muscle types Methods 

of 7.5 m per minute and at a 
slope of 0◦. The speed of the 
treadmill and the duration of 
the exercise sessions were 
gradually increased until the 
final week, to 60 min per 
session at a speed of 15 m per 
minute; however, the 
treadmill inclination was not 
changed. 

Gillon et al. 
[25] (2018) 

C57Bl/6j 
mice 

Female 6, 22–24 
months 

Resistance 
exercise 

Wheel running 
Mice in exercise group were 
given access to a monitored 
running wheel 

4 months Soleus Immunohistochemistry 

Deschenes 
et al. [35] 
(2020) 

Fischer 344 
rats 

Male 23 
months 

Endurance 
exercise 

Treadmill running 
The program began with 2 
familiarization trials at 5 m/ 
min with 0 % grade for 5 min. 
Subsequently, the actual 
program began with a 
treadmill velocity of 7.5 m/ 
min at 0 % grade for 15 min. 
Gradually, the duration was 
increased so by the end of the 
8-week protocol, rats were 
running for 60 min per session 
at a velocity of 15 m/min 
while still at a 0 % grade. 

5 days/ 
week for 8 
weeks 

Soleus Cytofluorescent staining of 
NMJs 

Deschenes 
et al. [36] 
(2018) 

Fischer 344 
rats 

Male 7, 23 
months 

Resistance 
exercise 

Treadmill running 
The training regimen began 
with a running speed of 5 m/ 
min at a 0 % grade for 5 min. 
Over the 8 week course of the 
training program, the training 
duration was gradually 
increased to 60 min/session at 
a velocity of 15 m/min with 
the treadmill remaining at a 0 
% grade. 

5 days/ 
week for 8 
weeks 

Soleus Immunofluorescent staining, 
Microscopy 

Deschenes 
et al. [37] 
(2011) 

Fischer 344 
rats 

Male 8, 24 
months 

Endurance 
exercise 

Treadmill running 
The program began with 
training sessions of 15 min at a 
speed of 7.5 m/min at a 0 % 
grade completed 5 days/week. 
Treadmill speed and duration 
of exercise sessions were 
gradually increased such that 
by the final week, young and 
aged rats ran for 60 min per 
session at a speed of 15 m/min 
while maintaining a 0 % grade. 

5 days/ 
week for 
10 weeks 

Soleus and 
plantaris 

Cytofluorescent staining, 
Histochemical staining 

Deschenes 
et al. [38] 
(2016) 

Fischer 344 
rats 

Male 8, 24 
months 

Endurance 
exercise 

Treadmill running 
The program began with 
training sessions of 15 min at a 
speed of 7.5 m/min at a 0 % 
grade completed 5 days/week. 
Treadmill speed and duration 
of exercise sessions were 
gradually increased such that 
by the final week, young and 
aged rats ran for 60 min per 
session at a speed of 15 m/min, 
while maintaining a 0 % grade, 
and still for 5 days/week. 

5 day/ 
week for 
10 weeks 

Plantaris and EDL Cytofluorescent staining of 
NMJs 

Alshuaib et al. 
[39] (1990) 

C57BL/6J 
mice 

Male 10 
months 

Resistance 
exercise 

Treadmill running 
Animals were trained (30 min/ 
day) on a rodent treadmill 
with a 10 % upgrade. During 
the initial month, running 
began with a speed of 15–20 
m/min. For the next seven 
months, running speed was 25 
m/min. 

5 day/ 
week for 
10 months 

Soleus and EDL MEPP, EPP 

Andonian et al. 
[40] (1987) 

C57BL/ 
6NNia mice 

Male 12, 18 
and 

Endurance 
exercise 

Treadmill training 
Initially, the exercise began 

8 weeks Soleus and EDL Immunofluorescence staining 

(continued on next page) 
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aging OR aged OR age). Additionally, the reference lists of included 
studies and reviews were manually scrutinized for further relevant 
studies. The study adhered to the PRISMA guidelines. 

2.2. Selection criteria 

Inclusion criteria included the studies: (1) focused on morphology of 
NMJ, (2) focused on functional changes of NMJ or mechanism of NMJ 
following exercise, (3) with full-text articles published in English. 

Exclusion criteria were as follows: (1) non-English papers, (2) un-
availability of full-text access (including papers that have been newly 
accepted but not yet available online or some papers that are too dated 
to retrieve the full text), (3) irrelevance to NMJ, (4) review articles, (5) 
reports published solely as conference abstracts. 

2.3. Study selection 

The study selection and data extraction were independently con-
ducted by two reviewers. The initial screening involved the exclusion of 
clearly irrelevant papers based on their titles and abstracts. Duplicate 
citations were identified and eliminated using the Endnote reference 
manager. The remaining potentially relevant articles were assessed in 
accordance with the inclusion and exclusion criteria. Any disagreements 
were resolved through discussion with a third reviewer. 

2.4. Data extraction 

The following information was extracted by two independent re-
viewers: author, year of publication, animal model, age range, meth-
odology, muscle types, morphological results, functional results, gene/ 
protein expression data and other related data concerning NMJ alter-
nations post-exercise. All studies that met the pre-defined criteria were 
included in the analysis. 

