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Abstract

Autophagy is a highly conserved bulk degradation mechanism that degrades damaged organelles,
aged proteins and intracellular contents to maintain the homeostasis of the intracellular microen-
vironment. Activation of autophagy can be observed during myocardial injury, during which
inflammatory responses are strongly triggered. Autophagy can inhibit the inflammatory response
and regulate the inflammatory microenvironment by removing invading pathogens and damaged
mitochondria. In addition, autophagy may enhance the clearance of apoptotic and necrotic cells
to promote the repair of damaged tissue. In this paper, we briefly review the role of autophagy
in different cell types in the inflammatory microenvironment of myocardial injury and discuss
the molecular mechanism of autophagy in regulating the inflammatory response in a series
of myocardial injury conditions, including myocardial ischemia, ischemia/reperfusion injury and
sepsis cardiomyopathy.
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Highlights

* Briefly reviews the crosstalk between autophagy and inflammation in myocardial injury.

* Discusses the molecular mechanism of autophagy in regulating the inflammatory response in different cell types of myocardial
injury.

* Discusses the prospect of autophagy in the treatment of myocardial injury and provides some guidance for the clinical
treatment of myocardial injury.

Background

myocardial injury. A large number of cardiac muscle cells
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Cardiovascular disease (CVD) is one of the most important
causes of human death worldwide. According to the latest
data, the number of CVD deaths per year is estimated to
be 18.6 million [1,2]. Ischemic heart disease can be classi-
fied as coronary artery disease and myocardial disease. The
deterioration of ischemic myocardium is the main cause of

© The Author(s) 2023. Published by Oxford University Press.

die during ischemia and are eventually replaced by noncon-
tractible scar tissue, which results in heart failure [3]. Myocar-
dial infarction (MI) is a serious disease that endangers human
health and ranks as the leading cause of death worldwide
[4]. With the extensive development of reperfusion therapy,
the mortality rate of early MI has been significantly reduced

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits 1
unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.


https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/burnst/tkac062
https://orcid.org/0000-0002-6895-6143

Burns & Trauma, 2023, Vol. 11, tkac062

[5]. However, the incidence of events such as heart failure
and sudden death caused by negative ventricular remodel-
ing remains high, representing the main factor restricting
the long-term prognosis of MI patients [4]. In addition to
myocardial ischemia/reperfusion (I/R) injury, diabetic car-
diomyopathy, chemotherapy-related cardiomyopathy, sepsis
cardiac dysfunction and dilated cardiomyopathy can all cause
serious myocardial injury [6-9]. Cardiovascular diseases pose
a serious threat to human health and also cause heavy social
and economic burdens worldwide. Therefore, it is very impor-
tant to explore new repair strategies for myocardial injury.

Inflammation is a protective response to tissue damage
that is mainly mediated by pattern recognition receptors and
the identification of pathogen-associated molecular patterns
or damage-associated molecular patterns, which are con-
served structural features recognized by the innate immune
system. The activation of the innate immune system subse-
quently causes increased activation of protein signal trans-
duction cascades and activates the adaptive immune response
[5,10]. Approximately 2—4 billion cardiomyocytes are local-
ized in adult ventricles; these cells are in a state of terminal dif-
ferentiation and lack the ability to re-enter the cell cycle and
proliferate. Serious myocardial injury leads to irreversible car-
diac remodeling and dysfunction. The occurrence, develop-
ment and repair of inflammation after myocardial injury all
involve a variety of immune cells, which produce a large num-
ber of inflammatory cytokines and drive different inflam-
matory cells to infiltrate inflammatory tissue to ultimately
improve cardiac inflammation and fibrosis [11]. Therefore,
only by fully understanding the mechanism of inflammation
and repair caused by myocardial injury can we find a better
method to improve it. The inflammatory response is the
core pathological mechanism of acute myocardial injury.
Methods for effectively improving the microenvironment that
occurs during myocardial inflammation and promoting the
repair of damaged blood vessels or myocardium have become
key to the improvement of the clinical efficacy of CVD
treatments.

Autophagy refers to the formation of autophagosomes
surrounded by double membranes, and this process is induced
by various conditions, such as inflammation or starvation.
Autophagosomes and lysosomes fuse to degrade autophagic
substrates, which is a self-protective mechanism to maintain
the homeostasis of the intracellular environment [12,13].
Recent studies have shown that a variety of innate immune
recognition receptors can activate autophagy while inducing
inflammatory responses, and autophagy has a significant
positive/negative regulatory effect on inflammatory responses
[14,15]. Autophagy defects or autophagy-related gene (ATG)
mutations are closely related to the occurrence of inflam-
matory diseases. Autophagy plays an important role in the
positive regulation of the inflammatory response to myocar-
dial injury by clearing inflammasomes, cytokines and cellular
components. In addition, autophagy can weaken the inflam-
matory response by promoting the elimination of apoptotic
cells and damaged mitochondria. Autophagy plays both

positive and negative regulatory roles in the process of
myocardial injury [16]. Maintaining autophagy homeostasis
may represent an important strategy to alleviate myocardial
inflammation.

In conclusion, the inflammatory response is the key patho-
logical mechanism of myocardial ischemia, I/R injury, septic
cardiomyopathy and diabetic cardiomyopathy. Studies have
shown that autophagy plays an important role in maintaining
myocardial microenvironment homeostasis by regulating the
inflammatory response. Here, we review the progress made
by recent research on the crosstalk between autophagy and
inflammation and discuss their roles in myocardial injury,
aiming to provide new insight into regulating the inflamma-
tory microenvironment in myocardial injuries.

