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REVIEW ARTICLE

Regulated cell death pathways in cardiomyopathy
Shu-yuan Sheng1, Jia-min Li1, Xin-yang Hu1 and Yibin Wang1,2✉

Heart disease is a worldwide health menace. Both intractable primary and secondary cardiomyopathies contribute to malignant
cardiac dysfunction and mortality. One of the key cellular processes associated with cardiomyopathy is cardiomyocyte death.
Cardiomyocytes are terminally differentiated cells with very limited regenerative capacity. Various insults can lead to irreversible
damage of cardiomyocytes, contributing to progression of cardiac dysfunction. Accumulating evidence indicates that majority of
cardiomyocyte death is executed by regulating molecular pathways, including apoptosis, ferroptosis, autophagy, pyroptosis, and
necroptosis. Importantly, these forms of regulated cell death (RCD) are cardinal features in the pathogenesis of various
cardiomyopathies, including dilated cardiomyopathy, diabetic cardiomyopathy, sepsis-induced cardiomyopathy, and drug-induced
cardiomyopathy. The relevance between abnormity of RCD with adverse outcome of cardiomyopathy has been unequivocally
evident. Therefore, there is an urgent need to uncover the molecular and cellular mechanisms for RCD in order to better understand
the pathogenesis of cardiomyopathies. In this review, we summarize the latest progress from studies on RCD pathways in
cardiomyocytes in context of the pathogenesis of cardiomyopathies, with particular emphasis on apoptosis, necroptosis,
ferroptosis, autophagy, and pyroptosis. We also elaborate the crosstalk among various forms of RCD in pathologically stressed
myocardium and the prospects of therapeutic applications targeted to various cell death pathways.
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INTRODUCTION
Cardiomyopathies encompass broad spectrum of cardiac diseases,
which are multifactorial in the underlying causes and highly
heterogeneous in their symptomatic manifestations [1]. In general,
cardiomyopathies can be divided into two categories, primary and
secondary based on the origin of the disease. When the disease
progresses into an overt heart failure, it is an intractable health
burden to worldwide population and a leading cause of mortality
[2]. Primary cardiomyopathies whose pathology is mainly confined
to the heart can be caused by genetic factors, such as familiar
Hypertrophic Cardiomyopathy (HCM), and Arrhythmogenic Right
Ventricular Dysplasia Cardiomyopathy (ARVD/C). They can also be
caused by systemic insults or injuries in acquired cardiomyopa-
thies, such as peripartum cardiomyopathy. However, the genetic
and acquired forms are not mutual exclusive, as in some cases of
dilated and restrictive cardiomyopathies [3]. Heart muscle diseases
caused by extra-cardiovascular pathologic factors are often
categorized as secondary cardiomyopathies. Examples are dia-
betic cardiomyopathy (DMCM), sepsis-induced cardiomyopathy
(SIC), and doxorubicin-induced cardiomyopathy (DOX). Currently,
the main therapeutic strategy for cardiomyopathy focuses on
symptomatic relief through pharmacological reagents and surgery
[4, 5]. Even with much progress in genetic editing and gene-based
therapies, genetic intervention as an effective and clinically
available treatment for cardiomyopathies remains unfeasible
currently [6–8]. There is an urgent need for new and therapeutic
targets for the diseases.

Cell death is a ubiquitous and conserved feature in both
physiological and pathological states [9, 10]. Controlled cell death
orchestrated by precise molecular processes contributes to normal
development and organism homeostasis. However, in pathologi-
cal conditions, overwhelming physical, chemical, or mechanical
stimuli can trigger adverse cell death that can lead to abnormal
organ function [11–15]. In 1972, Kerr creatively used the term
“apoptosis” to describe a programmed form of cell death that did
not elicit immune activation [16]. Later, multiple forms of cell
death have been uncovered, including apoptosis, necroptosis,
autophagy, pyroptosis, ferroptosis as well as copper-induced cell
death [17]. At first, cell death was classified according to three
diverse morphologies [18]. In 2018, the cell death classification
system was updated by the Committee on Cell Death Nomen-
clature (NCCD) to its current structure [19]. Based on functional
differences, cell death can be divided into accidental cell death
(ACD) and RCD. ACD is an uncontrolled process that is triggered
by fatal stimuli that exceed the cell’s ability to adapt and survive.
In contrast, RCD involves cascades of signaling events carried out
by specific effector molecules, including various modes of
apoptosis such as autophagy-dependent cell death, necroptosis,
autophagy, pyroptosis, ferroptosis, and more [13] (Table 1).
It is clear now various forms of cell death have essential roles in

numerous human diseases including cancer, nervous system
disease, autoimmune diseases, cardiovascular disorders, and so on
[20, 21]. In terms of cardiovascular disease, myocardial infarction,
and myocardial ischemia-reperfusion injury have been widely
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studied, and inhibiting excessive apoptosis and ferroptosis are
being pursued as potential therapeutic targets. Intriguingly,
accumulating evidence has also indicated that multiple forms of
cell death are significantly implicated in various cardiomyopathies,
such as HCM, DMCM, and DOX [14]. Herein, we review the latest
research progress on the significant roles of different forms of cell
death in cardiomyopathy. By elaborating on the cellular mechan-
isms of RCD in the disease pathogenesis, we will discuss the
possibility of cell-death targeted therapy for cardiomyopathies.

APOPTOSIS AND CARDIOMYOPATHIES
Apoptosis pathway
Apoptosis is the primary and most well-characterized form of RCD.
Two established signaling pathways can launch the course of
apoptosis: the extrinsic pathway (also known as the death receptor-
mediated pathway) and the intrinsic pathway (also called the
mitochondria-mediated pathway) [22] (Fig. 1a). The triggering event
of the extrinsic pathway is the binding of death ligands to their
canonical death receptors, and subsequent formation of death-
inducing signaling complex, including complex I or complex II,
which then leads to a cascade of reactions to activate procaspases
[23]. The main death receptors are cell surface death receptor Fas

and Tumor Necrosis Factor (TNF) receptor superfamily including
TNFR1, TRAILR1, and TRAILR2 [19]. When TNFα binds to TNFR1, TNF
receptor-associated death domain (TRADD) is recruited to form
Complex I which generally includes TNF receptor-associated factor
2, receptor-interacting protein kinase 1 (RIPK1), and cellular inhibitor
of apoptosis protein and the linear ubiquitin chain assembly
complex (LUBAC). When RIPK1 is ubiquitinated by cIAPs, nuclear
factor (NF)-κB signaling is subsequently activated which protects
cells from apoptotic death. Alternatively, in the absence of cIAPs,
activated RIPK1 associates with FADD and procaspase 8 (CASP8) to
form Complex II. Subsequently, procaspase 8 is activated through
autocatalytic cleavage, leading to the activation of the death
effector caspase 3 and caspase 7 [24]. Similarly, when FasL and
TRAIL are respectively engaged with their death receptors Fas and
TRAILR1, FAS-associated death domain protein (FADD) and TRADD
are recruited to assemble the complex containing procaspase 8 and
cellular FLICE-like inhibitory protein (c-FLIP). As long as the pro-
apoptotic caspase 8 surpasses the inhibition from anti-apoptotic c-
FLIP, the downstream proteolytic cascade will be activated, resulting
in apoptosis [25].
In contrast to receptor mediated extrinsic apoptotic pathway,

the intrinsic apoptotic pathway can be trigged by numerous
stimuli such as oxidative stress, DNA damage, calcium overload,

Table 1. Major types of regulated cell death.

