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Abstract
Cell death occurs in various tissues and organs in the body. It is a physiological or pathological process that has different effects. It is
of great significance in maintaining the morphological function of cells and clearing abnormal cells. Pyroptosis, apoptosis, and
necrosis are all modes of cell death that have been studied extensively by many experts and scholars, including studies on their effects
on the liver, kidney, the heart, other organs, and even the whole body. The heart, as the most important organ of the body, should be
a particular focus. This review summarizes the mechanisms underlying the various cell deathmodes and the relationship between the
various mechanisms and heart diseases. The current research status for heart therapy is discussed from the perspective of
pathogenesis.
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Introduction

Cell death is the key starting point for organ and even body
death. Some forms of cell death are physiological, which is
conducive for the development of the body, while other
forms lead to organ dysfunction and more severe
outcomes.

At present, known modes of cell death include, but are not
limited to, apoptosis, necrosis, pyroptosis, and autophagy.
These modes occur independently but interact with each
other. In other words, dead cells can simultaneously show
features of autophagy, apoptosis, pyroptosis, and necrosis.
Recent reports have confirmed interactions between these
mechanisms, including several common cell stress-induced
signaling pathways. For example, reactive oxygen species
(ROS) and calcium (Ca2+) can regulate autophagy and
apoptosis simultaneously.[1-3] Cardiovascular diseases are
responsible for the highest incidence rate and mortality
rate among all diseases worldwide.[4] Cardiac insufficiency
is a common complication of sepsis and other serious
diseases and is an important cause of death. Cardiac
dysfunction-related diseases caused by myocardial
cell death impose substantial burdens on society and
individuals.
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The composition of the heart is 70%of non-cardiomyocytes
and 30% of cardiomyocytes.[5] Death of cardiomyocytes
and non-cardiomyocytes induced by stimuli such as ROS,
b1-adrenergic receptor agonists, angiotensin II, and proin-
flammatory cytokines is also mediated by various cell death
modes. A previous study of 62 cases of heart failure with
dilated cardiomyopathy showed autophagy, apoptosis, and
morphological features of necrosis.

This paper summarizes the mechanisms underlying several
major cell death modes and focuses on their impact on the
heart. Additionally, according to mechanism and impact,
we summarize their significance for treatment, promotion,
and guidance on their use in the clinical setting.
Comparison and features of the different forms of cell
death are summarized in Table 1.
Mechanisms of the Modes of Cell Death

Necrosis

Necrosis, which was proposed around 1960, is a form of cell
death characterized by organelle and cell membrane destruc-
tion, often accompanied by inflammatory reactions.[6,7] In the
past, necrosis was considered to be an unregulated, accidental,
and passive process. However, increasing evidence has shown
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Table 1: Comparison of different forms of cell death and their biological features.

Mode Object of study Intervention mode Conclusion Ref

A Mice Melatonin Melatonin protects against sepsis-induced cardiac dysfunction by
regulating apoptosis and autophagy via activation of SIRT1 in mice.

[49]

A Septic mice TMZ TMZ protected against LPS-induced myocardial dysfunction and
apoptosis, accompanied by inhibition of macrophage pro-inflammatory
responses.

[50]

P Mice TMZ TMZ as a potential therapeutic agent for septic or endotoxemia-
associated cardiac dysfunction in mice.

[45]

A Rats miR-25 miR-25 inhibits sepsis-induced cardiomyocyte apoptosis by targeting
PTEN.

[51]

A Septic rats AC2-26 AC2-26 may alleviate the sepsis-induced cardiomyocyte apoptosis in vivo
and in vivo through the LXA4/PI3K/AKT signaling pathway.

[52]

A Septic rats Calpain inhibitors Akt/eNOS/NO pathway might lead to a novel pharmacological therapy
for cardiomyocytes apoptosis in sepsis.

[53]

A Septic rats Esmolol Esmolol reduces apoptosis and inflammation in early sepsis rats with
abdominal infection.

[54]

P and A Mice Stimulator of
interferon
genes

STING-IRF3 contributes to LPS-induced cardiac dysfunction,
inflammation, apoptosis, and pyroptosis by activating NLRP3.