Review

Molecular mechanism of autophagy

Autophagy is the self-clearing mechanism of the body,
whereby damaged organelles and biological macromolecules
are degraded to maintain cell homeostasis for the recycling
of cell energy and substances [17]. Autophagy can be
activated by starvation, hypoxia, reactive oxygen species
(ROS) and mitochondrial damage. Cells can eliminate
damaged or harmful components and protect their survival
during stimulation by a variety of stressors through
autophagy [18] (Figure 1). Autophagy mainly includes three
types: macroautophagy, microautophagy and chaperone-
mediated autophagy. Generally, the word ‘autophagy’ refers
to macroautophagy and the most important feature of
autophagy is the formation of autophagosomes [19]. In
addition to classic autophagy, microtubule-associated protein
1 light chain 3 (LC3)-associated phagocytosis (LAP) [20]
is an important nonclassical pathway for the degradation
of extracellular contents, including bacteria, dead cells and
abnormal extracellular protein aggregates. LAP is triggered
after phagocytic particles bind to cell surface receptors,
which results in the recruitment of the autophagy machinery
to phagosome-containing stimuli and promotes rapid
phagosome maturation and the degradation of phagocytic
pathogens.

A major breakthrough in the scientific understanding of
autophagy involved the discovery of >40 ATGs in yeast,
and most of these genes have mammalian homologs that
jointly participate in the regulation of the initiation, extension
and termination of autophagy and its degradation mech-
anism [21]. Among the >40 ATGs identified in yeast, 15
are known as core ATGs that are required for nonselective
and selective autophagy [22]. In yeast models and higher
eukaryotes, autophagy activity mostly occurs in the form of
functional clusters. The ULK1 serine threonine kinase com-
plex (including ULK1, FIP200, ATG13 and ATG101) plays
an important role in the initiation of autophagy [23], which
is regulated by mammalian target of rapamycin complex 1
(mTORC1). mTORCT1 binds to the Atg1/ULK1 complex and
phosphorylates ULK1- and ATG13-specific sites, inhibiting
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Figure 1. The role of autophagy in myocardial damage. LC3 Microtubule-associated protein 1 light chain 3, DAMPs damage-associated molecular patterns

the autophagy-promoting kinase activity of the ULK1 com-
plex and the initiation of autophagy. However, under stress
conditions, such as tissue injury, the mTORC1 and ULK1
complexes are separated and the phosphorylation of ATG13
and ULK1 at specific sites is reversed. The ULK1 complex
is activated under the action of auto-phosphorylation and
further phosphorylates ATG13 and other proteins and tar-
gets the assembly of the proautophagosome, thus initiating
autophagy. In addition, ATG9 and the VPS34 complex are
also involved in regulating the formation of autophagosomes
[24]. Several core ATGs function in a shared process that
has some similarities to autophagy but involves digestion of
extracellular material. In the process known as LAP, single
membranes of large endocytic vacuoles phagocytize extracel-
lular cargo, are decorated by lipidation of LC3 and transfer
to lysosomes for degradation [20]. Significant gaps remain in
the ability to distinguish LAP from typical autophagy in terms
of molecular mechanisms and specificity.

Inflammation in myocardial injury

Inflammation is the complex biological response of body
tissues to noxious stimuli, such as pathogens, damaged cells or
irritants, and it involves the protective responses of immune
cells, blood vessels and molecular mediators [25]. Inflam-
mation leads to the elimination of necrotic cells and tissues
damaged during injury and initiates tissue repair [26].

More than 70 years ago, pathologists discovered that
myocardial injury, particularly MI, triggers a profound
inflammatory response. The injured myocardium is infil-
trated by leukocytes, and these recruited leukocytes clear
apoptotic cells and debris through phagocytosis, resulting in
myocardial scarring. The properties of injured leukocytes
and the close association between these leukocytes and
cardiomyocytes at the border of injured myocardial tissues
suggest that a subset of blood-derived cells can adhere to
viable cardiomyocytes and may exert cytotoxic effects to
amplify myocardial injury [27]. Specific approaches targeting
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molecules involved in leukocyte activation, adhesion and
extravasation have successfully attenuated ischemic injury
[28]. The pathogenesis of heart failure following MI is intri-
cately linked to the development of postinfarct ventricular
remodeling. Structural, functional and geometric alterations
in infarcted and noninfarcted myocardial segments lead
to ventricular dilation, increased ventricular sphericity and
cardiac dysfunction [29]. Myocardial remodeling and heart
failure progression increase the frequency of arrhythmias
and survival of MI patients with a poor prognosis [30]. The
degree of postinfarct remodeling depends on the size of the
infarct area and the quality of the cardiac repair. Researchers
have questioned the notion that inflammatory signaling
prolongs ischemic injury [31,32]; however, inflammatory
pathways undoubtedly play crucial roles in the dilatation and
fibrotic remodeling of the infarcted heart, thereby driving the
cardiac output of the injured myocardium, a key event in
the pathogenesis of exhaustion. The repair of damaged tissue
depends on the regulation of inflammatory factor levels, and
the process is accompanied by the activation of integrity-
related mesenchymal stem cells in tissues [33]. In damaged
tissue, hyperinflammation can further damage myocardial
tissue or function [33].

Crosstalk of autophagy and inflammation in
myocardial injury

Inflammation is a protective response during which the
immune system activates and recruits a large number of
inflammatory cells for infiltration when the body is injured
or invaded by pathogens. Autophagy can influence the
systemic immune response and the inflammatory responses
of specific cell types. Inflammatory responses are associated
with various CVD processes, such as myocardial I/R
injury, atherosclerosis, cardiac remodeling and heart failure.
Inflammation occurs mainly through pathogen-related
molecular patterns or injury-related molecular patterns
to induce multiprotein signal transduction cascades that
secrete pro-inflammatory cytokines and activate adaptive
immune responses. Ligands of Toll-like and nucleotide
oligomerization domain (NOD) receptors not only induce
inflammatory responses but also induce autophagy. In
addition, studies have found that autophagy regulates
Toll-like receptor (TLR) signals to enhance inflammatory
infiltration [34,35]. Thus, autophagy is closely related
to the occurrence of inflammatory diseases. This section
mainly describes the relationship between autophagy and
the inflammatory response in CVDs.

