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Background: Exercise is one of the most effective interventions for preventing and treating
skeletal muscle aging. Exercise-induced autophagy is widely acknowledged to regulate skeletal
muscle mass and delay skeletal muscle aging. However, the mechanisms underlying of the
effect of different exercises on autophagy in aging skeletal muscle remain unclear.

Methods: A systematic review was performed following an electronic search of SCOPUS,
PubMed, Web of Science, ScienceDirect, and Google Scholar and two Chinese electronic
databases, CNKl and Wan Fang. All articles published in English and Chinese between January
2010 and January 2022 that quantified autophagy-related proteins in aging skeletal muscle
models.

Results: The primary outcome was autophagy assessment, indicated by changes in the levels
of any autophagy-associated proteins. A total of fifteen studies were included in the final review.
Chronic exercise modes mainly comprise aerobic exercise and resistance exercise, and the
intervention types include treadmill training, voluntary wheel running, and ladder training. LCS3,
Atgb-Atg7/9/12, mTOR, Beclin1, Bcl-2, p62, PGC-1q, and other protein levels were quantified,
and the results showed that long-term aerobic exercise and resistance exercise could increase
the expression of autophagy-related proteins in aging skeletal muscle (p < 0.05). However, there
was no significant difference in short term or high-intensity chronic exercise, and different types
and intensities of exercise yielded different levels of significance for autophagy-related protein
expression.

Conclusion: Existing evidence reveals that high-intensity exercise may induce excessive
autophagy, while low-intensity exercise for a short period (Intervention duration <12 weeks,
frequency <3 times/week) may not reach the threshold for exercise-induced autophagy. Precise
control of the exercise dose is essential in the long term to maximize the benefits of exercise.
Further investigation is warranted to explore the relationship between chronic exercise and
different exercise duration and types to substantiate the delaying of skeletal muscle aging by
exercise.
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INTRODUCTION

Skeletal muscle is one of the most dynamic tissues in the human
body. Skeletal muscle can adapt to many metabolic and
physiological requirements imposed by various stressors as a
highly plastic tissue. The high adaptability of skeletal muscle is
necessary for the body to regulate cellular homeostasis in
response to various stress intensities and durations (Beyfuss
and Hood, 2018). Skeletal muscle is an essential dynamic
organ in the human body, accounting for about 40% of the
total body weight, which contains 50%-75% of the whole-body
protein, and accounts for about 30%-50% of the total protein
turnover. In general, the skeletal muscle mass depends on the
balance between protein synthesis and degradation, which are
highly sensitive to physical activity/exercise, nutritional status,
injury or disease (Frontera and Ochala, 2015).

With the progressive aging of society, the prevalence of
comorbidities and senile diseases, especially sarcopenia,
characterized by the decline in skeletal muscle mass and
strength, have also increased (Distefano and Goodpaster,
2018). The pathological mechanism of sarcopenia is mirrored
by a significant reduction of skeletal muscle fibers and muscle
volume and a significant decrease in skeletal muscle mass or
strength (Tarantino et al., 2015). Sarcopenia usually stems from
the imbalance between muscle protein synthesis and degradation
caused by aging and is accompanied by a series of dysregulations
in signal pathways. Its essence can be summarized as the excessive
net protein degradation resulting in loss of skeletal muscle mass
since protein degradation is more remarkable than synthesis
(Dhillon and Hasni, 2017). Autophagy plays a vital role in
controlling skeletal muscle quality, and its means of
degradation is mainly ubiquitin-proteasome and autophagy-
lysosome degradation pathways. Although the specific
mechanism is unclear at present, excessive autophagy can lead
to muscle atrophy; as a result, activating autophagy in muscles to
promote mitochondrial productivity is extremely necessary for
improving exercise function.

Exercise is a newly defined effective stimulus that can induce
the activation of autophagy. Over the years, much emphasis has
been placed on autophagy regulation in muscle cells by exercise. It
has been found that exercise could activate skeletal muscle
autophagy by increasing the LC3-I/LC3-II ratio (Grumati
et al, 2011). Exercise is currently one of the most effective
intervention approaches to prevent and treat skeletal muscle
aging. Appropriate and personalized exercise can enhance the
body adaptability and function of elderly individuals, improve
skeletal muscle function and quality of life, and effectively
increase the health level to prolong life (Cruz-Jentoft et al,
2010). In recent years, intervention studies have been carried
out worldwide on delaying skeletal muscle aging, comparing
effectiveness between different exercise modes and different
exercise intensities, including resistance exercise and aerobic
exercise, and significant differences were observed. However, it
should be noted that for the elderly population, high-intensity
exercise usually brings a certain degree of risk; and due to the age-
related decline in skeletal muscle mass and strength and the
occurrence of osteoporosis, a short period of moderate to low-
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intensity resistance exercise or aerobic exercise may not be
enough to cause the energy “burning” of muscle cells in the
aging body, resulting in insignificant effects of weight control or
muscle mass maintenance (Moreira et al., 2017). Thus, chronic
exercise represents an effective rehabilitation approach to
improve exercise adaptability and delay skeletal muscle tissue
aging by encouraging exercising at a moderate intensity and
reasonable load in young and middle-aged adults as a long-
term lifestyle habit.