[55]

P HCM cells Angiotensin II miR-133a-3p upregulation may be a promising strategy for cardiac
hypertrophy treatment.

[56]

P H9C2 rat
cardiomyoblast cell

LPS LPS aggravates high glucose- and hypoxia/reoxygenation-induced injury
through activating ROS-dependent NLRP3 inflammasome-mediated
pyroptosis in H9C2 cardiomyocytes.

[57]

P Septic BALB/c mice Thymoquinone Role of thymoquinone in cardiac damage caused by sepsis from BALB/c
mice.

[58]

P LPS-treated mice Geniposide Geniposide protects against sepsis-induced myocardial dysfunction
through the AMPKa-dependent pathway.

[59]

P A mouse
hyperuricemia model

IR (MI/R) UA aggravates MI/R-induced activation of the NLRP3 inflammatory
cascade and pyroptosis by promoting ROS generation, while
inflammasome inhibitors and ROS scavengers partly reverse the injury.

[60]

P LPS-induced
mice/CORM-3-treated mice

CO-releasing
molecule-3

Carbon monoxide releasing molecule-3 improves myocardial function in
mice with sepsis by inhibiting NLRP3 inflammasome activation in
cardiac fibroblasts.

[61]

N Mice lacking CypD CypD-deficient
mice by gene
targeting

The CypD-dependent mPT regulates some forms of necrotic death, but
not apoptotic death.

[10]

N Mouse CypD or RIP3
knockout

RIP3–CaMKII–MPTP myocardial necroptosis pathway, a promising
target for the treatment of ischemia- and oxidative stress-induced
myocardial damage and heart failure.

[62]

N Heart failure patients Detection of the
level of death
receptor

Necrosis-related factor and miR-873 can regulate programmed necrosis
in the heart.

[63]

Au Domestic swine IR (MI/R) Autophagy, triggered by ischemia, could be a homeostatic mechanism, by
which apoptosis is inhibited and the deleterious effects of chronic
ischemia are limited.

[35]

Au Sepsis-induced rats Melatonin The study sheds light on the important role of Beclin-1 acetylation in
regulating autophagy in sepsis and suggests that melatonin is a
potential candidate drug for the treatment of sepsis.

[64]

Au H9C2 rat
cardiomyoblast cell

Hypoxia/
reoxygenation
(H/R)

miR-542-5p/autophagy pathway might be a potential target for the
treatment of H/R-related heart diseases.

[65]

A: Apoptosis; Au: Autophagy; CypD: Cyclophilin D; IR: Ischemia-reperfusion; LPS: Lipopolysaccharides;MPTP:Mitochondrial permeability transition
pore; N: Necrosis; NLRP3: Nucleotide-binding oligomerization domain-like receptor protein 3; P: Pyroptosis; ROS: Reactive oxygen species; TMZ:
Trimetazidine; AC2-26: an active N-terminal peptide of AnxA1(Annexin A1); MI/R: Myocardial ischemia reperfusion; CO: Carbon monoxide; mPT:
Mitochondrial permeability transition; RIP3: Receptor-interacting serine-threonine kinase 3.
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that necrosis is an active process regulated by cells destined for
death. For example, a study inCaenorhabditis elegans showed
that all forms of cell death are actively mediated.[8] The study
showed that necrosis is mediated by genes encoding plasma
membrane and endoplasmic reticulum Ca2+ channels. After
activation of these genes, intracellular Ca2+ concentration
increases.[9,10] Studies have shown that necrosis caused by
mitochondrial events triggered by the mitochondrial perme-
ability transition pore (MPTP) is regulated by cyclophilin D
(CypD), which exists in themitochondrial matrix.[11-13] These
studies demonstrated that gene regulation is involved in
necrosis.
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Mitochondrial pathway of necrosis

