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Abstract

Heart failure is a complex pathological condition characterized by various mechanisms of cellular death, among which programmed
cell death (PCD) plays a crucial role in the pathophysiology of cardiac dysfunction. This review delves into the different forms of
PCD present in heart failure, including apoptosis, autophagy, necroptosis, pyroptosis, and ferroptosis, and examines the mechanisms of
action involved and the potential therapeutic targets for treating cardiac failure. By analyzing the latest research findings, we reveal the
pivotal role of PCD in the progression of heart failure and discuss the preclinical prospects of intervening in these processes to develop
novel therapeutic strategies. For instance, pharmacological agents that inhibit receptor-interacting protein kinases (RIPK1 and RIPK3)
involved in necroptosis have been demonstrated to reduce cardiac injury and improve functional outcomes. Additionally, targeting the
inflammatory responses associated with necrotic cell death, such as using interleukin (IL)-1β inhibitors, may provide a dual benefit by
reducing cell death and inflammation. Thus, combining current knowledge will enhance our understanding in this field and promote
innovative approaches to managing heart failure more effectively.
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1. Introduction
Heart failure (HF) is a major global health concern. Its

incidence and mortality rates have been steadily increas-
ing. This condition stems from several underlying heart
diseases that impair cardiac function. Recent studies have
highlighted the significant role of programmed cell death
(PCD) in the development and progression of heart failure.
PCD includes several pathways that facilitate the regulated
elimination of cells, such as apoptosis, autophagy, necrop-
tosis, pyroptosis, and ferroptosis, all of which are crucial for
maintaining healthy tissue balance [1]. In heart failure, the
loss of cardiomyocytes through these PCD mechanisms is
a key factor in the progression of the disease, contributing
to adverse changes in heart structure and function [2]. For
example, processes like apoptosis, necroptosis, pyroptosis,
and ferroptosis can be activated by various stress factors,
including ischemia and oxidative stress, which are com-
mon in heart failure. These processes not only compromise
the structural and functional integrity of heart cells but also
have a strong correlation with patient outcomes [3,4]. Au-
tophagy, a process that breaks down cellular components,
has a complex role in heart failure. It can support cell sur-
vival under stress but, when dysregulated, can lead to cell
death and worsen cardiac function [5].

Emerging evidence suggests that the interplay be-
tween these cell death pathways is complex. Understand-
ing the mechanisms of these cell death processes and their
interplay is essential for developing innovative therapeu-

tic strategies aimed at improving the treatment of heart
failure and improving patient survival. Understanding
the molecular pathophysiology of these processes may
lead to the identification of novel biomarkers for progno-
sis and therapeutic targets for intervention. Gene ther-
apy and cell therapy represent the forefront of innova-
tive treatment strategies with the potential to revolution-
ize heart failure management. Gene therapy interventions,
particularly those utilizing Clustered Regularly Interspaced
Short Palindromic Repeats/CRISPR-associated protein 9
(CRISPR/Cas9) technology, are being explored for their
ability to correct genetic defects associated with heart fail-
ure and to enhance the regenerative capacity of cardiac tis-
sues. Recent advancements in gene editing have shown
promise in addressing inherited forms of heart disease, such
as hypertrophic cardiomyopathy and dilated cardiomyopa-
thy, by targeting specific mutations that lead to disease.
Therefore, a comprehensive exploration of the mechanisms
of cell death in heart failure is crucial for advancing treat-
ment options and improving patient outcomes.

2. Definition and Classification of
Programmed Cell Death

PCD is a critical biological process that plays an es-
sential role in maintaining cellular homeostasis, develop-
ment, and the elimination of damaged or diseased cells.
PCD encompasses various mechanisms, including apop-
tosis, autophagy, necroptosis, pyroptosis, and ferroptosis;
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Table 1. The differences between apoptosis, autophagy, necroptosis, pyroptosis and ferroptosis.
Programmed cell death Apoptosis Autophagy Necroptosis Pyroptosis Ferroptosis

Trigger DNA damage, ox-
idative stress, viral
infections, toxins,
radiation, damage-
associated molecules
patterns (DAMPs)

Nutrient deprivation,
stress, damage

TNFα, viral infec-
tion, caspase inhibi-
tion

Pathogen-associated
molecular patterns
(PAMPs), DAMPs

Glutathione deple-
tion, Iron overload

Key molecules Caspases (e.g.,
caspase-3, -9), BCL-
2 family

ATG proteins, LC3,
Beclin-1

Receptor-interacting
protein kinases
(RIPK1, RIPK3),
mixed lineage kinase
domain-like protein
(MLKL)

Caspase-1, gasder-
min D

GPX4, iron, lipid
reactive oxygen
species (ROS)

Morphological features Cell shrinkage, chro-
matin condensation,
DNA fragmentation

Formation of au-
tophagosomes,
vacuoles

Cell swelling, mem-
brane rupture

Cell swelling, mem-
brane rupture, pore
formation

Cell shrinkage, Mi-
tochondrial damage

Inflammation Non-inflammatory
(predominantly),
Inflammatory (occa-
sionally)

Non-inflammatory Inflammatory Highly inflamma-
tory

Inflammatory

Outcomes Phagocytosis of
apoptotic bodies

Recycling of cellular
components

Release of cellular
contents

Release of pro-
inflammatory
cytokines

Accumulation of
lipid peroxides

BCL, B-cell lymphoma; ATG, autophagy-related genes; LC3, microtubule-associated protein 1A/1B-light chain 3; GPX4, glutathione
peroxidase 4.

each is characterized by distinct morphological and bio-
chemical characteristics [6]. Understanding these forms
of cell death is crucial for elucidating their implications in
health and disease, particularly in cancer, neurodegenera-
tive disorders, and immune responses. Apoptosis is often
considered the classical form of PCD, characterized by cell
shrinkage, chromatin condensation, and DNA fragmenta-
tion, leading to the orderly removal of cells without elicit-
ing an inflammatory response. In contrast, necroptosis is a
regulated form of cell death, characterized by distinct mor-
phological and biochemical features that distinguish it from
traditional necrosis and apoptosis. The initiation of necrop-
tosis is marked by the activation of receptor-interacting pro-
tein kinases (RIPK1 and RIPK3) and mixed lineage kinase
domain-like protein (MLKL), ultimately resulting in cellu-
lar damage and inflammation [7]. Autophagy, while pri-
marily a survival mechanism, can also lead to cell death
under certain conditions. Emerging forms of PCD, such
as pyroptosis and ferroptosis, have received increased at-
tention for their roles in inflammation and the progres-
sion of cancer cells. Pyroptosis is characterized by gasder-
min D (GSDMD) mediated pore formation in the plasma
membrane, resulting in cell lysis and the release of pro-
inflammatory cytokines. Ferroptosis, an iron-dependent
form of cell death, is marked by the accumulation of lipid
peroxides and is implicated in various pathological condi-
tions, including cancer and neurodegeneration. The clas-

sification and understanding of these diverse PCD mecha-
nisms are vital for developing targeted therapeutic strate-
gies in various diseases. The difference between apoptosis,
autophagy, necroptosis, pyroptosis and ferroptosis is shown
in Table 1.

