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Abstract

Cardiovascular disease is the leading cause of human death worldwide. Autophagy is an evolutionarily conserved degradation pathway,

which is a highly conserved cellular degradation process in which lysosomes decompose their own organelles and recycle the resulting macro-

molecules. Autophagy is critical in maintaining cardiovascular homeostasis and function, and excessive or insufficient autophagy or autophagic

flux can lead to cardiovascular disease. Enormous evidence indicates that exercise training plays a beneficial role in the prevention and treatment

of cardiovascular diseases. The regulation of autophagy during exercise is a bidirectional process. For cardiovascular disease caused by either

insufficient or excessive autophagy, exercise training restores normal autophagy function and delays the progression of cardiovascular disease.

An in-depth exploration and discussion of exercise-mediated regulation of autophagy in the cardiovascular system can broaden our view about

the prevention of various autophagy-related diseases through exercise training. In this article, we review autophagy and its related signaling path-

ways, as well as autophagy-dependent beneficial effects of exercise in cardiovascular system.

2095-2546/� 2020 Published by Elsevier B.V. on behalf of Shanghai University of Sport. This is an open access article under the CC BY-NC-ND

license. (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction Numerous studies have shown that exercise training with
Cardiovascular disease has become the leading cause of

human death worldwide.1 Therefore, it is urgent to recognize

and explore new targets for cardiovascular disease interven-

tion. Autophagy is the process of transporting intracellular

damaged, denatured or aging proteins and organelles into lyso-

somes for digestion and degradation.2 Autophagy is a physio-

logical process that is a defense mechanism for cells in

adverse environments and is involved in the pathological pro-

cesses of various diseases. Normal levels of autophagy can

protect cells from environmental stimuli to maintain the

metabolism and balance of the organisms. However, excessive

autophagy or insufficient autophagy may lead to the occur-

rence of various diseases. In recent years, studies have shown

that autophagy is closely related to a variety of metabolic and

degenerative diseases such as Alzheimer’s disease, diabetes,

aging, cancer, and cardiovascular diseases.3�6
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appropriate intensity is a chronic stimulation process, which can

reduce the risk of cardiovascular diseases and improve the prog-

nosis of patients after cardiovascular events.7�12 The beneficial

effects of exercise to the cardiovascular system have been well-

described in many excellent reviews.7�9 In this article, we use

the terms of “exercise” and “exercise training” to generally refer

to cardiac adaptations to exercise. In the detailed cases discussed

below, different modes of exercise have been stated specifically.

Single bout of exercise is denoted as “acute exercise”, and regu-

lar multiple bouts of exercise is referred to as “chronic exercise”.

Long-term exercise can induce the heart to develop physiologi-

cal hypertrophy, which can be characterized by cardiomyocytes

hypertrophy and proliferation.13,14 Exercise training can also

reduce the production of reactive oxygen species, reduce the

inflammatory response, regulate collagen metabolism, amelio-

rate the imbalance of extracellular matrix synthesis and degrada-

tion, and alleviate cardiac fibrosis.8,15�24 In addition, exercise

also has protective effects on ventricular remodeling and

heart failure induced by myocardial ischemia/reperfusion

injury.13,25,26 Notably, exercise can benefit cardiovascular dis-

ease by moderately modulating the level of autophagy and
regulation of autophagy in the cardiovascular system. J Sport Health Sci
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maintaining intracellular homeostasis.27,28 In this review, we (1)

summarize the mechanism of autophagy and its major signaling

pathways, (2) describe the autophagy-dependent beneficial

effects of exercise, and (3) discuss future perspectives and

remaining questions.
2. The mechanism of autophagy and its major signaling

pathways

Autophagy can be classified into macroautophagy, microau-

tophagy, and chaperone-mediated autophagy.29,30 The main

difference among them is that the substrate enters lysosome in

different ways. Macroautophagy is a rapidly activated process

that forms a large number of autophagosomes that encapsulate

cytoplasmic degradation products, which then fuse with lyso-

somes to form autolysosomes for degradation of cargo con-

tents.2,31 Microautophagy usually involves direct invagination

of the lysosome membrane and delivery of the contents into

lysosomes.32 Chaperone-mediated autophagy is highly specific

in its degradation substrates and can selectively degrade the

pentapeptide KFERQ (Lys-Phe-Glu-Arg-Gln) of substrate pro-

teins.33 The most studied form of autophagy is macroautoph-

agy, which is usually divided into 4 steps: induction of

autophagy, autophagosome formation, degradation, and

reuse.34 In this review, we focus on macroautophagy; thus,

autophagy refers to macroautophagy unless otherwise stated.