The MPTP, composed of the voltage-dependent anion
channel, adenine nuclear translocator, cyclin D, and other
molecules, plays an important role in the mitochondrial
pathway of necrosis. Stimulation by increased intracellular
Ca2+, inorganic phosphate, alkaline pH, and ROS can lead
to the opening of MPTP, which in turn leads to
mitochondrial membrane permeability, a process also
known as mitochondrial depolarization. Oxidative phos-
phorylation results in loss of the proton gradient and the
cessation of adenosine trihosphate (ATP) production,
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leading to mitochondrial swelling, outer membrane
rupture, and simultaneous destruction of the cell mem-
brane and organelles, which typify the mitochondria-
mediated pathway of necrosis.[14]
Death receptor pathway of necrosis

The death receptor pathway is divided into the initiation of
death receptor-mediated necrosis and execution of death
receptor-mediated necrosis. It can be stimulated by
apoptosis-activating ligands, such as tumor necrosis factor
(TNF), Fas ligand, and TNF-related apoptosis-inducing
ligand. Receptor-interacting proteins (RIPs) play a key role
in the death receptor pathway. When the body is subjected
to certain stimuli, the binding of TNF-a to TNF receptor 1
(TNFR1) leads to exposure of the death domain of TNFR1
in the cytoplasm, which subsequently leads to recruitment
of TNF-receptor-associated death domain (TRADD). This
provides a scaffold for the assembly of complex I
(composed of TNFR1, TRADD, receptor-interacting
proteins 1 (RIP1), TNF-related apoptosis-inducing ligand
receptors [TRAF2], and cellular inhibitors of apoptosis 1/2
[cIAP1/2]) on the plasma membrane. The complex can
activate nuclear factor-k-gene binding (NF-kB), and
activate the cell self-rescue pathway by inhibiting activa-
tion of downstream caspases. It can also promote the
formation of complex II (composed of Fas-associated via
death domain [FADD], TRADD, RIP1/3, TRAF2, and
caspase-8) under certain conditions. FADD can mediate
the recruitment and activation of procaspase-8, and trigger
apoptosis. Phosphorylation of the necrotic bodies formed
by RIP1 and RIP3 can activate certain downstream
catabolic enzymes, increase oxidative phosphorylation,
and produce ROS, leading to necrosis. Phosphorylated
RIP1/RIP3 can also activate other pathways leading to
necrosis. Activated RIP3 also binds its substrate, mixed-
lineage kinase domain-like protein (MLKL).[15,16] MLKL
can destroy the complete structure of cell and organelle
membranes, alter cell permeability, and induce necrosis.[17]

Some metabolic enzymes, such as glycogen phosphorylase
and glutamate dehydrogenase 1, have been found to be
downstream targets of the necrotic bodies formed by RIP1
and RIP3.[18] That is, they are involved in necrosis
mediated by metabolic pathways. Furthermore, studies
found that mitochondrial phosphatase PGAM5 is a key
molecule involved in the formation of the necrosome.[19,20]
Apoptosis

Apoptosis is a process involving changes in organelles, the
cellmembrane, and thenucleus.Themorphological changes
include chromatin condensation and fragmentation of the
nucleus, cell contraction, and apoptotic body formation.[21]

Simultaneously, macrophages or their adjacent cells
phagocytize apoptotic bodies to achieve their elimination.
This process is extremely concealed, and often occurs in a
single cell to avoid the occurrence of inflammation.

The triggering process includes the intrinsic and extrinsic
pathways, which are also known as the mitochondrial
pathway and death receptor pathway, respectively. When
stimulated by growth factors, hypoxia, oxidative stress, or
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DNA damage, the intrinsic pathway can play a significant
role. It can activate downstream “B-cell lymphoma (BCL)”
family proteins, including BCL-2, BCL-8, BCL-9, and
MCL-1, which inhibit apoptosis, and Bax and Bak, which
promote apoptosis. The ultimate effect is to promote
apoptosis by inhibiting the formation of anti-apoptotic
factors.[22,23]