3. Apoptosis in Heart Failure
3.1 Mechanisms and Characteristics of Apoptosis

Apoptosis is a highly regulated form of regulated cell
death that is essential for normal development and tissue
homeostasis. It is characterized by specific morphologi-
cal changes, including cell shrinkage, chromatin conden-
sation, and membrane blebbing, followed by the formation
of apoptotic bodies that are phagocytosed by neighboring
cells or macrophages, preventing inflammation. It involves
apoptosis-related signaling pathways and the mitochondrial
pathway. The mitochondrial pathway of apoptosis is pri-
marily mediated by the intrinsic pathway, which involves
the release of pro-apoptotic factors from the mitochondria.
Key players in this pathway include members of the B-
cell lymphoma (BCL)-2 family, which regulate mitochon-
drial membrane permeability. When cells are under stress
or damaged, pro-apoptotic proteins such as Bax and Bak
promote the release of cytochrome c from the mitochon-
dria into the cytosol. This release activates caspases, par-
ticularly caspase-9, which subsequently activates effector
caspases like caspase-3, leading to cellular disruption and
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death [8]. Additionally, mitochondrial dysfunction often
results in increased production of reactive oxygen species
(ROS), which can further amplify apoptotic signaling and
contribute to cell death [9]. The interplay between mito-
chondrial dynamics, including fission and fusion, also plays
a crucial role in determining the viability of cells during

stress conditions. Mitochondrial fission, mediated by pro-
teins such as dynamin-related protein-1 (Drp1), is often as-
sociated with the promotion of apoptosis, while fusion pro-
cesses can help maintain mitochondrial function and pre-
vent cell death [10]. The death receptor pathway, also
known as the extrinsic pathway, is initiated by the binding

Fig. 1. The mechanism and role of apoptosis in heart failure. The extrinsic pathway is initiated when death ligands (such as TNF
and Fas Ligand) bind to their canonical death receptors and subsequently form the death-inducing signaling complex (DISC), which
then activates caspase 8 as its effector, resulting in apoptosis. Granzyme B (GrB), as a potential multifunctional pro-inflammatory
molecule, participates in the activation of caspase 8, which contributes to apoptosis. In the intrinsic pathway, pro-apoptotic proteins
like Bax and Bak facilitate the release of cytochrome c from the mitochondria into the cytosol. This release triggers the activation of
caspases, especially caspase-9, which subsequently activates effector caspases such as caspase-3, leading to apoptosis. Additionally,
mitochondrial dysfunction frequently leads to an increased production of reactive oxygen species (ROS), which can further enhance
apoptotic signaling and contribute to cell death. damage-associated molecules pattern (DAMP) signals can induce the down-regulation
of miR-1 and miR-133, which in turn might facilitate the translation of crucial apoptosis regulators, such as the heat shock protein 70
(HSP70). The HSP70 chaperone is capable of connecting the apoptotic protease-activating factor 1 (APAF1)/CASPASE3 complex and
caspase-9, potentially suppressing the activation of apoptosis. microRNA (miR)-122 can promote cardiomyocyte apoptosis by inhibiting
the Hand2 transcription factor, which subsequently leads to an increase in the expression of dynamin-related protein-1 (Drp1). However,
miR-19b-1 has been found to counteract cardiac apoptosis. The cumulative effect of increased cardiomyocyte apoptosis not only reduces
the heart’s contractile capacity but also promotes adverse remodeling and fibrosis, and ultimately leads to a worsening outcome of heart
failure. Fig. 1 was created with Figdraw.
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of death ligands, such as tumor necrosis factor (TNF) and
Fas ligand, to their respective receptors on the cell surface.
This interaction leads to the formation of a death-inducing
signaling complex (DISC), which activates caspase-8. Ac-
tivated caspase-8 can directly cleave and activate down-
stream effector caspases, leading to apoptosis [11]. A re-
cent study demonstrated that the activation of caspase-8
is not solely dependent on TNF but is also influenced by
granzyme B (GrB) through both direct and indirect mecha-
nisms [12]. GrB is a serine protease that is produced by a
variety of immune, non-immune, and tumor cells. This en-
zyme has the capability to cleave components of the extra-
cellular matrix (ECM), cytokines, cell receptors, and clot-
ting proteins, making GrB a potential multifunctional pro-
inflammatory molecule [13]. Its involvement in these pro-
cesses suggests that GrB may play a significant role in the
development of various inflammatory conditions. These in-
clude inflammaging, which refers to the chronic, low-grade
inflammation associated with aging, as well as both acute
and chronic inflammatory and cardiovascular diseases [14].
Studies have found that after an acute myocardial infarction
in mice, CD8+ T lymphocytes are drawn to and activated
within ischemic heart tissue. These activated lymphocytes
release granzyme B, which contributes to the apoptosis of
cardiomyocytes. This process ultimately results in adverse
ventricular remodeling and a decline in myocardial func-
tion [15]. This pathway is particularly important in im-
mune responses, helping to eliminate infected or damaged
cells. The death receptor pathway can also trigger necrop-
tosis, a form of regulated necrosis, when caspase-8 is in-
hibited [16]. The regulation of this pathway is complex and
involves various post-translational modifications, such as
ubiquitination, which can modulate the activity of death re-
ceptors and associated signaling proteins [17]. Apoptosis
plays a critical role in the pathophysiology of heart failure
(Fig. 1).

3.2 The Role of Apoptosis in Heart Failure

Cardiomyocyte apoptosis is a significant contributor
to the loss of cardiac tissue and function, leading to HF.
Studies have shown that various factors, including oxida-
tive stress, inflammation, and neurohormonal activation,
can trigger apoptosis in cardiomyocytes during heart failure
[18,19]. The cumulative effect of increased cardiomyocyte
apoptosis not only diminishes the heart’s contractile capac-
ity but also promotes adverse remodeling, fibrosis, and ul-
timately increases the morbidity and mortality associated
with end-stage heart failure. Therefore, understanding the
mechanisms of cardiomyocyte apoptosis is essential for de-
veloping targeted therapies aimed at mitigating cell death
and preserving cardiac function in patients with heart fail-
ure.