Type Morphological features Biochemical features Major regulators

Apoptosis rounding-up of the cell, plasma
membrane blebbing, chromatin
condensation

formation of apoptotic bodies, caspase activation,
cleavage of caspase substrates, Δψm dissipation

Positive: BID, BAK, BAX Caspase 8,
Caspase 9, Caspase 3, Caspase 7,
Negative: BCL-2

Necroptosis cell swelling, plasma membrane
rupture

release of DAMPs, activation of caspases and RIP1,
RIP3, and MLKL

Positive: RIPK1, RIPK3, p-MLKL
Negative: LUBAC, cIAPs

Ferroptosis cell swelling, mitochondria reducing
cristae

Iron accumulation, lipid peroxidation,
decompensated anti-oxidation system

Positive: TfR1, DMT1, ACSL4, LPCAT3,
HMOX1 Negative: GPX4, SLC7A11,
NRF2, FSP1

Autophagy lack of change in plasma membrane,
no chromatin condensation

formation of autophagic vacuoles, LC3-I to LC3-II
conversion substrate degradation

Positive: ATG5, ATG7, ATG12, BECN1

Pyroptosis plasma membrane rupture, pore
formation, release of cell contents,

inflammasome complex assembly, caspase and
GSDMD activation, GSDMD cleavage,
proinflammatory cytokines release

Positive: Caspase 1, caspase 11, GSDMD

Fig. 1 Schematic illustration of apoptosis pathway and apoptosis in cardiomyopathies. a Apoptosis pathway. The extrinsic pathway is
initiated by the binding of death ligands to their canonical death receptors and subsequent formation of DISC, which then activates caspase 8
and the death effector caspases 3 and 7, leading to apoptosis. In the intrinsic pathway, numerous stimuli lead to permeabilization of the
mitochondrial outer membrane (MOMP) and further leakage of proapoptotic proteins such as Cytochrome c. Afterward, released Cytochrome c
binds Apaf-1 to form apoptosome which then activates caspase 9 and subsequently triggers the activation of the downstream effector caspase
3 and caspase 7, leading to apoptosis. BAK/BAX which can be activated by tBID promotes to the MOMP while BCL-2 inhibits its function.
b Apoptosis in cardiomyopathy. In DMCM, accumulated AGEs promote apoptosis while Melatonin, Lin28a, miR675, or deficiency of Mst1
inhibit apoptosis. In DIC, CDK2-dependent FOXO1 phosphorylation, as well as, JNK and ERK phosphorylation promote apoptosis while
activation of FNDC5 Wnt/PCP-JNK pathway or SESN2 inhibits apoptosis. In DCM, activation of TP53 pathway and BAG3 mutation promote
apoptosis.

Regulated cell death pathways in cardiomyopathy
SY Sheng et al.

1522

Acta Pharmacologica Sinica (2023) 44:1521 – 1535



and endoplasmic reticulum stress. It is characterized by mitochon-
drial outer membrane permeabilization (MOMP) [26], and dissipa-
tion of mitochondrial transmembrane potential (Δψm), leading to
mitochondrial swelling and leakage of proapoptotic proteins such
as cytochrome c and second mitochondria-derived activator of
caspase (SMAC) into the cytosol. The released cytochrome c
interacts with apoptosis protease activating factor-1 (APAF-1) to
form a quaternary apoptosome complex which then recruits as well
as activates caspase 9 and subsequently triggers the activation of
the downstream effector caspase 3 and caspase 7 [23]. The protein
family members of B cell lymphoma 2 (BCL-2) have pro-apoptosis
and anti-apoptosis activities by regulating MOMP. BCL-2 family
members include three subsets: the pro-apoptotic regulators
(including BAK, BAX, and BOK), pro-apoptotic BH3-only proteins
(including BID, BIM, BAD, BMF, NOXA, and PUMA) and the anti-
apoptotic proteins (including BCL-2, BCL-W, BCL-XL, A1, and MCL1)
[27]. Under physiological state, anti-apoptotic proteins interact with
pro-apoptotic proteins so apoptosis is inhibited. Following stress
stimulation, BH3-only proteins are induced by transcriptional or
post-transcriptional mechanisms. Their inductions liberate BAX and
BAK from inhibition, and lead to MOMP and apoptosis [28]. Of note,
the interplay between extrinsic and intrinsic apoptotic pathways is
also significant. In the extrinsic apoptotic pathway, activated
caspase 8 can also trigger the cleavage of BID, which generates a
truncated form of BID (tBID) to induce MOMP-mediated intrinsic
apoptosis [27].

Apoptosis in cardiomyopathies
The existence of apoptosis in dilated cardiomyopathy has been
demonstrated in clinical studies for more than 20 years [29, 30]
(Fig. 1b). Dilated cardiomyopathy (DCM) is one of the most
prevalent cardiomyopathies globally [31], characterized by dilation
of ventricles and compromised systolic dysfunction. DCM harbors
heterogenous etiologies, categorized into primary and secondary
causes. The latter consists of immune response, exposure to
alcohol, drugs, and toxins, as well as metabolic and endocrine
disturbances [32–34]. DCM can be a result of inherited mutations
affecting contraction-related genes or abnormal RNA splicing of
titin due to the deletion of the corresponding RNA binding
protein, RBM24 [35]. Currently, a large number of mutations
related to DCM have been discovered, affecting genes including
BAG3, LMNA, MYH6, and MYH7 [32]. Both biochemical and
ultrastructural analyses from idiopathic dilated cardiomyopathy
and ischemic cardiomyopathy hearts demonstrate the evidence of
mitochondrial cytochrome c release and caspase-3 activation in
diseased hearts [36]. As with the observation from Narula et al.
[37], mice carrying DCM-related LMNA mutation develop DCM
phenotype associated with TP53 activation, apoptosis, fibrosis,
and contractile dysfunction [38]. A similar phenomenon is
reported in titin-deficient and Orai3 deletion mice [39, 40].
Transgenic mice with cardiac-specific overexpression of an
FKBP–caspase-8 fusion protein was normal at birth, but the
administration of the bivalent dimer FK1012H2 led to activation of
both caspase-8 and caspase-3, resulting in massive cardiomyocyte
apoptosis and premature death, demonstrating myocyte apopto-
sis is sufficient to induce DCM. Low-grade apoptosis was also
observed in the absence of dimer administration and lethal DCM
developed at a later stage further supporting the casual role of
apoptosis to DCM [41]. In another mouse model of heart-specific
knockout of gp130, when applied to acute pressure overload via
trans-aortic constriction (TAC) surgery, the mice developed
significant cardiac apoptosis (≈34%), and most (>90%) died of
DCM within a few weeks [42]. These early studies in mouse models
suggest that apoptosis does indeed play an important role in
cardiomyopathy. As a member of BAG anti-apoptotic family, BAG3
coupled with anti-apoptotic Bcl-2 to inhibit apoptosis [43]. Toro
found that the mutation of BAG3 correlates to a more severe DCM
phenotype, suggesting BAG3 may contribute to the initiation and

progression of DCM [44]. Further studies in mice show the
mutation of BAG3 increases apoptosis [45] while overexpression of
BAG3 reduces cardiomyocyte apoptosis [46]. In addition, MSC-
derived exosomes were found to alleviate DCM via reducing
cardiomyocyte apoptosis and decreasing the inflammatory
signaling [47]. Beyond DCM, apoptosis is also observed in other
categories of cardiomyopathy such as diabetic cardiomyopathy,
acromegalic cardiomyopathy, HCM, and ARVD [48–51].
DMCM is a well-documented secondary cardiomyopathy induced

by diabetes mellitus (DM) [52, 53]. The pathological features include
adverse cardiac remodeling such as hypertrophy and fibrosis. Early
diastolic or systolic dysfunction can finally turn into overt heart
failure. DMCM is the most serious diabetic complication and a
significant risk factor for patient fatality. The etiologies of DMCM are
multifactorial, involving hyperglycemia, inflammation, oxidative
stress, mitochondrial dysfunction, and endoplasmic reticulum stress
as well as cell death [54]. In DMCM, high glucose and disordered
metabolism lead to advance glycation end products (AGEs)
accumulation, which stimulates reactive oxygen species (ROS),
impairs mitochondrial function and finally triggers both extrinsic
and intrinsic apoptotic pathways [55]. Elevated apoptosis has been
detected both in the hearts of diabetic patients and in animal
models of diabetes [48, 56]. Kuethe et al. found that there were
more apoptotic cardiomyocytes in diabetic hearts according to DM
patients’ autopsy reports [57]. Zhang et al. explored the role of
mammalian sterile 20-like kinase 1 (MST1) in DMCM. They found the
deficiency of MST1 enhanced the interaction between anti-
apoptotic protein Bcl-2 and with Bax to inhibit apoptosis [58]. They
further demonstrated that melatonin alleviated DMCM via inhibit-
ing MST1 phosphorylation, and the same mechanism was observed
for Lin28a-mediated protection against DMCM [59, 60]. P53 is a well-
characterizedmolecule central to apoptosis [61]. Administration of a
p53-specific inhibitor pifithrin-α (PFT-α) in streptozotocin-induced
diabetes model showed palliative effects on remodeling and
apoptosis. What is more, inactivated p53 increases the stability of
hypoxia-induced factor-1α which is necessary for angiogenesis [62].
A microarray carried out by Li et al. noted that lncRNA H19 whose
exon1 also encoded miR675 was downregulated in diabetes
models. miR675 restrained apoptosis by directly targeting voltage-
dependent anion channel 1 (VDAC1), in important mediator of
intrinsic apoptosis [63].
Intriguingly, activated caspase cascade under DOX treatment