Many studies have shown that thedeath receptorpathway is
related to apoptosis and other cell deathmodes.[24-26]When
Fas ligand or TNF-a binds the homologous receptor on the
plasma membrane, caspase-8 is activated downstream,
which in turn activates caspase-3.[27,28] Caspases play a
central role in apoptosis. Under certain conditions,
procaspases (inactive proenzymes) are synthesized. They
are composed of a prodomain and P20 subunit. The
prodomain is involved in the process of binding procaspases
with other proteins. The P20 subunit has specific catalytic
functions, while the P10 subunit has substrate specificity.
After they are activated, downstream molecules are
subsequently activated to promote apoptosis. In other
words, various factors lead to the dissolution of the cell-
matrix, nuclear condensation, DNA fragmentation, plasma
membrane contraction, and formation of a large number of
plasma membrane vesicles and apoptotic bodies. This
process doesnot involve inflammation.Notably, the caspase
family is also involved in the occurrence of other cell death
modes [Figure 1].
Pyroptosis

There are similarities and differences between pyroptosis
and apoptosis. They both involve the caspase family. The
differences lie with which subtypes of caspases are
involved in cell death.[29] Pyroptosis refers to the
spontaneous death of cells under genetic control.[12] It
can be blocked by signal transduction inhibitors. At
present, it occurs in monocytes, dendritic cells, vascular
endothelial cells, and other cells.[30]

The mechanism underlying pyroptosis involves many
molecules and substances. It is considered to be divided
into two major pathways. In the classical pathway, its
occurrence depends on the participation of caspase-1. In
the non-classical pathway, which is independent of
caspase-1, it is mediated by other caspase family
molecules. When subjected to certain stimuli, such as
hyperlipidemia and inflammation, pathogen-associated
molecular pattern and danger-associated molecular pat-
tern signaling is activated, resulting in activation of the
downstream nucleotide-binding oligomerization domain-
like receptor protein 3 (NLRP3) and absent inmelanoma 2
(AIM2) inflammasome. The N-terminal pyrin domain
(PYD)ofNLRP3, as a scaffold-like substance,mediates the
formation of apoptosis-associated speck-like protein
(ASC), which can activate caspase recruitment domains,
and also functions as a PYD and caspase activation and
recruitment domain (CARD). CARDs combine with
procaspase-1, which promotes the latter to undergo self-
cleavage to form mature caspase-1. The AIM2 inflamma-
some leads directly to the binding of double-strandedDNA
through its HIN200 domain, resulting in AIM2 oligomer-
ization and ASC recruitment. The activation of these
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Figure 1: The mechanisms underlying apoptosis, necrosis, and autophagy. In the mitochondrial pathway of necrosis, intracellular and extracellular Ca2+, alkaline pH, and ROS can stimulate
the opening of the MPTP (composed of the voltage-dependent anion channel, adenine nuclear translocator [ANT], and cyclin D). Oxidative phosphorylation leads to the cessation of ATP
production and destruction of the cell membrane, leading to necrosis. This process can also lead to apoptosis. When the death receptor pathway is triggered, the binding of TNF to TNFR1
leads to exposure of the cytoplasmic death domain of TNFR1, which in turn leads to the recruitment of TRADD. It provides a scaffold for the assembly of complex I (TNFR1, TRADD, RIP1,
TRAF2, and cIAP1/2) on the plasma membrane. The complex can promote the formation of complex II (FADD, TRADD, RIP1/3, and TRAF2) under certain conditions. Complex II can mediate
the recruitment and activation of caspase-1/2/8, and then activate the downstream caspase-3/6/7. These caspase proteins can destroy DNA in the nucleus, and lead to the destruction of a
large number of plasma and cell membranes, thereby leading to necrosis. The activation of caspase proteins, especially caspase-3, is the key factor for triggering apoptosis. DDR induced by
various factors leads to the formation of ATGs, such as ATG5 and Beclin-1. ATG5 mediates the formation of the autophagosome through the formation of ATG5–ATG1–ATG16L, while Beclin-
1 mediates the formation of the autophagosome through the formation of complex I (composed of Beclin-1, PtdIns3KC3, Vps15, Bakor, and Ambra1) and complex II (composed of Beclin-1,
PtdIns3KC3, Vps15, Bakor, and UVRAG), which mediate the formation of autophagosomes, eventually leading to autophagy. The process of apoptosis also depends on the formation of ATGs.
ATGs: Autophagy-related proteins; cIAP1/2: Cellular inhibitors of apoptosis 1/2; DDR: DNA damage response; FADD: Fas-associated via death domain; MPTP: Mitochondrial permeability
transition pore; PtdIns3KC3: Phosphatidylinositol 3-kinase; ROS: Reactive oxygen species; TNF: Tumor necrosis factor; TNFR1: TNF receptor1; TRADD: TNF-receptor-associated death
domain; TRAF2: TNF-related apoptosis-inducing ligand receptors.
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inflammatory bodies can trigger the expression of caspase-
1. Caspase-1 can further activate downstream molecules.
For example, caspase-1 participates in the cleavage process
of Gasdermin D (GSDMD, a member of the Gasdermin
protein family, consisting of >500 amino acids), which
causes the formation of a 31-kDa N-terminal product
(GSDMD-N) in the membrane pore, resulting in the
formation of cell membrane pores, which leads to the
outflow of cellular content and expands the scope of
the damage.[31] It is also involved in the recognition and
recruitment of inflammatory factors such as interleukin-1b
(IL-1b) and IL-18, which induce inflammation. Pro-IL-1b
is an inactive precursor molecule that is recognized by
caspase-1 and cleaved into mature IL-1b (116 amino acids
2650
in length). The latter promotes inflammation by recruiting
innate immune cells to the site of infection and regulating
adaptive immune cells (T helper 1 [Th1], Th17).[32]