Autophagy regulates different types of immune cells When
the myocardium is infected or in a state of ischemia
and hypoxia, immune cells participate in the occurrence
and development of myocardial inflammation. Autophagy
protects cells from excessive inflammation via two mech-
anisms. Cells can effectively remove strong stimulants of
inflammation, such as damaged organelles or disease-causing

microorganisms. In addition, cells can protect other cells by
inhibiting inflammatory complexes. Immune cells, including
granulocytes, monocytes/macrophages and lymphocytes,
play an important role in the inflammatory process of
CVDs (Figure 2). Investigating the inflammatory response
of immune cells from the perspective of autophagy with the
goal of reducing the inflammatory response in CVDs is of
great significance to improve patient prognoses.

Autophagy regulates neutrophils Neutrophils are multifunc-
tional cells that play a central role in the innate immune
system, which is the body’s first line of defense against
the invasion of foreign pathogens. Neutrophils phagocytose
and inactivate microorganisms and remove pathogens
through the fusion of phagocytic cells and particles and the
formation of autophagic lysosomes. The mechanism by which
autophagy regulates neutrophil-mediated inflammatory
injury is not clear at present. However, a large number of
studies have shown that autophagy plays a key role in driving
the inflammatory activity of neutrophils during myocardial
injury [36,37].

Autophagy regulates ROS and cytokine production in
neutrophils and is closely associated with myocardial injury.
One of the mechanisms by which neutrophils regulate cardiac
injury involves the production of a large number of ROS
in a reduced nicotinamide adenine dinucleotide phosphate-
dependent manner through a respiratory burst, which directly
leads to tissue damage through the modification of pro-
teins and lipids [38,39]. Studies have found that neutrophils
from bone marrow-specific mice lacking ATG7 or ATGS
show reduced ROS production mediated by nicotinamide
adenine dinucleotide phosphate oxidase [40], suggesting that
autophagy defects reduce neutrophil-mediated myocardial
injury. In addition, autophagy regulates neutrophil secretion
of tumor necrosis factor (TNF)-«, interleukin (IL)-18, IL-6
and other cytokines, aggravating the myocardial inflamma-
tory microenvironment [41]. Autophagy inhibitors, such as
3-methyladenine, wortmannin, and bafilomycin A1, signifi-
cantly reduced IL-18 secretion by neutrophils [42]. This find-
ing suggests that autophagy may be associated with myocar-
dial injury by regulating IL-18 secretion from neutrophils.

Neutrophil extracellular trap cell death is a form of pro-
grammed cell death. Activated neutrophils release depoly-
merized chromatin extracellularly when stimulated by certain
cytokines, pathogens or compounds. The net structures are
termed neutrophil extracellular traps (NETs). NETs not only
engulf and kill invasive pathogens but also act as self-antigens,
which leads to a variety of acute and chronic inflammatory
reactions. Studies have found an increase in NETs in the
culprit arteries of patients with acute MI, and these structures
may play a central role in artery-blocking thrombosis by
promoting fibrin deposition and the formation of the fibrin
network [43]. The data suggest that NETs may be related
to the occurrence of MI. Moreover, NETs are positively
correlated with infarct size, adverse cardiac events and left
ventricular dysfunction in patients with MI [44-46]. It has
been reported [47] that NETosis requires autophagy and
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Figure 2. Autophagy regulates the inflammatory microenvironment of myocardial injury. TN, Tumor necrosis factor «, IL-18, interleukin 18, NETosis neutrophil
extracellular traposis, ROS reactive oxygen species, NETs, neutrophil extracellular traps, CCL2 C-C motif chemokine ligand 2, TH7 helper T cell 1, Treg regulatory
T cell, DC dendritic cell, IL-10 interleukin 10, TGF-8 transforming growth factor-g, IFN-y interferon-y

superoxide production, and inhibition of autophagy leads to
cell death characterized by apoptosis rather than NETosis.
Inhibition of mammalian target of rapamycin (mTOR) or
autophagy activation by rapamycin can enhance the for-
mation of NETs, whereas ATGS5 deficiency can reduce the
release of NETs [46,48], supporting the view that impaired
neutrophil autophagy reduces NET release. Another study
[49] found that autophagy-induced increases in NET levels
were detected in neutrophils isolated from patients with
sepsis. Neutrophils isolated from patients with sepsis showed
autophagy dysregulation, and enhanced autophagy improved
survival by increasing NET levels in a mouse model of sepsis
[50]. Together, these studies strongly support the idea that
NETs are closely related to autophagy pathways in myocar-
dial injury.

Autophagy regulates macrophages  As an important component
of innate immunity, macrophages are widely present in the
tissue structure, including the heart, and play an important
role in the development of the myocardium, tissue repair

and remodeling, and the immune response. Autophagy in
macrophages shows a wide range of functional characteristics
that not only promote inflammation but also play a role in
tissue repair [51]. Moreover, the characteristics of autophagy
are different and complex during different stages of the
same disease. Therefore, in-depth analysis of the diversity
of macrophage function regulated by autophagy is of great
significance for identifying new targets for disease interven-
tion. This section summarizes the role of autophagy in cardiac
macrophages during myocardial injury.