2.5. Data analysis 

Given that this study included 3 clinical studies and the animal 
studies incorporated diverse animal models and methodologies, the data 
exhibited high heterogeneity. As such, a meta-analysis was deemed 

unsuitable. Instead, we opted for a qualitative review. 

3. Results 

3.1. Search results 

The initial search strategy included 1347 papers from 3 databases 
(821 from PubMed, 243 from Embase and 283 from Web of Science). 
After the removal of duplicates, 1106 papers were remained for 
screening based on selection criteria. Following the evaluation of titles 
and abstracts, 1064 manuscripts were excluded due to non-compliance 
with the criteria. Among these, 53 were non-English-language papers, 
866 were not related to NMJ and 147 were not associated with 
morphological and functional changes in ageing NMJ during exercise. 
After conducting a full-text eligibility assessment, 22 manuscripts were 
excluded, including 15 review papers, 6 conference reports and 1 paper 
was too dated to retrieve the full text. Ultimately, 20 studies were 
selected for systematic analysis [22–25,28–43]. The flowchart detailing 
the selection process is shown in Fig. 1. 

3.2. Characteristics of the included studies 

The 20 selected studies were conducted between 1984 and 2023. 
Among these, 11 studies utilized mice [22,25,28–32,34,37,41,42], 6 
utilized rats [23,24,33,36,38,39] and 3 involved human subjects [35,40, 
43]. The characteristics of the included studies are shown in Table 1. 
Furthermore, the exercise protocols varied among the included studies. 
5 studies used voluntary running wheel exercise [22,32,34,37,42], 6 
studies used endurance training with employed treadmill running [23, 
29,31,33,36,39] and 6 resistance training with 3 treadmill running [30, 
38,41], 2 wheel running exercise [25,28] and 1 incorporated ladder 
climbing for training [24]. The 3 included clinical studies had partici-
pants undergoing specifically designed resistance training regimens [35, 
40,43]. 

3.3. Training regimes 

The exercise regimes of the selected studies consisted of resistance 
training [24,25,28,30,35,40,41], endurance training [23,29,31,33,36, 

Table 1 (continued ) 

Study Strain, 
species 

Gender Age Training 
mode 

Training protocol Duration Muscle types Methods 

24–25 
months 

with a moderate walk-jog pace 
of 15–20 m/min for about 30 
min. As the mice became 
increasingly familiar with the 
treadmill, the velocity and 
duration were gradually 
increased until they could run 
between 25 and 28 m/min for 
60 min per day. 

Fragala et al. 
[41] (2014) 

Human Male 
and 
female 

61–85 
years 

Resistance 
exercise 

Progressions of the squat, split 
squat, leg curl, leg extension, 
push-up, triceps extension, calf 
raise, lat pull down, seated low 
row, biceps curl, shoulder 
press, abdominal plank, and 
reverse crunch. 

6 weeks QUA Skeletal muscle ultrasound 
Leg extension trials 
ELISA 

Soendenbroe 
et al. [42] 
(2020) 

Human Male 
and 
female 

64–90 
years 

Resistance 
exercise 

Leg Extension exercise with 
one leg only, leaving 
contralateral leg as a control. 

4.5 h and 
up to 7 
days post 
exercise 

Vastus lateralis Real time-PCR, 
Immunohistochemistry, 
Microscopy, 
Immunocytochemistry 

Monti et al. 
[43] (2023) 

Human Male 
and 
female 

78.7 ±
5.9 years 

/ Mixed aerobic, strength and 
balance training 

2 years / Neurofilament light chain 
and C-terminal agrin 
fragment concentrations in 
serum 

TA, tibialis anterior muscle; GM, gastrocnemius muscle; EDL, extensor digitorum longus muscle; QUA, Quadriceps femoris muscle; MEPP, miniature endplate po-
tentials; EPP, evoked endplate depolarization. 
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38,39] and voluntary exercise [22,32,34,37,42,43]. Resistance training, 
which uses body weight or weight bearing goods to provide resistance 
for muscles, aims to enhance muscle strength during exercise. 1 included 
animal study had 9- and 20-month-old rats climb a 1-m-long ladder 
inclined at 85◦, with additional weights attached to their tails [24]. 4 
studies subjected aged mice to regimented running exercises on a 
treadmill or running wheel at increasing speeds for durations ranging 
from 7 weeks to 10 months [25,28,30,41]. 3 clinical trials employed 
resistance training for major whole-body muscle groups [35,43] and leg 
muscles [40]. Endurance training, which is event-specific, involves 
maintaining an elevated heart rate over a prolonged period. 2 of the 
analyzed studies using this modality used rat models, while 4 used 
mouse models. These studies adopted treadmill running as an inter-
vention, with training durations spanning from 8 to 10 weeks. In addi-
tion to resistance and endurance training, voluntary exercise was 
incorporated in 5 studies [22,32,34,37,42], where mice in the inter-
vention group were given free wheel running exercises. 