The caspase proteins involved in the non-classical pathway
are caspase-4 and caspase-5 in humans and caspase-11 in
mice. This process can be induced by lipopolysaccharides
(LPS). These caspase family members can directly cleave
GSDMD, leading to pyroptosis.

The process of NLRP3-mediated pyroptosis can also be
accomplished via other mechanisms. When cell membrane
pores are formed, extracellular NLRP3 agonists enter the
cytoplasm and directly activate NLRP3, thereby mediating

http://www.cmj.org


Figure 2: Caspase-1-dependent and independent signaling pathways of pyroptosis. In the classical pathway, when the body is stimulated by hyperlipidemia, abnormal Ca2+ levels, and
bacteria, infection cells activate downstream inflammatory bodies, including NLRP3 and AIM2 through PAMP and DAMP pathways. NLRP3 can establish a link with CARD and procaspase-1.
Procaspase-1 bound to CARD can self-cleave into mature caspase-1, and AIM2 can directly activate caspase-1. Mature caspase-1 can cleave the downstream GSDMD and can induce large
production of IL-18 and other inflammatory factors. The N-terminal of GSDMD, which is cleaved, will combine with phospholipids and protein on the cell membrane to form pores, leading to
the outflow of inflammatory factors and cell contents. Inflammatory factors can activate T cell immunity in the body, further aggravate body damage, and eventually lead to cell death. The
non-classical pathway of pyroptosis can be induced by LPS, which can activate caspase-4/5/11, and also lead to GSDMD cleavage. AIM2: Absent in melanoma 2; CARD: Caspase activation
and recruitment domain; DAMP: Danger-associated molecular patterns; GSDMD: Gasdermin D; IL: Interleukin; LPS: Lipopolysaccharides; NLRP3: Nucleotide-binding oligomerization
domain-like receptor protein 3; PAMP: Pathogen-associated molecular pattern.
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a series of reactions involving downstream molecules.
Lysosomes can also mediate cell rupture and eventually
leads to the occurrence of pyroptosis.