Coronary artery occlusion leads to ischemic injury of car-
diomyocytes. Macrophages not only cause an intense inflam-
matory response and ventricular remodeling but are also
necessary for inflammatory regression and cardiac repair.
Myocardial injury induces the production and secretion of
pro-inflammatory cytokines and chemokines by stationary
macrophages, which trigger the metastasis of myeloid cells
to the infarct site. The inflammatory response induced by
myocardial injury plays an important role in myocardial
healing and scarring, whereas a continuous inflammatory

9202 4990120 | U0 1s9nB Aq 85£990//2909BN/ASUING/E60L "0 L/I0P/S[0IUE/BLINEIISUING/WOY"dNO™DILSPEDE WO} PIPEOJUMOQ



Burns & Trauma, 2023, Vol. 11, tkac062

response greatly promotes myocardial remodeling and leads
to heart failure. Apoptosis is a mechanism of debris removal
and inflammation suppression during tissue injury and is
closely related to macrophages. Metformin (Met) is a widely
used hypoglycemic agent and has a significant cardioprotec-
tive effect during ischemic myocardial injury, such as acute
MI (AMI). A study found that Met improved cardiac hemo-
dynamics (left ventricular systolic pressure, left ventricular
end-diastolic pressure, and maximum and minimum rate of
change in the pressure in the ventricle over time [+DP/DT
and —DP/DT, respectively]) and reduced the MI area in AMI
mice by regulating macrophage autophagy and inhibiting
the NOD-, LRR- and pyrin domain-containing protein 3
(NRLP3) inflammatory response. These results suggest that
Met protects against ischemic myocardium injury by reduc-
ing the inflammatory response mediated by the macrophage
autophagy-ROS-NLRP3 axis [52].

Reperfusion injury refers to the pathological process of the
progressive aggravation of tissue injury when the ischemic
myocardium is restored to normal perfusion after partial
or complete acute obstruction of the coronary artery. The
immune response plays an important role in I/R injury.
NLRP3 inflammasome activation, lysosomal dysfunction
and impaired autophagic flux play critical roles in the
pathophysiology of I/R. In recent years, it has been found that
macrophage autophagy plays a key role in NLRP3 activation
during I/R [53]. In macrophages, lysosomes are at the center
of key cellular processes that activate inflammasomes [54,55].
Induced macrophage-specific overexpressed transcription
factor EB (TFEB) is a major regulator of lysosomal biogenesis.
Javaheri et al. [56] established a mouse model of I/R injury
and found that mice with TFEB overexpression exhibited
lower levels of remodeling, pro-inflammatory macrophage
abundance and secretion of IL-18 compared with the
control group. Moreover, this process did not require ATGS-
dependent autophagy. This finding suggests that TFEB
reprograms lysosomal lipid metabolism in macrophages
to attenuate remodeling of myocardial injury, suggesting
another mode in which lysosomal function influences
inflammation.

Autophagy regulates T lymphocytes T lymphocytes obtain
inflammatory information through membrane receptors,
antigen-specific receptors and soluble mediators, and each
tissue subpopulation identifies the lesion site according to the
information and adjusts the characteristics of lymphocytes
themselves to adapt to the changes in the microenvironment
[57]. Lymphocyte subsets, including CD4+ T cells, CD8+
cells and regulatory T cells (Tregs), play an important role
in regulating the inflammatory response that mediates the
repair of myocardial injury. T cells effectively respond to
changes in the intracellular and extracellular environment
through autophagy regulation. Autophagy disorders may
induce a variety of T-cell-related diseases [58,59]. In view of
the potential application prospects of the T-cell autophagy
pathway in the treatment of various diseases, this section

summarizes the recent research progress that has been made
in understanding the role of T-cell autophagy in regulating
the inflammatory microenvironment that is present during
myocardial injury. The regulatory role of autophagy in T-
cell function and the mechanism of autophagy abnormalities
during the process of myocardial injury are also discussed.

CD4+ and CD8+ T lymphocytes are the most complex
immune cell populations known to play an important role
in ameliorating myocardial injury after pathogen activation
in a specific cytokine environment. Cecal ligation puncture
(CLP) is the standard animal model for studying sepsis.
The continuous spread of cecal contents into the abdominal
cavity leads to the entry of bacteria into the bloodstream,
ultimately leading to systemic inflammatory response syn-
drome and multiple organ dysfunction syndrome. Sepsis car-
diomyopathy is one of the most important organ injuries.
Lin et al. established a mouse model of sepsis myocardial
injury using the CLP method and found that the number
of autophagic vacuoles and autophagic lysosomes of spleen
CD4+ and CD8+ T cells decreased in T-cell-specific ATG7-
knockout (KO) mice [60]. In addition, with the inhibition
of Th1/Th2/Th17 cytokines produced by CD4+ T cells, the
phagocytotic ability of macrophages decreased, and the abil-
ity of the spleen to clear bacteria was inhibited after sepsis.
These results suggest that autophagy may protect against T
lymphocyte apoptosis and immunosuppression induced by
sepsis.

Tregs play a key role in inhibiting myocardial inflamma-
tion after MI and are considered a subset of lymphocytes with
anti-inflammatory properties. Deletion of ATGS or ATG7
autophagy genes can regulate the immune homeostasis of
Treg cells and reduce the number of Tregs [61]. The number
of Tregs decreases with ischemic injury, and the adoptive
transfer and expansion of Tregs can effectively reduce the
development of ischemic tissue injury and promote repair
[62]. Xia et al. [63] established a MI, I/R damage and frozen
heart injury model in mice. In this model, Tregs were more
highly enriched in the myocardium compared with the heart-
draining lymph nodes. These results suggest that autophagy
may participate in the regulation of myocardial injury by
regulating Tregs.

Regulation of autophagy in injured nonimmune cells Vascu-
lar endothelial cells constitute the continuous inner wall of
the lumen of the cardiovascular system, which is a naturally
formed blood vessel and a key node for maintaining home-
ostasis. Structural and functional injury of endothelial cells
is the initial stage and an important marker of myocardial
injury. The process of injury includes cell swelling, microvas-
cular embolism and eventual rupture of microvessels, leading
to cell apoptosis or the extravasation of contents, which is
an inflammatory response that results in the deterioration of
the myocardial microenvironment. In most cases of myocar-
dial injury, autophagy activation can enhance endothelial
cell activity, protect cells and maintain the homeostasis of
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the tissue environment. However, in some states, excessive
autophagy destroys the protective barrier of endothelial cells,
causes oxidative damage and ultimately promotes apoptosis
[56]. Damaged microvessels cannot supply sufficient levels
of oxygen, causing cardiomyocytes to swell and rupture and
the subsequent worsening of the myocardial inflammatory
microenvironment.

