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ABSTRACT

Background: Macroautophagy/autophagy is an essential recycling process that
is involved in a wide range of biological functions as well as in diseases. The
regulation of autophagy by exercise and the associated health benefits have
been revealed by rodent studies over the past decade, but the evidence from
human studies remains inconclusive.

Methods: The MEDLINE, Embase, Cochrane, Scopus, and Web of Science data-
bases were systematically searched from inception until September 2022.
Human studies that explored potential effects of physical exercise on autop-
hagy at the protein level were selected according to the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses guidelines. A random-effects
model was used for the meta-analysis.

Results: Twenty-six studies were included in the meta-analysis. Subgroup
analyses revealed that an acute bout of resistance exercise attenuated
autophagy, as characterized by lower levels of microtubule-associated pro-
teins 1A/1B light chain 3B (LC3-I) and higher levels of sequestosome 1
(SQSTM1). In contrast, the long-term resistance exercise elevated autophagy,
as shown by higher levels of LC3-Il and lower levels of SQSTM1. No signifi-
cant changes in LC3-Il levels were observed with moderate- or vigorous-
intensity endurance exercise either as an acute bout or long-term. In terms
of tissue types, exercise exerted opposite effects between skeletal muscles
and peripheral blood mononuclear cells (PBMCs), whereby autophagy was
suppressed in skeletal muscles when activated in the PBMCs. Other meta-
analyses have also shown significant alterations in the level of many
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canonical autophagic and mitophagic proteins, including unc-51 like autop-
hagy activating kinase (ULK1)>3'?, ULK1°"%’, Beclin-1, ATG12, BCL2/adeno-
virus E1B 19 kDa protein-interacting protein 3, and PARKIN following
exercise, suggesting the activation of canonical autophagy and mitophagy,
although the scope of those analyses was more limited.

Conclusion: Our findings demonstrate that physical exercise probably regu-
lates autophagy in an exercise modality- and tissue-dependent manner in
humans, although further investigation is needed. Customized exercise pre-
scriptions should be aimed for when implementing exercise to regulate autop-
hagy in humans.

Abbreviations: ATG: autophagy-related gene; BCL2L13: BCL2-like 13; BECN1:
beclin1; BNIP3: BCL2/adenovirus E1B 19 kDa protein-interacting protein 3;
GABARAP: gamma-aminobutyric acid receptor-associated protein; GAPDH: gly-
ceraldehyde 3-phosphate dehydrogenase; LAMP2: lysosome-associated mem-
brane protein 2; LC3B: microtubule-associated proteins 1A/1B light chain 3B;
MD: mean difference; mTOR: mammalian target of rapamycin; PBMC: peripheral
blood mononuclear cells; PINK1: PTEN-induced kinase 1; PRISMA: preferred
reporting items for systematic review and meta-analysis; SD: standard deviation;
SQSTM1: sequestosome 1; ULK1: unc-51 like autophagy activating kinase 1;
VDAC1: voltage-dependent anion-selective channel 1.
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types

1. Introduction

Macroautophagy/autophagy (Greek for “self-eating”) is a crucial cellular recy-
cling process maintaining homeostasis, in which redundant or faulty cyto-
plasmic components undergo autophagy-related gene (ATG)-regulated
degradation in the autophagosome and lysosome machineries . The disrup-
tion of autophagy has been implicated in a range of diseases, including
metabolic diseases, cardiovascular diseases, infectious diseases, and cancer
2, However, the mechanisms underlying its role in these diseases are still not
fully elucidated, as autophagy usually plays a double-edged-sword role in the
development and progression of disease. In addition, boosting of autophagy
is proposed to be associated with delayed aging and a prolonged life- and
healthspan in mammals **, although adverse effects of hyperactivated autop-
hagy have also been reported *°. Given the essential and complex nature of
autophagy, its proper and accurate regulation is likely to be required for the
promotion of health and treatment of specific diseases. Owing to limited and
inconclusive clinical evidence, approved drugs and therapies that primarily
target autophagy are rare. Nevertheless, autophagy is thought to be a critical
mechanism underlying health-promoting strategies, including intermittent
fasting /, particular nutritional supplements 8, and physical exercise °.
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Physical exercise has long been recognized as a robust activator of autop-
hagy in various organs and tissues in animal models '>'". Deficient autop-
hagy in turn may account for inactivity-related diseases and conditions, such
as accelerated aging, obesity, and cancer '»'2. In the past decade, mounting
evidence has shown that autophagy and mitophagy, a selective form of
autophagy for removal of mitochondria, are indispensable not only for exer-
cise-induced adaptations of muscle and brain but also for improvements in
exercise capacity '*"'”. More importantly, physical exercise acts as a form of
“autophagy pills” in the treatment of diverse diseases, including metabolic,
neurodegenerative, and cardiovascular diseases '%'®?°, Despite well-docu-
mented autophagic responses to exercise and the associated health benefits
in rodent studies, it remains unclear whether exercise regulates autophagy in
humans. In various studies, activation, repression, or no change in autophagy
has been observed following exercise in humans 2'"%*, a difference that is
probably determined by exercise modality *?, tissue type **, or participant
characteristics %°. This inconsistency has limited translation of findings from
animal models to humans and implementation of physical exercise as an
autophagy modulator in humans. Therefore, a more conclusive picture of the
autophagic response to exercise in humans is required.