Another caspase-1-independent pathway is activated by
LPS and can cause activation of downstream caspase-4/5
and caspase-11. These caspase proteins are also involved in
the activation of inflammatory factors such as GSDMD
and IL-18, which mediate the occurrence of pyroptosis
[Figure 2].
Autophagy

Autophagy, a cell death mode mediated by double-
membrane autophagosomes, serves to degrade malformed
proteins and excess or defective organelles. Similar to other
2651
modes of cell death, it is involved in physiological and
pathological processes. Autophagy is usually non-selective
and is amethodof survival for cells underpoor conditions. It
can retain long-lived proteins and organelles.[33,34] As a
protein on the lysozyme membrane, lysosomal-associated
membrane protein 2 (LAMP2) plays an important role in
autophagy initiated by Beclin-1. Autophagy depends on a
series of autophagy-related proteins (ATGs), such as ATG5
and Beclin-1 (yeast atg6 homolog), which not only promote
the formation of the autophagosome but also induce
apoptosis. ATG5 mediates the formation of autophago-
somes by forming the ubiquitination system, ATG5–
ATG12–ATG16L, while Beclin-1 induces autophagy by
formingphosphatidylinositol 3-kinase (PtdIns3KC3).There
are two types of PtdIns3KC3 complex: Complex I is
composed of Beclin-1, PtdIns3KC3, Vps15, Barkor, and
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Ambra1; Complex II is composed of Beclin-1, PtdIns3KC3,
Vps15, Barkor, and ultraviolet radiation resistance-associ-
ated gene (UVRAG). Chaperone-mediated autophagy is
responsible for the recognition of chaperone proteins by
heat shock-like proteins (Hsc70). These proteins are bound
to LAMP2 and transported to lysosomes. Autolysosomes
degrade these specific proteins to complete the process of
autophagy.

The process of autophagy generally includes the isolation
of cytoplasmic proteins and organelles and their degrada-
tion in lysosomes. Autophagy has a certain significance,
such as in the adaptation to nutritional deficiency,
intracellular clearance of proteins and organelles, devel-
opment, anti-aging, elimination of microorganisms, and
tumor inhibition.[35]
Cardiac Dysfunction Caused by Multiple Modes of Cell Death

Necrosis

Historically, necrosis was largely ignored because it was
considered unregulated. Myocardial cell necrosis, consid-
ered to be the main pathological injury in acute myocardial
infarction, has not been formally evaluated until recently.
Myocardial cell necrosis caused by oxidative stress and
ischemia-reperfusion (IR) is one of the pathophysiological
mechanisms of heart failure. Oxidative stress-induced
necrosis is thought to be caused by MPTP opening and
ATP depletion.[36] As mentioned above, CypD is a
component of the MPTP. Studies have shown that
following IR, myocardial injury is significantly lower in
CypD-deficient mice compared with controls. Lactate
dehydrogenase content was also greatly reduced.
Apoptosis

Apoptosis is very rare in the normal myocardium. The
incidence rate is approximately 1/10,000, although
increased cardiomyocyte apoptosis has important patho-
physiological effects. The proportion of apoptotic cells
observed in heart failure patients was approximately
0.8%.[37-39]

As recently as 20 years ago, a large number of studies
revealed the role of myocardial cell death in myocardial
infarction and heart failure. Apoptosis, as a form of cell
death that could be regulated at that time, became a
research focus by numerous scholars. These studies
indicate that apoptosis is an important part of the
pathogenesis of myocardial infarction and heart failure.
Previous studies have shown that the ROS-apoptosis
signal-regulated kinase 1 (ASK1)-c-Jun N-terminal kinase
(JNK) pathway plays an important role in cardiomyocyte
apoptosis. ASK1 is a ROS-sensitive mitogen-activated
protein kinase, which leads to apoptosis by activating
downstream MAP kinase kinases, followed by activation
of the p38 and JNK pathways.[40] Studies have repeatedly
shown that in the heart of ASK1-deficient mice, the
increase in JNK phosphorylation is significantly reduced,
and cardiomyocytes are resistant to oxidative stress-
induced apoptosis, which is conducive to the prevention
of heart failure.[41]
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Pyroptosis

Pyroptosis is closely related to the occurrence of many heart
diseases and involves several cell types including endothelial
cells and vascular smooth muscle cells. For example, the
occurrence of atherosclerosis involves local inflammatory
reactions mediated by monocytes, macrophages, and
neutrophils. T and B lymphocytes are also involved in the
formation and development of atherosclerosis by promoting
the release of inflammatory factors described above and are
closely related to plaque stability. As a key protein, NLRP3 is
activated by oxidized low-density lipoprotein (oxLDL),
which leads to inflammation in the pyroptosis pathway.
Moreover, lipid accumulation occurs after vascular endothe-
lial injury. Previous studies have also detected large amounts
of caspase-1— thekeymoleculeof thepyroptosis pathway—
in accumulated plaques. oxLDL can also activate macro-
phages to promote the occurrence of pyroptosis.