3.4. Body weight and muscle mass 

11 papers reported on changes in body weight [23,24,30,31,33, 
36–39,42] or muscle weight [23,24,37–39,41,42] as indices of meta-
bolic responses during ageing or exercise. Of these studies that evaluated 
body weight, 4 used mice [30,31,37,42] while 6 used rats [23,24,33,36, 
38,39]. 2 studies reported a slight but nonsignificant increase in body 
weight [30,42], while 1 paper reported a significant increase in body 
weight during ageing in old mice [37]. 5 papers reported an increase in 
body weight during ageing in rats [23,33,36,38,39], while 3 papers 
indicated a decrease in body weight during ageing [33,36,38]. Con-
cerning muscle weight, 5 studies reported weight changes in specific 
muscles during ageing, such as the gastrocnemius (GA) [37,42], tibialis 
anterior (TA) [23,37,42], extensor digitorum longus (EDL) [23,37,42], 
soleus [24,37,38,42], and plantaris [24]. 3 papers reported that the 
muscle weight of elderly mice and rats was higher but not significantly 
different when compared to younger ones [23,37]. Sugita et al. found 
that the muscle weight of TA, EDL, and soleus showed no difference, 
although the GA weight of old mice was lighter but not significantly 
different [42]. To evaluate the effects of exercise on body weight and 
muscle mass, 10 papers reported on body weight changes [23,24,30,31, 
33,36,38,39,41,42] and 5 papers reported on muscle weight change 
after running exercise with treadmill or running wheel [23,24,38,39, 
42]. 6 endurance [30,31,33,36,38,39], 2 resistance [24,41] and 1 
voluntary study [42] reported that 7–12 weeks running program 
reduced body weight in the elderly but not significantly, while 1 study 
reported a significant increase in body weight following 10-week 
treadmill running with 7.5 m per minute endurance exercise [23]. 
Regarding muscle weight, 3 studies with endurance training [23,41,42], 
1 study with resistant training [41] and 2 studies with voluntary exercise 
[23,42] reported changes during exercise. 1 paper indicated that a 
10-week endurance exercise of treadmill running with 60 min per ses-
sion at a speed of 15 m/min program significantly improved muscle 
weight [23]. In another study, it was found that resistance exercise 
resulted in an increase in the muscle weight of plantaris muscles in aged 
rats [24]. Meanwhile, 2 papers reported a significant increase in plan-
taris muscle weight after voluntary exercise [24,42], while another 
paper reported a decrease in gastrocnemius muscle weight after 8 weeks 
of resistance training [41]. Pour et al. demonstrated that endurance 
treadmill running increased the muscle weight of soleus and EDL [23], 
meanwhile Deschenes et al. showed that resistance training decreased 
body weight but significantly increased plantaris muscle weight in aged 
rats [24]. Notably, 2 included studies also investigated the combination 
of exercise and nutritional supplementation, reporting higher body 
weight and muscle weight [37,42]. These results revealed contradictory 
findings concerning body weights in rats and mice during ageing, 
potentially influenced by variations in the age of the experimental 
animals. 

3.5. NMJ ageing 

6 animal studies investigated age-related changes in nerve terminal 
morphology [24,31,32,36,39,42]. Various muscles were studied, 
including the soleus [39], EDL [29,36,42], plantaris [36] and GM [31]. 4 
studies reported that nerve terminals became larger, more complex and 
highly branched with advancing age [29,31,36,39]. 1 paper reported a 
significant increase in the percentage of denervated NMJs in old mice 
from less than 5 % at 6 months to more than 30 % at 23 months [42]. 
Andonian et al. reported a slight increase in nerve terminal perimeter in 
the EDL, paralleled by greater changes in branch number and longitu-
dinal extent length, compared to the soleus muscle [29]. Deschenes 
(2015) et al. found no significant changes in the nerve terminals in the 
soleus muscle during ageing [24], but observed increased numbers of 
nerve terminal branches, total branch length, average branch length, 
and branching complexity in older plantaris muscle [24]. However, 
some studies reported that the total branch of nerve terminal became 
shorter and less complex during ageing [33]. To assess changes in 
postsynaptic morphology during ageing, 5 papers compared the total 
and stained area or perimeter of endplates to determine synaptic 
changes during ageing [25,32,34,39]. 4 papers found that aged AChRs 
often fragmented into small parts with decreased density, while 1 paper 
reported that older animals displayed longer total and stained perime-
ters [28]. 1 paper reported an increased proportion of endplates 
composed of multiple AChR clusters with age [29]. 4 papers reported 
muscle fiber degeneration during ageing [28,38–40]. The elderly had 
significantly smaller type II fibres compared to both their own type I 
fibres and the type II fibres in the young [40]. 1 paper reported that 
myofiber did not significantly change. Aged soleus displayed a higher 
percentage of type I fibers, along with a lower percentage of type II fibers 
than young muscles [38]. 