Despite extensive narrative reviews on exercise-induced autophagy in
both animal and human studies >?°7?°, the regulatory effects of physical
exercise on autophagy in humans are still unclear. To the best of our knowl-
edge, no systematic review or meta-analysis has examined the effects of
physical exercise on autophagy in humans. The purpose of this review was
to systematically assess human studies that explored autophagic responses
to exercise and the impacts of potential determinants, such as exercise
modality, tissue type, and participant characteristics. A more conclusive
picture will be generated by synthesizing findings regarding autophagic
responses to exercise in human studies using meta-analysis.

2. Methods
2.1. Search strategy and study selection

This systematic review and meta-analysis was conducted in accordance with
Preferred Reporting Items for Systematic Review and Meta-analysis (PRISMA)
guidelines 3° and was prospectively registered with the International
Prospective Register of Systematic Reviews (PROSPERO) database
(CRD42020200823). The MEDLINE, Embase, Cochrane, Scopus, and Web of
Science databases were systematically searched from inception until
September 01, 2022. The Medical Subject Headings (MeSH terms) of “exer-
cise” and “autophagy” and core ATG names were employed in the search
without date limit. A full list of search items is presented in Table S1. The
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search was limited to (a) articles written in English, (b) original studies, and (c)
peer-reviewed articles. Duplicates were removed using Mendeley Reference
Management software (Elsevier, USA). The initial and full-text screening of all
records was performed independently by two reviewers and verified by a
third reviewer. Studies that meet the following inclusion criteria were
selected: (a) human study, (b) “exercise” is “physical exercise”, (c) exercise is
the sole intervention, and (d) the protein level of microtubule-associated
proteins 1A/1B light chain 3B (LC3B), the most commonly used indicator of
autophagy ?, is reported.

2.2. Data extraction

The characteristics of articles selected were extracted using a standard extrac-
tion form 3, with following information: (a) author and publication year, (b)
characteristics of participants, (c) exercise modality, (d) tissue type, and (e)
autophagic proteins, with their changes following exercise. For meta-analysis,
mean and standard deviation (SD) were extracted for the control and exercise
groups. A relative level of autophagic proteins to glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) or other housekeeping proteins was
extracted for western blot results. WebPlotDigitizer software was used if
data were only reported on graphs 2. The original author was contacted if
data presentation was incomplete.

2.3. Statistical analysis

A meta-analysis was performed using Review Manager 5.4 software
(Cochrane Collaboration, Oxford, UK). Pooled effects were estimated on the
basis of intervention effects (mean difference [MD] between groups) using a
random-effects model. Subgroup analysis was applied to examine the effect
of exercise modality, tissue type, or participant characteristic on autophagic
responses to exercise in humans. Statistical significance was set at p-value <
0.05. ¥ value was used to determine the heterogeneity *>.

3. Results
3.1. Study characteristics

A total of 4086 articles were identified through a systematic search of the five
databases and a manual search of the reference list. After removal of dupli-
cates, 2078 articles were selected for title and abstract screening, and 72 of
these were further screened using the full text. Twenty-seven articles were
found to meet the inclusion criteria 2'2>3%7>>_ Figure S1 outlines the PRISMA
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flow chart of article selection and the number of excluded articles, with
reasons given.

The characteristics of the articles selected are given in Table 1. All
selected articles were published between 2010 and 2022. Seven were
published by United States institutions 2324339405354 4nd two by
Australian institutions “¢“8. All others were published by European institu-
tions, including four each from Denmark 2%2>37->2 and Belgium 3438444 and
two each from Germany *°', Spain *'*?, Finland *°, Sweden and
Switzerland 2'*°. None were published by Asian, South American, or African
institutions. A total of 519 participants aged 18-76 years were classified into
five categories: (a) healthy untrained young adults, (b) trained adults, ath-
letes 3644435% or soldiers *3, (c) older adults 3**'*2>325 (d) adults with
obesity or type 2 diabetes >7%>" and (e) adults with essential hyperten-
sion 2,

Various types of physical exercise were undertaken by the partici-
pants, including (a) an acute bout of exercise 232%3°"
40,45,46,49,50,53,54,43,44, (b) long-term exercise (3-21 weeks) 21,25,41,42,51,55,
and (c) both 2234474852 |y addition, moderate-intensity endurance
exercise 2122363840440 \igorous-intensity endurance exercise %3~
25,35,37,43,45,46,48,51, resistance exercise 34,39,41,42,47,49,52—55[ and miXed'
4321 were used. The exercises were performed using
22,25,37—40,48,50,42,44—46, treadmills 23,24,35,36, Strength

, and mixed modes 2% In
21,22,45-49,51-55,25,34,36-39,43,44
I

43,49
’

type exercise
cycle ergometers
training equipment
terms of the tissue types, skeletal muscles
peripheral blood mononuclear cells (PBMCs) , or bot
were sampled for autophagy analysis, using muscle biopsy and/or
venous blood collection.