In the process of diabetic heart disease, high glucose can
stimulate excessive production of ROS, promote the
activation of the NLRP3 inflammasome through NF-kB,
and indirectly lead to the occurrence of pyroptosis.
Furthermore, studies found that IL-1b is an important
proinflammatory cytokine in the development of dilated
cardiomyopathy.[42] Long non-coding RNAs (lncRNAs)
have also been reported to be closely related to the
occurrence of pyroptosis. Among them, a lncRNA located
on human chromosome 11p15.5 is considered to be
involved in various cardiovascular diseases, including
cardiac dysfunction and arrhythmia.[43] Silencing lncRNA
can improve cardiac function and fibrosis in mice. Previous
studies have also found that the levels of caspase-1 and IL-
1b are significantly upregulated in hypertrophic cardio-
myocytes. Furthermore, inhibiting the expression of these
factors can reduce myocardial hypertrophy.[44]
Autophagy

Autophagy is observable in heart failure caused by various
heart diseases, such as dilated heart disease and ischemic
myocardialdisease.[45,46]Whetherautophagyplaysapositive
or negative role in the heart has always been controversial.
Most scholars believe the key molecular substances in the
regulation of autophagy can affect the function of cardio-
myocytes, and the positive role is dominant. For example, a
previous study showed that after enhancing Beclin-1, a key
autophagy protein regulatory complex, the activity of
Bax can be reduced, thereby alleviating myocardial injury
to a certain degree.[47] LAMP2-deficient mice have blunted
autophagy and aggravated cardiomyocyte injury.[48] Dele-
tion ofATG5 (the keyprotein involved in the extension of the
phagocyte membrane in autophagic vesicles) leads to the
accumulationof abnormal proteins andorganelles, especially
the accumulation ofmitochondria, which can directly lead to
the occurrence of cardiac dysfunction.[49] All these observa-
tions indicate a role for autophagy in cardiac protection.
Recent Advances in the Treatment of Heart Disease Based
on Various Cell Death Methods

To explore the improvement of cardiac function in heart
disease, necrosis can be divided into the death receptor
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pathway and mitochondrial pathway. Certain molecules or
substances, as inhibitors or blockers of these pathways, can
significantly improve myocardial cell necrosis, thereby
improving cardiac function. For example, a prior study
showed that RIP3 knockout can reduce inflammation of the
ischemic heart and improve ejection fraction.[50] Nec-1 can
bindRIP1andantagonize its activity, andnecrosulfonamide
can be used as an MLKL inhibitor. These inhibitors also
have certain effects on other cell death modes.

As mentioned above, ASK1, a key molecule in the
apoptosis signaling pathway, may represent a new
therapeutic target for patients with heart failure. Further-
more, its downstream molecule — p38 — may serve as an
entry point for the prevention and improvement of
cardiomyocyte apoptosis.[40] Trimetazidine (TMZ) can
significantly reduce intracellular acidosis and apoptosis,
thereby protecting myocardial function.[51]