was also observed by Tadokoro et al. and Kalyanaraman et al. [64].
Since its discovery in the 1960s, DOX has become a mainstay in
the treatment of malignant tumors, but its use has been limited by
its main side effect, cardiotoxicity [65]. The administration of DOX
gives rise to excessive accumulation of ROS, DNA damage, and
mitochondrial dysfunction, which appear to be the major culprit
for initiating apoptosis [66]. DOX treatment downregulates the
level of SESN2 as well as the interaction with Parkin and p62,
leading to mitochondria dysfunction and cardiomyocyte apopto-
sis [67]. Fibronectin type III domain-containing 5 (FNDC5) was
reported to activate AKT/mTOR signaling and inhibited DOX-
induced cardiomyocyte apoptosis [68]. The treatment of DOX led
to CDK2-dependent phosphorylation of the transcription factor
forkhead box O1 (FOXO1) at Ser-249, which also lead to induction
of apoptosis [69]. Mitogen-activated protein kinase are important
molecules in intracellular signaling [70]. Activation of p38 cascade
induces apoptosis in cardiomyocytes via BAX, Bcl-2, and p53 [70].
Exposure of DOX to H9c2 rat myocytes increased the level of JNK
and ERK phosphorylation, upregulated nuclear factor-κB (NF-κB),
associated with enhanced cardiomyocyte apoptosis [68, 71].
In short, apoptotic cell death is a well-documented phenom-

enon in broad range of cardiomyopathy hearts and a significant
contributor to adverse outcomes of the disease. One of the major
challenges in the field is the complexity of the signaling network
linking the highly conserved apoptotic execution machinery with
different pathological conditions. Establishing the key molecules
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with specific impact for different etiology of cardiomyopathies will
require more comprehensive and unbiased analysis in future.

NECROPTOSIS AND CARDIOMYOPATHIES
Necroptosis pathway
The term “necroptosis” was first proposed by Degterev in 2005 to
describe a form of programmed necrosis which differs from but
also interplays with apoptosis [72]. Currently, necroptosis is
characterized as a form of RCD when necrotic membrane rupture,
release of cellular content and exposure to Damage-associated
Molecular Patterns (DAMPs) are triggered in a caspase indepen-
dent manner. Necroptosis can be triggered by ligand-receptor
signaling, including TNF-α (Fig. 2a). Similar to its role in the
extrinsic apoptosis, TNFR1 is activated by TNF-α and then TRADD,
RIPK1, as well as other regulatory proteins are recruited to form
complex I. RIPK1 is a key molecule for determine cell viability.
Under normal physiological state when RIPK1 is predominately
ubiquitinated by LUBAC and cIAPs, the canonical NF-κB pathway is
activated by transforming growth factor-β-activated kinase 1
(TAK1) and phosphorylated IKK, and cells are protected from
death [73]. In contrast, when RIPK1 is deubiquitinated by linear
ubiquitin chain assembly complex (CYLD) and spermatogenesis-
associated 2 (SPATA2), NF-κB signaling is restricted, and then
Complex II consisting of RIPK1, TRADD, caspase 8 and FADD will
be assembled to execute apoptosis or necroptosis. In the case of
apoptosis, caspase 8 is activated and it cleaves both RIPK1 and
RIPK3, leading to conventional apoptosis pathway [74]. Alterna-
tively, when caspase 8 is inhibited, phosphorylated RIPK1
dimerizes and interacts with RIPK3 via RIP homotypic interaction
motifs (RHIMs), and subsequently recruits and phosphorylates its
substrate Mixed Lineage Kinase-Domain Like (MLKL) protein to
form necrosome. Activated MLKL oligomerizes and inserts into
plasma membrane to execute necroptosis [75]. In addition to
MLKL, Ca2+/calmodulin-dependent protein kinase (CaMKII) is also
reported as another substrate for RIP3. Phosphorylated CaMKII
impacts mitochondrial permeability transition pore (mPTP) to
regulate necroptosis as well as apoptosis [76, 77].

Necroptosis in cardiomyopathies
By comparing the samples collected from myocardial infarction or
DCM-induced end-stage heart failure with controls, Szobi et al.
found that necroptosis-associated genes including RIPKs and
phosphorylated MLKL were significantly upregulated [78]. Similarly,

increased MLKL phosphorylation was observed in another report
from clinical specimens and heart tissues of animal models of DCM
[79] (Fig. 2b). In addition, decreased caspase-8 expression as well as
the unchanged caspase-3 were observed in the same study [78],
which implies that necroptosis rather than apoptosis was the main
form of death involved in the progression of heart failure. TEAD1 is
an important regulator in embryonic cardiac development. In
animal studies, deficiency of TEAD1 led to lethality due to acute-
onset DCM, while administration of necrostatin-1 (Nec-1) signifi-
cantly alleviated cardiac dysfunction [80], supporting again the
potential role of necroptosis in the pathogenesis of DCM.
In DMCM, overwhelming superoxide production is able to

trigger the initiation of necroptosis. Pro-necroptosis molecules
such as RIPKs are upregulated in H9c2 treated with high glucose
(HG) as well as in mice injected with streptozotocin [81, 82].
Moreover, HG insult also leads to the abnormal splicing of CaMKII
which further promotes necroptosis [83]. By treatment of
inhibition for RIP1 autophosphorylation using Nec-1 or CaMKII
activity using inhibitor 1 of protein phosphatase 1 (I1PP1)
treatment can restrict necroptosis and protect against HG‑induced
injury [81, 83]. Sirtuin 3 (SIRT3) and hydrogen sulfide (H2S) are
potent antioxidants, however, their levels are reduced in
streptozotocin-induced diabetic mouse hearts. SIRT3 and H2S
deficiency increases ROS accumulation, worsens mitochondrial
damage, and aggravates necroptosis [82, 84]. Oppositely, H2S
supplementation remarkably alleviated cardiac injury [84].
Severe streptococcus pneumoniae infection could lead to lethal

cardiac injury [85, 86]. Beno et al. uncovered that pneumolysin
executed cardiomyocyte death by the process of necroptosis.
Besides, inhibition of necroptosis via targeting key necroptosis-
associated genes using MLKL and RIPK3 KO in mice showed
prominent cardiac protection. As with directly blocking necrop-
tosis by necrostatin-5 [87], activation of RIPK3 and MLKL was also
identified in rats subjected to sepsis induction via cecal ligation
and punctuation (CLP), and application of peroxisome proliferator-
activated receptor- (PPAR-) γ agonist (rosiglitazone) significantly
alleviated sepsis-induced cardiac dysfunction via activating NF-κB
while downregulating RIPKs and MLKL [88].
DOX-induced ROS accumulation downregulated the expression

of TAK1 and thus initiated apoptosis as well as necroptosis in
H9c2. Administration of anti-oxidant phosphocreatine decreased
the expression of cleaved-Caspase 3 and RIP3, and restrained DOX
toxicity in cardiomyocytes [89]. However, another report showed
that although RIPK3 knockout mice had lower mortality caused by

Fig. 2 Schematic illustration of necroptosis pathway and necroptosis in cardiomyopathies. a Necroptosis pathway. TNF-α activates TNFR1
and then recruits regulatory proteins such as TRADD and RIPK1 to form complex I as well as subsequent Complex II. When caspase 8 is
inhibited, phosphorylated RIPK1 and phosphorylated RIPK3 recruit as well as phosphorylate its substrate MLKL. Activated MLKL oligomerizes
and inserts into plasma membrane to execute necroptosis, finally causing plasma membrane rupture and release of DAMPs and PAMPs.
b Necroptosis in cardiomyopathy. In DMCM, abnormal splicing of CaMKII and SIRT3 as well as H2S deficiency promotes necroptosis. In DIC,
TAK1 downregulation promotes necroptosis. In DCM, increased MLKL phosphorylation promotes necroptosis. In SIC, activation of PPAR-γ
inhibits necroptosis.
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DOX than wild-type littermates, no significant changes in DIC were
observed [90]. It suggests that necroptosis may be more important
in other organs such as the liver than the heart in the
pathogenesis of DOX-induced damage. Reliable evidence for
necroptosis in DIC is limited.
While some encouraging progress has been made in necrop-

tosis research for cardiomyopathy, much remains to be learnt
about its specific contribution at different stages of cardiomyo-
pathy development. As more new players of necroptosis pathway
being uncovered from non-cardiac system, more research will be
needed to demonstrate their potential role in the onset and
progression of cardiomyopathy.