Induction and regulation of autophagy is a very complex pro-

cess.35 Many stimulus conditions, including nutrient starva-

tion, hypoxia, aging, microbial infection, protein folding

errors or aggregation, DNA damage, and chemotherapy, can

trigger autophagy.36�47 Meanwhile, a variety of autophagy-

related genes (Atgs) constitute the core components of the

autophagy pathway and participate in autophagy process.2,48

The microtubule-associated proteins 1A/1B light chain 3

(LC3)-binding protein, p62 is a key factor in the degradation
Fig. 1. Mechanisms involved in autophagy process. After inhibition of the mTOR

vated. AMPK = adenosine monophosphate-activated protein kinase; ATP = adenos

dylinositol-3-kinase; ULK1 = Unc-51 like autophagy activating kinase 1; Vps = vacu
of many proteins and mitochondria-selective autophagy, which

can promote the degradation of misfolded proteins by acting

on proteasomes. The accumulation of p62 in cells will inhibit

the occurrence of autophagy, leading to proteasome inactiva-

tion and activation of nuclear factor kappa-B.49,50

Autophagy is a complicated regulatory process that

involves multiple signaling pathways (Fig. 1). Among them,

the most well studied is the Class I phosphoinositide 3-kinase-

mammalian target of rapamycin (mTOR) signaling pathway.

There is mutual feedback regulation between autophagy and

the mTOR signaling pathway. Therefore, under normal physi-

ological conditions, mTOR is inhibited and promotes autoph-

agy in its early stage. In the late stage of autophagy, mTOR is

activated to alleviate the aggravation of autophagy. Addition-

ally, the adenosine monophosphate-activated protein kinase

(AMPK) signaling pathway is also a classical signaling path-

way of autophagy. AMPK is a conserved heterotrimeric pro-

tein kinase composed of 3 subunits: 1 catalytic subunit a and 2

regulatory subunits, b and g, which are important molecules

regulating autophagy and energy metabolism. The AMPK sig-

naling pathway plays an important role in cell growth, for

example, in regulating autophagy and reducing oxidative stress

damage. When the ratio of AMP/ATP is increased, AMPK can

be activated to inhibit mTOR complex 1 activity, enhance

autophagy, and promote mitochondrial ATP synthesis.51

AMPK can also activate vacuolar protein sorting 34 kinase.52

Similar to AMPK, glycogen synthase kinase-3b also phos-

phorylates tuberous sclerosis complex 1/2 to inhibit mTOR

complex 1, thereby activating autophagy.52 In addition, the

p38/mitogen-activated protein kinase pathway and the c-Jun

N-terminal kinase pathway are also involved in the regulation

of autophagy. In this process, the c-Jun N-terminal kinase 1

phosphorylates B-cell lymphoma 2, leading to the dissociation

of Beclin 1 and B-cell lymphoma 2, thus activating

autophagy.53,54
or activation of the AMPK signaling pathway, the autophagy process is acti-

ine triphosphate; mTOR =mammalian target of rapamycin; PI3K = phosphati-

olar protein sorting.
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3. Autophagy-dependent beneficial effects of exercise on

the cardiovascular system

3.1. Autophagy and cardiovascular diseases

Cardiomyocytes are end-stage differentiated cells with lim-

ited regenerative capacity. Autophagy provides energy to

cardiomyocytes and promotes material circulation and self-

renewal of cells by degrading misfolded or dysfunctional pro-

teins and damaged aging organelles.55 At the same time,

autophagy can also selectively increase the production of ATP

during oxygen deficiency and maintain myocardial energy

metabolism, thus protecting cardiac function. Therefore, nor-

mal autophagy of cardiomyocytes is of great significance in

maintaining cardiac function.56,57 Autophagy can eliminate

damaged mitochondria and block cardiomyocytes apopto-

sis.57,58 In the aging heart, the level of autophagy decreases,

resulting in abnormal mitochondria and harmful metabolites

accumulation, eventually causing myocardial damage.59,60

Many cardiovascular diseases are associated with abnormal

autophagy and changes in autophagy affect the occurrence and

development of those diseases. In the ischemic heart, chronic

hypoxia of cardiomyocytes can cause mitochondria to undergo

biosynthesis and thus increase in number and engender other

chronic adaptation processes.61 Finally, this compensatory

adaption can lead to the accumulation of various morphologi-

cally irregular and impaired mitochondria in cardiomyocytes.