When cardiomyocytes undergo apoptosis, the loss of
functional cells leads to decreased contractility and im-
paired cardiac output. This decline in cardiac function is

exacerbated by the inflammatory response that follows cell
death, which further contributes to myocardial damage and
remodeling. The activation of these pathways has been
shown to impair cardiac remodeling resulting in decreased
cardiac function in heart failure models [20]. Several stud-
ies have found that the balance between apoptosis and pro-
tective mechanisms, such as autophagy, is crucial for main-
taining cardiac homeostasis. When apoptosis is dysregu-
lated, it can lead to excessive loss of cardiomyocytes, re-
sulting in further progression of heart failure [21,22]. Ther-
apeutic strategies targeting the apoptotic pathways, such as
inhibiting caspase activation or promoting cell survival sig-
nals, have shown promise in preclinical studies, suggesting
that modulation of regulated cell death could be a viable ap-
proach to improve cardiac function in heart failure patients
[23].

The expression of apoptosis biomarkers in heart fail-
ure patients plays a critical role in understanding the un-
derlying mechanisms of cardiac dysfunction which guide
therapeutic strategies. Research has shown that various
microRNAs, such as microRNA (miR)-122 and miR-19b-
1, are significantly elevated in patients with heart failure.
miR-122 has been identified as a key player in promoting
cardiomyocyte apoptosis by inhibiting the Hand2 transcrip-
tion factor, which subsequently increases the expression
of Drp1, a protein associated with mitochondrial fission
and apoptosis [24]. Similarly, miR-19b-1 has been found
to counteract ischemia-induced cardiac apoptosis, thereby
protecting cardiac function and reducing infarct size fol-
lowing a myocardial infarction [25]. Furthermore, studies
have shown that miR1 and miR133a play a crucial role in
triggering the early processes that lead to myocardial hyper-
trophy and early epicardial activation following an infarct
[26,27]. In the hearts of mammals and vertebrates, damage-
associated molecules pattern (DAMP) signals can lead to
the down-regulation ofmiR1 andmiR133a, whichmay sub-
sequently promote the translation of key apoptosis regula-
tors, such as the heat shock protein 70 (HSP70) [27]. The
HSP70 chaperone is capable of connecting the apoptotic
protease-activating factor 1 (APAF1)/CASPASE3 complex
and caspase-9, potentially inhibiting the activation of apop-
tosis [28]. Therefore, blockage of HSP70 can prevent apop-
tosis and attenuates cardiac remodeling and dysfunction
[29]. HSP60 may also play a significant role in heart failure
through this process [30]. In addition, the overactivation
of β-adrenergic receptors (β-AR) in heart failure is linked
to increased oxidative stress and apoptosis, highlighting the
importance of mitochondrial dysfunction in the progression
of heart failure [31]. These findings underscore the poten-
tial of using apoptosis biomarkers as indicators of disease
severity and therapeutic targets in the treatment of heart fail-
ure.
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3.3 New Strategies for Treating Heart Failure With
Apoptosis

Pharmacological interventions targeting apoptosis are
gaining traction as a vital strategy in the management of
heart failure. Recent studies have highlighted the role of
specific microRNAs, such as miR-122, miR-125b andmiR-
19b-1, in regulating cardiomyocyte apoptosis, which is a
critical factor in the progression of heart failure [24,25,32].
These findings suggest that manipulating apoptotic path-
ways through pharmacological interventions could provide
a novel therapeutic approach to mitigate heart failure pro-
gression and improve patient outcomes [33].

Gene therapy and cell therapy represent the forefront
of innovative treatment strategies with the potential to rev-
olutionize heart failure management. Gene therapy inter-
ventions, particularly those utilizing CRISPR/Cas9 tech-
nology, are being explored for their ability to correct ge-
netic defects associatedwith heart failure and to enhance the
regenerative capacity of cardiac tissues. Recent advance-
ments in gene editing have shown promise in addressing
inherited forms of heart disease, such as hypertrophic car-
diomyopathy and dilated cardiomyopathy, by targeting spe-
cific mutations involved in the pathophysiology of these
diseases [34]. Cellular therapies, including the transplan-
tation of stem cells or genetically modified cells, restore
cardiac function by promoting tissue regeneration and im-
proving mechanisms involved in myocardial tissue repair.
Clinical trials are currently underway to evaluate the effi-
cacy and safety of these therapies, with early results indi-
cating potential benefits in terms of cardiac function and
patient quality of life. As research progresses, the integra-
tion of gene and cell therapies could provide a transforma-
tive approach to treating heart failure, moving beyond the
management of symptoms to address the root cause of these
diseases.

4. Autophagy in Heart Failure
4.1 Mechanisms and Characteristics of Autophagy

Autophagy is a vital cellular process that involves
the degradation and recycling of cellular components, and
plays a crucial role inmaintaining cellular homeostasis. It is
characterized by the formation of autophagosomes, which
encapsulate damaged organelles and proteins before fus-
ing with lysosomes for degradation. The process can be
broadly classified into three types: macroautophagy, mi-
croautophagy, and chaperone-mediated autophagy (CMA)
[35]. Macroautophagy involves the bulk degradation of
cytoplasmic components, while microautophagy directly
engulfs small portions of the cytoplasm. CMA, on the
other hand, selectively degrades specific proteins that have
a KFERQ-like motif, which are recognized by chaperones
and transported to lysosomes for degradation. Each type
of autophagy has distinct molecular mechanisms and reg-
ulatory pathways that adapt to various physiological and
pathological conditions, ensuring that cells can respond ef-

fectively to stressors such as nutrient deprivation, oxidative
stress, and damaged organelles [36]. The intricate regu-
lation of autophagy is essential, as dysregulation can lead
to a variety of diseases, including cancer, neurodegenera-
tive disorders, and cardiovascular diseases, highlighting the
need for a deeper understanding of its mechanisms [37].

The classification of autophagy is primarily based on
the mechanism of cargo delivery to lysosomes. Macroau-
tophagy is the most studied form, characterized by the for-
mation of double-membrane vesicles known as autophago-
somes. These vesicles engulf cellular components and sub-
sequently fuse with lysosomes, where the contents are de-
graded by lysosomal enzymes. Microautophagy, in con-
trast, involves the direct invagination of the lysosomal
membrane to engulf cytoplasmic material, while CMA se-
lectively targets specific proteins for degradation. Au-
tophagy is regulated by a complex network of signal-
ing pathways and cellular factors that respond to various
stressors and cellular conditions. Key regulators include
the mechanistic target of rapamycin (mTOR) pathway,
which serves as a central hub for nutrient sensing and en-
ergy status, inhibiting autophagy when nutrients are abun-
dant. Conversely, under conditions of stress, such as low
energy levels or hypoxia, AMP-activated protein kinase
(AMPK) is activated, promoting autophagy to maintain
cellular homeostasis. Transcription factors like transcrip-
tion factor EB (TFEB) also play a crucial role in regulat-
ing the expression of autophagy-related genes, thereby en-
hancing the autophagic response during stress [38]. Other
regulatory factors include various protein complexes and
post-translational modifications, such as ubiquitination and
phosphorylation, whichmodulate the activity of autophagy-
related proteins. The interplay between these regulatory
factors is essential for the proper functioning of autophagy.
Disruptions in this regulatory network can contribute to the
pathogenesis of various diseases, including cancer, neu-
rodegenerative disorders and heart failure [39].