Although previous studies have reviewed the related
mechanisms of exercise on skeletal muscle autophagy, and
many experimental studies have assessed the effect of exercise
on autophagy activity in skeletal muscle, the research objects and
conclusions were inconsistent (Grumati et al., 2011; Kim et al,,
2012; Moreira et al., 2017; Kwon et al., 2018). Indeed, significant
heterogeneity surrounded the exercise intervention methods,
post-exercise sampling time, studied tissues, the nutritional
level of experimental subjects before exercise, exercise
intervention cycles, etc. Therefore, this article aims to review
the latest available evidence, taking the effect of chronic exercise
on the autophagy activation of aging skeletal muscle as the
research object obtain a standardized framework to analyze
and evaluate present related research. Importantly, this review
provides novel insights into the association between chronic
exercise and the level of autophagy in aging skeletal muscle.

METHODS
Search Strategy

We reported the systematic review following the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) checklist guidelines. This systematic review
examined the role of chronic exercise on autophagy in aging
skeletal muscles. Articles published in English and Chinese
language were retrieved from five English electronic databases
(SCOPUS, PubMed, Web of Science, ScienceDirect, and Google
Scholar) and two Chinese electronic databases (China National
Knowledge Infrastructure, Wan Fang) using the key terms
“exercise,” “chronic exercise,” “physical activity,” “aging,”
“skeletal muscle,” “autophagy,” “protein,” and “gene.” We also
conducted a manual search in the Soochow University and
Wuhan Sports University libraries to prevent retrieval bias.
The searches of the databases were completed between
September 2021 and January 2022. Only full articles in English
or Chinese were included in the assessment. The preliminary
study for comparison only involved aging animals and cell culture
models. Significant studies published in this field involving older
human subjects were discussed where applicable. To maintain the
focus of this systematic review, they were not compiled for
analysis in the data tables. All literature data published
between January 2010 and January 2022 were included in the
review.

Eligibility Criteria
Databases were systematically searched for studies, and their
eligibility for inclusion was determined. The research was
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TABLE 1 | Inclusion and exclusion criteria. At each stage of the research analysis for inclusion review, papers were included and excluded according to the above criteria.

Stage Stage Inclusion criteria
description
| Journal title Keywords: exercise, chronic exercise, physical activity, aging, skeletal
analysis muscle, autophagy, protein, gene
1] Abstract ®Skeletal muscle tissue; @Animal or cell model; @Autophagy
analysis signaling activation; @Chronic exercise.

1] Full text analysis

®Skeletal muscle tissue; @Animal or cell model; @Autophagy
signaling activation; @Chronic exercise; ®Proteins include any one of

Exclusion criteria

@® Keywords: human, younger age, review, myocardial, brain, liver
cells, tissues (other than skeletal muscle); @ Languages other than
English or Chinese; ® Human model; @ Aging animals and cell culture
models (other than skeletal muscle); ®Review or methods paper;
®Abstract or full-test is unavailable; @ Not original study; ® Missing
data; @ Proteins or genes outside the range.

the following: LC3, AMPK, Atg5/7/9/12, IGF-1, mTOR, FoxOg,

Beclin1, Bcl-2, p62, PGC-1a.

Note: LC3, microtubule-associated protein-1 lightchain 3; AMPK, adenosine monophosphate-activated protein kinase; Atg, autophagy-related; mTOR, mammalian target of rapamycin;
IGF-1, Insulin-like Growth Factors 1; Bcl-2, B-cell lymphoma 2; PGC-1a, peroxisome proliferator-activated receptor y coactivatori-a.

initially filtered based on whether the title contained any
keywords. Subsequently, the abstract was read to further
screen keywords and appropriate eligibility criteria (Table 1).
The full text was read and then analyzed. When an article met the
eligibility criteria, it was included in the systematic review.
Duplicated articles and unpublished research were excluded at
this stage.

Data Extraction

The studies were organized based on the mechanism of
autophagy activation, and chronic exercise intervention was
divided into two groups according to the duration and type of
intervention: long-term vs. short-term exercise and resistance vs.
aerobic exercise. The included studies fulfilled at least one of the
two categories. Data extraction was used to evaluate the study
methodology of the effect of exercise on the autophagy level in
skeletal muscle cells, as well as the application and relevance of
the model. Two reviewers (CY and YY) created, undertook, and
crosschecked a data extraction standard form to record the data
including the first author, publication year, research model,
location of skeletal muscles, sample size, gender, exercise
Intervention  (frequency, intensity, duration), outcome
measures and outcome data. Any disagreements between two
reviewers were resolved by discussion; otherwise, a third reviewer
(Ning) would be consulted. Whenever necessary, the
corresponding author was contacted to request additional
information or for clarification where discrepancies existed.
Qualitative analysis was performed to compare the
effectiveness of models based on different types of chronic
exercise activating autophagy-related proteins to regulate the
level of autophagy in aging-induced skeletal muscle atrophy.
No meta-analysis was conducted using this data.