Autophagy regulates damaged cardiomyocytes

MI, myocarditis, diabetes and other conditions can lead to
myocardial cell damage, and autophagy plays an impor-
tant role in regulating the inflammatory microenvironment
of damaged myocardial cells. By regulating the autophagy-
inflammation-related pathway of damaged cardiomyocytes,
inflammatory cell infiltration and the levels of inflammatory
factors can be reduced, alleviating cardiac injury [64-66].

NLRP3 is a typical inflammasome and plays an important
role in the development of myocardial injury. Autophagy of
cardiomyocytes can reduce the inflammatory response by
eliminating active inflammatory bodies and stimuli with
indirect inflammatory effects, and the accumulation of
cellular metabolites and damaged organelles is closely related
to the pathogenesis of myocardial injury [67-69]. Studies
have shown that serine protease inhibitors (vaspin) can reduce
myocardial injury by enhancing autophagy and inhibiting
NLRP3 inflammasome activation [70]. The inhibitory effect
of vaspin on NLRP3 inflammasome activation may depend
on the upregulation of autophagy and ROS inhibition.
Another study found that Met inhibits NLRP3 inflammation
by activating adenosine monophosphate-activated protein
kinase (AMPK)/mTOR autophagy-related pathways in
dilated cardiomyopathy [71]. In a H9¢2 cardiomyocyte
hypoxia/reoxygenation model, thrombin aggravated hypoxi-
a/reoxygenation damage in cardiomyocytes by activating the
SIRT1-mediated autophagy pathway, which was reflected in
the enhanced secretion of inflammatory factors, oxidative
stress and decreased cell viability [72]. The inhibition of
SIRT1 can improve these adverse effects. Viral myocarditis
is a virus-induced local or diffuse, acute and chronic inflam-
matory disease of the myocardium [73], of which Coxsackie
virus B3 is one of the major causes [74]. Rapamycin can
be used to treat parasitic infections [75]. No changes in
circulation or cardiac parasitemia were noted, whereas the
cardiac inflammatory response was downregulated. Among
them, rapamycin-treated infected mice exhibited preserved
cardiac electrical function and reduced levels of cardiac
damage, myocarditis and tissue pro-inflammatory cytokines
interferon-y, TNF-a and IL-6. These findings suggest that
autophagy potentially played a role in maintaining cellular
homeostasis and regulating inflammatory responses to
ameliorate myocardial injury.

Aging is also an important factor in myocardial injury, and
autophagy plays an important role in age-related cardiomy-
opathy. Cardiac senescent cardiomyopathy in mammals is
characterized by myocardial hypertrophy and fibrosis, with

a tendency toward myocardial cell apoptosis and autophagy
[76]. The study investigated increased numbers of inflam-
matory cells in the hearts of older mice. A large number of
autophagic vacuoles and lymphocyte clusters were present
around the blood vessels that were not observed in the hearts
of younger mice. In addition, the hearts of aged mice showed
higher levels of Beclin-1 and LC3II protein expression, which
was consistent with the induction of the autophagy path-
way. However, other studies have found no difference in the
expression of autophagy genes between the hearts of older
and younger individuals, suggesting that the effects involve
protein expression and occur after transcription.

Regulation of autophagy in injured endothelial cells
Vascular endothelial cells are an important part of the car-
diovascular system and their integrity underlies the ability
of the cardiovascular system to exert homeostatic regulatory
mechanisms. In addition, the secretion function of endothelial
cells also plays an important role in the regulation of CVDs.
Vascular endothelial dysfunction is the key and initial stage of
myocardial injury, and the regulation of autophagy is closely
related to a variety of vascular lesions caused by endothelial
dysfunction. Endothelial cells can secrete a variety of vasoac-
tive substances, which can be divided into two categories
according to their regulatory functions on vascular smooth
muscle. The first category comprises vasodilators, including
nitric oxide (NO), endothelial-derived hyperpolarizing fac-
tor and prostacyclin. The other category includes vascular
constrictors, such as endothelium-derived contracting factor,
prostaglandin E2 and thromboxane A2.

Decreased endothelial nitric oxide synthase (eNOS) func-
tion leads to vascular motor dysfunction in patients with con-
gestive heart failure and many other pathologic syndromes,
such as left ventricular remodeling and dysfunction. Although
the changes in cardiac function caused by NO are complex,
numerous studies in recent years have demonstrated that
the high expression of eNOS in both vascular endothelial
cells and the myocardium can improve left ventricular func-
tion after MI [77,78]. eNOS participates in the protective
role of ischemia postadaptation [79]. Ischemic postcondi-
tioning (IPostC) increased the formation of autophagosomes
and upregulated the phosphorylation levels of eNOS and
AMPK in models of I/R mice and H9¢2 cells [80]. Inhibi-
tion of eNOS counteracts the improvement of autophagy
by IPostC. This finding suggests that IPostC protects the
heart from I/R injury in part by promoting AMPK/eNOS-
mediated autophagy and is involved in the development of
I/R. Abnormal mitochondrial fusion and division of endothe-
lial cells are involved in the occurrence and development of
many CVDs and are closely related to heart disease induced
by I/R injury. Urolithin A (UA), a mitochondrial autophagy
inducer, can reduce mitochondrial oxidative stress and stabi-
lize mitochondrial membrane potential in endothelial cells to
preserve mitochondrial function, upregulate cyclin D and E
to maintain endothelial cell viability and improve endothelial
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cell proliferation. UA inhibits mitochondrial fission, restores
mitochondrial fusion and reduces the proportion of mito-
chondrial fragments in endothelial cells. UA enhances mito-
chondrial biogenesis in endothelial cells by upregulating Sir-
tuin 3 and peroxisome proliferator-activated receptor y coac-
tivator 1-a [81]. These results suggest that activation of
mitochondrial autophagy may alleviate cardiac microvascu-
lar injury induced by hypoxia/reoxygenation by improving
mitochondrial quality control, cell viability and proliferation.
In endothelial cells, autophagy can upregulate angiogenic
activity and contribute to the repair of damaged endothelial
cells by inducing prolonged hypoxia [82]. Mouse experiments
also confirmed that autophagy activation can stimulate cell
proliferation and regeneration near ischemic focal points.