4.2 The Role of Autophagy in Heart Failure

The relationship between autophagic activity and
heart failure is complex and multifaceted. Autophagy
serves as a protective mechanism that helps to clear dam-
aged cellular components, thereby promoting cardiomy-
ocyte survival and function. In heart failure, autophagic ac-
tivity can be altered, leading to either insufficient or exces-
sive autophagy. Insufficient autophagy has been linked to
the accumulation of damaged organelles and proteins, con-
tributing to cellular dysfunction and apoptosis. Conversely,
excessive autophagy can lead to autophagic cell death, fur-
ther exacerbating heart failure. Research has shown that
the regulation of autophagy is influenced by various fac-
tors, including oxidative stress, mitochondrial dysfunction,
and the availability of nutrients, which are all prevalent in
heart failure [40]. The interplay between autophagy and
other cellular pathways, such as apoptosis and inflamma-
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tion, complicates our understanding of its role in heart fail-
ure. For example, studies have demonstrated that the ac-
tivation of autophagy can be protective in the early stages
of heart failure but may become maladaptive as the disease
progresses [41].

The mTOR is a central regulator of cell growth, pro-
liferation, and autophagy. In heart failure, mTOR signaling
plays a dual role, influencing both the survival and death of
cardiomyocytes. Under normal physiological conditions,
mTOR promotes protein synthesis and inhibits autophagy,
thereby promoting cellular growth. However, in heart fail-

ure, mTOR activity can become dysregulated, leading to
excessive autophagy or apoptosis. Studies have shown that
inhibiting mTOR can enhance autophagic flux, which may
help in the clearance of damaged organelles and proteins,
thus promoting cardiomyocyte survival [42]. mTOR is in-
fluenced by various factors, including nutrient availability
and cellular stress, which can further complicate its role in
heart failure [21].

AMPK serves as an energy sensor in cells, responding
to changes in cellular energy status. Activation of AMPK
promotes autophagy, which is particularly beneficial in

Fig. 2. The mechanism and role of autophagy in heart failure. The process of autophagy can be generally classified into three
types: macroautophagy, microautophagy, and chaperone-mediated autophagy (CMA). Macroautophagy is associated with the large-
scale degradation of cytoplasmic components, while microautophagy directly engulfs small parts of the cytoplasm. On the contrary,
CMA selectively degrades specific proteins that possess a KFERQ-like motif, which are recognized by chaperones and transported to
lysosomes for degradation. Rapamycin (mTOR) signaling has a dual role in autophagy, which acts as a central hub for nutrient sensing
and energy status. It inhibits autophagy when nutrients are plentiful. On the contrary, under stressful conditions, such as low energy
levels or hypoxia, adenosine monophosphate-activated protein kinase (AMPK) is activated, facilitating autophagy to maintain cellular
homeostasis. The activation of AMPK triggers autophagy in heart failure, which can enhance mitochondrial biogenesis and function.
Transcription factors such as transcription factor EB (TFEB) enhance the autophagic response during stress. Other regulatory factors such
as ubiquitination and phosphorylation modulate the activities of autophagy-related proteins. Under certain circumstances, the activation
of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) can promote autophagy; however, excessive signaling of
NF-κB may lead to autophagic dysfunction and cell death. Excessive autophagy may result in autophagic cell death, thereby further
aggravating heart failure. Fig. 2 was created with Figdraw.
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heart failure, where energy depletion is common. AMPK
activation enhances mitochondrial biogenesis and function,
thereby improving cellular energy homeostasis. Studies
have shown that AMPK can inhibit mTOR signaling, cre-
ating a regulatory feedback loop that promotes autophagy
while suppressing excessive cellular growth. AMPK is also
involved in the response to various stressors, such as hy-
poxia and nutrient deprivation, which are prevalent in heart
failure [43].

Nuclear factor kappa-light-chain-enhancer of acti-
vated B cells (NF-κB) is a key transcription factor that reg-
ulates inflammatory responses and cell survival. In heart
failure, NF-κB signaling is often activated, leading to the
expression of pro-inflammatory cytokines and contributing
to myocardial inflammation and remodeling. The interplay
between NF-κB and autophagy is complex. While NF-κB
activation can promote autophagy under certain conditions,
excessive NF-κB signaling may lead to autophagic dys-
function and cell death [44,45]. Studies have shown that
targeting NF-κB signaling can mitigate inflammation and
improve cardiac function in heart failure models, suggest-
ing that modulation of this pathway may be a viable thera-
peutic approach [46] (Fig. 2).

4.3 New Strategies for Treating Heart Failure With
Autophagy

The exploration of autophagy regulators has found
several various pharmacological agents that can modulate
autophagic processes. Compounds such as rapamycin,
which inhibits the mTOR pathway, have been shown to
induce autophagy, thereby enhancing cellular resilience
against stressors such as oxidative stress and inflammation.
Recent studies have also identified natural products, such
as curcumin and resveratrol, which can positively influence
autophagy and have potential applications in treating car-
diovascular diseases, including heart failure [47]. In addi-
tion, genetic approaches targeting autophagy-related genes
have provided insights into the molecular pathophysiology
of autophagy regulation. The interplay between microR-
NAs and autophagy has emerged as a critical area of study,
with specific microRNAs being implicated in the modula-
tion of autophagic activity in cardiomyocytes. As research
continues to elucidate the complex signaling networks in-
volved in autophagy, the development of targeted therapies
that can effectively regulate autophagy holds promise for
improving clinical outcomes in heart failure and other re-
lated conditions [40].

The therapeutic landscape for heart failure is evolving,
with autophagy modulation emerging as a novel strategy.
New strategies are focusing on pharmacological agents that
can selectively enhance autophagy in cardiomyocytes, po-
tentially leading to improved cardiac function and reduced
morbidity associated with heart failure. For instance, the
use of sodium-glucose cotransporter 2 (SGLT2) inhibitors
has shown promise in enhancing autophagic activity and

improving heart failure outcomes by targeting metabolic
pathways that intersect with autophagy. Furthermore, on-
going clinical trials are investigating the efficacy of au-
tophagymodulators in combination with conventional heart
failure therapies, aiming to provide a synergistic effect that
could lead to better patient outcomes. As our understand-
ing of the role of autophagy in heart failure increases, these
innovative strategies may offer new hope for patients suf-
fering from this debilitating condition [48,49].