FERROPTOSIS AND CARDIOMYOPATHIES
Ferroptosis pathway
In 2012, Dixon first reported an iron-dependent form of non-
apoptotic cell death, formally proposing the term “Ferroptosis”
[91]. In general, ferroptosis is a form of RCD that is characterized
by iron-dependent lipid peroxidation and decompensated anti-
oxidant system (Fig. 3a).
Iron plays an essential role in almost all organisms. It

participates in oxygen transport, energy metabolism as well as
biosynthesis [92]. Iron in the systemic circulation is in the form of
ferric ion (Fe3+) carried by transferrin protein, it can be taken up
by cells through iron transporters, such as transferrin receptor 1
(TfR1). Once inside of endosome through receptor-mediated
endocytosis, the Fe3+ is converted to ferrous ion (Fe2+) via ferri-
reductase activity of STEAP3. By divalent metal transporter 1
(DMT1/SLC11A2), Fe2+ is then exported out of endosome into
cytosol [93–96]. Under normal condition, iron is stored by iron-
storage protein ferritin, consisting of FTL and FTH1 subunits [97].
Disruption of normal iron homeostasis can trigger overwhelming
ROS, leading to lipid peroxidation, a hallmark of ferroptosis.
Lipids, predominantly phospholipids (PLs), form the basic

structure of cellular membranes. Polyunsaturated fatty acids
(PUFAs) especially phosphatidylethanolamines (PEs) containing
arachidonic acid (AA) are the main substrates of peroxidation
[98, 99]. The incorporation of PUFAs into cellular membrane
requires both Acyl-CoA synthase long-chain family member 4
(ACSL4) and lysophosphatidylcholine acyltransferase 3 (LPCAT3).
ACSL4 acylates free AA to form AA-CoA, LPCAT3 catalyzes the
generation of arachidonic acid-phosphatidylethanolamines (AA-PE).

They are highly sensitive to peroxidation [100]. Finally, lipoxy-
genases (Lox), a dioxygenase that is activated by iron, drives the
oxidation of PUFAs. Eventually, elevated lipid peroxidation leads to
the destruction of lipid bilayer during ferroptosis [101, 102].
The best characterized antioxidant defense is glutathione

peroxidase 4 (GPX4). GPX4 is a glutathione (GSH)-dependent
enzyme that converts lipid hydroperoxides to non-toxic lipid
alcohols, thus blocking the onset of ferroptosis [91]. GSH is an
indispensable cofactor for GPX4 activity. GSH is synthesized from
three amino acids–cysteine, glycine, and glutamate. Cysteine
utilization, after its conversion from cystine, is a major limiting
factor for the GSH biosynthesis process [103]. Cystine uptake by
mammalian cells mainly relies on a plasma membrane cystine/
glutamate reverse transporter, System Xc-. System Xc-, consists of
two subunits, a specific light chain subunit encoded by solute carrier
family 7 member 11 (SLC7A11, also called xCT) and a heavy chain
subunit encoded by SLC3A2 (also called 4F2) [104]. Numerous
factors regulate SLC7A11 expression, such as TP53, NRF2, and
BECN1, which then influence GPX4 activity. Direct (e.g., via RSL3) or
indirect (e.g., System Xc-) inhibition of GPX4will compromise cellular
anti-oxidant system and trigger ferroptosis. Another intracellular
guardian for ferroptosis is ferroptosis suppressor protein 1 (FSP1).
Using NAD(P)H as substrate, FSP1 catalyzes the regeneration of
coenzyme Q (CoQ10), which serves as a reversible reducing agent to
protect cells from lipid peroxidation [105, 106]. Finally, emerging
evidence indicates that ferroptosis may also interact with autophagy
as in the form of ferroptosis nuclear receptor coactivator 4 (NCOA4)-
dependent ferritinophagy and lipophagy [107, 108].

Ferroptosis in cardiomyopathies
Considering that excess accumulation of iron is a direct
pathological feature of iron overload cardiomyopathy [109],
ferroptosis should be a potential candidate mechanism. Condi-
tional FTH knockout mice manifest increased oxidative stress and
decreased GSH levels while overexpressing Slc7a11 is able to
restore the anti-oxidant system and alleviate cardiac injury [110].
Sickle cell disease upregulates heme oxygenase 1 (Hmox1) and
unresolved free iron overload eventually inducing cardiac
cardiomyopathy via ferroptosis [111]. Cardiac L-type voltage-
dependent Ca2+ channels are key transporters of iron into
cardiomyocytes under iron-overloaded conditions [112], there is
some clinic evidence for benefit from the usage of calcium
channel blockers [113].

Fig. 3 Schematic illustration of ferroptosis pathway and ferroptosis in cardiomyopathies. a Ferroptosis pathway. Both Iron-dependent lipid
peroxidation and decompensated anti-oxidation system can launch the course of ferroptosis. Iron in circulation can be taken up in the form of
Fe3+ and converted to Fe2+ inside of endosome. GPX4 is the major antioxidant defense and GSH is an indispensable cofactor for its activity.
Cysteine utilization, after its conversion from cystine, is a major limiting factor for the GSH biosynthesis while cystine uptake mainly relies on
System Xc- which imports extracellular cystine by exchanging intracellular glutamate. AA-PE is the main substrates of peroxidation, its
synthesis needs the catalyzation by ACSL4 and LPCAT3. b Ferroptosis in cardiomyopathy. In DMCM, Nrf2 inactivation, IncRNA-ZFAS1 and AGEs
accumulation promote ferroptosis. In DIC, PRMT4 and HMGB1 promote ferroptosis, while Acot1 inhibits ferroptosis. In SIC, Nrf2 activation and
administrations of dexmedetomidine or Fer-1 inhibit ferroptosis.
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DOX impairs mitochondrial function and elevates the level of ROS
which is tightly associated with ferroptosis. In a mousemodel of DIC,
Fang et al. indicated that treatment with DOX intensified the
accumulation of iron as well as lipid peroxidation of the
membranes. Besides, compared with other cell death inhibitors
such as 3-MA, emricasan, and Nec-1, ferroptosis inhibitor ferrostatin-
1 (Fer-1) prominently improved the animal survival rate (Fig. 3b).
Further RNA-sequencing found that activated Nrf2/Hmox1 pathway
was the major mechanism of DOX-induced cardiac ferroptosis. Up-
regulated Hmox1 catalyzes heme degradation and thus promotes
the release of free iron, leading to excessive iron accumulation [90].
This finding is in line with the report from Menon [111]. However,
although Nrf2 leads to the upregulation of Hmox1, it functions in a
more protective role in ferroptosis. Suppression of Nrf2 decreases
the expression of GPX4 and thus promotes ferroptosis [114]. On the
other hand, transcriptome profiling performed by Liu et al. identifies
Acyl-CoA thioesterase 1 which functions opposite to ACSL4 is most
significantly downregulated in DOX-treated heart and may serve as
a possible mechanism in ferroptosis induction [115]. In addition,
Fang also noted that Fe2+ chelator Dexrazoxane (DXZ) reduces
cardiac nonheme iron thus suppressing DOX-induced lipid perox-
idation, which is in good agreement with Tadokoro’s report [64].
They showed that DOX treatment markedly aggravates Fe2+

overload and downregulation of GPX4, especially in mitochondria.
Administration of DXZ or overexpression GPX4 conferred significant
protection against DOX-induced ferroptosis. Furthermore, DXZ
could also affect high mobility group box 1 (HMGB1) to restrain
ferroptosis both in vitro and in vivo [116].
Clear evidence for ferroptosis in primary cardiomyopathy such

as DCM is limited. L-type Ca2+ channels (LTCC) and T-type Ca2+

channels engage in the uptake of cardiac iron. In iron-overloaded
myocytes, the transferrin-dependent iron uptake pathway is
inhibited and an alternative mechanism involving transferrin-
independent pathway (non-transferrin-bound iron, NTBI) is
activated [117]. In HCM, LTCC was increased and CaMKII was
activated, inducing elevated intracellular Ca2+ and diastolic
intracellular calcium ([Ca2+]) concentrations, initiating the arrhyth-
mogenic delayed after-depolarizations which may contribute to
sudden cardiac death [118]. However, whether ferroptosis is
directly implicated in the pathogenesis of the disease remains to
be better demonstrated.
In terms of DMCM, excessive AGEs exposure leads to down-

regulation of SLC7A11 and lower GSH levels, triggering cardio-
myocyte ferroptosis [119]. A case-control study concludes that

patients with T2DM have a lower level of GSH), which may
compromise GPX4 activity and sensitize cells to peroxidation
[120]. Intriguingly, mouse models of DMCM also manifest higher
levels of lipid peroxidation and ferroptosis marker PTGS2, which
may be a result of impaired anti-oxidant system due to
downregulated SLC7A11 and GPX4 [119, 121], overexpression of
GPX4 can indeed ameliorate diabetic heart injury [122].
Extensive research has led to the recognition that DAMPs/