Autophagy affects the repair of damaged myocardium
by regulating the inflammatory microenvironment
Inflammation is the body’s protective response to infection
by pathogenic microorganisms or tissue damage. Inflam-
mation occurs mainly through the innate immune system
using pattern recognition receptors. Toll-like and Nod-like
receptors recognize exogenous or endogenous ligands and
are activated, and a multiprotein signal transduction cascade
is subsequently induced to promote the secretion of pro-
inflammatory cytokines. Inflammatory responses are asso-
ciated with myocardial ischemia, reperfusion injury, septic
cardiomyopathy, diabetic cardiomyopathy and heart failure.
When myocardial injury occurs, organelles, microorganisms
and a large number of damaged substances accumulate in cells
(Figure 1). Autophagy regulates the inflammatory microen-
vironment and inhibits the inflammatory response through
the clearance of cellular debris [83]. However, autophagy can
promote the occurrence of the inflammatory response [84].
Therefore, autophagy has a bidirectional effect and methods
for regulating the inflammatory microenvironment during
myocardial injury have not been determined. However, it is
well known that autophagy and inflammation are closely
associated with myocardial injury.

Myocardial ischemia Myocardial ischemia is the pathological
state of coronary artery lumen occlusion or stenosis in coro-
nary heart disease, which is characterized by limited blood
supply to the heart. The cardiac damage caused by acute MI
is widely acknowledged to be caused by ischemic and I/R
injuries, resulting in detrimental effects on cardiomyocytes.
During the state of myocardial ischemia, the lack of raw
materials leads to a decrease in ATP synthesis, which induces
autophagy to clear apoptotic cardiomyocytes, misfolded pro-
teins and necrotic mitochondria and regulates the myocardial
inflammatory microenvironment [85]. Protecting cardiomy-
ocytes is a vital strategy for the treatment of acute MI. The
infiltration of immune cells has been observed in border areas
after acute MI, indicating suppression of the inflammatory
reaction in ischemic cardiac regions [86].

It was found that inflammatory factors and autophagy
signals were strongest during the first week and apoptotic
signals peaked during the second week after ligation of
the left coronary artery, and the increased level persisted
until the fourth week [87]. The application of a TNF-a
inhibitor significantly inhibited autophagy and promoted
muscle cell apoptosis in the boundary region. These results
suggest that the inflammatory response may play a protective
role in early MI by stimulating autophagy in myocardial
cells. Myocardial-associated transcription factor A (MRTF-
A) exerts an inhibitory effect on MI. Zhong et al. found that
MRTE-A reduced the activity of the NLRP3 inflammasome
and significantly increased the expression of autophagy
proteins in ischemic myocardial tissue. Lipopolysaccharide
and 3-methyladenine (3-MA) abrogated the protective
effect of MRTF-A. Overexpression of MRTF-A and SIRT1
effectively reduced myocardial ischemia injury. This outcome
was related to a decrease in inflammatory cytokine levels and
an increase in autophagy-related protein levels. The inhibition
of SIRT1 activity partially suppressed the cardiac protective
effect induced by MRTF-A [88]. Superoxide dismutase 1
(SOD1)-KO mice showed excessive oxidative stress after
AMI, which was caused by increased apoptosis of ischemic
cardiomyocytes and an inflammatory response. In contrast,
enhanced autophagy played a protective role. SOD1-KO
mice had more severe myocardial inflammation after AMI
than wild-type mice [89]. Vitamin D deficiency is associated
with AMI [89]. A study found that vitamin D3 treatment
enhanced the expression of LC3II and Beclin-1, reduced levels
of inflammatory cell infiltration and the MI size in AMI
mice, and decreased levels of inflammatory factors and MI
markers, significantly alleviating AMI-induced myocardial
cell apoptosis. Moreover, Bcl-2 upregulates or downregulates
cysteine aspartic acid specific protease 3 (caspase-3), caspase-
9 and Bax expression. In addition, vitamin D3 enhanced
the inhibition of PI3K, P-Akt and P-mTOR expression
induced by AMI [65]. The above experiments suggest
that the pathway can promote autophagy in AMlI-injured
myocardium, protect against myocardial injury, inhibit
the inflammatory response and improve the myocardial
microenvironment.

Autophagy is closely related to the regulation of the
inflammatory response to reperfusion injury after myocardial
ischemia. Reperfusion injury is mainly due to acute injury
caused by oxidative stress, which leads to ROS production
after cardiomyocytes restore blood perfusion, and autophagy
can reduce oxidative stress [90]. However, during I/R,
excessive autophagy damages the myocardium [91]. ATP
requirements are basically satisfied during I/R, and the
main reason for autophagy activation is excessive oxidative-
stress-induced ROS generation [91]. At present, the effect of
autophagy on myocardial injury remains unclear and further
exploration is needed.