5. Necroptosis in Heart Failure
5.1 Mechanisms and Characteristics of Necroptosis

Necroptosis is a regulated form of necrotic cell death
that plays a significant role in various pathological condi-
tions, including inflammation, neurodegeneration, and can-
cer. It is characterized by distinct morphological changes
that resemble necrosis, such as plasma membrane rupture
and cytoplasmic swelling, leading to the release of intra-
cellular contents and subsequent inflammatory responses
[50]. The signaling pathways that govern necroptosis are
complex and involve multiple receptors and kinases. The
initiation of necroptosis typically begins with the activation
of death receptors, such as tumor necrosis factor receptor
1 (TNFR1), which leads to the recruitment of RIPK1 [51].
Upon activation, RIPK1 can form a complex with RIPK3,
leading to the phosphorylation of MLKL, which is crucial
for the necroptotic process [52]. In addition to the classi-
cal pathway, Z-DNA binding protein 1 (ZBP1) has been
identified as a crucial regulator of necroptosis, which is
mainly caused by virus infection [53]. In the pathophysiol-
ogy of ZBP1-mediated necroptosis, ZBP1 recruits RIPK3
via its RIP homotypic interaction motif (RHIM) domain
and triggers the autophosphorylation of RIPK3. The in-
teraction between ZBP1 and RIPK3 is sufficient to gener-
ate a distinct type of necrosome, which then leads to the
phosphorylation ofMLKL. In this context, RIPK1 typically
functions as a negative regulator of necroptosis within the
ZBP1-mediated pathway [54]. Unlike apoptosis, necrop-
tosis does not rely on caspases; instead, it is characterized
by a caspase-independent mechanism of cell death that can
result in significant inflammatory responses [55]. The in-
terplay between these signaling pathways highlights the po-
tential for targeting specific components of the necroptotic
pathway to modulate cell death, particularly in diseases
characterized by excessive inflammation or cell death [56]
(Fig. 3).

5.2 The Role of Necroptosis in Heart Failure
Necroptosis has emerged as a significant contributor

to the pathophysiology of heart failure. Unlike apopto-
sis, which is characterized by cellular shrinkage and nu-
clear fragmentation, necroptosis is marked by cell swelling,
membrane rupture, and the release of pro-inflammatory fac-
tors, leading to a robust inflammatory response. In the con-
text of heart failure, necroptosis can be triggered by various
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Fig. 3. The mechanism and role of necroptosis in heart failure. TNF-α activates tumor necrosis factor receptor 1 (TNFR1), sub-
sequently resulting in the recruitment of receptor-interacting protein kinases 1 (RIPK1). Once activated, RIPK1 can form a complex
with receptor-interacting protein kinases 3 (RIPK3), thereby leading to the phosphorylation of mixed lineage kinase domain-like protein
(MLKL). Activated MLKL oligomerizes and inserts into the plasma membrane to carry out necroptosis, ultimately leading to the rupture
of the plasma membrane. When cardiomyocytes undergo necroptosis, they release damage-associated molecular patterns (DAMPs) and
pro-inflammatory cytokines, thereby further intensifying inflammation and tissue damage. Overactivation of β-adrenergic receptors in
cardiomyocytes contributes to necroptosis in heart failure. As necroptosis causes significant cellular damage and inflammation, it con-
tributes to the pathological remodeling of the heart, which is characterized by fibrosis and hypertrophy, thereby further exacerbating the
symptoms of heart failure. I/R, ischemia-reperfusion. Fig. 3 was created with Figdraw.

stressors, including oxidative stress, calcium overload, and
metabolic disturbances, often resulting from the overactiva-
tion of β-adrenergic receptors in cardiomyocytes [31]. The
impact of necroptosis on cardiac function in heart failure is
profound. The loss of cardiomyocytes due to necroptosis
directly correlates with reduced contractility and impaired
cardiac output, which are hallmark features of heart fail-

ure. The relationship between regulated necrosis and my-
ocardial cell injury is particularly evident in the context of
ischemia-reperfusion (I/R) injury, where the restoration of
blood flow after a period of ischemia leads to further cellu-
lar damage. During I/R injury, necroptosis has been shown
to significantly contribute to myocardial injury. Studies
have shown that inhibiting necroptosis can reduce infarct
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size and improve cardiac function [57,58]. The inflamma-
tory response plays a pivotal role in mediating necroptosis
in heart failure. When cardiomyocytes undergo necropto-
sis, they release DAMPs and pro-inflammatory cytokines,
which further exacerbate inflammation and tissue damage.
This inflammatory milieu not only promotes additional car-
diomyocyte death but also contributes to the activation of
immune cells, perpetuating a cycle of necroptosis and in-
flammation. As necroptosis leads to significant cellular
damage and inflammation, it contributes to the pathologi-
cal remodeling of the heart, characterized by fibrosis and
hypertrophy, which further exacerbates heart failure symp-
toms [59,60]. In summary, the interplay between necropto-
sis and other forms of cell death, such as apoptosis, compli-
cates the overall picture of cardiac cell death in heart failure
[61].

5.3 New Strategies for Treating Heart Failure With
Necroptosis

Pharmacological interventions targeting the necropto-
sis pathway have emerged as a promising strategy for treat-
ing various diseases. Key components of the necroptosis
signaling pathway include RIPK1, RIPK3 and MLKL. In-
hibitors of these proteins, such as necrostatin-1, have shown
efficacy in preclinical models by preventing necroptosis
and reducing inflammation associated with tissue damage
[52]. Studies have demonstrated that inhibiting necroptosis
can improve cardiac function and reduce myocardial injury
in experimental models of heart failure [62,63].

6. Pyroptosis in Heart Failure
6.1 Mechanisms and Characteristics of Pyroptosis

Pyroptosis is a form of regulated cell death that is char-
acterized by the simultaneous combination of apoptosis and
necrosis. This complex process involves a series of sig-
nificant changes within the cell involving nuclear conden-
sation, organelle swelling, DNA breakage, cell membrane
pore formation, and the destruction of the cell membrane
[64]. The release of pro-inflammatory cytokines, including
interleukin (IL)-1β, IL-18, high mobility group box-1 pro-
tein (HMGB-1), and heat shock proteins (HSPs), leads to
a strong inflammatory response. These reactions can ex-
acerbate organ dysfunction and contribute to the develop-
ment of various diseases. It is primarily triggered by the
activation of inflammasomes, which are multiprotein com-
plexes that detect pathogenic microorganisms and cellular
stress signals. The canonical pathway of pyroptosis is a
caspase-1-dependent process triggered by the activation of
inflammasomes. When pathogens invade a host cell, pat-
tern recognition receptors (PRRs) have the ability to recog-
nize pathogen-associated molecular patterns (PAMPs) and
DAMPs intracellularly, and bind to specific ligands. Sen-
sor proteins (such as nod-like receptor protein 3 (NLRP3),
NLR-family CARD-containing protein 4 (NLRC4), or ab-
sent in melanoma 2 (AIM2)) recruit the adaptor protein

apoptosis-associated speck-like protein containing a cas-
pase recruitment domain (CARD) (ASC), which then re-
cruits and activates procaspase-1, forming the inflamma-
some complex [65]. Upon activation, inflammasomes fa-
cilitate the cleavage of GSDMD by caspase-1, resulting in
the formation of pores in the cell membrane and subsequent
cell lysis [66]. Pyroptosis plays a crucial role in the host
defense against infections, particularly in response to bac-
terial pathogens. However, excessive pyroptosis can con-
tribute to tissue damage and inflammatory diseases, includ-
ing sepsis and autoimmune disorders. The regulatorymech-
anisms governing pyroptosis, including the roles of various
signaling pathways and the interplay with other forms of
cell death, are currently areas of active research. Under-
standing pyroptosis and its implications in health and dis-
ease can provide insights into potential therapeutic strate-
gies for controlling inflammation and improving outcomes
in infectious and inflammatory diseases [67] (Fig. 4).