PAMPs, storm of inflammatory cytokines, impaired calcium
handling as well as mitochondrial disruption are the potential
mechanisms underlying sepsis induced cardiac dysfunction
[123, 124]. Ferroptosis was activated when mice were injected
with lipopolysaccharide (LPS) or subjected to CLP based on
increasing levels of MDA and PTGS2 as well as elevated iron
deposition [125, 126]. Studies from Li et al. and Zheng et al. both
showed that administration of Fer-1 improved cardiac function,
alleviated lipid peroxidation and reduced inflammation in sepsis-
induced cardiomyopathy [127]. Similar protection was reported
from restoring impaired anti-oxidant system including over-
expression of GPX4 and Nrf2 [126, 128]. Of note, autophagy may
interact with ferroptosis under sepsis induction. LPS stimulation
upregulates NCOA4, which degrades ferritin by mediating
ferritinophagy, thus releasing excess Fe2+ in H9c2. Despite of
these interesting findings, further research is necessary to reveal
the underlying mechanism and pathophysiological role of
ferroptosis in different forms of cardiomyopathies.

AUTOPHAGY DEATH AND CARDIOMYOPATHIES
Autophagic death pathway
In 1963, Christian De Duve first coined the term “Autophagy”
based on his discovery of lysosomal-dependent degradation in
cells. It is until 1993, when Tsukada first uncovered part of the
regulatory mechanisms mediated by autophagy-related genes
(ATGs) [129]. These pioneer work lays the foundation of current
research on autophagy. Autophagy can be activated in response
to a variety of stresses including protein misfolding, organelle
damage, nutrient energy deficiency, and pathogen invasion. While
the primordial role of autophagy is to deliver cargo into lysosomes
for degradation and recycling in order to maintain cell home-
ostasis, unbridled or excessive autophagy is proved to associate
with or mediate cell death [130], according to the Nomenclature
Committee of Cell Death statement, autophagy-dependent cell
death is defined as a type of RCD that has a strict requirement of

Fig. 4 Schematic illustration of autophagy pathway and autophagy in cardiomyopathies. a Autophagy pathway. The canonical autophagy
is initiated when the mTORC1 activity is suppressed and ULK1 complex is activated, which subsequently activate Class III PI3K Complex as well
as lead to the formation of phagophores. Two distinct ubiquitin-like conjugation systems participate in the elongation of the phagophores:
one involves ATG5-ATG12-ATG16L and another involves the LC3-PE. Afterwards, autophagosomes fuse with lysosomes to form
autophagolysosomes where cargoes are degraded. b Autophagy in cardiomyopathy. In DMCM, AMPK, DCRF and Heme oxygenase-1
promote autophagy. In DIC, TFEB and prior starvation promote autophagy while GATA4 inhibits autophagy. In DCM, mutation of LMNA or
PLEKHM2 inhibits autophagy. In HCM, TSC1 promotes autophagy while Mybpc3-targeted knock-in or loss of Vps34 inhibits autophagy. In SIC,
Beclin-1 and miR-22 knock-out promote autophagy while ALDH2 inhibits autophagy.
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autophagic machinery or components thereof [13]. According to
different types of delivery mechanisms, autophagy can be
classified into three subtypes: (1) macro-autophagy (hereafter
referred to as autophagy) is the canonical form involving the
formation of double-membrane vesicles, called autophagosomes,
for wrapping and delivering cargo into lysosomes; (2) micro-
autophagy, in which lysosomes directly engulf cargo via
membrane invagination; (3) chaperone-mediated autophagy
where proteins with a KefrQ-like motif are directly transported
into lysosomes via lysosome-associated membrane protein 2A
(lamP-2A) with the help of a chaperone protein HSP70 [131].
The canonical autophagy is initiated by the formation of new

membranes at specific sites, also called phagophores when the
mammalian target of rapamycin complex 1 (mTORC1) activity is
suppressed and the mammalian uncoordinated-51-like protein
kinase 1 (ULK1) complex is activated (Fig. 4a). ULK1/2 in complex
with ATG101, ATG13, and FIP200 activates the downstream class III
phosphoinositide 3 kinase (PI3K) which includes a catalytic core
encoded by vacuolar protein sorting 34 (VPS34) and regulatory
subunits including VPS15, ATG14, and BECN1. The class III PI3K
complex activities were positively regulated by UVRAG and
AMBRA1 but were negatively regulated by Bcl-2 and RUBCN
during phagophore nucleation [132]. Two distinct ubiquitin-like
conjugation systems participate in the elongation of the
phagophore: one involves ATG5-ATG12-ATG16L. Through the
catalyzation of ATG7 and ATG10, ATG12 covalently binds to
ATG5 and then interacts with ATG16L. Phosphatidylinositol-3-
phosphate produced from class III PI3K recruits downstream WD-
repeat PtdIns(3)P effector proteins (WIPI) at phagophore nuclea-
tion site to interact with ATG16L1, leading to phagophore
elongation [133]. Another autophagophore elongation system
involves the light chain 3-phosphatidylethanolamine. The forma-
tion of lipidated form of LC3-II is sequentially catalyzed by ATG4,
ATG7, and ATG3 to conjugate LC3 with PE. The autophagosomes
then fuse with lysosomes with the help of SNARE protein syntaxin
17 and tethering factors, to form autophagolysosomes where
cargoes are degraded [134, 135].

Autophagic death in cardiomyopathies
Autophagy is compromised in the heart under various patholo-
gical states [136]. Although abnormal autophagy is clearly
observed in clinical specimens such as HCM and DCM, emerging
results from experimental models yielded opposite conclusions
about its role in pathogenesis versus cardio-protection. HCM is a
common primary cardiomyopathy that affects nearly 0.2% of the
population [137]. Ultrastructural analysis of HCM patient tissue
uncovered the presence of typical autophagic vacuoles. miR-451
was found to be the most down-regulated miRNAs in HCM heart.
Tuberous sclerosis complex 1 (TSC1) is a direct target of miR-451
and a known positive regulator of autophagy. miR-451 is shown to
regulate cardiac autophagy and hypertrophy via modulating TSC1
expression [138] (Fig. 4b). HCM’s main phenotypic expression is
left ventricular hypertrophy and impaired compliance while its
clinical symptoms are highly variable [139]. Mutations in
sarcomeric genes for example, cardiac β-myosin heavy chain
(MYH7) and myosin-binding protein C (MYBPC), are major
pathogenic mechanism [140, 141]. Besides, non-sarcomeric gene
mutations such as ACTN2 and ALPK3 are also reported for HCM
[142, 143]. Singh et al. found that autophagy was activated in the
HCM patients with MYBPC3 mutation and in Mybpc-targeted
knock-in mouse hearts, which may be a therapeutic target to
rescue HCM induced by MYBPC3 mutations [144]. In contrast,
Vps34 was reported to be downregulated in human HCM as
demonstrated by Hirotaka Kimura et al. and cVps34–/– mice
manifested an HCM-like phenotype as well as sudden death.
cVps34 inactivation led to aggregation of K63-linked polyubiqui-
tinated proteins and damage to autophagy flux [145]. Similarly,
restoring autophagy by blocking mTORC1 activity improved