Autophagy can clear the mitochondria with cellular dysfunc-

tion and control the number of mitochondria to maintain car-

diac function.62 In addition, up-regulation of Beclin 1 during

the reperfusion of myocardial ischemia/reperfusion causes

excessive autophagy and leads to cardiomyocytes damage.63

Forkhead box O (FOXO) can induce autophagy by regulating

the expression of some autophagy-related proteins (such as

ATG8, ATG12, ATG4B, vacuolar protein sorting 34, and

Beclin 1).64 In myocardial infarction, autophagy of cardiomyo-

cytes can also prevent cell hypertrophy, increase endoplasmic

reticulum stress, and restore the intracellular energy supply,

consequently playing a protective role in cardiomyocytes.65

Cardiomyocytes loss is an important cause of heart failure.

There are many ways of losing cardiomyocytes, including

necrosis, apoptosis, and autophagic cell death.66�68 Studies

have shown that, in heart failure, dilated cardiomyopathy, and
Fig. 2. The cardioprotection effects of exercise via modulation of autophagy. Exerc

diseases.
hypertensive heart disease, the dying cardiomyocytes demon-

strated a dramatically enhanced autophagy.69�71 Therefore, an

excessive increase in autophagy induces autophagic cell death

in cardiomyocytes, which may be a cause of heart failure.72,73

Non-coding RNA has also been found to be involved in the

regulation of autophagy in cardiomyocytes.74�76 MicroRNA-

188-3p can inhibit cardiac autophagy by inhibiting ATG7 pro-

tein translation and thus can play an important role in prevent-

ing myocardial infarction. Intriguingly, a long non-coding

RNA, called autophagy-promoting factor, binds directly to

microRNA-188-3p, inhibits its activity and promotes protein

translation of ATG7, which in turn affects the autophagy pro-

cess.75 In addition, another long non-coding RNA, called car-

diac autophagy inhibitory factor, inhibits autophagy and

alleviates myocardial infarction.76
3.2. Exercise regulation of autophagy to prevent

cardiovascular disease

Exercise training for regulating autophagy can be bidirec-

tional (Fig. 2).77�82 Autophagy impairment and altered

autophagy levels have been implicated in the pathogenesis of

many diseases.29,83 Insufficient autophagy has been reported

to contribute to multiple organ dysfunction and other adverse

outcomes in autophagy-deficient mice as well as in ill patients,

with an observed autophagy deficiency phenotype, evidenced

by impaired autophagosome formation, accumulation of dam-

aged proteins and mitochondria, and so on.84�86 Excessive

autophagy characterized by lysosomal defects and an accumu-

lation of autophagic vacuoles can play an important role in

X-linked myopathy.29,87,88 Specifically, for cardiovascular dis-

eases caused by insufficient autophagy, exercise training up-

regulates autophagy.80�82 For cardiovascular disease caused

by excessive autophagy, exercise training can inhibit autoph-

agy, restore regular autophagy function, and delay the progres-

sion of cardiovascular disease.77�79 Additionally, it has been

reported that adaptive changes in cardiac autophagy are associ-

ated with down-regulation of cardiac KATP channels underly-

ing exercise preconditioning (5 consecutive days of treadmill

exercise at 15 m/min for 10�20 min/day).89 Autophagy is crit-

ical in the maintenance of mitochondrial quality and oxidative

stress during cardiovascular stress, while exercise can restore
ise-mediated bidirectional regulation of autophagy can prevent cardiovascular
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protein quality and increase the clearance of reactive