The levels of a range of canonical autophagic proteins were deter-
mined in the studies assessed, including LC3, sequestosome 1
(SQSTM1), gamma-aminobutyric acid receptor-associated protein
(GABARAP), lysosome-associated membrane protein 2 (LAMP2), total
unc-51 like autophagy activating kinase 1 (ULK1), ULK1°3"7, ULK1°¢%,
ULK1°%°%, ULK1°7%’, beclin1 (BECN1), ATG7, ATG12, ATG5, ATG16, and
ATG3. Mitophagic proteins were also examined in some studies, includ-
ing BCL2/adenovirus E1B 19 kDa protein-interacting protein 3 (BNIP3),
PARKIN, PTEN-induced kinase 1 (PINK1), voltage-dependent anion-selec-
tive channel 1 (VDACT), and BCL2-like 13 (BCL2L13). Discrepant altera-
tions in the levels of these autophagic or mitophagic proteins following
exercise in humans were observed among the studies (Table 1). Only
markers reported in at least four studies were further included in the
meta-analysis, comprising LC3, SQSTM1, BECN1, ULK1%3'7, ULK1°°%%,
ULK1°7%7, ATG12, BNIP3, and PARKIN.

34,39,41,42,47,49,52-55

23,35,40-42,50 h 24
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A Source MD Exercise  Control C Source MD Exercise  Control
Mazo et al., 2021a -0.64 —— Kruse et al., 2016a -0.65 =
Mazo et al., 2021b 037 — Kruse et al., 2016¢ -0.49 -
Escobar et al., 2021a -0.36 + Schwalm et al., 2017a -0.48 +
McCormick et al., 2019a -0.09 N Huang et al., 2019¢ -0.48 ——
McCormick et al., 2019d 0.00 Q Botella et al., 2022a -0.47 +
McCormick et al., 2019c 0.10 - Kruse etal., 2016d -0.46 ——
Brandt et al., 2018a 0.15 —o— Huang et al., 2019b -0.38 +
McCormick et al., 2019b 021 ‘e Kruse et al., 2016b 030 —
Escobar et al., 2021b 0.43 + Huang et al., 2019f -0.29 +
Jamart et al., 2012 0.46 o Tachtsi et al., 2016 -0.28 — e
Brandt et al., 2018b 0.70 —— Escobar et al., 2021d -0.23 +
Total MD (95%Cl) = 0.06 (-0.11 to 0.22) 'Y Masschelein et al., 2014 -0.20 -
P=0.49; F=82% Botella et al., 2022b -0.16 -

B Source ™MD Exercise  Control Huang et al., 2019e -0.15 —Q.—
Kruse et al., 2016a -0.46 . Kropfl et al., 2022 -0.13 +
Kruse et al., 2016¢ -0.46 %= Huang et al., 2019a -0.13 +
Schwalm et al,, 2017a -0.31 e Dokladny et al., 2013a 0.15 ——
Huang et al., 2019¢ -0.22 + Total MD (95%Cl) = -0.31 (-0.41 to -0.20) ’
Botella et al., 2022a -0.21 -l P<0.001; £=0% ‘

Kruse et al., 2016d 0.17 o

Huang et al., 2019b -0.15 + D source MD Exercise  Control
Kruse et al., 2016b 014 o Brandt etal., 2018e 0.07 -
Huang et al., 2019f -0.12 S Arribat et al,, 2018 0.27 ——
Tachtsi et al.,, 2016 -0.09 - Total MD (95%Cl) = 0.10 (-0.17 to 0.38) *
Escobar et al., 2021d -0.07 N P=0.45; £=0%

Masschelein et al., 2014 0.00 +

Botella et al,, 2022b 001 , E source MD Exercise . Control
Huang et al., 2019e 0.04 - Brandt et al., 2018f -0.17 -

Krépfl et al., 2022 0.07 » Fiorenza et al., 2019b 0.00 54

Huang et al., 20192 0.12 + Brinkmann et al., 2017 0.04 ~§-
Dokladny et al., 2013a 0.14 . Botella et al., 2022c 013 .
Schwalm etal,, 2017b 0.15 + Fiorenza et al., 2019a 0.42 +
Moberg et al., 2017 0.19 0 Total MD (95%Cl) = 0.06 (-0.06 to 0.18) 0
Dokladny et al., 2013b 0.22 > P=0.30; #=29%