Quality Assessment of Included Studies

Two authors (CY and JL) independently assessed
methodological quality and risk of bias assessment of the
included studies using the Collaborative Approach to Meta
Analysis and Review of Animal Experimental Studies
(CAMARADES) 10-item quality checklist (Macleod et al.,
2004). Each study was given a quality score out of 10
points. Two authors (CY and JL) independently assessed the
study quality. Any discrepancy was resolved by discussion, and

the corresponding author (GD) adjudicated whenever the
disagreement could not be resolved.

RESULTS

Study Inclusion

The Medical Subject Heading terms used for the initial search
included “chronic exercise,” “exercise,” “physical activity,”
“aging,”  “skeletal muscle,”  “autophagy,” and  their
combinations. A total of 5,108 trial articles were identified and
evaluated. After excluding duplicates, eliminating studies based
on the title, and reading the full text, fifteen articles met the
criteria for inclusion and were eventually included in the review.
The selected studies were from academic journals. The flowchart
details of the literature included in the study are shown in
Figure 1.

General Characteristics of the Included

Studies

A total of 382 skeletal muscle samples were included in the full
text. Only one study (White et al., 2016) included on both males
and females, while the remaining studies only males (n = 12) or
females (n = 1) (Dethlefsen et al., 2018). Seven studies involved
rats (n = 3 for Sprague Dawley rats, n = 3 for Wistar ratsand n =1
for Fischer 344 rats), and eight studies used mice (n = 4 for
C57BL/6 mice, n = 2 for ICR mice, n = 1 for C57BL/6 whole-body
PGC-la knock out and wild-type mice, and n = 1 for
VCPR'>*"*mice). Regarding the selection of skeletal muscle
samples, most studies selected the gastrocnemius and
quadriceps muscles, and only four articles selected the
plantaris, soleus, and extensor digitorum muscles. In nine
studies, elderly subjects were selected for long-term exercise; in
six studies, young subjects were selected for lifelong exercise. In
terms of the form of exercise intervention, all studies chose
aerobic/resistance exercise, and one study (Zeng et al, 2020)
added an alternating exercise (aerobic + resistance exercise)
intervention group and an aerobic/resistance exercise
intervention group. The specific methods of exercise
intervention included treadmill exercise, voluntary wheel
running, and ladder exercise with load. The intervention lasted
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FIGURE 1 | Flow diagram of study selection process.

Participates do not meet the
inclusion criteria

(n=92)
Insufficient data reported
(n=16)

from 6 to 85 weeks, and the intervention frequency was three or
five times per week (Table 2).

Study Quality

The CAMARADES 10-item quality checklist was used to
determine the quality and risk of bias of each study. The
quality of the included studies ranged from 3 to 7 points, with
an average score of 4.93. All studies were published in a peer-
reviewed journal. Two studies did not report control of
temperature (Dethlefsen et al., 2018; Zheng and Liang, 2021).
Three studies did not describe random allocation to treatment or
control (Nalbandian et al., 2013; Ziaaldini et al., 2015; White et al.,
2016), and only one study mentioned blinded induction of the
model (Liang et al., 2021). Eight studies used anesthetics without
significant intrinsic neuroprotective activity (Wohlgemuth et al.,
2010; Lin et al., 2013; Luo et al., 2013; Ziaaldini et al., 2015; White
et al, 2016; Ribeiro et al., 2017; Bahreinipour et al., 2018;
Dethlefsen et al., 2018). An appropriate animal model (aged,
diabetic, or hypertensive) was described in five studies (Lin et al.,
2013; Zhao et al., 2016; Zeng et al., 2020; Liang et al., 2021; Zheng
and Liang, 2021). No study described a sample size calculation or
blinded assessment of outcome. Compliance with animal welfare

regulations was not described in five studies (Zhao et al., 2013; Lee
et al., 2015; Ziaaldini et al., 2015; Zhao et al., 2016; Dethlefsen
et al, 2018), and potential conflicts of interest were not
mentioned in five studies (Luo et al., 2013; Zhao et al., 2013;
Zhao et al., 2016; Lin et al, 2020; Zheng and Liang, 2021).
Detailed results of methodological quality are shown in Table 3.

Effectiveness

The studies in this systematic review analyzed multiple
autophagy-related protein markers LC3, Atg5/7/9/12,
mTOR, Beclinl, Bcl-2, p62, PGC-1a, FoxO3, IGF-1, AMPK,
and other proteins (Table 2). LC3-II/LC3-I ratio was reported
in ten studies, of which four (Luo et al., 2013; Nalbandian et al.,
2013; Zhao et al., 2016; Dethlefsen et al., 2018) indicated that
chronic exercise reduced the LC3-II/LC3-I ratio (p < 0.05),
while six (Wohlgemuth et al., 2010; Zhao et al., 2013; White
et al,, 2016; Zhao et al.,, 2016; Zeng et al., 2020; Liang et al,,
2021) showed that chronic exercise would increase the LC3-1I/
LC3-I ratio of aging skeletal muscle (p < 0.05). One study (Lee
et al,, 2015) found no significant change in the ratio of LC3-II/
LC3-I. Two studies (Wohlgemuth et al., 2010; Luo et al., 2013)
showed that long-term aerobic and resistance exercise could
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TABLE 2 | A summary of the reviewed articles.

