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ABSTRACT

Heart failure, a leading driver of global mortality, remains a topic of intense
contemporary research interest due to the prevailing unmet need in cardiometa-
bolic therapeutics. Numerous mechanisms with the potential to influence the onset
and development of heart failure remain incompletely understood. Firstly, myocar-
dial autophagy, which involves lysosomal degradation of damaged cellular com-
ponents, confers context-dependent beneficial and detrimental effects. Secondly,
sterile inflammation may arise following cardiac stress and exacerbate the progres-
sion of heart failure. Inflammation changes in a temporal manner and its onset
must be adequately resolved to limit progression of heart failure. Mitochondria are
an important factor in contributing to sterile inflammation by releasing damage
associated molecular patterns (DAMPs) including mitochondrial DNA (mtDNA).
Accordingly, this is one reason why the selective autophagy of mitochondria to
maintain optimal function is important in determining cardiac function. In this
review, we examine the increasing evidence suggesting crosstalk between autop-
hagy and sterile inflammation together with their role in the development of heart
failure. In particular, this is exemplified in the preclinical models of ischaemia/
reperfusion injury and pressure overload induced heart failure. We also highlight
potential therapeutic approaches focusing on autophagy and addressing sterile
inflammation, aiming to enhance outcomes in heart failure.
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Introduction

Heart failure is a progressive clinical event with an estimated global prevalence of
64.3 million annual cases [1]. It occurs due to insufficient systemic circulation
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following structural or functional alterations in the ventricle or vasculature [2].
Associated risk factors of heart failure include obesity, hypertension, diabetes,
and atherosclerotic disease [2]. Heart failure may elicit several compensatory
mechanisms, including renin-angiotensin system activation, adrenergic nervous
system activation, and cytokine production in order to compensate for decreased
cardiac function [3]. Ischaemia/reperfusion injury, elicited by coronary artery
ligation, and pressure overload-induced damage, induced by aortic constriction,
are two well-established preclinical models used to study the development of
heart failure. While necessary to resolve cardiac ischaemia, reperfusion can
increase production of reactive oxygen species (ROS), subsequent cell death
and inflammation [4]. Pressure overload-induced damage is characterised by
myocardial remodelling such as hypertrophy and fibrosis [5]. Here we review
current knowledge on the alterations in autophagy and sterile inflammation in
these models, and their impact on the development of heart failure.

Autophagy is a bulk degradation process involving the clearance of damaged
proteins and organelles in response to stressors [6]. Although autophagy is
thought to be a beneficial protective response, it also elicits detrimental cardiac
effects [7]. As new evidence emerges, the detrimental effects of both increased
and reduced autophagy in a context-specific manner are becoming apparent.
Several recent studies have indicated that the degree of autophagy changes in
a failing heart in direct response to ischaemia/reperfusion injury or pressure
overload [8-11]. Additionally, it is important to note that during the course of
heart failure progression, temporal changes in autophagy occur [12], which is not
yet fully understood. Thus, understanding temporal changes in autophagy using
pre-clinical models may aid in identifying the optimal time for therapeutic
intervention in cardiac diseases.

The innate immune system, comprised of cell types such as neutrophils,
macrophages, mast cells and eosinophils, contributes to myocardial inflamma-
tion and metabolic dysfunction [13-16]. Sterile inflammation can be characterised
as inflammation in the absence of pathogens and their products, resulting from
acute conditions such as ischaemia/reperfusion injury, chemical injury and
trauma [17,18]. During the onset of sterile inflammation, damage-associated
molecular patterns (DAMPs), endogenous molecules released after tissue injury
or cell death, are recognised by pattern recognition receptors (PRRs) such as Toll-
like receptors (TLRs) and cytoplasmic Nod-like receptors (NLRs) [18,19]. DAMPs
are also recognised by non-PRRs, such as the receptor for advanced glycation
end products (RAGE), CD44, integrins, and CD91, which activate pro-
inflammatory pathways [18,19]. Although the inflammatory response promotes
cell debris clearance and wound healing, excessive inflammation may lead to
additional tissue damage [20]. Therefore, resolution of inflammation ensures the
clearance of dead cells from injury site can occur without adverse consequences
of prolonged inflammation [21]. While most experimental studies have focused
on mechanisms regulating the onset of sterile inflammation, recent studies have
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highlighted the resolution of inflammation as an underappreciated component
of the innate immune response [22,23]. Therefore, it is imperative to identify both
the pathways that initiate sterile inflammation as well as the mechanisms
through which the inflammatory response resolves.

The key roles of both autophagy and sterile inflammation in the develop-
ment of heart failure are well known. However, the interplay between autop-
hagy and inflammation has not yet been extensively and cohesively
summarised. In this review, the mechanisms via which autophagy and sterile
inflammation crosstalk will be examined. Furthermore, their significance in
ischaemia/reperfusion injury and pressure overload-induced damage will be
discussed, together with ensuing opportunities for therapeutic intervention.