Brandt et al., 2018c 0.25 —‘-0—

Huang et al., 2019d 0.27 --0— F Source MD Exercise  Control
Dokladny et al., 2013c 0.36 -0— Hentil€a et al., 2018e 0.23 : .
Escobar et al., 2021c 0.43 —‘—0— Hentil€a et al., 2020 0.23 +
Brandt et al., 2018d 0.67 —0— Hentil€a et al., 2018c 0.49 +
Total MD (95%Cl) = -0.01 (-0.10 to 0.08) ’ Total MD (95%Cl) = 0.28 (0.04 to 0.52) ‘
P=0.81; P=70% P=0.02; P=0% T

Figure 1. The effect of exercise modality on the levels of LC3-Il in humans following
exercise. (A): Acute bout of moderate-intensity endurance exercise. (B): Acute bout of
vigorous-intensity endurance exercise. (C): Acute bout of resistance exercise. (D): Long-
term moderate-intensity endurance exercise. (E): Long-term vigorous-intensity endur-
ance exercise. (F): Long-term resistance exercise. Cl: Confidence interval; MD: mean
difference.

3.2. Meta-analysis

Overall, 26 studies were included in the meta-analysis, with one study
excluded due to lack of internal controls for western blot data %
Synthesizing data from 26 studies, we found no significant change in LC3-lI
levels following exercise in humans, regardless of exercise modality (MD = -
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0.03; 95% Cl = -0.10, 0.03; P = 0.29). Subgroup analyses revealed that no
significant changes in LC3-ll levels were observed following an acute bout of
moderate-intensity or vigorous-intensity endurance exercise (Figure 1A-1B),
whereas LC3-l levels significantly declined following an acute bout of resis-
tance exercise (MD = -0.31; 95% Cl = -0.41, -0.20; P < 0.001) (Figure 1C).
Furthermore, no significant alteration in the level of LC3-Il was observed
between pre- and post-exercise time points, including immediately, one
hour, two hours, three hours, and four hours following an acute bout of
moderate- or vigorous-intensity endurance exercise (Figure S2). With respect
to long-term exercise, resistance exercise significantly increased the level of
LC3-I1 (MD = 0.28; 95% Cl = 0.04, 0.52; P = 0.02), while no significant effect was
found in moderate-intensity or vigorous-intensity endurance exercise (Figure
1D-1F). To confirm the autophagic responses suggested on the basis of
changes in LC3-ll, the levels of SQSTM1 were also assessed. As expected, no
significant change was detected following an acute bout of moderate- or
vigorous-intensity endurance exercise (Figure 2A-2B), whereas a significant
increase in the level of SQSTM1 was observed following an acute bout of
resistance exercise (MD = 0.23; 95% Cl = 0.11, 0.34; P < 0.001) (Figure 2Q).
However, SQSTM1 levels significantly altered following long-term resistance
exercise (MD = -0.20; 95% Cl = -0.32, -0.08; P = 0.001) and vigorous-intensity
endurance exercise (MD = 0.24; 95% Cl = 0.12, 0.36; P < 0.001) (Figure 2D-2F).
A separate grouping of exercise types (running, cycling, resistance exercise,
and mixed-type exercise) was also analyzed. No significant changes were
identified following cycling or running (Figure S3).

Furthermore, two types of tissue samples were included in our meta-
analysis: skeletal muscles and PBMCs. We found that exercise lowered LC3-II
levels in skeletal muscles (MD = -0.09; 95% C| = -0.18, 0.00; P = 0.04) but
increased LC3-Il levels in PBMCs (MD = 0.08; 95% Cl = 0.00, 0.16; P = 0.049),
independent of exercise modality (Figure 3A-3B). Further subgroup analysis
revealed that lower levels of LC3-Il in skeletal muscles following exercise were
largely due to the effect of resistance exercise on skeletal muscles (MD = -
0.28; 95% Cl = -0.39, -0.17; P < 0.001) (Figure 3C) and (Figure S4). No
significant effect of exercise modality on LC3-ll levels was found in PBMCs
owing to a limited number of studies (Figure S4). In parallel with the results
for LC3-Il, SQSTM1 levels increased in skeletal muscles (MD = 0.10; 95% Cl =
0.04, 0.16; P < 0.001) and decreased in PBMCs (MD = -0.16; 95% Cl = -0.24, -
0.07; P = 0.049) following exercise (Figure 4A-4B). Further subgroup analysis
revealed that resistance exercise was the major exercise modality capable of
increasing SQSTMT1 levels in skeletal muscles (MD = 0.22; 95% Cl=0.11, 0.33; P
< 0.001), while the effect of exercise modality on SQSTM1 levels in PBMCs
remains unclear (Figure S5). Subgroup analysis by participant characteristics
showed that only older adults had significantly lower LC3-Il levels following
exercise (MD = -0.38; 95% Cl = -0.62, -0.15; P < 0.001), and this may be
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A Source MD Exercise  Control B source MD Exercise  Control
Mazo et al., 2021b -0.38 — Schwalm et al., 2015d -0.30 —
McCormick et al., 2019¢ -0.23 —— Schwalm et al., 2015¢ -0.11 e
Mazo et al., 2021a 0.18 e Botella et al., 2022b -0.09 -
McCormick et al., 2019d -0.16 — Kruse et al., 2016¢ -0.09 .-
Schwalm et al., 2015a -0.13 —— Botella et al.,, 2022a -0.08 +
Schwalm et al., 2015b -0.13 —o— Moberg et al., 2017 -0.08 -
McCormick et al., 2019a 0.04 — Kruse et al., 2016a -0.07 <+
McCormick et al., 2019b 0.05 — Masschelein et al., 2014 -0.04 -
Escobar et al., 2021b 0.12 — & Kruseetal, 2016d 0.02 —om
Brandt et al., 2018a 0.14 — Brandt et al,, 2018¢ 0.07 —
Escobar et al., 2021a 027 ——— Brandt et al., 2018d 0.10 e —
Brandt et al., 2018b 0.28 —e— Kruse et al., 2016b 0.13 -
Total MD (95%Cl) = -0.08 (-0.24 to 0.08) ¢ Tachtsi et al., 2016 0.16 -
P=0.34; =0% Kropfi et al., 2022 0.16 N