6.2 The Role of Pyroptosis in Heart Failure

Recent studies have demonstrated that pyroptosis
plays a critical role in various cardiac conditions, includ-
ing myocardial ischemia/reperfusion injury, myocardial in-
farction, and chronic heart failure. The relationship be-
tween pyroptosis and myocardial injury is well established,
as pyroptosis directly contributes to cardiomyocyte death
and subsequentmyocardial dysfunction. Upon activation of
the pyroptotic pathway, cardiomyocytes undergo a series of
morphological changes, including cell swelling and mem-
brane rupture, which culminate in the release of intracellu-
lar contents and inflammatory mediators [68]. This process
not only leads to the loss of functional cardiomyocytes, but
also triggers an inflammatory response that recruits immune
cells to the site of injury, perpetuating the cycle of inflam-
mation and tissue damage [69]. Studies have shown that in-
hibiting pyroptosis can significantly reduce myocardial in-
jury and improve cardiac function in heart failure models
[70,71].

Pyroptosis significantly influences cardiac remodel-
ing, a process characterized by structural and functional
changes in the heart following an injury. The inflamma-
tory cytokines released during pyroptosis contribute to the
activation of fibroblasts and the deposition of extracellular
matrix components, leading to cardiac fibrosis and hyper-
trophy [72]. This remodeling process is detrimental, as it
impairs cardiac contractility and increases the risk of heart
failure. Furthermore, the inflammatory environment cre-
ated by pyroptotic cell death can lead to continued activa-
tion of pro-fibrotic pathways, further exacerbating adverse
remodeling. Recent research indicates that interventions
aimed at inhibiting pyroptosis can mitigate these remodel-
ing effects, suggesting that targeting this form of cell death
may offer a therapeutic avenue for preventing or reversing
cardiac remodeling in heart failure patients [73] (Fig. 4).
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Fig. 4. The mechanism and role of pyroptosis in heart failure. The canonical pathway of pyroptosis depends on caspase-1 and is
initiated by the activation of inflammasomes. Once activated, inflammasomes enable the cleavage of gasdermin D (GSDMD) by caspase-
1, leading to the formation of pores in the cell membrane and subsequent cell lysis. The inflammatory cytokines (such as interleukin (IL)-
1β and IL-18) released during pyroptosis contribute to the activation of fibroblasts and the deposition of extracellular matrix components,
thereby resulting in cardiac fibrosis and hypertrophy. Pyroptosis not only causes the loss of functional cardiomyocytes but also triggers
an inflammatory response, which recruits immune cells to the injury site, perpetuating the cycle of inflammation and tissue damage.
Fig. 4 was created with Figdraw.

6.3 New Strategies for Treating Heart Failure With
Pyroptosis

Given the significant role of pyroptosis in the pro-
gression of heart failure, targeting this form of cell death
presents a promising area for therapeutic intervention. Var-
ious strategies have been explored to inhibit pyroptosis,
including the use of small molecule inhibitors that tar-
get key components of the pyroptotic pathway. Inhibitors
of caspase-1 and the NLRP3 inflammasome have shown
potential in reducing inflammation and improving car-
diac function in preclinical models of heart failure [74].
MCC950, a specific NLRP3 inhibitor, has been shown to
alleviate fibrosis and enhance cardiac function in a mouse
model by suppressing early inflammatory responses after
myocardial infarction [75]. When combined with rosuvas-
tatin (RVS),MCC950 effectively suppressed the expression
of NLRP3, caspase-1, interleukin-1β, and the N-terminal
domains of gasdermin D. This combination also reduced
serum lactate dehydrogenase (LDH) levels, enhanced car-
diac systolic function, and alleviated myocardial fibrosis in
mice [76]. Irisin protected cardiac function by suppressing
NLRP3 and alleviating cardiomyocyte hypertrophy caused
by pyroptosis [77]. Inhibition of caspase-1 reduced the
incidence of cardiac fibrosis in diabetic cardiomyopathy

and enhanced cardiac function by regulating miR-135b
[78]. Syringaresinol (SYR) enhanced cardiac function and
mitigated myocardial injury in a mouse model of sepsis-
induced cardiac dysfunction by modulating the estrogen re-
ceptor (ER)/sirtuin-1 (SIRT1)/NLRP3/GSDMD signaling
pathway [79]. The development of novel pharmacologi-
cal agents that can selectively inhibit pyroptosis could pro-
vide new therapeutic options for patients with heart failure,
particularly in cases where traditional treatments are inef-
fective. Furthermore, understanding the molecular mecha-
nisms underlying pyroptosis in heart failure could lead to
the identification of biomarkers for disease progression and
treatment response, ultimately improving patient outcomes
[73].

7. Ferroptosis in Heart Failure
7.1 Mechanisms and Characteristics of Ferroptosis

The biological characteristics of ferroptosis distin-
guish it from other forms of cell death, such as apoptosis and
necrosis. Ferroptosis is primarily driven by the accumula-
tion of lipid peroxides and is dependent on iron availability,
which is critical for the production of ROS. The molecular
mechanisms of ferroptosis are complex and involve multi-
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Fig. 5. The mechanism and role of ferroptosis in heart failure. The accumulation of iron within cells promotes the formation of free
radicals, which subsequently causes lipid peroxidation and leads to ferroptosis. This process is aggravated by the depletion of glutathione
(GSH) and the inactivation of glutathione peroxidase 4 (GPX4), which usually alleviates oxidative damage. The nuclear factor erythroid
2-related factor 2 (Nrf2) and p53 signaling pathways were also involved in the regulation of ferroptosis. The activation of ferroptosis
leads to increased myocardial cell death and is associated with worse clinical outcomes. FSP1, ferroptosis suppressor protein 1. Fig. 5
was created with Figdraw.

ple pathways that regulate iron metabolism, lipid peroxida-
tion, and antioxidant defenses. Central to thesemechanisms
is the interplay between iron, ROS, and lipid metabolism
[80]. The accumulation of iron within cells catalyzes the
formation of free radicals, which in turn leads to lipid perox-
idation. This process is exacerbated by the depletion of glu-
tathione (GSH) and the inactivation of glutathione peroxi-
dase 4 (GPX4), which normallymitigates oxidative damage
[81]. Recent studies have identified additional regulatory
pathways, including the involvement of the nuclear factor
erythroid 2-related factor 2 (Nrf2) and p53 signaling path-
ways, which modulate ferroptosis sensitivity through their
roles in antioxidant responses and iron homeostasis [82,83].
Furthermore, the ferroptosis suppressor protein 1 (FSP1)
has been recognized as a critical factor in counteracting fer-
roptosis by inhibiting lipid peroxidation (Fig. 5).