Study
(author, year)

Wohlgemuth
et al. (2010)

Linetal. (2013)

Luo et al.
(2013)

Nalbandian
et al. (2013)
Zhao et al.

(2013)

Lee et al.
(2015)

Ziaaldini et al.
(2015)

White et al.
(2016)

Zhao et al.
(2016)

Ribeiro et al.
(2017)

Bahreinipour
et al. (2018)

Research
model

Male Fischer 344
rats

Male Sprague
Dawley rats

Male Sprague
Dawley rats

Male VCPR155H/
+mice

Male C57BL/6
mice

Male C57BL/6
mice

Male wistar rats

Male andfemale
C57BL/6J mice

Male C57BL/6
mice

Male Wistar rats

Male Sprague
Dawley rats

Location
of skeletal
muscles

Plantaris

Gastrocnemius

Gastrocnemius

Quadriceps

Gastrocnemius

Soleus

Quadriceps

Quadriceps

Gastrocnemius

Gastrocnemius +
Soleus

Soleus +
Extensor
digitorum longus

Sample size

EG:20
CG:19

EG:30 CG:8

EG:19
CG:20

EG:8-10
CG:8-10
EG:15(TE=8,
RE=7) CG:6

EG:20(LE=6,
HE=7)
CG:10

EG:6 CG:6

EG:13(M=6,
F=7) CG:
19(M=10,

F=9)

EG:18(TE=9,

RE=9) CG:9

EG:6 CG:6

EG:8 CG:8

Age at
start
(months)

3

18-20

24

20

23-24

Exercise intervention

Duration

84-85 weeks

8 weeks

9 weeks

6 weeks

68 weeks

2 weeks

6 weeks

34 weeks

16 weeks

12 weeks

10 weeks

Frequency Intensity

Not reported 1,145 + 248 m/day

3 d/week 0%, 30%, 50%, 70%
maximum weight RE
separately; speed:15 m/min,
slope:35°

3 d/week 10 RM

3 d/week 10-30 min (progressive)

3 d/week TE:30 min/d; RE:2 Sets/d

5 d/week 50 min/d, LE:8.8 m/min; HE:

17.45 m/min

Not reported 30-60 min/d, 60%V0O2max

4,5 d/week 30 min/d

3 d/week TE:40 min/d; RE:2 Sets /d

3 d/week Progressive load of
65%-95%
maximumcarrying capacity

5 d/week 15-50 min (progressive), LE

Mode

Lifelong VWR

RE

RE

TE

Lifelong
TE; RE

TE

TE
VWR

(resistance)

TE; RE

RE

TE

Outcome
measures

Beclin-1, Atg7,
Atg9, LC3-II/l
ratio

Bel-2

Beclin-1, Atgs-
12, Atg7, LC3-Il/
| ratio, p62,
AMPK, IGF1,
FoxO3a
LC3-II/1

ratio, p62
LC3-II/I ratio,
Beclin1

Beclin-1, LC3-Il/

| ratio, p62,
PGC-1a

mTOR, Bcl-2
LC3-II/1
ratio; p62

LCB-II/ | ratio,
Beclin-1

PGC-1a, IGF1,
mTOR

PGC-1a

Main findings of
exercise in the
intervention group

No significant effects for
Beclin-1; TAtg7 (o <
0.05); TAtg9 (p =0.022);
LCB-II/I ratio was 90%
higher in CG and EG

(o =0.2).

TBcl-2 (p <0.01 for 30%
EG, p < 0.05 for 50%
EG); No significant
effects for Bel-2 in 0%
EG and 70% EG.
TBeclin-1, Atg7, Atgd/
12, AMPK, IGF1,
FOXOBa (p < 0.01);
LLCB-II/ | ratio, p62

(o < 0.01).

LLCB-II/ | ratio, p62

(o < 0.01).

TLC3-1I/I ratio (TE and
RE, p < 0.05); 1Beclin1
(TR, p < 0.05).

No significant effects for
Beclin-1 and LC3-II/1
ratio; TPGC-1a (2.2-fold
higher in LE, 1.1-fold in
HE, p < 0.01); |p62
(reduced by 35% in the
LE, p < 0.05, but no
changes in HE vs. CG).
No significant effects for
mTOR, Bcl-2.

No significant effects for
p62; TLC3-II/ | ratio
(elevated by 48% in M
and 62% in F, p < 0.01).
|Beclin1(TE and RE, p <
0.05); |[LC3-II/ I ratio (TE,
p < 0.05); TLC3-II/ | ratio
(RE, p < 0.05).
TPGC-1a, IGF1, mTOR
(o < 0.05).