Schwalm et al., 2017a 0.19 ——

D Source MD Exercise  Control Schwalm et al., 2017b 0.21 ——
Mejias-Pefia et al., 2016 0.15 . Escobar et al., 2021¢ 0.40 e
Arribat et al., 2018 0.02 4 Escobar et al,, 2021d 0.44
Brandt otal. 201 1 4 Total MD (95%Cl) = 0.03 (-0.02 to 0.09) 'Y

randt et al., 2018e 0.10 ° P=0.25; P=0%
Total MD (95%Cl) = -0.11 (-0.23 to 0.01) ¢ C source MD Exercise  Control
P=0.08; P =0% d
Hentil€a et al., 2018d -0.45 ——
Mazo et al., 2021c -0.26 — —
E Mazo et al., 2021d -0.16 ——
Source MD Exercise  Control -
' Ulbricht et al., 2015b -0.04 ——
Brandt et al., 2018f -0.12 ———
' Ulbricht et al., 2015e 0.04 ——
Botella et al., 2022¢ 0.07 —— .
\ Ulbricht et al., 2015f 0.07 -
Fiorenza et al., 2019b 0.25 XY
! Hentil€a et al., 2018a 0.13 ——
Fiorenza et al., 2019a 0.30 Lo
: Ulbricht et al., 2015¢ 0.18 ——
Total MD (95%Cl) = 0.24 (0.12 to 0.36) *
P <0.001; =0% : Ulbricht et al., 2015d 0.18 ——
Fritzen et al., 2016b 0.18 »
Fritzen et al., 2016a 0.22 -

F source MD Exercise  Control Ulbricht et al., 2015a 0.25 ——
Mejias-Pefia et al., 2017 -0.35 - Hentil€a et al., 2018b 0.44 ——
Hentil€a et al., 2018e -0.25 —— Ulbricht et al., 2015g 0.46 -
Hentil€a et al., 2020 -0.19 0 Ulbricht et al., 2015h 0.5 ——
Hentil€a et al., 2018c 0.13 —— Ulbricht et al., 2015j 0.55 i
Total MD (95%Cl) = -0.20 (-0.32 to -0.08) & Ulbricht et al., 2015i 0.64 ——

= 2=
P=0.001; = 0% Total MD (95%Cl) = 0.23 (0.11 to 0.34) *

P<0.001; 2 =33%

Figure 2. The effect of exercise modality on the levels of SQSTM1 in humans following
exercise. (A): Acute bout of moderate-intensity endurance exercise. (B): Acute bout of
vigorous-intensity endurance exercise. (C): Acute bout of resistance exercise. (D): Long-
term moderate-intensity endurance exercise. (E): Long-term vigorous-intensity endur-
ance exercise. (F): Long-term resistance exercise. Cl: Confidence interval; MD: mean
difference.