4. Exercise on the NMJ 

4.1. Presynaptic compartment 

To comprehend the effect of exercise on presynaptic compartment of 
NMJ, 6 papers examined changes in nerve terminal morphology after 
exercise in aged animals [29,31–33,36,39]. In 3 studies, it was found 
that nerve terminals in young animals become larger, with longer pe-
rimeters and extension lengths [31,36,39]. However, 3 other papers 
reported significantly smaller and more homogeneous nerve terminals 
in old animals following exercise [29,36,39]. 1 study found a decrease in 
nerve terminal perimeter with exercise but little change in extension 
length and branch number [29]. Another study reported that endurance 
treadmill running exercise resulted in a greater number of nerve ter-
minal branches and total branch length in young animals, but not in old 
ones [36]. Interestingly, the average length of individual nerve terminal 
branches remained unaltered by endurance training [36]. 2 papers 
suggested less noticeable effects on presynaptic features following ex-
ercise [24,32]. 2 papers showed no significant effect of exercise on 
presynaptic structure of the soleus muscle in aged rats [33]. Andonian 
et al. reported more dramatic nerve terminal changes in the exercised 
EDL compared to changes in the older soleus [29]. According to 
Deschenes et al., Bassoon, a protein that anchors active zones and de-
termines docking sites for presynaptic ACh vesicles, was consistently 
affected by training [39]. 1 paper detected synaptophysin, found in the 
membranes of ACh-containing vesicles, to thoroughly assess the conse-
quences of ageing and endurance training on presynaptic NMJ 
morphology [36]. The age-related function parameters of nerve termi-
nals were investigated in 1 animal study [28]. Herscovich et al. reported 
a decrease in specific activities of the cholinergic enzymes CAT and 
AChE with advancing age in examined muscles, revealing more end-
plates in the quadriceps muscle of old mice compared to young mice 
[28]. 
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4.2. Postsynaptic compartment 

To investigate the morphological changes in the postsynaptic 
compartment of the NMJ, 5 papers analyzed changes in endplates in 
aged animals after exercise [32–34,37,44]. 2 studies reported that ex-
ercise improved the AChR perimeters in aged rats [44] and overlap area 
in aged mice [34], while 3 studies noted reduced postsynaptic receptor 
fragmentation following exercise [32,37,42]. 1 paper found a decrease 
in stained perimeter length in aged rats related to endurance training 
[33]. Pour et al. observed an increase in AChR expression in the EDL 
after exercise [23]. Dechenes et al. found a 16 % enlargement of end-
plates and significant increases in endplate perimeter lengths after 
resistant training, in addition to a greater dispersion of postsynaptic 
receptors [44]. Another study reported that the resistance exercise 
resulted in a 2 times increase in the number of AChRs per field [41]. 

4.3. Pre- and postsynaptic couple and neuromuscular transmission 

To assess NMJ function, 2 papers analyzed pre- and postsynaptic 
coupling endplates in aged animals [24,42]. 1 study reported significant 
effects of ageing on presynaptic to postsynaptic coupling [42]. Dechenes 
et al. reported equal coupling of pre- and postsynaptic morphological 
features under control conditions and 10 weeks of endurance training 
[36]. After 5 months of voluntary wheel running, a single-fiber elec-
tromyography study on 27-month-old mice demonstrated significant 
improvements in NMJ transmission [22]. 

4.4. Muscle fiber characteristics 

2 papers investigated muscle fiber performance during ageing and 
after exercise training [39,44]. 1 clinical study found that elderly in-
dividuals had significantly smaller type II fibers compared to younger 
individuals [40]. Another clinical study reported that the elderly had 
significantly more d neonatal myosin (MHCn) and neural cell adhesion 
molecule (NCAM) positive fibres compared to younger individuals [40]. 
An animal study by Deschenes et al. noted a significant decrease in the 
expression of type II fibers due to ageing, which was accompanied by a 
similar increase in the percentage of type I fibers in the plantaris [24]. 
However, neither ageing nor training significantly changed the fiber 
type composition in the soleus [24]. In another study, it was reported 
that the aged soleus displayed a higher percentage of type I fibers and a 
lower percentage of type II fibers than young muscles. They also found 
that 7 weeks of resistance training did not significantly affect the fiber 
type composition in both muscles [24]. No significant differences were 
found between the previously exercised and control legs in either the 
young or the elderly for MHCn or NCAM1 [45]. 1 paper noted a decrease 
in soleus fibers during ageing [39], while another paper showed that 
control and training animals had similar muscle fiber areas during 
ageing [44]. For muscle fiber diameter, 2 papers found that exercise had 
no significant effect on muscle fiber diameter in aged rats [39] and mice 
[31]. There were no significant changes in the fiber diameters of the 
soleus or EDL between the control or exercise groups at any of the ages 
[29], but the diameters of the ageing EDL fibers decreased in both 
control (− 5%) and exercise groups (− 10 %) [29]. Regarding muscle 
fiber typing, Endo et al. showed that exercise improved the proportion of 
type IIB but decreased type IIA by about 1 % in gastrocnemius muscle of 
aged mice [41]. Deschenes et al. found type IIA increased from 3.2 % to 
4.4 %, while type I had a slighter decrease from 96.8 to 95.6 % after 8 
weeks of endurance training [39]. In another resistance training study, 
they found a 2.9 % decrease in the percentage of type I fibers [44]. 
Taken together, exercise may increase the muscle fiber size in aged mice 
and rats and influence the proportion of muscle type IIA and IIB. 

4.5. AChRs-related protein/gene expressions 

2 papers reported changes in gene expression during exercise [37, 

42]. Yano et al. performed a correlation analysis between Agrin 
expression and motor function in each mouse, finding both fragmenta-
tion and denervation of the NMJ significantly correlated with Agrin 
mRNA expression [37]. Sugita et al. found that the expression of Dok7 
protein was significantly higher in the exercise group via western blot 
analysis [42]. 