aldehydes.90�92 Moreover, an increased basal level of cardiac

autophagy improves myocardium resistance to subsequent

ischemic injury.80,93 Aerobic exercise can inhibit the phos-

phorylation of mTOR by up-regulating the activity of AMPK,

thereby improving cardiomyocytes autophagy and preventing

cardiac aging and systolic diastolic dysfunction.27,81,82 A sin-

gle bout of exercise can also activate autophagy in the heart by

activating the transcription factors FOXO3 and hypoxia-induc-

ible factor 1 and then indirectly up-regulating Beclin 1 expres-

sion.81 In addition, the carboxyl terminus of heat shock protein

70-interacting protein also plays an important role in chronic

exercise (voluntary exercise for 5 weeks) that mediates

autophagy-associated cardiac protection.94 Moreover, exer-

cise-induced cardiac autophagy is dynamically regulated.82 A

previous study revealed that the expression of LC3-II in the

cardiac muscle of rats immediately decreased after single bout

of running, while it increased during subsequent cessation, and

it was found that the phosphorylation level of mTOR, which

plays an important role in inhibiting autophagy, was negatively

correlated with LC3-II expression in the exercise rats.82

Autophagy is a dynamic and multistep process. The level of

autophagosomes can only reflect the induction of autophagy

and the inhibition of autophagosome.29,95 Therefore, autopha-

gic flux is measured to dynamically monitor autophagy and

provide a much more precise interpretation of autophagic

status.96�99 Several studies have recently reported that exer-

cise can affect either the cardiac autophagy level or autophagic

flux to improve cardiac function and have a certain therapeutic

effect on heart disease.100,101 In a post-myocardial infarction-

induced heart failure model, the autophagic flux of male

Wistar rats (250�300 g) with heart failure 4 weeks after myo-

cardial infarction was impeded.100 Additionally, autophagy-

related markers and damaged mitochondria accumulated in the

heart, decreased levels of oxidative energy, and the opening of

Ca2+-induced mitochondrial permeability transition pores

were detected. In the heart failure group, the impaired autopha-

gic flux was improved and the healthy mitochondria popula-

tion increased after 8 weeks of exercise training, which slowed

the further deterioration of cardiac function.100 Additional

experiments found that, when autophagy inhibitors were used

to suppress this elevated level of autophagy, the protective

effect of exercise training against heart failure was reversed.100

That study suggests that chronic exercise training may contrib-

ute to the recovery of cardiac autophagic flux in patients with

heart failure by providing better mitochondrial quality and mit-

igating oxidative damage, thereby alleviating cardiovascular

disease.100 In addition, in a mouse model of desmin-related

cardiomyopathy, chronic voluntary exercise (using male

1-month-old mice placed in long-term voluntary running con-

ditions and monitoring their survival percentage) up-regulated

autophagy. As a consequence, both cardiac hypertrophy and

fibrosis were significantly reduced, and the survival time of the

mice was significantly prolonged.101

Under pathological situations of excessive autophagy, exer-

cise training can also ameliorate the aggravation of cardiovas-

cular disease via reduction of autophagy activity.77�79 In a
post-myocardial infarction model using rabbits, male New

Zealand White rabbits with myocardial infarction were

exposed to 4 weeks of moderate treadmill exercise (1 km/h,

30 min/day, 5 days/week). After 4 weeks, the LC3-II/LC3-I

ratio in myocardium recovered to non-operation level and their

cardiac function improved as well, indicating that the better

cardiac function was accompanied by decreased autophagy.77

This result suggests that chronic exercise training for improv-

ing cardiac function after myocardial infarction is associated

with the down-regulation of excessive autophagy and can have

a positive effect on the prognosis of myocardial infarction.77

Similarly, in an acute myocardial infarction mouse model, 3

weeks of swimming training with preconditioning reduced the

mice’s myocardial infarct size, coordinated disordered glucose

and fatty acid metabolism, alleviated excessive autophagy

caused by acute myocardial infarction, and improved mito-

chondrial biosynthesis.79 In another study, after 4 weeks of

swimming exercise, the increased expression level of LC3-I

was restored in the exercise diabetic rats group, and the rats’

skeletal muscle atrophy was alleviated. Also, the body weight

of the exercise group increased by 30% compared with the

non-exercise diabetic rats, which indicated that exercise train-

ing had a certain therapeutic effect on skeletal muscle atrophy

in diabetic rats.78

With the exception of modulation of abnormal autophagy

under pathological conditions, chronic habitual exercise can

maintain stable the basal autophagy in myocardium without

up-regulating the autophagic flux and thereby enhance cardiac

function under normal physiological conditions.102 One study,

in which 2-month-old rats were subjected to regular exercise

for 5 months, found that their cardiac autophagic flux was not

altered but their LC3-II protein increased.102 After 8 weeks of

aerobic exercise in healthy elderly, the ratio of LC3-II/LC3-I

in peripheral blood mononuclear cells increased, while the

level of p62 protein decreased.103 The level of proteins

involved in regulating the autophagic process, including

ATG12, ATG16, and Beclin 1, were significantly elevated

over those in a sedentary control group, and the peak oxygen

uptake was also increased.103 Collectively, this evidence

shows that chronic exercise might be a factor in attenuating

the declined cellular autophagy caused by aging.103
4. Conclusions and future perspectives