attributable to the consistent exercise modality (resistance exercise) used in
the studies included (Figure S6). In terms of other autophagic proteins,
significant changes were observed in the level of ULK1**'” (MD = 0.14; 95%
Cl=0.12,0.15; P < 0.001), ULK1°7*” (MD = -0.11; 95% CI = -0.21, -0.01; P =
0.03), ATG12 (MD = 0.27; 95% Cl = 0.06, 0.47; P=0.01), and BECN1 (MD = 0.13;
95% Cl = 0.08, 0.18; P < 0.001), but no change was observed in ULK1%>®
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A Source MD Exercise Control B Source MD Exercise  Control
Mazo etal.,, 2021c -0.65 — Escobar et al., 2021a -0.36 —o—
Mazo et al., 2021a -0.64 —— Huang et al., 2019¢ -0.22 —Q—L
Fry etal., 2013e -0.49 + Huang et al., 2019b -0.15 +
Mazo et al., 2021d -0.48 + Huang et al., 2019f -0.12 +
Fritzen et al., 2016a -0.48 —0—- McCormick et al., 2019a -0.09 0
Fry etal., 2013b -0.47 —— Escobar et al., 2021d -0.07 +
Fry et al., 2013f -0.46 + McCormick et al., 2019d 0.00 Q
Kruse et al., 2016a -0.46 - Huang et al., 2019e 0.04 +
Kruse et al., 2016¢ 046 Ral McCormick et al., 2019¢ 0.10 .
Fryetal., 2013d -0.38 —’—‘ Huang et al., 2019a 0.12 -
Mazo et al., 2021b -0.37 + Dokladny et al., 2013a 0.14 0
Schwalm et al., 2017a -0.31 "" McCormick et al., 2019b 0.21 *

Fry etal., 2013a -0.30 "_ Dokladny et al., 2013b 0.22 0
Fry et al., 2013¢ 0.29 — Hentil€a et al., 2020 023 e
Hentil€a et al., 2018f -0.28 * Huang et al., 2019d 0.27 7-0—
Fritzen et al., 2016b -0.23 ¢ 1 Dokladny et al., 2013c 0.36 .
Botella et al., 2022a -0.21 ‘} Escobar et al., 2021b 0.43 ——
Moberg et al., 2022b 0.20 —er Escobar et al., 2021c 0.43 —
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Brandt et al., 2018f 017 . P=0.049; F=51% L
Moberg et al., 2022¢ -0.16 !
Moberg et al., 2022a -0.15 + .
<O C source MD Exercise  Control
Kruse et al., 2016b -0.14 H :
Hentiléa et al 2018 013 - Mazo et al., 2021c -0.65 ——
entitaetal, %A : e Fry etal, 2013e -0.49 ——t
Hentil€a et al., 2018d -0.13 ! — !
- Fritzen et al., 2016a -0.48 ——
Tachtsi et al., 2016 -0.09 ' :
Y Mazo et al., 2021d -0.48 ——!
Fiorenza et al., 2019b 0.00 ' :
forenz P Fry etal, 2013b 047 —.—
Masschelein et al., 2014 0.00 ' :
+ Fry etal., 2013f -0.46 ——
Botella et al., 2022b 0.01 ' '
—— Fry etal., 2013d -0.38 ——
Brinki tal., 2017 0.04 : 1
rinkmann et - Fry etal, 2013a -0.30 —oh
Brandt et al., 2018e 0.07 y :
* Fryetal., 2013c -0.29 ——
Kropfl et al., 2022 0.07 i N H
- Hentil€a et al., 2018f -0.28 —
Botella et al., 2022¢ 0.13 ' — !
—— Fritzen et al., 2016b -0.23 —
Brandt et al., 2018a 0.15 H H
—— Moberg et al., 2022b -0.20 o
Hentil€a et al., 2018b 0.15 i H
—-— Moberg et al., 2022c -0.16 —-
Schwalm et al., 2017b 0.15 : H
chwalm et hd Moberg et al., 2022a -0.15 ——
Moberg et al., 2017 0.19 : :
& —_—— Hentil€a et al., 2018a -0.13 ——
Hentil€a et al., 2018e 0.23 : . :
! —— Hentil€a et al,, 2018d 013 —
Brandt et al., 2018¢c 0.25 H H
—— Hentil€a et al., 2018b 0.15 —
Arribat et al., 2018 0.27 H H
rrateta - Hentil€a et al., 2018e 0.23 — s
Fiorenza et al., 2019a 0.42 i@ - !
H Hentil€a et al., 2018c 0.49 L —
Jamart et al., 2012 0.46 —— i
{ Total MD (95%Cl) = -0.28 (-0.39 to -0.17) <
Hentil€a et al., 2018c 0.49 —— P<0.001; P=5% H
Brandt et al., 2018d 0.67 D —e—
Total MD (95%Cl) = -0.09 (-0.18 to 0.00) S

P=0.04; =72%

Figure 3. The effect of tissue type on the levels of LC3-Il in humans following exercise.
(A): Skeletal muscles. (B): Peripheral blood mononuclear cells (PBMCs). (C): The effect of
resistance exercise on LC3-Il levels in skeletal muscles. Cl: Confidence interval; MD: mean
difference.