cardiac function in lamin A/C gene (LMNA) mutation-induced
cardiomyopathy [146]. Muhammad et al. elaborated that
PLEKHM2 mutation inhibited autophagy flux by perturbing
lysosomal function in recessive DCM [147]. Intriguingly, Tsunenori
Saito et al. reported that autophagic vacuoles were present in
cardiomyocytes of DCM patients. However, more autophagic
vacuoles seemed to be correlated with less myocardial degenera-
tion and better clinical outcome [148]. Therefore, both activation
and inhibition of autophagy flux have been implicated in HCM
and DCM, raising questions about the importance of tightly
regulated autophagy activity in cardiac physiology.
Autophagy is a relatively new research target for DIC in recent

years. Whether DOX activates or inhibits, cardiomyocyte autophagy
remains also controversial. Multiple studies reported a decrease
[149, 150] or an increase [151, 152] of autophagy activity in DIC.
Based on report by Li et al., DOX treatment attenuates cardiomyo-
cyte autophagic flux and promotes the accumulation of unde-
graded autolysosomes both in vivo and in vitro. It depends not on
the activity of mTORC1 but on the V-ATPase-Driven Lysosome
Acidification. Conversely, lowering autophagy initiation in Beclin-
1+/– mice resulted in reduced ROS accumulation and better
protection against DOX-induced cardiotoxicity [153]. Kobayashi S
et al. investigated the ability of transcription factor GATA4 in
cultured rat ventricular myocytes treated with DOX and found that
it eased DOX damage by significantly upregulating Bcl-2 as well as
inhibiting ATGs [152]. The cardiac benefit from Caloric Restriction
(CR) partly lies in the limitation of detrimental autophagy and
preservation of ATP content in DOX-induced cardiomyocyte death
[154]. On the contrary, however, other reports consider autophagy
as a beneficial process in DOX-induced cardiotoxicity. Bartlett et al.
noted that transcription factor EB (TFEB) was repressed after DOX
insult. Notably, it is correlative to autophagy inhibition and more
severe cardiac injury both in vivo and in vitro [155]. More troubling
to the field, the autophagic response seems to be highly species-
specific. While an increase in autophagy was observed in rat hearts
in vivo and in vitro, opposite results of a decrease was observed in
mice under DOX treatment [150].
In DMCM, the homeostasis of autophagy is frequently

compromised. The autophagy status in cardiomyocytes varies in
different types of diabetic mellitus. It is enhanced in heart from
type 1 DM but suppressed in type 2 DM [156]. Emerging evidence
showed that several transcriptional factors and molecules are
involved in the changes of autophagy in DMCM. Activation of
AMPK facilitates autophagy by dissociating the interaction
between Beclin1 and Bcl-2 and protect against cardiac cell
apoptosis in H9c2 treated with high glucose [157]. Feng et al.
reported that a lncRNA termed DCM-related factor (DCRF) was
upregulated in streptozotocin-induced diabetes model. DCRF
serves as a ceRNA to sponge miR-551b-5p, and it promotes
autophagy to alleviate high glucose insult by increasing the
expression of PCDH17 [158]. Furthermore, enhancement of
autophagy by overexpression of Heme oxygenase-1 (HO-1) or
activating AMPK signaling could protect against DMCM [159].
Consistently, adiponectin deficiency increases the level of p62
which inhibits autophagy and aggravates cardiac dysfunction
associated with obesity and diabetes [160]. Sciarretta et al. also
reported that the HFD mouse model exhibited inactivation of
Rheb which was salutary because it downregulated Atg7 and
blocked autophagy [161]. However, diabetic cardiac dysfunction
was shown to be attenuated in Atg16-deficient and beclin
1-deficient mice. Oppositely, overexpression of beclin 1 facilitated
autophagic flux but then aggravated oxidative stress, fibrosis, and
cardiac dysfunction [162]. There is much crosstalk among distinct
RCD pathways. In DMCM, the activity of AMPK was reduced and
the m-TOR signaling was activated, which led to a decrease in
cardiomyocyte autophagy. In turn, the reduced autophagy
caused more accumulation of damaged mitochondria and
polyubiquitinated proteins, which resulted in a further increase

Regulated cell death pathways in cardiomyopathy
SY Sheng et al.

1527

Acta Pharmacologica Sinica (2023) 44:1521 – 1535



of ROS production and cytochrome c release, all leading to an
exacerbated apoptosis [163].
Autophagy is also activated and is protective in the sepsis

model [164, 165]. Mitochondrial aldehyde dehydrogenase
(ALDH2) functions as a safeguard in heart by blocking LPS-
induced CAMKKβ-AMPK-mTOR-signaling axis and suppressing
uncontrolled autophagy [166]. Lately, more detailed research
was performed by Sun et al., which made an interesting
observation of dose-dependent bidirectional modulation of
autophagic flux by LPS in the heart. At low dose, LPS moderately
promoted autophagy while a high dose remarkably inhibited it in
cardiomyocytes. In addition, overexpression of Beclin-1 promoted
autophagy and mitophagy, preserved mitochondria, improved
cardiac function, and alleviated inflammation and fibrosis [167].
Finally, miR-22 inactivation showed cardio-protection against
sepsis by enhancing autophagy and reducing apoptosis through
sirt1 activation [168].
Despite of a significant volume of research being devoted to

autophagic cell death in cardiomyopathies, the overall picture
remains controversial and unclear. Considering the highly
dynamic nature of autophagy flux in both programmed cell
death and normal cellular homeostasis, it is not surprising that it is
implicated as both cardioprotective and detrimental in heart. The
challenge for future research is to dissect the molecular basis that
differentiate the good vs. bad outcomes of autophagy activity in
stressed myocardium, including the activation profile, the flux
level and the cargo specificity of autophagy under specific
cardiomyopathies.

PYROPTOSIS AND CARDIOMYOPATHIES
Pyroptosis pathway
The term “pyroptosis” was firstly proposed by D’Souza in 2001 to
describe a highly inflammatory form of RCD [169]. In the canonical
form, pyroptosis is mediated by inflammasome-activated caspase
[170] and gasdermin protein family gasdermin D (GSDMD) as a
final effector [171], resulting in pore formation in the plasma
membrane and leakage of inflammatory mediators (Fig. 5a). The
key process is the assembly of the so called inflammasome
complex consisting of sensors (e.g., nucleotide-binding oligomer-
ization domain (NOD)-like receptor (NLR) family, absent in
melanoma 2 (AIM2)-like receptor (ALR) family), adaptors such as
apoptosis-associated speck-like protein containing CARD (ASC)
and effector pro-caspase-1, to cleave GSDMD. Inflammasome

sensors are recruited to pattern recognition receptors (PRRs) upon
exposure to PAMPs and DAMPs [172]. Following that the
inflammasome sensor recruits adapter ASC by homotypic inter-
actions, which functions as a link between the sensor and the
effector pro-caspase 1. Subsequently, activated caspase 1
mediates GSDMD cleavage and IL-1β/IL-18 maturation [173]. The
truncated N-terminal fragment of GSDMD (N-GSDMD) is the final
executioner of pyroptosis by forming pores in plasma membrane
and releasing intracellular contents [174].
The noncanonical inflammasome pathway is also called the

caspase‐1–independent pathway. LPS derived from Gram-
negative bacteria directly actives pro-caspase 4/5/11 without the
help of inflammasome or caspase‐1. Activated caspase 4/5/11 can
then cleave GSDMD to generate N-GSDMD. Meanwhile, N-GSDMD
indirectly promotes NLRP3 inflammasome assembly through
efflux of K+ that further aggravates pyroptosis [175, 176]. Further
complicating the process, a report by Sarhan lab has revealed that,
protein yopj derived from Yersinia binds to TAK1 and activates
caspase 8 which can also cleave GSDMD to induce pore formation
[177]. In addition, chemotherapeutic-activated caspase 3 can also
cleave GSDME (similar to GSDMD) at the conserved site Asp270, to
generate N-GSDME as another path leading to pyroptosis [178].
These findings indicate that there may exist more independent
signaling pathways in the induction of pyroptosis.

Pyroptosis in cardiomyopathies
NLRP3 inflammasomes are activated and pyroptosis are present in
heart tissues of non-ischemic DCM patients [179] (Fig. 5b).
Similarly, through targeted analysis of gene expression from
public datasets, Wang et al. identified pyroptosis related genes are
altered in DCM associated with microenvironment of immune
modulation [180]. Other evidence suggests that the onset and
progression of DMCM are accompanied by pyroptosis. In DMCM,
AGEs accumulation is inflammatory and leads to augmented
expression of key players of pyroptosis such as NLRP3 and caspase
1. Jeyabal et al. noted that caspase-1 expression was increased
both in human diabetic hearts and in human ventricular
cardiomyocytes treated with high glucose [181]. Luo et al.
established a type 2 diabetic rat model via streptozotocin injection
and a high-fat diet, then found that pyroptosis-related key
molecules such as NLRP3, ASC, and caspase-1 were significantly
activated. They further demonstrated that inhibition of NLRP3
prominently attenuated cardiac dysfunction in a rat model and
blocked pyroptosis in H9c2 cells treated with high glucose [182].