Yano et al. confirmed that the incidence of abnormal NMJ was 
negatively correlated with the expression of Agrin and LRP4 [37]. 
However, the exact changes in gene expression accompanying exercise 
remain largely unknown. Immunoblotting results showed that the pro-
tein levels of PGC-1α remained unchanged following exercise [41]. Endo 
et al. reported that there was an absence of anabolic related transcrip-
tional upregulation in pathways in aged rodent models [41]. Notably, 
genes encoding the transporters and receptor components of gluta-
minergic transmission were significantly upregulated in exercised 
muscles [41]. 

5. Discussion 

The neuromuscular junction (NMJ) is a specifically differentiated 
structure that links presynaptic motor nerve terminals to AChRs, 
ensuring optimal transmission efficiency. The pre- and postsynaptic 
membranes display a pretzel-like structure, facilitating the translation of 
electrical potentials from nerve terminals into muscle contractions [46, 
47]. Fast- and slow-twitch muscle fibers exhibit distinct NMJ morphol-
ogies and transmitter release characteristics [48]. With ageing, the 
structure and function of NMJs deteriorate, leading to neuromuscular 
transmission failure and muscle atrophy [48]. This contributes to the 
decline in muscle mass and muscle power generation, as shown across 
the studies included in this review [49]. This degradation plays a crucial 
role in the age-associated decline in neuromuscular function. Moreover, 
increased fragmentation and reduced overlap of endplates with AChRs 
and nerve terminals have been observed in both slow and fast-twitch 
muscles of aged animals, which may explain the reduced transmission 
amplitude with ageing [50,51]. Miniature endplate potentials (MEPP) 
and evoked endplate depolarization (EPP) are local depolarizing po-
tentials indicative of NMJ. Reduced MEPP amplitude suggests fewer 
AChRs or weaker binding between ACh and AChRs. In contrast, pro-
longed MEPP decay time implies reduced acetylcholinesterase (AChE) 
activity or increased binding between ACh and AChRs [52]. Fahim et al. 
demonstrated that young and old muscles respond differently to 
endurance exercise, corresponding to their morphological responses 
[31]. Additionally, age-related morphological changes in the alpha 
motor neuron, partially due to oxidative stress and inflammation, occur 
during normal ageing. To counteract the degeneration, presynaptic 
nerve terminals and postsynaptic AChRs undergo structural reorgani-
zation. This compensatory mechanism, referred to as NMJ compensa-
tion, plays a crucial role in the ongoing process of nerve denervation and 
reinnervation. Aged animals and humans experience denervation at a 
faster rate than reinnervation, which causes permanent loss of motor 
units and future physical dependency [53]. Deschenes et al. found that 
morphological remodeling of AChRs preceded age-related alterations in 
skeletal muscles during ageing, including increased AChRs area and 
perimeter [54]. Therefore, it is essential to intervene and halt the 
ageing-induced functional denervation process. Investigating morpho-
logical and functional alterations of AChRs may help illuminate the 
detailed mechanisms and the pathogenesis of neuromuscular degener-
ation and guide new therapeutic targets for this disease. 

Exercise is a recommended clinical approach for enhancing muscle 
quality and physical performance. However, the responses to exercise 
change with age, with alternations in anabolic response resulting in 
limited gains in muscle strength and endurance [55]. Exercise promotes 
various metabolic responses and morphological reconfigurations in 
elderly NMJs [56]. Morphological reconfiguration of aged NMJ in 
response to exercise training includes an increase in the perimeter and 
number of ACh receptors [57]. However, different exercise patterns 
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Table 2 
NMJ and myofiber morphology and function during ageing and exercise.  

Study NMJ measurement Myofiber measurement NMJ related results Muscle fiber 

Deschenes et al. 
[45] (2000) 

Presynaptic 
Branch number; Total branch length; 
Average branch length; Branching 
complexity; Presynaptic-to- 
postsynaptic coupling. 
Postsynaptic 
Total endplate perimeter; Stained 
endplate perimeter; Total endplate 
area; Stained endplate area; Endplate 
dispersion 

Immunostaining Soleus 
Slow twitch 
Ageing related 
Greater endplate area per total nerve 
terminal branch length; 
Exercise related 
Presynaptic structure not impacted; 
Postsynaptic-to-presynaptic ratio 
increased in aged rats; 
Distribution of postsynaptic receptors not 
affected significantly. 
Fast twitch 
Ageing related 
No significant effects of age or treatment 
in nerve terminals; 
Presynaptic-to-postsynaptic coupling 
ratio not affected. 
Exercise related 
No significant effects of exercise in nerve 
terminals; 
Significant effect on endplate in both 
young and aged animals; 
More dispersed receptor clusters but only 
among aged endplates; 
Presynaptic-to-postsynaptic coupling 
ratio not affected. 
Plantaris 
Slow twitch 
Ageing related 
Dispersion of ACh receptors not altered; 
Presynaptic nerve terminal branching 
patterns increased; 
Presynaptic to postsynaptic coupling not 
altered. 
Exercise related 
The dispersion of ACh receptors not 
altered; 
Presynaptic to postsynaptic coupling not 
altered. 
Fast twitch 
Ageing related 
Significant enhancement of perimeter 
lengths and endplate areas; 
Greater numbers of nerve terminal 
branches, total branch length, average 
branch length, and branching complexity; 
Presynaptic-to-postsynaptic coupling not 
altered. 
Exercise related 
Presynaptic morphology not altered; 
Presynaptic-to-postsynaptic coupling not 
altered; 
Endplate morphology not affected; 
Dispersion of postsynaptic ACh receptors 
not affected. 