Autophagy molecular mechanisms

Autophagy primarily functions as a catabolic process aimed at eliminating
intracellular components, including dysfunctional organelles and protein aggre-
gates, by proteolytic degradation within lysosomes [24]. To date, at least three
forms of autophagy; namely chaperone-mediated autophagy, microautophagy,
and macroautophagy have been identified [25,26] They differ in physiological
function and mode of cargo delivery to the lysosome [27]. Within the context of
chaperone-mediated autophagy, the lysosome-associated membrane protein 2A
(LAMP2A) plays a crucial role by facilitating the recruitment of the chaperone
HSC70 into lysosomes. HSC70 selectively identifies specific cargoes through the
recognition of KFERQ-like motifs [25]. In contrast, microautophagy involves the
engulfment of cytosolic components within vesicles that are created through the
invagination of lysosomal membranes [28]. Lastly, macroautophagy encom-
passes a series of intracellular membrane rearrangements to encapsulate cargoes
within double-membraned vesicles known as autophagosomes. These autopha-
gosomes then undergo fusion with lysosomes, leading to the degradation of
their contents [27]. Extensive research has extensively investigated the significant
role of macroautophagy, typically referred to simply as autophagy, in the regula-
tion of cardiac function. Therefore, this review will use the term autophagy to
refer to macroautophagy, as it is commonly referred to in the literature [29].
The activation of autophagy is a precisely controlled process that relies on the
transcriptional, post-transcriptional, and post-translational regulation of various
autophagy related genes (ATGs) and associated proteins [30-32]. The activation
of autophagy is a precisely controlled process that relies on the transcriptional,
post-transcriptional, and post-translational regulation of various autophagy
related genes (ATGs) and associated proteins. Autophagy is initiated by the
ULK1 (UNC-51-like kinase 1) complex, which can be activated by several signal-
ling pathways stimulated by nutrient starvation or other stressors [33]. Upon
activation, ULK1 binds to and phosphorylates multiple downstream autophagy
proteins including multiple components of the VPS34 class Il PI3K complex
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(AMBRA1, ATG14, VPS34, and BECLINT1) [33]. ULK1 activation of the class Ill PI3K
(PI3KC3) complex stimulates phosphatidylinositol-3-phosphate (PI3P) on phago-
phores, which act to recruit autophagy-related proteins responsible for phago-
phore expansion. The elongation phase of autophagosome formation depends
on the involvement of ATG8 family members, such as LC3 and GABARAP. Initially,
these members are cleaved by ATG4 and subsequently activated by ATG?7.
Finally, they become anchored to the phagophore membranes through conju-
gation to phosphatidylethanolamine, a process facilitated by ATG3. The matura-
tion of the phagophore to form an autophagosome also requires the
participation of ATG8 [34]. Additionally, the process involves the contribution
of the small GTPase Rab5 and other components of the endosomal sorting
complexes required for transport [35]. After formation, the molecular machinery
required for its fusion with lysosomes involves complexes of SNARE proteins [36].
During the autophagosome-lysosome fusion process, various proteins, including
small GTPases like Rab7, are involved in the trafficking of autophagosomes to
lysosomes [37]. Autolysosomes facilitate digestion of autophagosome cargo via
lysosomal hydrolases to yield macromolecules such as amino acids for re-use
[38,39].

In the past decade, our understanding of the mechanisms involved in cargo
engulfment within phagophores and autophagosomes has significantly
advanced [40,41]. Initially viewed as a bulk recycling process, the discovery of
selective targeting via chaperone-mediated autophagy prompted further
investigation into the mechanisms of cargo selection [25]. Nowadays, all
forms of autophagy are recognised to possess selectivity, which is achieved
through the binding of ATG8 proteins, such as LC3, to cargo receptors like
SQSTM1 (p62), NBR1, and NIX (BNIP3L) [42]. The proximity of these components
to the targeted cargo facilitates the elongation of the phagophore around the
cargo and its subsequent incorporation into nascent autophagosomes. Cargo
receptors interact with conjugated LC3 through a distinctive WXXL motif called
the LC3-interacting region which is conserved across evolution [43]. These
receptors enable the physical interaction between the cargo and the growing
phagophore during elongation by recognising specific self-digestion signals,
either dependent or independent of ubiquitination [42].

Mitophagy is the process of selective degradation of dysfunctional mito-
chondria [44]. While it utilises some of the same cellular machinery, this
process can occur somewhat independently of canonical autophagy [45].
Mitophagy can be classified into either PINK1/Parkin-dependent, or receptor
mediated. The most well characterised form of mitophagy occurs through the
PINK1/Parkin pathway. Under physiological conditions, PINK1 is imported
into the mitochondria by the TOM complex for cleavage by PARL, followed
by degradation. Under conditions of stress, mitochondria lose their mem-
brane potential, PINK1 stabilises on the outer membrane and signals for the
recruitment of the E3 ligase Parkin from the cytosol. Parkin ubiquitinates
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several proteins, some of which include MFN1, MFN2, and MIRO. These
ubiquitinated proteins are then recognised by cargo receptors such as opti-
neurin, NDP52, and SQSTM1 [46].