Regular exercise training helps to improve the body’s

metabolism. The protective effect of exercise on the cardiovas-

cular system has been increasingly recognized in recent

years.7,9 Exercise can improve the level of cardiac autophagy,

promote cardiomyocytes proliferation, reduce local tissue

inflammation, and improve cardiac function.8,13,26 Cardiac

autophagy plays a crucial role in exercise-induced cardiopro-

tection as a stress response and is a necessary process for adap-

tation to exercise.8,80 However, there are still many questions

to be answered in the study of the protective effects and mech-

anisms of autophagy as they relate to exercise training. On one

hand, exercise training up-regulates the level of basal autoph-

agy and enhances cell viability, which has a positive effect on
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delaying aging and preventing cardiovascular diseases. On the

other hand, in cardiovascular disease caused by excessive

autophagy, exercise training can inhibit autophagy activity and

reduce autophagic cell apoptosis, thus improving the prognosis

of cardiovascular disease. However, it is worth noting that

excessive exercise can also trigger excessive autophagy and

have a negative impact. It has been reported that increases in

exercise intensity significantly increase the autophagy level in

cardiomyocytes, which may be accompanied by obvious, even

necrotic cardiomyocytes damage, while the application of

autophagy inhibitors at the same time could alleviate the injury

of cardiomyocytes.104

In rats, intensive overload exercise is defined as placing a

load of 5% of body weight on the rat’s tail and having it swim

for 2 h, while exhausting overload exercise is defined as plac-

ing a load of 2.5% of body weight on the rat’s tail and having

it swim until exhaustion.104 In addition, autophagy-deficient

Atg7h&mKO mice trained with chronic exercise protocols dem-

onstrate aggravated fibrosis and pathological hypertrophy,

while normal-autophagy mice demonstrate the beneficial

effects from the same exercise training protocol.105 Obviously,

the intensity of exhausting overload exercise depends on the

individual experimental animal itself. In humans, considering

the distinct individual differences of patients should likewise

be considered when exercise therapy is used in rehabilitation

related to cardiovascular diseases. Several questions arise:

What is the correct range and threshold of exercise intensity

that will ensure that exercise-induced cardiac autophagy will

be beneficial? Are specific modes of exercise training best for

different age groups? When a prescription for exercise is

given, should the differences between short-term training and

long-term training be considered? An in-depth investigation

and discussion of these issues would lead to a better under-

standing of the regulation of exercise-mediated autophagy in

the cardiovascular system and would provide better guidance

for clinical prevention of autophagy-related heart disease.

The ubiquitin-proteasome system (UPS) also plays major

role in maintaining cellular protein quality.106 Importantly,

UPS and the autophagy-lysosomal pathway are functionally

connected and have compensatory effects in cells.107,108

Among cardiomyocytes, p62 and ubiquitinated unfolded pro-

teins accumulate in autophagy-deficient mice.109 In addition,

when the function of UPS is impaired, increased the autoph-

agy-lysosomal pathway activity can be detected.110�112 Exer-

cise also induces an increase in intracellular ubiquitinated

protein expression and has a positive effect on protein quality

control.91,113,114 It has been reported that UPS shows improve-

ment and autophagy is activated after aerobic exercise train-

ing.115,116 Importantly, exercise provides beneficial effects in

relation to autophagy not only for the human heart and other

organs, but also for other tissues, such as skeletal muscle,

which is often affected by the same systemic degeneration

seen in cardiovascular diseases.117 Notably, the molecular

mechanisms that mediating autophagy regulated by exercise

are still poorly understood, and which molecules play essential

roles during this process is unknown. In the future, the explora-

tion of these underlying mechanisms will provide a theoretical
basis for clinical exercise training and the prevention of vari-

ous autophagy-related diseases.
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