Overall, the inflammatory environment promotes cell
death during ischemia, whereas autophagy controls inflam-
mation and protects myocardial function by inhibiting
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inflammasome activation. However, prolonged excessive
autophagy may lead to the opposite effect by damaging car-
diomyocytes. Autophagy and the myocardial inflammatory
environment jointly regulate the entire process of myocardial
ischemia.

Sepsis cardiomyopathy Sepsis is a systemic inflammatory
syndrome caused by infection that further develops into
multiple organ dysfunction syndrome. The heart is one of
the most vulnerable target organs. Many patients with severe
sepsis have a decreased LVEF [92]. Improving the myocardial
inflammatory microenvironment may represent a bottleneck
in the treatment of sepsis.

In a mouse model of CLP sepsis, Hsieh et al. [93] reported
that the colocalization of LC3 and lysosomal-associated
membrane protein 1 decreased despite the elevation of LC3-II
levels. Electron microscopy confirmed that autophagic flow
was blocked during the late stage of sepsis, which manifested
as an increase in the formation of autophagosomes in the
left ventricle. However, reductions in their fusion with
lysosomes hindered the degradation of autophagosomes,
and the aggregation of autophagosomes promoted cardiac
dysfunction and exacerbated septic cardiomyopathy. Busch
et al. [94] established a sepsis-induced coagulopathy (SIC)
model by CLP surgery and found that genes related to NF-
kB signal transduction, autophagy and lysosomal protein
degradation were enriched in the hearts of sepsis wild-
type mice but not in sepsis NLRP3-KO mice. Further
studies showed that IL-18 activated NF-«B and its target
genes, resulting in myocyte myosin protein atrophy and
reduction, which was accompanied by increased autophagy
gene expression. Activation of the NLRP3 inflammasome
induces cleavage of caspase-1 and IL-18 precursors into
mature forms and their release, inducing downstream
immune signaling responses. Autophagy can clear NLRP3
inflammasome activators, such as intracellular blockers,
reducing the inflammatory response [95].

Mitochondria account for ~30% of the volume of
myocardial cells. When insufficiencies in autophagy result
in failure to clear damaged mitochondria, they accumulate in
the cell and cause oxidative stress. Excessive ROS can activate
downstream pathways to produce cascading inflammatory
effects and worsen the inflammatory microenvironment.
Mitochondria exist in a dynamic equilibrium state in which
slightly damaged mitochondria can be repaired and com-
plementarily fused with other damaged mitochondria into
new mitochondria. Mitochondria that cannot be repaired are
degraded by lysosomes [96]. During the pathological process
of SIC, excessive ROS lead to oxidative stress and mitochon-
drial DNA damage as well as impaired mitochondrial protein
synthesis and respiratory function. If damaged mitochondria
are cleared by autophagy, mitochondrial biosynthesis is
activated, which can alleviate myocardial injury caused by
inflammation [97]. The process of septic cardiomyopathy is
always accompanied by inflammation. Local pathological
sections often exhibit inflammatory cell infiltration and

deterioration of the inflammatory microenvironment. The
mitochondrial structure and function of myocardial cells
are damaged and mitochondrial autophagy is insufficient to
clear damaged mitochondria. These damaged mitochondria
accumulate in the cell and cause oxidative stress, induce
the production of a large number of ROS and promote
the inflammatory cascade reaction [98]. A large number of
cardiomyocytes with morphological characteristics similar
to pyroptotic cells were observed in the SIC animal model,
and the presence of these cells was closely related to the
inflammatory microenvironment. Autophagy can improve
the inflammatory microenvironment by removing damaged
DNA fragments, broken cell membranes, swollen organelles
and cytoplasm.

Diabetic cardiomyopathy Diabetic cardiomyopathy is one
of the most important causes of death in patients with
diabetes mellitus. Its pathological features mainly include
structural and functional damage, including myocardial
cell metabolism disorder, insulin resistance, oxidative
stress, inflammatory response and neuroendocrine system
disorders. The pathogenesis of diabetic cardiomyopathy
myocardial injury remains unclear, but among many factors,
the inflammatory response may play the most important
role in promoting diabetic cardiomyopathy progression
[99].

Typical autophagy is inhibited in type 1 diabetic hearts,
and the reduction in autophagy is an adaptive change
in type 1 diabetes that has a certain protective effect on
cardiomyocytes [100]. Diabetes-induced heart injury was
significantly weakened in Beclin 1- and ATG16-deficient
diabetic mouse models [101]. These mice exhibited improved
heart function and reduced levels of oxidative stress,
interstitial fibrosis and myocardial cell apoptosis. In contrast,
diabetic cardiac damage dose-dependently exacerbated
Beclin 1 overexpression. These results suggest that reduced
autophagy may represent an adaptive response to limit
cardiac dysfunction in type 1 diabetes, possibly through
upregulation of selective autophagy. Fenofibrate (FF) is a
peroxisome proliferator-activated receptor « agonist that
has reduced lipid levels in the clinic, and 3-MA or sirtinol
has eliminated the preventive effect of FF on high-glucose
production. These results suggest that FF may prevent the
myocardial inflammatory response and dysfunction induced
by type 1 diabetes by increasing FGF21 levels, which may
upregulate SIRT1-mediated autophagy.

In type 2 diabetes induced by a high-fat diet, increased
activation of typical autophagy has a protective effect on the
myocardium. However, in type 2 diabetes induced by fruc-
tose and milk fat, increased activation of typical autophagy
may aggravate myocardial injury [100]. One study observed
increased expression of the cardiac autophagy marker LC3B-
II and its mediator Beclin-1 and decreased expression of
P62 in patients with type 2 diabetes. P62 was integrated
into autophagosomes for effective degradation and promoted
significant activation of apoptotic caspase-3. These results
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suggest that increased autophagy activity occurs in type 2
diabetic hearts.