Soleus 
Neither age nor treatment affected 
myofiber size when data from all fiber 
types were pooled. 
Neither age nor training significantly 
changed the fiber type composition of the 
soleus. 
Plantaris 
Total plantaris myofiber size was 
unaffected by age or by resistance 
training 
Ageing resulted in a significant decrease 
in the expression of type II fibers that was 
accompanied by a similar increase in the 
percentage of type I fibers in the 
plantaris. 
Resistance training failed to alter fiber- 
type distribution as ageing did 

Cheng et al. 
[34] (2013) 

Nerve terminal area; Endplate AChR 
area; Fragmented endplates 

/ Ageing related 
More fragmented and complex AChR 
clusters; 
Little or no overlying synaptophysin 
staining of the endplate AChR clusters; 
Increase in the proportion of endplates 
comprised of multiple AChR clusters. 
Exercise related 
Significantly larger nerve terminal area; 
The loss of nerve terminal area reduced; 
A modest increase in endplate AChR area; 
The area of synaptic overlap increased. 

/ 

Chugh et al. 
[22] (2021) 

Electrophysiological assessment of 
neuromuscular transmission 

/ Exercise related 
No significant effect on motor unit 
degeneration; 
A significant improvement in NMJ 
transmission. 

Muscle contractility demonstrated 
significant changes with age for tetanic 
but not for twitch muscle contractility. 

Valdez et al. 
[30] (2010) 

AChR area changes 
AChR fragmentation 

/ Ageing related 
The AChR cluster on some muscle fibers 

The beneficial effects of exercise do not 
result from prevention of age-related 

(continued on next page) 
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Table 2 (continued ) 

Study NMJ measurement Myofiber measurement NMJ related results Muscle fiber 

were not contacted by an axon; 
Some AChR site partially denervated; 
Junctional AChRs were often fragmented 
into small islands; 
Misshapen preterminal and terminal 
axons. 
Exercise related 
The frequencies of fragmented, faint, and 
denervated postsynaptic sites reduced; 
Less significant effects on presynaptic 
features. 

motor neuron loss or muscle fiber 
degeneration but rather reflect a partial 
reversal of structural alterations that 
have already occurred. 

Yano et al. [31] 
(2017) 

Fragmentation and denervation of NMJ / Ageing related 
Agrin and LRP4 expression decreased; 
Both fragmentation and denervation of 
NMJ showed significant correlation with 
Agrin mRNA expression. 
Exercise related 
NMJ fragmentation and denervation 
reduced. 

/ 

Sugita et al. 
[32] (2021) 

1. NMJ structural features with confocal 
image 
2. Dok7 expression 
3. Motor nerve conduction velocity 

EDL, soleus, TA and GM 
weight 

Exercise related 
Both fragmentation and denervation of 
NMJ decreased; 
Age-related loss of nerve axons 
attenuated; 
The number of fragmented AChRs 
decreased; 
The proportion of abnormal myelin or 
motor nerve conduction velocity not 
affected; 
Dok7 protein increased. 

No significant differences in body and 
muscle weight with exercise 

Fahim et al. 
[33] (1997) 

MEPP and EPP / Ageing related 
No change in membrane capacitance; 
MEPP frequencies increased, EPP 
amplitude decreased. 
Exercise related 
No change in membrane capacitance. 

Muscle fiber diameters did not 
significantly change with either ageing or 
exercise 

Endo et al. [34] 
(2021) 

NMJ related gene expression between 
the sedentary and exercise 

/ Exercise related 
The expression of genes in the 
components and regulation of 
neurotransmission enhanced(Gria1, 
Gria2, Grin1 and Grin2a); 
Significant enrichment in positive 
regulation of excitatory postsynaptic 
potential, ionotropic glutamate receptor 
pathway, and neurotransmitter secretion 
pathway; 
2-fold increase in the number of AChRs 
per field; 
Significantly higher percentage of 
complete and partially innervated NMJs; 
Higher postsynaptic density in the 
exercise group. 

Notable absence of gene upregulation in 
the energy metabolism pathways in aged 
skeletal muscle following exercise; 
No significant differences in the 
gastrocnemius fiber type composition 
after exercise. 

Fragala et al. 
[41] (2014) 

ELISA of serum CAF Muscle strength Circulating CAF increased in response to 
short-term resistance exercise training in 
older adults. 

Changes in circulating biomarkers did not 
appear to relate to changes in muscle 
strength or quality. 

Herscovich et al. 
[28] (1987) 

The number and distribution of AChR, 
the specific activities of 
acetylcholinesterase 

/ The AChR number or per endplate in each 
of the muscle types was not affected by 
training or ageing. 

/ 

Pour et al. [23] 
(2017) 

AChRs expression in EDL and soleus / The expression of AChRs increased in the 
exercise group. 