1PGC-1a (o < 0.05).

(Continued on following page)
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TABLE 2 | (Continued) A summary of the reviewed articles.

Study
(author, year)

Dethlefsen
et al. (2018)

Zeng et al.
(2020)

Liang et al.
(2021)

Zheng and
Liang (2021)

Research
model

Female C57BL/
6 PGC-1a KO
and WT mice
(intercross
breeding)

Male wistar rats

Male ICR mice

Male ICR mice

Location
of skeletal
muscles

Quadriceps

Gastrocnemius

Gastrocnemius

Gastrocnemius

Sample size

EG:5-8 CG:
5-8

EG:40
CG:10

EG:10
CG:10

EG:6 CG:6

Age at
start
(months)

3

21

3

Exercise intervention

Duration

48 weeks

12 weeks

56 weeks

57 weeks

Frequency

Not reported

TE, RE,
alternating ex
(TE +RE): 3d/
week; VWR:
Free

5 d/week

3 d/week

Intensity

Not reported

TE: 4.2-12 m/min, 60
min(progressive); RE:

3 times/set, 2 sets /d;
alternating ex (TE +RE): TE/
RE protocols; VWR: Free

60 min

3 times/set, 2 Sets/d

Mode
Lifelong

running wheel

TE; RE;
alternating ex

(TE+
RE); VWR

Lifelong TE

Lifelong RE

Outcome
measures

LC3-II/ | ratio,
LCal, LC3ll, Bel-
2, PGC-1a, p62

Beclin-1, LC3-II/
| ratio, p62,
mTOR, FOXO3a,
Bcl-2, AMPK,
PGC-1a

Beclin-1, LC3-Il/
LC3-| ratio, p62,
mTOR, Bcl-2,

AMPK, PGC-1a

Beclin-1, Bal-2

Main findings of
exercise in the
intervention group

No significant effects for
LC3l, LC3Il, Bel-2, p62;
TPGC-1a (p < 0.05);
LLCB-II/ | ratio (50%
lower than CG, p < 0.05).
TBeclin-1(p < 0.01 for all
EGs except TE p <0.05);
TLCB-II/ | ratio, Bcl-2,
AMPK (p < 0.01); TPGC-
1a (p < 0.01 for RE and
VWR, p < 0.05 for TE
and alternating ex);
1p62, p-mTOR/MTOR
(o < 0.01); |pFOXO3a/
FOXOBa(p < 0.01 for TE
and RE, p < 0.05 for
alternating ex and VWR).
TBeclin-1, LC3-II/ | ratio,
AMPK (p < 0.001); 1Bcl-
2(p < 0.01); TPGC-1a
(o < 0.05); |p62,
p-mTOR/MTOR(p <
0.001);

TBeclin-1, Bcl-2(p <
0.001)

Note: KO, knock out; WT, wild type; M, male; F, female; LE. low intensity exercise; HE, high intensity exercise; VWR, voluntary wheel running; RE, resistance exercise training; TE, treadmill exercise; Ex, exercise; RM, repetition maximum.
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TABLE 3 | Quality assessment of the included studies.

Study (1) 2 Q) 4
(author,
year)

Wohlgemuth et al. (2010)
Lin et al. (2013)

Luo et al. (2013)
Nalbandian et al. (2013)
Zhao et al. (2013)

Lee et al. (2015)

Ziaaldini et al. (2015)
White et al. (2016)

Zhao et al. (2016)
Ribeiro et al. (2017)
Bahreinipour et al. (2018)
Dethlefsen et al. (2018)
Zeng et al. (2020)

Liang et al. (2021)
Zheng and Liang (2021)

SSSSSSSSS SN
< <

<

D N N N N N N N N N N N NN
AN

NS S S SN

Exercise on Autophagy in Aging Skeletal Muscle

5) (6) @ @®) ©) (10) Score
v v v 6
v v v 6
v v 5
Nk v v 4
Nk 3
Nk v 4
v v 4
v v v 5
Nk v 4
v v v 6
v v v 6
v v 4
Nk v v v 6

v Nk v v v 8
Nk v v 4

Note: studies fulfilling the criteria of the following: (1), peer reviewed publication; (2), control of temperature; (3), random allocation to treatment or control; (4), blinded induction of model; (5),
blinded assessment of outcome; (6), use of anesthetic without significant intrinsic neuroprotective activity; (7), appropriate animal model (aged, diabetic, or hypertensive); (8), sample size
calculation; (9), compliance with animal welfare regulations; and (10), statement of potential confiict of interests. Nk, not known.

increase the Atg7, Atg9, and Atg5/12 protein levels in skeletal
muscle (p < 0.05).