(Figure 5). Significant increases were also observed in the levels of two
mitophagic proteins, BNIP3 (MD = 0.13; 95% Cl = 0.06, 0.19; P < 0.001) and
PARKIN (MD = 0.22; 95% Cl = 0.09, 0.35; P < 0.001) (Figure 6) following
exercise.
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Hentil€a et al., 2018d 045 i Kropfl et al., 2022 0.16 ‘*
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Brandt et al., 2018f -0.12 —¢— Brandt et al., 2018b 0.28 —‘-0—
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Kruse et al., 2016d 0.02 _,_ B Source MD Exercise  Control
Aribat et al,, 2018 002 + Mazo et al., 2021c 065 &
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Brandt et al., 2018c 0.07 — Mazo et al., 2021d -0.48 -
Ulbricht et al., 2015f 0.07 - Fry etal, 2013b -0.47 ¢
Brandt et al., 2018d 0.10 —— Fry etal., 2013f -0.46 +
Brandt et al., 2018e 0.10 — Fryetal., 2013d -0.38 +
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Figure 4. The effect of tissue type on the levels of SQSTM1 in humans following exercise.
(A): Skeletal muscles. (B): Peripheral blood mononuclear cells (PBMCs). CI: Confidence
interval; MD: mean difference.

3.3. Study quality and publication bias

Risk of bias scores for individual studies are shown in Table S2-S4. The
overall quality of the studies included was fair. The publication bias was
detected for LC3-ll but not for SQSTM1 by the asymmetry of the funnel
plot, the Begg and Mazumdar’s rank correlation test, and the Egger’s regres-
sion test (Figure S7 and Table S5). Tweedie and Duval’s trim-and-fill method
was used to generate a more symmetrical funnel plot for LC3-Il by adding
“missing” studies (Figure S7) .

4, Discussion

This is the first systematic review and meta-analysis to examine effects of
physical exercise on autophagy in humans. Our findings provide a more
conclusive picture of autophagic responses to exercise in humans by
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A Source MD Exercise  Control C Source MD Exercise ~ Control
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Figure 5. The effect of exercise on the levels of ULK1, ATG12, and BECN1 in humans. (A):
Unc-51 like autophagy activating kinase (ULK1)*3'7. (B): ULK1%%>%, (C): ULK1°"*”. (D):
Autophagy-related gene (ATG)12. (E): Beclin1 (BECN1). Cl: Confidence interval; MD:
mean difference.

synthesizing evidence from 26 eligible studies (Figure 7). Subgroup analyses
revealed that an acute bout of resistance exercise attenuates autophagy,
while long-term resistance exercise boosts autophagy, as characterized by
changes in LC3-ll and SQSTM1 levels, in human skeletal muscles. Conversely,
moderate- and vigorous-intensity endurance exercise showed no effect on
autophagy. In addition, activation of canonical autophagy and mitophagy,
characterized by some other autophagic proteins including ULK1°3'7,
ULK1>”*7, Beclin-1, ATG12, BNIP3, and PARKIN, was observed following exer-
cise, regardless of exercise modality (Figure 7); however, the results are
somehow inconclusive because of the relatively small volume of evidence.
Opposing effects of exercise on autophagy were determined when
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Figure 6. The effect of exercise on the levels of BNIP3 and PARKIN in humans. (A): BCL2/
adenovirus E1B 19 kDa protein-interacting protein 3 (BNIP3). (B): PARKIN. Cl: Confidence
interval; MD: mean difference.
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comparing the skeletal muscles and PBMCs in our meta-analysis, suggesting a
discrepancy in autophagic responses to exercise in different tissues or cells.
Therefore, the effects of physical exercise on autophagy in humans are likely
to be exercise modality- and tissue-dependent.

It has long been recognized that exercise activates autophagy in a wide
range of organs and tissues in animal models. Numerous studies have
reported elevated levels of LC3-Il in skeletal muscles following moderate-
191114 and vigorous-intensity endurance exercise °*°’, and resistance exer-
cise >80, effects attributed to mechanical stress, metabolic responses, and
nutritional alterations. Contradictory results have also been reported ' and
exercise-induced autophagy can be either beneficial or detrimental >*°7, but
a relatively consistent autophagic responses to exercise was found in rodent
studies. However, autophagic responses to exercise in humans remain con-
troversial *>?*3°, Using subgroup analyses, our systematic review and meta-
analysis revealed that an acute bout of resistance exercise reduced autop-
hagy while long-term resistance exercise enhanced autophagy in human
skeletal muscles. Acute bouts of resistance exercise have been less studied
in animal models because of difficulty in modeling static resistance training
62 Thus, the molecular mechanisms underlying autophagic responses to an
acute bout of resistance exercise remain unclear. A previous study has
reported that mammalian target of rapamycin (mTOR) is activated in the
skeletal muscles during resistance exercise, which is essential for muscle
hypertrophy and potentially accounts for inhibition of autophagy . In con-
trast, an elevated level of basal autophagy, probably due to the super-
compensation in repeated resistance exercise, is required to preserve muscle
mass following long-term resistance training °*. The findings suggest that
long-term resistance exercise is an optimal form of exercise for boosting
autophagy in human skeletal muscles. Equally, suppression of autophagy
may be a mechanism underlying resistance exercise-induced muscle
hypertrophy.