The hypertrophy index of the soleus 
increased in all the trained groups, 

Gillon et al. [25] 
(2018) 

Postsynaptic fragmentation; synaptic 
occupancy; innervation status 

/ Ageing related 
NMJ fragmentation increased; 
The proportion of innervated fibers 
reduced; 
Endplate occupancy didn’t change. 
Exercise related 
NMJ fragmentation reduced; 
The proportion of innervated fibers didn’t 
change; 
Endplate occupancy increased. 

/ 

Deschenes et al. 
[38] (2016) 

NMJ morphology / Training had no significant effects on 
NMJs at the cellular level. 

Training elicited whole muscle and 
myofiber trends toward hypertrophy. 

Deschenes et al. 
[36] (2018) 

Neural and direct muscle stimulation Percentage of fiber type Neuromuscular transmission unaffected 
by ageing and training. 

Aged muscle displayed a higher 
percentage of Type I fibers, along with a 
lower percentage of Type II fibers than 
young muscles. 

(continued on next page) 
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influence the remodeling of ageing NMJ differently. The adaptations of 
NMJ to resistance exercise appear to be independent of changes in 
muscle fiber profile [44], suggesting that exercise-related stimuli 
directly contribute to NMJ-related changes. Differences in the changes 
of AChRs morphology and function, in conjunction with various muscle 
fiber types, species and myofiber compositions in different muscle 
groups, are summarized in Table 2. Interestingly, ageing caused signif-
icant reorganization of cellular aspects of the NMJ, with cellular and 
subcellular components of NMJs displaying opposite sensitivities to the 
influence of ageing and exercise training. Remarkable pre- and post-
synaptic adaptations of the NMJ occurred as a result of ageing at the 
gross cellular level, with no evidence of exercise-induced adaptation. 
Conversely, variables quantified at the active zones of the same synapses 
exhibited changes in response to exercise training, without displaying 
any sensitivity to the effects of ageing. To our knowledge, this is the first 
report indicating different sensitivities of specific components of the 
NMJ to disparate stimuli such as ageing and exercise training. In older 
animals, endurance exercise training was found to trend towards an 
increase in overall muscle mass, as well as a similar tendency for the 
constituent myofibers, especially those classified as type I, to be larger 
than those in untrained aged animals. Intriguingly, this suggests that the 
stimulus of endurance exercise training may activate either catabolic or 
anabolic pathways to restore homeostatic conditions within myofibers. 
This highlights the remarkable regulation of various cellular mecha-
nisms that enable myofibers to adapt and function optimally during the 
tasks they are assigned. 

The Agrin-LRP4-MuSK-Dok7-Rapsyn pathway plays a pivotal role in 
AChRs clustering and NMJ maturation. Agrin, a heparan sulfate pro-
teoglycan secreted from motor nerve terminals [58,59], binds to the 

LRP4 in the postsynaptic membrane, The Agrin/LRP4 complex activates 
MuSK phosphorylation and also recruits Dok7 and induces Dok7 phos-
phorylation [60]. The Agrin-LRP4-MuSK-Dok7 forms a complex with 
rapsyn to promote the formation and maintenance of AChRs [61]. 
Samuel et al. reported a decline in Agrin in AChR areas in old mice [62]. 
Agrin fragment concentrations have been found to increase in older 
adults with neuromuscular degeneration compared to aged-matched 
controls [35]. Studies have reported a decreased expression of Agrin 
and LRP4 in aged mice, correlating with NMJ fragmentation and 
denervation progression [37]. Excessive cleavage of Agrin by protease 
results in functional disintegration at the neuromuscular junction during 
ageing [59]. Fragala et al. found that an increase in circulating Agrin 
fragments in response to short-term resistance exercise training in older 
adults [35]. Previous studies have reported that Wnts could bind to the 
extracellular carbohydrate recognition domain of MuSK, thereby 
increasing the phosphorylation levels of MuSK [63,64]. Additionally, 
there is substantial evidence suggesting that physical exercise could 
enhance the expression of Wnts [65,66]. This findings suggest that 
physical exercise may impact the NMJ via the Wnt signaling pathway. 
Dok7 expression is significantly reduced in old age [67,68], and our 
included studies show that the expression of Dok7 protein was signifi-
cantly higher in the exercise group than in sedentary mice [42]. Ther-
apies on increasing Dok7 expression level provide an opportunity to 
alleviate NMJ degeneration and muscle ageing [67–69]. 

Mitochondria, critical for ATP production and oxidative phosphor-
ylation [70], can become dysfunctional, leading to an increased pro-
duction of ROS that may result in neurodenervation and synaptic 
degeneration. There is growing evidence suggesting that mitochondrial 
dysfunction, impaired oxidative phosphorylation, and decreased 

Table 2 (continued ) 

Study NMJ measurement Myofiber measurement NMJ related results Muscle fiber 

Deschenes et al. 
[37] (2011) 

NMJ morphology / Exercise related 
Non-significant training-induced 
adaptations in the soleus NMJs; 
Slow-twitch NMJs of the plantaris 
displayed morphologic adaptations to 
exercise in pre- and postsynaptic 
components. 

/ 

Soendenbroe 
et al. [42] 
(2020) 

AChR subunites in mRNA level MHCe, MHCn in mRNA 
and protein leveal 

Ageing related 
The muscle tissue of the elderly women 
had lower levels of AChR β1 but higher 
levels of AChR γ mRNA compared to the 
young women; 
Exercise related 
Both the elderly and the young women 
had a significant upregulation of AChR α1 
mRNA in the previously exercised leg 
compared to the control leg. 
The exercise response of AChR δ mRNA 
only reached statistical significance in the 
elderly. 