Eight studies (Wohlgemuth et al., 2010; Luo et al., 2013; Zhao
et al., 2013; Lee et al., 2015; Zhao et al., 2016; Zeng et al., 2020;
Liang et al, 2021; Zheng and Liang, 2021) reported Beclinl
protein expression in skeletal muscle; five studies showed that
chronic exercise increased the expression of Beclinl, and one
indicated a decrease in expression (p < 0.05); there was no
significant difference in Beclinl level between the intervention
and control groups in the other two studies. Five studies (Lin
et al., 2013; Ziaaldini et al., 2015; Dethlefsen et al., 2018; Liang
et al, 2021; Zheng and Liang, 2021) reported Bcl-2 protein
markers, of which three reported a significant increase in Bcl-
2 protein expression, while the remaining two showed no
significant difference. It is worth noting that Lin et al. (2013)
divided long-term resistance exercises into four groups: 0%, 30%,
50%, and 70%. The results indicated that the expression of Bcl-2
protein in skeletal muscle increased with 30% and 50% resistance
exercise, while no significant difference was found in the 0% and
75% intervention groups. Six studies (Lee et al., 2015; Ribeiro
et al., 2017; Bahreinipour et al., 2018; Dethlefsen et al., 2018; Zeng
et al., 2020; Liang et al., 2021) found that chronic exercise could
significantly increase the PGC-1a protein levels in skeletal muscle
(p < 0.05).

A total of seven pieces of literature (Luo et al, 2013;
Nalbandian et al., 2013; Lee et al., 2015; White et al., 2016;
Dethlefsen et al., 2018; Zeng et al., 2020; Liang et al., 2021)
reported the p62 protein marker. Five studies showed that the
expression of p62 protein decreased (p < 0.01), and two studies
showed no significant difference. Three articles (Luo et al., 2013;
Zeng et al., 2020; Liang et al., 2021) reported the AMPK protein in
skeletal muscle, and two reported the IGF-1 protein level,
demonstrating a significant increase in related proteins (p <
0.05). As for mTOR and FoxO3 gene outcomes, mTOR
expression levels were documented in four articles (Ziaaldini

et al,, 2015; Ribeiro et al., 2017; Zeng et al., 2020; Liang et al,,
2021), and FoxO3 results in two articles (Luo et al., 2013; Zeng
et al, 2020). Zeng et al. (2020) found that 12-week exercise
significantly reduced the expression of the ratio of p-mTOR/
mTOR and p-FoxO3/FoxO3(p < 0.01), while 9-week and 12-week
long-term resistance exercise significantly increased FoxO3 and
mTOR gene expression in skeletal muscle(p <0.05). Besides
increases in autophagy-related protein markers, some studies
assessed muscle mass, muscle/body mass ratio, running
distance, and speed, and the results showed that chronic
exercise intervention positively impacts these markers.

DISCUSSION

This study systematically reviewed the effects of chronic exercise-
induced autophagy on skeletal muscle to delay aging-induced
skeletal muscle atrophy, and summarized several key findings (see
Figure 2).

The Role of AMPK, IGF-1, PGC-1a, and
mTOR in Mediating Autophagy Induced by

Chronic Exercise

The present research investigated the influence of long-term
exercise on skeletal muscle autophagy and assessed adaptive
changes in basal autophagy and autophagy flux after exercise
intervention. mTOR and AMPK have been established as
essential indicators for detecting skeletal muscle nutrition and
energy efficiency during exercise response (Pantovic et al., 2017).
As a highly conserved serine/threonine-protein kinase, mTOR
can combine with other ligands to form mTORCI and participate
in the inhibition of autophagy (Wullschleger et al., 2006). In
addition to activating the catabolic process in cell organisms and
inhibiting the biosynthesis of lipids, proteins, and carbohydrates,
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AMPK is reportedly a critical factor in the initiation of autophagy
(Hong et al., 2005). In this review, four articles analyzed mTOR,
and three articles examined the role of AMPK protein in
regulating autophagy and delaying muscle atrophy. The
included studies suggested that aerobic exercise for 60 min
3-5 times a week for more than 12 weeks could significantly
increase the expression of mMTOR and AMPK and thereby induce
autophagy. Reduced AMPK activity associated with senescence
may lead to decreased mitochondrial function and dysregulated
intracellular lipid metabolism. Interestingly, the activation of
AMPK and inhibition of mTOR in muscle after acute exercise
have been documented in previous animal and human studies,
while long-term aerobic exercise can regulate the
phosphorylation of mTOR by increasing AMPK activity;
meanwhile, AMPK can inhibit mTOR signaling through
tuberous sclerosis complex 1/2 (TSC1/2)/Ras homolog
enrichment in brain (Rheb) pathway, thereby inducing
autophagy in skeletal muscle, attenuating cellular senescence
and apoptosis signals, thus reducing muscle loss (Nobukini
and Thomas, 2004).