Chemotherapy-associated cardiomyopathy Cardiovascular
toxicity caused by chemotherapy drugs has been increasingly
recognized as an important factor affecting the survival
and prognosis of cancer patients. The cardiotoxicity of
anthracyclines is progressive and irreversible, with most
symptoms appearing within 1 year of chemotherapy. During
the process of anthracene cardiac injury, autophagy was
found to be ‘unbalanced’ and unable to clear damaged
apoptotic cells and damaged organelles, and a large amount
of ROS accumulated, which induced an inflammatory
cascade and aggravated heart failure [102-104].

The process of chemotherapy-related cardiomyopathy is
always accompanied by inflammation, and both systemic and
local inflammatory reactions occur. The systemic inflamma-
tory response mainly occurs during the end stage of heart
failure, whereas the local inflammatory response is a key
factor in the process of heart failure that undergoes various
adaptive compensatory mechanisms until decompensation
and ultimately changes in myocardial structure, function and
phenotype occur [105]. A recent study found that the IL-1
B concentration was positively associated with heart failure
mortality. The risk of death was significantly increased at
levels >49.1 pg/ml, whereas karazumab (IL-1 B-targeted)
therapy reduced heart failure mortality [106], providing the
first direct evidence that an anti-inflammatory drug can
improve outcomes in patients with coronary heart disease.
In addition, early heart failure was accompanied by elevated
levels of inflammatory molecules and altered expression of
genes involved in innate immunity, suggesting that inflamma-
tion and the innate immune system may represent an early
response of cardiomyocytes to injury [107]. Ma et al. [108]
established a mouse model of cardiomyopathy induced by
peritoneal doxorubicin injection (10 mg/kg) and found that
blocking the activity of TLR2 could reduce doxorubicin-
induced cardiac insufficiency by 20% and inhibit myocardial
fibrosis. In contrast, blocking TLR4 did not produce a similar
phenomenon. Further studies showed that by disrupting the
interaction between TLR2 and its endogenous ligand, the
levels of inflammation and fibrosis in cardiomyocytes were
reduced. However, inhibition of TLR4 exacerbates cardiac
dysfunction and myocardial fibrosis by amplifying inflam-
mation and inhibiting autophagy. These results suggest that
autophagy interacts with TLR2 and TLR4 and plays different
roles in chemotherapy-related cardiomyopathy.

Autophagy modulators—strategic therapies for
myocardial injury

Autophagy is critical to the degradation and disposal of dam-
aged and dysfunctional organelles and protein aggregates and
is a cellular ‘cleaning’ process. In addition to attention focused
on its established fundamental role in maintaining normal
cellular phenotype and function, interest in how targeted

modulation of autophagy can prevent myocardial injury has
increased.

The use of autophagy as a therapeutic modality has
gained widespread support in recent years. Studies have
found that autophagy regulators, including rapamycin [109],
sulfaphenazole [110], UTP [111] and ranolazine [25] can
reduce the myocardial infarct area, improve cardiac function
and protect against myocardial ischemia. Rapamycin has
been shown to reduce cardiomyocyte apoptosis and promote
cardiomyocyte autophagy by modulating the crosstalk of
mTOR and endoplasmic reticulum stress pathway compo-
nents in the chronic heart failure context [112]. Rapamycin
treatment of the myocardium significantly reduced the
myocardial cell apoptosis rate, reduced the myocardial infarct
area and enhanced cardiac function in mice after MI [113].
Met, one of the most widely used drugs for the treatment
of type 2 diabetes, has also shown cardiovascular protective
activity. Met enhanced autophagic flux and increased the
regeneration of epicardium, endocardium and vascular
endothelium [114]. Pretreatment with valsartan resulted in
a significant reduction in myocardial infarct area in mice
with I/R injury and induced autophagy in the hearts of rats
after I/R injury. In contrast, the autophagy PI3K inhibitor
3-MA reduced the valsartan-induced enhancement of cardiac
histology and reduction in infarct size in rats after I/R
injury. Valsartan pretreatment induced autophagy through
the AKT/mTOR/S6K pathway, independent of Beclin1 [115].
Chloroquine is included in the World Health Organization’s
Essential Medicines List for the treatment of malaria and is
an important autophagy inhibitor. An important study found
that the use of chloroquine was associated with increased
cardiac risk in patients with COVID-19 [116].

In conclusion, autophagy is considered as a potential ther-
apeutic modality, however, some challenges remain. Specifi-
cally, whether autophagy is ‘beneficial’ or ‘detrimental’ dur-
ing myocardial injury needs to be determined, as views differ.
Myocardial injury is a dynamic process. The regulation of
autophagy in myocardial injury is not static and needs to be
maintained in a balanced state. It is important to understand
the spatial-temporal change of autophagy during the whole
process of myocardial injury, and autophagy regulation can-
not be categorized as simply ‘good’ or ‘bad’. In most cases,
clearly, the use of autophagy regulators in the treatment of
myocardial injury shows considerable potential.

Conclusions

Myocardial injury is a leading cause of morbidity and
mortality worldwide. The cellular inflammatory response
is closely related to the progression of myocardial injury. A
complex relationship exists between autophagy and immune
cells. Numerous studies have confirmed that autophagy is
involved in regulating inflammatory responses, including the
digestion of apoptotic necrotic cells, damage to organelles and
macromolecules to inhibit excessive inflammatory responses
to improve the microenvironment, and the promotion of
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inflammatory responses to repair tissues. The cell induces
autophagy, clears inflammatory protein aggregates and
downregulates the expression of pro-inflammatory cytokines
produced during tissue damage to fight and improve the
inflammatory response. Of note, the role of autophagy
in regulating the inflammatory microenvironment of the
myocardium is not absolute but is associated with changes
in disease status. In-depth exploration of the functions and
mechanisms of autophagy in human health and disease
will provide new opportunities and approaches to develop
methods for the prevention and treatment of inflammation
and immune-related diseases.
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