Ageing related 
No difference of type I fibre percentage 
between young and old; 
Type II fibres decreased in the elderly; 
More MHCn- and NCAM-positive fibres in 
the elderly. 
Exercise related 
No significant differences in MHCn or 
NCAM. 

Alshuaib et al. 
[39] (1990) 

Resting membrane potential, MEPP 
amplitude, MEPP frequency, Input 
resistance, Membranecapacitance, 
Threshold potential 

/ Exercise related 
All physiological age-related changes 
prevented in EDL NMJs but not in soleus 
NMJs. 

/ 

Deschenes et al. 
[35] (2020) 

Parameters of branches, vesicles and 
receptors 

Immunohistochemical 
staining 

Exercise related 
Vesicles stained area/Total branch length 
in plantaris increased. 

/ 

Andonian et al. 
[40] (1987) 

Nerve terminal area Muscle fibre diameter Exercise related 
The nerve terminal area of soleus not 
affected while EDL terminals significantly 
smaller than controls. 

Exercise related 
No significant change in muscle fiber 
diameter. 

Monti et al. [43] 
(2023) 

Neurofilament light chain and C- 
terminal Agrin fragment 

Muscle cross-sectional 
area 

Exercise related 
Neurofilament light chain concentration 
did not change; 
C-terminal Agrin fragment concentration 
maintained. 

Exercise related 
Muscle cross-sectional area reduced. 

NMJ, neuromuscular junction; Ach, acetylcholine; AChR, acetylcholine receptor; LRP4, lipoprotein receptor-related protein 4; Dok7, docking protein 7; CAF, C-ter-
minal Agrin fragment; MHCe, embryonic myosin heavy chain; MHCn, neonatal myosin; NCAM, neural cell adhesion molecule; MEPP, miniature endplate potentials; 
EPP, evoked endplate depolarization. 
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deacetylation contribute to NMJ degeneration [71]. Numerous studies 
have underscored the importance of synaptic mitochondrial dysfunction 
to the neuromuscular junction [72,73]. A model of mitochondrial dis-
ease revealed that mitochondrial dysfunction hindered locomotive 
ability and caused aberrant morphology of NMJ [74]. Conversely, 
physical exercise has been shown to induce mitochondria morphological 
adaptions and increase the mitochondria’s capacity to produce ATP 
[75]. At the protein level, physical exercise effectively regulated sub-
strate entry and oxidation, the tricarboxylic acid cycle, respiratory 
chain, and ATP synthesis in mitochondria [76]. Furthermore, physical 
exercise influenced the expression of sirtuin in skeletal muscle, thereby 
regulating changes in mitochondrial biogenesis, oxidative metabolism, 
and cellular antioxidant systems [77]. However, further studies are 
needed to investigate the relationship and mechanism between mito-
chondrial acetylation and NMJ degeneration. 

There are several limitations in this review. First, the papers included 
solely addressed changes in the NMJ following exercise in the elderly, 
which do not offer insights into the differential effects of exercise on the 
NMJ across various age groups. Second, the variability across the 3 
clinical studies was substantial, which posed challenges to deriving 
consistent conclusions. Third, the absence of standardized analysis 
methods, resulting from differing training procedures among the 
studies, could potentially introduce bias in the result interpretation. 
Lastly, due to the data heterogeneity among the included studies, a 
meta-analysis could not be conducted. 

In conclusion, this systematic review aimed to explore the effect of 
exercise on ageing NMJ. The NMJ exhibits progressive degeneration in 
both morphology and function during ageing, accelerating the pro-
gression of neuromuscular degeneration. This degeneration involves 
changes at both the gene and protein levels. As a key pathway to form 
and stabilize AChRs clusters, the Agrin-LRP4-MuSK-Dok7 pathway un-
dergoes degradation in ageing skeletal muscle. The degradation of Wnt 
signaling in aged muscle inhibits NMJ remodeling, thereby accelerating 
NMJ degeneration. Mitochondrial oxidative stress exacerbates the 
metabolic impairment of NMJs during ageing. Physical training 
increased the nerve terminal branch, total area, nerve terminal length 
and branching complexity of the presynaptic compartment, and similar 
effects have been shown on the postsynaptic compartment. Physical 
exercise has been shown to promote NMJ hypertrophy and accelerate 
the remodeling process in the elderly, potentially mitigating NMJ 
degradation and thus, alleviating the progression of neuromuscular 
degeneration. The type of exercise affects the NMJ adaptive response, 
with the effects of endurance training appearing more pronounced than 
resistance exercise. Different ages used may also have affected the re-
sults and the comparison between studies. Therefore, physical exercise 
could potentially mitigate NMJ degradation in the elderly, thus allevi-
ating the progression of neuromuscular degeneration. However, the 
mechanisms involved in exercise, such as mitochondrial oxidative stress 
and the regulation of Wnt-related pathways, have not been clearly 
elucidated. Moreover, the impact of combining exercise with nutritional 
supplementation on ageing NMJ warrants further investigation. 
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