It is widely acknowledged that IGF-1 plays a key role in cell
proliferation and differentiation during muscle regeneration, and
high IGF-1 levels can inhibit muscle atrophy during aging
(Schiaffino and Mammucari, 2011). Moreover,IGF-1 depends
on the mTOR signaling pathway and promotes mitochondrial
biogenesis in skeletal muscle cells (Hu et al., 2021). The studies
included in this review reported that long-term resistance exercise
3 times per week over 9 weeks could increase the expression of
IGF-1 in aging cells, thereby delaying the aging process of skeletal
muscle. It has been shown that the transcriptional co-activator
PGC-la (one of the regulatory genes of mitochondrial
biogenesis) is also regulated by various upstream factors,
including AMPK and p38, which can promote the expression

of PGC-la (Vainshtein et al., 2015). Moreover, AMPK can
promote PGC-1la transcription while activating PGC-1a, and
p38 promotes the phosphorylation of PGC-la. An increasing
body of evidence suggests that PGC-la expression can be
significantly increased by long-term aerobic or resistance
exercise, or alternating aerobic and resistance exercise. By
analyzing the molecular mechanism, chronic exercise could
improve mitochondrial quality control in aging skeletal muscle
by activating PGC-1a through phosphorylation of AMPK and
p38 (Irrcher et al., 2008). However, it is worth mentioning that
low-intensity aerobic exercise (2-week treadmill exercise) in 24-
month mice was remarkedly effective in increasing the expression
of PGC-1a compared to high intensity exercise (Lee et al., 2015),
suggesting that strenuous exercise can inhibit the up-regulation of
mitochondrial function in aging skeletal muscle to a certain
extent, and low-intensity exercise might be more advantageous
in delaying aging-induced skeletal muscle atrophy.

The Role of Beclin1 and Bcl-2 in Mediating
Autophagy Induced by Chronic Exercise

Beclinl, a homolog of the yeast autophagy gene Atgé, is a crucial
factor involved in the formation and maturation of
autophagosomes and enhancing autophagy activity. However,
this signaling pathway is also regulated by the expression of Bcl-2
(Russell et al., 2013). Under normal physiological conditions, Bcl-
2 in cells has a strong binding ability to Beclinl to maintain basic
levels of autophagy. During the aging process of skeletal muscle,
the expression of Beclinl/Bcl-2 complex decreases to initiate
apoptosis, whereas long-term regular aerobic or resistance
exercise can enhance the expression of Beclinl/Bcl-2 complex
and delay the decrease of skeletal muscle mass. It should be noted
that the difference in sampling time after exercise intervention
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can also affect the expression of Beclinl and Bcl-2, influencing the
changes in autophagy activity of skeletal muscle cells.
Interestingly, it has been reported that the expression of
Beclinl-Bcl-2 complex immediately decreased 15min after
exercise intervention, while it was almost undetected 30 min
later (Akimoto et al., 2005). Four studies included in this
review indicated no significant changes in Beclinl and Bcl-2
compared with the control group after chronic exercise
intervention; one article found that after 8 weeks of 30% and
50% weight-loading exercise, Bcl-2 protein expression increased,
while there was no significant change in 0 % and 75% weight-
loading intervention groups. Therefore, taking into account the
exercise intensity of chronic exercise and the timeliness of cellular
Beclinl and Bcl-2 proteins after exercise, the sampling time
should be emphasized when assessing changes in skeletal
muscle autophagy after chronic exercise in the future.

The Role of LC3 and p62 in Mediating
Autophagy Induced by Chronic Exercise

p62 is a multifunctional scaffold protein composed of multiple
domains. It has been shown that autophagy adaptors p62 and
LC3 can interact with ubiquitinated protein by autophagy to
achieve the specific recognition, separation, and transportation of
p62, thereby releasing nutrients into the cell cycle of skeletal
muscle (Rogov et al., 2014). Hence, p62 interacts with LC3 to
wrap the ubiquitinated substrate, exhibiting decreased expression
during autophagy. The animal homolog of Atg8 protein is LC3.
During autophagy, LC3-1 is continuously lipidated to form LC3-
II to promote the formation of an autophagic membrane; thus,
the ratio of LC3-II/LC3-I is generally used to evaluate the
functional level of autophagy (He et al., 2015). In this review,
ten studies included LC3-II/LC3-I ratio outcomes, and seven
included P62 protein outcomes. Overwhelming evidence
substantiates that long-term resistance or aerobic exercise can
down-regulate the expression of p62 and increase the ratio of
LC3-II/LC3-1, thereby improving autophagy and stabilizing the
quality of mitochondria. Interestingly, a study reported that the
expression of P62 protein was similar to that of PGC-1aq, and the
expression of p62 protein was reduced by 35% after 2 weeks of
low-intensity treadmill exercise, while there was no significant
difference in the expression of p62 in high-intensity treadmill
exercise compared with the non-exercise control group (Lee et al.,
2015). This finding further supports our hypothesis that excessive
high-intensity exercise may inhibit autophagy in aging skeletal
muscle. Additionally, four included studies showed that the ratio
of LC3-II/LC3-1 decreased after aerobic/resistance exercise,
indicating that chronic exercise inhibits autophagy initiation in
aging skeletal muscle cells. Nevertheless, previous studies have
demonstrated that LC3 and Beclin-1 levels were comparable in
rats after treadmill exercise of 60 min per day for 5 days (Smuder
et al., 2011), suggesting that short-term aerobic exercise does not
induce adaptive changes in autophagy. In this review, among the
related studies that showed a decreased LC3-II/LC3-I ratio, the
exercise intervention time was predominantly 10-40 min for
6-16 weeks, 3 times a week. The related literature reported an
increased LC3-1I/LC3-I ratio after exercise for 60 min 5 times per

Exercise on Autophagy in Aging Skeletal Muscle

week for than 12 weeks, consistent with our findings. Indeed, it
should be borne in mind that chronic exercise-induced
autophagy in aging skeletal muscle cells may require the
exercise cycle to reach a certain threshold.