7.2 The Role of Ferroptosis in Heart Failure

Ferroptosis plays a critical role in myocardial cell in-
jury, particularly in conditions such as diabetic cardiomy-

opathy and ischemia/reperfusion injury. In diabetic pa-
tients, elevated levels of intracellular lipids and iron con-
tribute to the activation of ferroptosis, leading to increased
myocardial cell death [84]. Research has demonstrated that
patients with diabetic heart failure exhibit elevated markers
of ferroptosis, and are associated with worse clinical out-
comes [85]. The presence of ferroptosis-related proteins
in heart tissue has been linked to the severity of heart fail-
ure, suggesting that ferroptosis may serve as a biomarker
for disease progression [86]. Studies have shown that the
inhibition of ferroptosis can significantly reduce myocar-
dial injury and improve cardiac function, suggesting that
targeting this pathway may offer a novel therapeutic ap-
proach for heart failure [87,88]. The relationship between
these proteins complicates our understanding of the various
mechanisms involved in myocardial injury. For instance,
the activation of ferroptosis has been linked to the loss of
cardiomyocytes in various heart diseases, indicating that in-
terventions aimed at preventing ferroptosis could preserve
both myocardial integrity and function [86] (Fig. 5).
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7.3 New Strategies for Treating Heart Failure With
Ferroptosis

Traditional treatment methods for heart failure, such
as angiotensin-converting enzyme (ACE) inhibitors, beta-
blockers, and diuretics, primarily focus on managing symp-
toms and improving hemodynamics rather than addressing
the underlying cellular death mechanisms. These therapies
often fall short in improving long-term outcomes, partic-
ularly in patients with advanced heart failure. The lim-
itations of current treatments are highlighted by the fact
that they do not specifically target the pathways leading
to cardiomyocyte death, such as ferroptosis. Studies have
shown that ferroptosis contributes to myocardial injury and
adverse remodeling in heart failure, indicating that target-
ing this pathway could provide a novel therapeutic strategy.
For instance, excessive catecholamine stimulation has been
linked to ferroptosis in cardiomyocytes, suggesting that in-
terventions aimed at modulating ferroptosis could mitigate
catecholamine-induced cardiac injury [89]. Furthermore,
the role of ferroptosis in heart failure is supported by ev-
idence showing that various pharmacological agents, such
as SGLT2 inhibitors, can reduce ferroptosis and improve
cardiac function [90]. Additionally, natural compounds
such as resveratrol have been investigated for their ability
to modulate ferroptosis and exert cardioprotective effects
[91].

8. Other Programmed Cell Death Pathways
in Heart Failure

Parthanatos is a type of programmed cell death that is
driven by the overactivation of poly (adenosine diphosphate
(ADP)-ribose) polymerase-1 (PARP-1). Unlike apoptosis,
it is caspase-independent and involves the accumulation of
poly (ADP-ribose) (PAR) induced by DNA damage, the
release of mitochondrial apoptosis-inducing factor (AIF),
and the fragmentation of nuclear DNA [92]. Conditions
such as myocardial infarction, hypertension, and diabetes
generate oxidative stress, damaging DNA and activating
PARP-1. Chronic activation depletes NAD+/ATP, and ex-
acerbates cardiomyocyte death [2]. Post-infarction reperfu-
sion enhances oxidative stress, leading to the overactivation
of PARP-1 and parthanatos, which contributes to the size of
the infarct and ultimate the severity of cardiac dysfunction
[93]. The persistent activation of PARP-1 in chronic heart
failure might cause the gradual loss of cells, and is responsi-
ble for deteriorating ventricular remodeling and ultimately
decreased cardiac function [94]. Preclinical studies reveal
that PARP inhibitors decreased infarct size and enhanced
function in animal models [95,96]. Nevertheless, caution
is needed in clinical translation because of PARP’s role in
DNA repair and potential off-target effects.

NETosis constitutes a distinct form of neutrophil cell
death, characterized by the release of neutrophil extra-
cellular traps (NETs)—web-like structures composed of
DNA, histones, and antimicrobial proteins. It is initiated

by stimuli such as cytokines, pathogens, or tissue dam-
age and involves peptidylarginine deiminase 4 (PAD4)-
mediated chromatin relaxation [97]. In contrast to apop-
tosis, NETosis leads to extracellular pro-inflammatory and
pro-thrombotic effects. Ischemia-reperfusion injury trig-
gers NETosis, exacerbating inflammation, microvascu-
lar obstruction, and infarct expansion. The constituents
of NETs directly cause damage to cardiomyocytes and
endothelial cells [98]. Persistent immune activation in
heart failure results in NETosis, which perpetuates my-
ocardial inflammation, fibrosis, and ventricular remodel-
ing. The elevated NET markers (such as citrullinated hi-
stones, myeloperoxidase-DNA complexes) have been cor-
related with the severity of heart failure. The progression
of left ventricular (LV) remodeling and fibrosis at both the
intermediate and late stages of HF was abolished when
neutrophil depletion was achieved through either antibody-
based or genetic methods [99]. NETosis plays a role in in-
flammation, fibrosis, and thrombosis in heart failure, thus
emerging as a promising therapeutic target. Although pre-
clinical studies have suggested deoxyribonuclease I (DNase
I) and PAD4 inhibitors are potential treatments, their clini-
cal application requires a more profound understanding of
their mechanism and validation in human heart failure pa-
tients. Maintaining a balance between the inhibition of NE-
Tosis and the preservation of immune function remains a
crucial challenge.

9. The Difference Programmed Cell Death
Pathways in Diverse Etiologies of Heart
Failure

In ischemic cardiomyopathy, the primary trigger is
myocardial infarction, which leads to ischemia-reperfusion
injury. In this case, apoptosis is likely attributed to mi-
tochondrial damage caused by ROS and calcium overload
[100]. BCL-2 proteins and caspases may also be involved.
Necroptosis may also be of considerable importance, by the
activation of the RIPK1/RIPK3/MLKL pathway as a con-
sequence of TNF or other death receptors [101], or due to
lipid peroxidation [102]. Inflammasomes such as NLRP3
might be activated in myocardial ischemia/reperfusion in-
jury, leading to pyroptosis through caspase-1 and gas-
dermin D [103,104]. Autophagy can be a double-edged
sword—initially protective by eliminating debris, but ex-
cessive autophagy could result in cell death [105].