Interfering with molecules associated with the pyroptosis
pathway (such as NLRP3, AIM2, caspase-1, and IL-1b)
can affect the occurrence of pyroptosis, thereby affecting
the occurrence and development of cardiovascular disease,
and may represent potential therapeutic targets for
cardiovascular disease. This has been verified in many
previous studies. For example, resveratrol — a natural
polyphenol— has been shown to have anti-inflammatory,
anti-oxidation, and anti-cancer properties, which can
protect heart tissue from damage.[52] Resveratrol can
reduce heart injury by inhibiting phosphorylation of the
mitogen-activated protein kinase signaling pathway and
inhibiting activation of the NLRP3 inflammasome.
Additionally, after silencing NLRP3, cardiac dysfunction
was significantly improved.[53] A low dose (�50 mg/kg) of
erucic acid can inhibit activation of the NLRP3 inflam-
masome by downregulating the expression of lncRNA,
and reducing the levels of endothelin-1 and IL-1b, thereby
reducing cell damage.[54] TMZ has also been reported to
reduce LPS-induced cardiomyocyte death and cardiac
dysfunction by regulating the expression of chemokine
receptors to promote neutrophil recruitment to heart
tissue. In other words, TMZ can be used to treat septic
heart failure. More studies are definitely needed to confirm
this hypothesis.[55] Melatonin (also known as N-acetyl-5-
methoxytryptamine), as an effective antioxidant, can
reduce the expression of oncosis-related genes in endothe-
lial cells, including NLRP3, ASC, caspase-1, GSDMD, IL-
1b, and IL-18, thereby improving heart function.[56]

Recent studies have also shown that astragaloside IV
can significantly downregulate the expression of NLRP3,
caspase-1, and IL-18 in isoproterenol-induced mice,
thereby inhibiting myocardial fibrosis.[57] Liraglutide (a
glucagon-like peptide-1 analog) can inhibit activation of
the NLRP3 inflammasome by upregulating and reducing
the production of ROS, thereby playing a protective role in
myocardial ischemia.[58]
Conclusion and Perspectives

Cell death has important effects on the body. Proper cell
death is beneficial. However, cell death activated by
stimulating factors imposes burdens on the body, which
are sometimes irreversible. The relationship between the
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many modes of cell death is very complex. Necrosis and
apoptosis are two different modes of cell death. They are
often compared with each other, and they share common
features. For example, both of them occur via a
mitochondrial pathway and necrosis pathway. When the
body is damaged, they often occur simultaneously. There
are also common activators between apoptosis and
autophagy, and each form of cell necrosis neither exists
nor occurs independently.

The heart plays a very important role in the body.
Myocardial cell death also has a significant impact on
cardiac function. When the heart is stimulated by ischemic
blood oxygen, oxidative stress, or direct injury, myocardial
cell death through apoptosis, necrosis, and autophagy leads
to cardiac dysfunction. Many questions remain to be
answered regarding the study of the various modes of
cardiac cell death. For example, the process of necrosis can
be considered subversive because it is a regulated process,
and more research is required to clarify its specific
mechanisms, and whether its regulation is influenced by
cell type. Furthermore, whether there is diversity in cell
death modes among cardiac cells still requires substantial
experimentation to demonstrate. Only by clarifying the
mechanism can the pathway be blocked to exert a
cardioprotective effect. As another example, we know that
there are both connections and differences between the
several modes of cell death described herein. They can be
activated at the same time after being subjected to the same
stimulus or can be activated before or after the stimulus. It
remains to be determined if there are any differences in cell
death modes between the process of injury of cardiac cells
and cardiac function. The impact of this difference on the
survival rate of patients must be explored. Moreover, it is
established that autophagy is a mode of cell death that
differs from necrosis. Apoptosis is a mild and non-
inflammatorymode of cell death. Autophagy and apoptosis
are closely related (many factors leading to apoptosis can
cause autophagy), and blockage of the apoptosis and
autophagy pathways has been studied by many scholars.
Therefore, following a stimulus, if the inevitable process of
necrosis in cardiomyocytes can be transformed into
apoptosis or autophagy by appropriate intervention, this
will slow or even reduce damage to the heart. Inhibiting the
expression of molecules in related pathways can significant-
ly improve the degree of cardiac dysfunction. These are
potential targets for the treatment of cardiac dysfunction-
related myocardial diseases. Naturally, the use of some of
the drugs targeting thesemolecules is quitemature in clinical
practice. However, many potential clinical or animal
research objectives remain to be explored shortly, to realize
the transformation from basic research to clinical applica-
tion, so as to serve clinical needs.
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