The Role of Atg5-Atg9, Atg7, Atgi12, and
FoxO3a in Mediating Autophagy Induced by

Chronic Exercise

It is well-established that a series of complexes composed of
products encoded by the Atg gene can participate in the
formation of autophagosomes in skeletal muscle cells. The
complete membrane protein Atg9 is the key to
autophagosome formation, and Atg5/Atgl2 directly affects the
extension and maturation of autophagosomes. In contrast, Atg7
is an essential autophagosome marker that controls the extension
of the autophagosome membrane and plays a crucial role in
forming autophagosomes (Fujitani et al., 2009; Fogel et al., 2013;
Crisol et al., 2018; Lin et al., 2020). Two studies showed that
chronic exercise could increase the expression of autophagy-
related proteins Atg5, Atg9, Atg7, and Atgl2, thus inducing
autophagy in plantaris and gastrocnemius cells.

FoxO genes are widely expressed in various eukaryotes and are
related to the regulation of autophagy. It has been shown that
FoxO3a can induce autophagy by regulating the transcription of
autophagy-related genes such as LC3, Atg5, and Atgl2 (Jamart
et al, 2012; Liu et al,, 2019). Additionally, the post-translational
modification of FoxO3a plays a critical role in regulating the
autophagy flux in skeletal muscle. AMPK can promote the
phosphorylation of FoxO3a at Ser588/Ser413, enhance
transcriptional activity, and promote autophagy (Krawiec
et al, 2007). Accordingly, FoxO3a-induced skeletal muscle
autophagy is a vital pathway independent of other signaling
pathways. Importantly, this study showed that long-term
resistance/aerobic  exercise and alternating aerobic and
resistance exercises could affect FoxO3a gene expression and
promote autophagy in aging skeletal muscle cells. Indeed,
different exercise modes and types may have heterogeneous
effects on the expression of FoxO3a. Interestingly, ladder
climbing or treadmill running alone may have a more
significant response to the autophagy induced by FoxO3a than
voluntary wheel running and ladder climbing combined with
treadmill running.

LIMITATIONS

Several limitations were present in this preclinical systematic
review. First, the study designs of the few included studies may
not be as reliable as others. Given that two studies did not specify
whether the intervention group was randomly assigned, the effect
of selection bias on our study findings could not be ruled out.
Moreover, since the frequency and intensity of exercise
intervention in the experimental group in three studies were
not mentioned, we could not conduct a comprehensive
comparative analysis of relevant study protocol and reported
outcomes with other studies. It is worth mentioning that the
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initiation of exercise interventions varied in the included studies,
ranging from 3 to 24 months of age, with chronic exercise
intervention lasting from 2 weeks to life-time intervention. The
significant difference in the age of initiation and duration of the
intervention may alter the effect size of the relevant outcome,
thereby affecting the analysis results.

Furthermore, a wide range of training modes was analyzed in
this study, including aerobic exercise and resistance exercise, and
the exercise types involve treadmill exercise, ladder climbing
exercise, voluntary wheel running, etc. Significant differences
in the number, frequency and intensity of the exercise
program in intervention groups were observed, even for ladder
climbing training. Any variation of these parameters may result
in different autophagy responses. Moreover, differences between
aging animal models included in the study and the location of
selected skeletal muscle fiber samples are crucial factors to be
considered. The differences in life span, behavioral
characteristics, and motor function between C57BL/6 mice
and SD rats, Wistar rats and ICR mice may also lead to
different autophagy responses after chronic exercise. Moreover,
the sampling points of skeletal muscles included quadriceps,
gastrocnemius, soleus, etc. We acknowledge that the effects of
different types of exercises on skeletal muscle, warranting further
research on stress and adaptation mechanisms induced by
chronic exercise against autophagy.

CONCLUSION

To the best of our knowledge, this is the first systematic review
to summarize the effects of chronic exercise on autophagy-
related proteins in aging skeletal muscle and analyzed the
regulation of chronic exercise on autophagy-related proteins
in different forms, types, and intensities, as well as various
signaling pathways involved in maintaining the homeostasis of
aging skeletal muscle cells. The results showed that long-term
aerobic and resistance exercise could regulate autophagy-
related proteins to induce skeletal muscle autophagy and
delay the loss of muscle mass, while different exercise
modes such as the age of exercise initiation, duration, and
intensity of exercise may have heterogeneous effects on the
expression of autophagy-related proteins. High-intensity
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