Fig. 5 Schematic illustration of pyroptosis pathway and pyroptosis in cardiomyopathies. a Pyroptosis pathway. In the canonical form,
various insults lead to the assembly of the inflammasome complex consisting of sensors, adaptors, and effector, which then activates caspase
1. Activated caspase 1 mediates the pro IL-1β/IL-18 maturation and GSDMD cleavage. The truncated N-GSDMD is the final executioner of
pyroptosis by forming pores in plasma membrane and releasing intracellular contents. In noncanonical inflammasome pathway, LPS directly
actives pro-caspase 4/5/11, which further cleaves GSDMD to generate N-GSDMD. b Pyroptosis in cardiomyopathy. In DMCM, miR-30d,
KCNQ1OT1 and CACR promote pyroptosis. In DIC, Dox directly binds to GSDMD or upregulated NOX1 and NOX4 promote pyroptosis. In DCM,
activated NLRP3 inflammasome promotes pyroptosis. In SIC, STING and SOX9 promote pyroptosis while irisin or JQ1 inhibit pyroptosis.
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Another independent study also showed that inhibition of NLRP3
expression ameliorated experimental diabetic cardiomyopathy
[183]. Sodium-glucose cotransporter 1 (SGLT1) inhibitor sotagli-
flozin reduced the overall risk of cardiovascular death [184]. Its
cardioprotective effect was investigated by Sun et al., who showed
that SGLT1 knockdown attenuated the induction of NLRP3, ASC,
and caspase-1 and subsequently inhibited the release of
inflammatory factors in a form of DMCM heart [185]. Meanwhile,
Li et al. reported that upregulated miR-30d in DMCM heart was
involved in the induction of caspase-1 dependent cardiomyocyte
pyroptosis by targeted inhibition of Forkhead box O3 [186].
Similarly several other studies have also implicated different non-
coding RNAs with a role in DMCM, including s lncRNA MIAT [187],
lncRNA Kcnq1ot1 [188], caspase-1-associated circRNA (CACR) [189]
and miR-223-3p [190].
There has been limited evidence for pyroptosis in DIC. GSDMD,

is a key molecule in pyroptosis. Ye et al. found GSDMD knockout
mice had attenuated DIC [191]. Furthermore, they found that DOX
interacted with GSDMD and led to GSDMD-N-mediated pyropto-
sis. DOX administration upregulates the expressions of NOX1 and
NOX4. Upregulated NOX1 and NOX4 activate Drp1 and promote
mitochondrial fission, which leads to excessive ROS accumulation
in mitochondria and finally activates NLRP3 inflammasome and
caspase 1 dependent pyroptosis [179]. The DOX treatment
increased the expression of pyroptotic markers (caspase-1, IL1-
beta, and IL-18), and the resulting pyroptosis and cardiac
remodeling can be ameliorated by embryonic stem cell-derived
exosomes (ES-Exos) or ES-cells (ESCs) [192].
GSDMD-NT expression is increased in the sepsis model according

to Dai et al. Correspondingly, Gsdmd-knockout (Gsdmd-/-) mice
showed improved survival rate and ameliorated cardiac dysfunction
in response to septic injury. Further transcriptome analysis revealed
that deficiency of GSDMD significantly reduced the expression of
NLRP3 and caspase-1 [193]. In the meantime, elevated expression of
NLRP3 and Caspase 1 in the sepsis model was also reported by
Xiong et al. In CLP mouse, transcription factor sex-determining
region Y (SRY)-box 9 (SOX9) is upregulated because of deubiqui-
tination from ubiquitin-specific peptidase 7 (USP7), upregulated
SOX9 activates NLRP3 by reducing miR-96-5p expression [194].
What’s more, LPS directly affected the nuclear location of STING and
IRF3, which then activated STING. Activated STING then activates
NLRP3, leading to cardiac dysfunction as well as pyroptosis [195].
Administration of irisin alleviated sepsis-induced cardiac pyroptosis
[196]. In LPS-induced cardiac dysfunction, JQ1 pre-treatment
improved cardiac function, upregulated SIRT1, and inhibited the
release of NLRP3, caspase-1, and GSDMD, JQ1 improved LPS-
induced cardiac insufficiency by suppressing SIRT1-dependent
activation of NLRP3 inflammasomes [197]. Li et al. examined the
role of stimulator of interferon genes (STING) and interferons (IFN)
regulatory factor 3 (IRF3) in LPS-treated mice. They found that LPS
affected the nuclear location of STING and IRF3, which then
activated STING. Activated STING then activates NLRP3, leading to
cardiac dysfunction, apoptosis as well as pyroptosis [195]. Overall,
pyroptosis appears to be induced in most forms of cardiomyopa-
thies and blocking pyroptosis through direct or indirect approaches
by targeting pyroptotic machinery or upstream regulators seems to
yield protective effects. It would be important. Considering the close
link between pyroptosis and inflammation, more research would be
needed to investigate the potential role of pyroptotic pathway in
inflammatory heart diseases, including myocarditis and cardiomyo-
pathy associated with viral infection.

CROSSTALK NETWORK AMONG DIFFERENT RCDS
Despite that each of the RCD pathways has been well elucidated
with unique molecular characteristics, different forms of RCD do
share common pathways and molecular features, and interact
extensively in an intricate crosstalk network in cells.

Extensive interaction between apoptosis and necroptosis exists
involving common key regulatory molecules such as TNFR1 and
caspase 8. What is more, CaMKII which is reported as another
substrate for RIP3 in addition to MLKL can be phosphorylated and
then impacts on mPTP to regulate necroptosis as well as apoptosis
[76, 77]. In addition, the energetic state of cells (in a form of ratio
between ATP and ADP) seems to influence the final mode of cell
death as well. High ATP level leads to apoptosis rather than
necrosis [198]. Similarly, energy sensor AMPK is molecular master
to regulate apoptosis and autophagy. According to Song’ s study,
multidrug-induced cell death in colon cancer cells is associated
with mitochondrial dysfunction and AMPK activation. At early time
point of AMPK activation, autophagy is induced while persistent
AMPK activation leads to Beclin-1 phosphorylation and subse-
quent cleavage by caspase-8, which finally induces apoptosis
[199]. The key mediator of necroptosis RIPK1 is also involved in the
modulation of autophagic signaling [200], the same study
indicates that autophagy also influences necroptosis, and indeed
impaired autophagic flux promotes the activation of RIPK1 and
MLKL [201]. Another study also indicates that moderate autop-
hagy activation recruits necrosome components to modulate
apoptosis vs. necroptosis [202], suggesting that the effects among
these forms of RCD are multi-directional.
Autophagy interplays with ferroptosis mainly in the form of

NCOA4-dependent ferritinophagy and lipophagy [107, 108]. Ferri-
tinophagy which is mediated by ferritin autophagic cargo-
receptor NCOA4 leads to the excessive release of iron from
ferritin and eventual onset of Fenton reaction. Lipophagy which is
mediated by lipid droplets cargo receptor RAB7A results in the
lipid degradation and lipid peroxidation [203]. Consistently,
administration of lysosome inhibitors to restrict autophagy
showed better ferroptosis resistance and lower ROS accumulation
[204]. In the meantime, other research has indicated that
lysosomal activity may be impaired by ferroptosis as well [205].
Although it has clearly been proved that caspase activation does
not take part in ferroptosis, treatment with erastin significantly
aggravates apoptotic agent-induced apoptosis by BAX-associated
pathway. This study provides potential evidence of crosstalk
between apoptosis and ferroptosis [206].
Finally, emerging evidence indicates that pyroptosis may also

interact with apoptosis. Chemotherapeutic-activated caspase 3
can cleave GSDME (similar to GSDMD) at the conserved site
Asp270, to generate N-GSDME as another path leading to
pyroptosis [178]. Another study indicates that GSDME rather than
GSDMD mediates pyroptosis downstream of the ROS/JNK/Bax
apoptotic pathway as well as caspase-3/9 activation [207]. These
findings suggest that caspase 3/GSDME signaling might function
as a switch between pyroptosis and apoptosis.
Although interdependent interactions among different RCD

pathways are clearly demonstrated in cells, most of these cross-
talks are characterized in non-cardiac settings. Considering the
extensive heterogeneity in etiologies and disease manifestations
among different forms of cardiomyopathies, the major challenge
is to establish how each RCD and their potential interactions can
contribute to the onset as well as the progression of the disease.
This is a key question needs to be addressed in future studies.