In non-ischemic cardiomyopathy, which encompasses
elements such as genetic mutations, viral infections, or
toxins, the pathways could vary. Apoptosis in this con-
text might be initiated by mitochondrial mutations (for in-
stance, in dilated cardiomyopathy (DCM)) or ER stress re-
sulting from protein aggregates [106]. The administration
of doxorubicin (DOX) led to the upregulation of the ex-
pressions of NADPH oxidase (NOX) 1 and NOX4. The
upregulated NOX1 and NOX4 activated Drp1 and facil-
itated mitochondrial fission, causing excessive accumula-
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tion of ROS within mitochondria and eventually triggering
NLRP3 inflammasome and caspase 1-dependent pyropto-
sis [107]. In addition. the treatment by DOX increased the
accumulation of iron and lipid peroxidation of the mem-
branes, thereby further leading to ferroptosis [108]. Both
the activation and inhibition of autophagy flux were ob-
served in hypertrophic cardiomyopathy (HCM) and DCM
[109,110]. Necroptosis-associated proteins, such as RIPKs
and phosphorylated MLKL, were significantly upregulated
in end-stage heart failure caused by DCM and heart failure
resulting from myocardial infarction (MI). Phosphorylated
MLKL was higher in DCM than in CAD [111]. In HCM, it
is possible that pressure overload induces mechanical stress
and activates necroptosis [112].

10. Interrelation of Different Programmed
Cell Death Pathways in Heart Failure

The interrelation and complexity of different pro-
grammed cell death pathways in heart failure highlight the
intricate mechanisms underlying cardiac cell loss and tis-
sue damage. Apoptosis and autophagy frequently coexist,
where autophagy initially functions as a protective mech-
anism but may potentially facilitate apoptosis under ex-
treme stress [113]. Necroptosis shares upstream signal-
ing with apoptosis. If caspase-8 is inhibited, apoptosis can
be transformed into necroptosis [6]. Additionally, Ca2+-
calmodulin-dependent protein kinase (CaMKII), which is
thought to be another substrate for receptor interacting pro-
tein 3 (RIP3) in addition to MLKL, can be phosphory-
lated and subsequently influence mitochondrial permeabil-
ity transition pore (mPTP) to regulate both necroptosis and
apoptosis [114]. Furthermore, membrane permeabilization,
which is mediated by the opening of the mPTP, results in
both apoptosis and necroptosis [69]. RIPK1, the key medi-
ator of necroptosis, is also involved in the modulation of au-
tophagic signaling. Furthermore, the impaired autophagic
flux promotes the activation of RIPK1 and MLKL to affect
necroptosis [115]. Pyroptosis and necroptosis both increase
inflammation, creating a vicious cycle of cell death. Au-
tophagy can promote ferroptosis by degrading ferritin and
increasing iron levels [116]. The cumulative effect of mul-
tiple PCD pathways leads to fibrosis, hypertrophy, and im-
paired cardiac function.

11. Limitations of Programmed Cell
Death-Target Therapies

Despite the advancements in targeted therapies for
programmed cell death, several limitations persist that hin-
der their widespread clinical application. One major chal-
lenge lies in the complexity and interconnectivity of these
pathways. The cross-talk between different PCD pathways
complicates the targeting process. For instance, the inhibi-
tion of caspase-8 may drive necroptosis via RIPK1/RIPK3,
thereby causing inflammation. Additionally, toxicity and
off-target effects can restrict their application in specific pa-

tient groups. PCD pathways sustain homeostasis in healthy
tissues (such as the intestinal epithelium and immune cells).
Off-target apoptosis may lead to myelosuppression or gas-
trointestinal toxicity. Furthermore, drug resistance can
impact the therapeutic effect. Studies reveal that cancer
cells evade apoptosis by upregulating anti-apoptotic pro-
teins (such as BCL-2, myeloid cell leukemia (MCL)-1) or
mutating pro-death signals like tumor protein 53 (TP53)
[117]. Resistance to BCL-2 inhibitors (for instance, vene-
toclax) is common due to compensatory overexpression
of MCL-1 [118]. Finally, the heterogeneity among pa-
tients can result in variable responses to targeted therapies.
For example, although immune checkpoint inhibitors have
achieved remarkable success in some patients, a consider-
able proportion do not respond or develop resistance over
time, emphasizing the necessity of predictive biomarkers to
identify those patients who are most likely to benefit from
these treatments [119].

Excessive inhibition of PCD pathways could compro-
mise physiological cell turnover or immune responses. For
example, impaired apoptosis allows damaged or mutated
cells to survive, promoting tumorigenesis and genomic in-
stability [120]. Failure to eliminate autoreactive lympho-
cytes due to impaired apoptosis leads to diseases such as
systemic lupus erythematosus (SLE). Uneliminated apop-
totic cells release nuclear antigens, triggering autoantibod-
ies [121]. In summary, PCD pathways require tight regu-
lation. Over-inhibition disrupts homeostasis, emphasizing
the need for balanced therapeutic strategies to maintain cel-
lular health and prevent disease.

12. Conclusion
The role of regulated cell death in the onset and pro-

gression of heart failure is increasingly recognized as a
pivotal factor influencing patient outcomes. This review
has explored the intricate mechanisms of apoptosis, au-
tophagy, necroptosis, pyroptosis, and ferroptosis shedding
light on how these processes interconnect and contribute to
the pathophysiology of heart failure. By better understand-
ing these mechanisms, we can pave the way for novel ther-
apeutic strategies that not only target individual pathways
but also consider the holistic interactions between them.

Future research should prioritize the exploration of the
crosstalk between these cell death modalities, aiming to de-
cipher how they collectively influence cardiac health and
disease. Understanding these interactions may reveal syn-
ergistic effects that could be channeled into therapeutic in-
terventions. For instance, strategies that can modulate au-
tophagic processes alongside apoptosis may offer a more
comprehensive approach to improving heart function and
patient prognosis.

The clinical application of targeted therapies against
specific cell death pathways remains an urgent need. As
we advance our understanding of these mechanisms, it is
crucial to translate this knowledge into practical, evidence-
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based treatments that can be integrated into existing heart
failure management protocols. This approach not only
holds the promise of improving patient outcomes but also
enhances our ability to customize therapies based on indi-
vidual patient profiles.

In conclusion, the ongoing investigation into regu-
lated cell death mechanisms offers a promising frontier in
the treatment of heart failure. By combining different re-
search perspectives and findings, we can develop innova-
tive strategies that leverage the complexity of these pro-
cesses, ultimately leading to improved prognostic and ther-
apeutic outcomes for heart failure patients.
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