The effects of moderate- or vigorous-intensity endurance exercise on
autophagy remain inconclusive within our meta-analysis. Several canonical
autophagic (ULK1°3"7, Beclin-1, and ATG12) and mitophagic proteins (BNIP3
and PARKIN) were significantly increased following endurance exercise, sug-
gesting a possible activation of autophagy and mitophagy, but LC3-Il and
SQSTM1 levels remained almost unchanged following exercise in meta-ana-
lyses. It remains unclear whether the health benefits of moderate- or vigor-
ous-intensity endurance exercise in humans are mediated by autophagy.
Since autophagy activated by an acute bout of endurance exercise returns
to baseline rapidly following exercise ®°°, a substantial increase in the levels
of autophagic proteins may be required for subsequent detection. Thus, a
discrepancy between rodents and humans in metabolic activation and sub-
sequent autophagy activation following exercise could be due to the
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relatively higher intensity or dose of exercise used in animal studies 2.
Importantly, aberrant autophagic responses to intense exercise are generally
considered detrimental to human health. For instance, excessive autophagic
cell death in cardiac or skeletal muscle can be involved in sports injuries >/,
which should be avoided in human studies. At the same time, the energy and
nutrients can be adequately supplied by the blood and skeletal muscles
during moderate-intensity endurance exercise over a time span from minutes
to hours °°. Sufficient autophagic activation in humans may require a high-
dose or prolonged endurance exercise, but the duration of the acute bout of
endurance exercise was relatively short in existing human studies. Compared
with an acute bout of exercise, long-term endurance exercise training repre-
sents a more effective health-promoting strategy in animal models; however,
human studies on its effects on autophagy remain limited and further inves-
tigation is required.

Systemic effects of moderate-intensity endurance exercise have been
reported in the last decade, in which autophagy is activated in a wide
range of organs or tissues in animals, including skeletal muscles, brain, liver,
and heart "', Metabolic alterations at the whole-body level are considered
responsible for exercise-induced systemic autophagic responses °”°® and
comprise an essential basis for treating diseases that occur in organs other
than skeletal muscles via exercise, such as metabolic, neurodegenerative, and
cardiovascular diseases '%'%%°. However, sampling of organs or tissues other
than skeletal muscles and blood for autophagy measurements remain a
major obstacle in human studies. In the present study, our meta-analysis
indicated that autophagic responses to exercise varied between skeletal
muscles and PBMCs. This implies a possible distinct regulation of autophagy
in different tissues and cells. Autophagy was elevated in PBMCs following
exercise, regardless of the exercise modality, which is probably due to meta-
bolic or nutritional alterations. In contrast, mechanical stress may contribute
to lower levels of autophagy in skeletal muscles following exercise. It is
possible that other remote organs or tissues may also exhibit an increased
level of autophagy following exercise, caused by metabolic or nutritional
alterations, as has been shown in human blood cells and rodent organs or
tissues '%'". Our results provide evidence that regulation of autophagy by
exercise is likely to be tissue-dependent in humans, meaning that there may
be a need for customized exercise prescriptions to regulate autophagy in
different tissues or cells in the context of particular diseases.

The present study has several limitations. First, while we suggest that the
effect of exercise on autophagy is likely to be tissue-dependent, our meta-
analysis was restricted to skeletal muscles and PBMCs as the sampling of
other organs and tissues is currently not feasible in human studies. Second,
various standard methods for assaying autophagy and autophagic flux,
including transmission electron microscopy and blockage of autophagic



AUTOPHAGY REPORTS 19

flux using autophagic inhibitors, have rarely been applied in human studies.
The application of these methods and development of novel methods for in
vivo measurement of autophagy and autophagic flux in specific human
organs and tissues are needed. Third, western blot results for LC3-Il and
SQSTM1 were used as major outcomes in our meta-analysis, and this may
lead to inappropriate interpretations of the results in the absence of adequate
evidence from other assays or indicators 2, though some other markers of
canonical autophagy and mitophagy were also analyzed. Fourth, studies
involving older adults or individuals with obesity or other diseases, including
type 2 diabetes and hypertension, remain limited. More importantly, no
studies identified in our systematic search were performed by Asian, South
American, or African institutions. Thus, whether autophagic responses to
exercise are consistent under different health conditions and between differ-
ent ethnic groups requires further evidence.

5. Summary

Physical exercise regulates autophagy in humans in a manner that is probably
exercise modality- and tissue-dependent. Long-term resistance exercise is an
recommended form of exercise to boost autophagy in human skeletal mus-
cles. Further studies of the effects of exercise on autophagy using various
autophagic markers, exercise modalities, tissue types, and participants under
different health conditions are needed for the development of customized
exercise prescriptions for boosting health or treating diseases in humans by
regulating autophagy.
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