THERAPEUTIC POTENTIAL TARGETED TO INTERVENE
REGULATED CELL DEATH
Currently, the main therapeutic approach for cardiomyopathies
focuses on standard therapy including neural hormonal blockade
such as Beta blockers and angiotensin-converting enzyme
inhibitors (ACEI), and, statins. However, the remedy is far from
satisfaction and cardiomyopathy remains a critical unmet clinical
need. Considering the significant contribution of RCD to the onset
and progression of cardiomyopathies, and various cell death
signaling pathways have been identified, it seems to highly
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rationale that synthetic or natural products directly or indirectly
impacting the key regulatory molecules in cell death pathway may
serve as a potential effective therapy for the disease (Fig. 6).
Several encouraging examples have been demonstrated in
preclinical studies. RIP1 autophosphorylation inhibitor Nec-1
blocks the process of necroptosis and shows a potent cardiac
protection against DCM and DIC. Similar efficacy has been
demonstrated for Fer-1 as an established inhibitor for ferroptosis
[208]. BAX activation inhibitor 1 (BAI1) is another example that
alleviates cardiomyocyte necrosis as well as apoptosis in the
setting of DIC [209]. Fe2+ chelator DXZ reduces cardiac nonheme
iron thus suppresses DOX-induced lipid peroxidation [90]. Admin-
istration of DXZ restores the expression of GPX4 and FTH1 which is
downregulated in DIC [116]. Finally, Rapamycin inactivates mTOR
and restores autophagy in SIC to remit cardiac dysfunction [210].
However, regulated cell death also has physiological role in
homeostasis, particularly in wound healing and anti-infection.
More studies are needed to assess the long-term impact of these
treatments on other organs and systemic health, as well as the
ability to cope with potential external injuries and infections.
Indirectly intervening RCD by aiming at upstream signaling may

also prove to be effective. Natural products such as Flavonoids,
Spermine, and Luteolin reduce cardiomyocyte loss by eliminating
excess ROS accumulation [211–213]. Mitochondrial disruption
plays an irreplaceable role in various cardiomyopathies. Visnagin
restores mitochondrial function and lightens DIC [214, 215].
Sirtuin-3 (Sirt3) and MitoTEMPO protect mitochondrial home-
ostasis by respectively promoting Parkin-mediated mitophagy and
scavenging lipid peroxidation [90, 216]. Similar cardiac protection
is also exhibited in reactivation of the p53 pathway and AMPK
pathway through natural products, such as sulforaphane, melato-
nin, and resveratrol [119, 217, 218].
Recently, non‐coding RNAs (ncRNAs) have emerged as potential

therapeutic targets because of their underlying functions in
human diseases [219]. ncRNAs including microRNA (miRNA), long
ncRNA (ln‐cRNA), and circular RNA (circRNA) have been widely

studied in the context of different forms of cardiomyopathies.
Human miR-29a could be one of the biomarkers in HCM [220].
Upregulated miR-21-3p aggravates SIC while its antisense inhibitor
protects cardiomyocytes by inhibiting inappropriate autophagy
[221]. Inhibition of the lncRNA ZFAS1 attenuates ferroptosis,
repression of miR-30d manifests alleviation of pyroptosis while
overexpression of circHIPK3 suppresses apoptosis in DCM
[121, 186, 222]. ncRNA targeted therapy may open a new
dimension to modulate RCD program against pathological
progression of cardiomyopathies.

CONCLUSION AND PERSPECTIVE
Globally, heart disease remains the leading cause of death. Both
primary and secondary cardiomyopathy greatly increase the risk
of malignant cardiac dysfunction and worsen patients’ prognosis.
Current literature clearly indicate that regulated cell death plays a
significant role in cardiomyopathy such as DCM, DMCM, SIC, DIC,
etc. In summary, apoptosis is the most well-documented form of
RCD in the pathogenesis of cardiomyopathies associated with
inherited mutations, metabolic disorder and drug toxicity [38–40].
Necroptosis, however, differs from but also interplays with
apoptosis in the setting of DCM [79], and DMCM associated with
ROS accumulation, antioxidants deficiency or abnormal splicing of
CaMKII [81–83]. Furthermore, PPAR-γ is inhibited in SIC and TAK1
is downregulated in DIC, which also lead to cardiomyocyte
necroptosis and subsequent cardiac dysfunction [88, 89]. Both
iron-dependent lipid peroxidation and decompensated anti-
oxidation system can launch the course of ferroptosis. Inhibition
of Nrf2 signaling and downregulation of GPX4 are cardinal
features in the pathogenesis of DIC, DMCM and SIC
[114, 119, 128]. Moderate autophagy initiated by various stresses
functions to degrade as well as recycle cargo to maintain cell
homeostasis while uncontrolled autophagy can also be detri-
mental. TSC1 promotes cardiomyocyte autophagy while key
regulatory molecule Vps34 inactivation has autophagy inhibition

Fig. 6 Schematic illustration of therapeutic potential targeted to intervene regulated cell death. a Standard therapy including classic
drugs is far from satisfaction. b ncRNAs have emerged as potential therapeutic targets in broad range of cardiomyopathy hearts: miR-21-3p
antisense inhibitor alleviates inappropriate autophagy in SIC. In DCM, cardiac protection was achieved by inhibition of the ncRNA ZFAS1, miR-
30d, or overexpression of circHIPK3, which respectively attenuates ferroptosis, pyroptosis and apoptosis. c Directly impact the key regulatory
molecules in cell death pathway may serve as a potential effective therapy for the disease: Nec-1 blocks the process of necroptosis against
DCM and DIC; BAI1 alleviates cardiomyocyte necrosis as well as apoptosis while Fer-1 and DXZ suppress ferroptosis in the setting of DIC;
Rapamycin restores autophagy in SIC to remit cardiac dysfunction. d Indirectly intervening RCD by aiming at upstream signaling may also
prove to be effective: Natural products such as Flavonoids, Spermine, and Luteolin eliminate excess ROS accumulation; Sirt3 and MitoTEMPO
protect mitochondrial homeostasis.
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effect in HCM [138, 145]. Autophagy flux is impaired in DCM
patients with inherited mutations of LMNA or PLEKHM2 [146, 147].
Activation of AMPK can restore autophagy in DIC and DMCM
[154, 157]. Transcription factor GATA4 inhibits autophagy while
TFEB has opposite effect in DIC [152, 155]. In SIC, overexpression of
Beclin-1 promotes autophagy [167]. In the canonical inflamma-
some pathway, pyroptosis is mediated by the assembly of the
inflammasome complex and subsequent caspase 1 activation as
well as GSDMD cleavage. In DMCM and SIC, pyroptosis-related key
molecules are significantly activated [182, 193]. Pyroptosis is also
present in DIC because doxorubicin can activate GSDMD via direct
interaction [191]. As multiple forms of RCD are observed and
identified as a common feature of cardiomyopathies in both
clinical specimens as well as animal models, therapies targeted to
directly or indirectly intervening programmed cell death by
synthetic, natural products or targeted ncRNAs hold great
potential to have a real impact in future clinical management of
the diseases.
Despite of these significant findings, much work remains to

uncover the full spectrum of the molecular network and
physiological effects on RCD in the pathogenesis of cardiomyo-
pathies. Evidences show that different forms of RCD seem to have
an intricated crosstalk and some common features and even may
coexist in the same diseased heart and contribute independently
or synergistically to the pathogenesis of cardiomyopathy. In
addition, the role of RCD in the disease may be very dynamic
depending on the different stages of cardiomyopathy develop-
ment. Thus, it is vital to identify what kind of RCD predominates in
the specific pathogenic processes of cardiomyopathies. Finally,
there is still a long way to go to effectively intervene highly
conserved regulatory molecules in cell death pathway and to
translate the basic scientific research into clinical practice. Despite
of these challenges, there is plenty reason to be optimistic that the
rich knowledge in RCD will yield better therapies for cardiomyo-
pathies in the future.
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