Alternative mitophagy is mediated via a distinct pathway independent from
conventional autophagy or mitophagy and appears to play an important role in
various models of heart failure [47]. Indeed, mitophagy mediated by a Ulk1, Rab9
and Drp1 complex conferred cardioprotective effects during ischaemia [48]. Loss
of this alternative mechanism for induction of mitophagy through knock in of
inactive Rab9 S179A mutant worsened ischaemic injury. An Atg7-independent
form of mitophagy has also been shown to be critical in mediating the degrada-
tion of damaged cardiac mitochondria in a mouse model of PO [11]. Following
transverse aortic constriction (TAC), conventional Atg7-dependent mitophagy
was transiently activated but quickly returned to baseline within 1 day. However,
3 days after TAC, there is a more robust induction of mitophagy which was
mediated by a Rab9/Ulk/Drp1 axis and sustained longer. In addition, knockout of
Ulk1 in the heart abrogated induction of alternative mitophagy, worsened TAC-
induced cardiac dysfunction, whilst not affecting conventional autophagy. Thus,
whereas the functional significance of conventional Atg5- and Atg7-dependent
autophagy has been extensively studied in heart failure models, the studies cited
here highlight that alternative mitophagy is perhaps an underappreciated con-
tributor to cardioprotection during the progression of heart failure.

Receptor-mediated mitophagy is another important, though less well-
characterised pathway to clear damaged mitochondria. The 3 receptors identified
to date include BNIP3, NIX/BNIP3L, and FUNDC1 which contain LCR interaction
regions (LIR) to directly bind to and recruit autophagosomes [49]. BNIP3 and NIX
have gained attention for studies and their role in promoting cell death. They also
promote autophagy by disrupting BCL2 and BECLINT interactions, which allows
BECLIN1 to form complexes with autophagy proteins to form a phagophore.
FUNDC1 is regulated by phosphorylation where its phosphorylation is inhibitory
for mitophagy. Dephosphorylation by PGAM5 allows it to bind to LC3 for mito-
phagy. However, unlike PINK1/PARKIN pathway, the regulatory mechanisms are
not well characterised. Other examples of selective autophagy include reticulo-
phagy, lysophagy, nucleophagy, lipophagy, pexophagy [42]. Additionally, while
organelles and proteins are commonly targeted, autophagy can also affect RNA by
influencing RNA-binding proteins or through direct interaction of LC3 with RNA
(Figure 4) [50]. Evidently, processes related to autophagy are strategically posi-
tioned to exert a broad impact on cellular function.

Role of autophagy in preclinical models and human heart failure

Autophagy is heavily implicated in optimal cardiac function as an important
endogenous anti-stress response, yet excessive autophagy can be detrimental
and pathological [51-53]. The degradation of misfolded or damaged proteins
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and organelles via autophagy is especially important for cells with low regenerative
capacity, such as cardiomyocytes, to maintain cellular homoeostasis [54,55].
Autophagy is widely associated with different cardiac pathologies [29,56]. Both
basal and stress-induced autophagy exhibit cardioprotective and anti-apoptotic
effects, particularly in the context of heart failure [7,57]. Specifically, mitophagy has
been reported to have beneficial effects on outcome in various preclinical models
[58,59]. Consistent with the cardioprotective effects of autophagy, it was reported
that the inhibition of autophagy elicits detrimental effects in conditions of acute
fasting and nutrient withdrawal where autophagy is normally required [52,60,61].
Numerous studies have demonstrated alterations in autophagy in the context of
failing hearts [52,62]. Although basal autophagy levels are important for the
maintenance of cardiac function, temporal profile of changes or the magnitude
of changes in autophagy has been reported to have detrimental outcomes [9,63].
Therefore, the existing evidence underscores the involvement of disrupted autop-
hagy in cardiac disease, yet further research is necessary to comprehensively
elucidate the precise circumstances and mechanisms underlying its significance
[52,64].

Autophagy in ischaemia and reperfusion injury

The role of autophagy during ischaemia/reperfusion has been under study for
more than a decade. Upon reperfusion, ischaemic tissue is replenished with
nutrients and oxygen. However, this restoration process is accompanied by
a significant accumulation of reactive oxygen species (ROS), contributing to pro-
gressive damage to the myocardium. During ischaemia, autophagy is activated as
an adaptive response to nutrient and oxygen deprivation [65]. However, the
influence of autophagy during reperfusion varies based on the specific experi-
mental model and the type of autophagy activated. In short, the stimulation of
autophagy through BECN1 or AMPK-mTOR pathways can lead to either favourable
or unfavourable effects, respectively [66,67]. In the ischaemic phase, the activation
of autophagy is instigated by the AMPK pathway’s activation and the inhibition of
the Rheb/mTORC1 pathway. Disruption of these mechanisms hampers the activa-
tion of autophagy and exacerbates myocardial injury [61,66]. Autophagic activa-
tion and cardioprotective effects during ischaemia are also influenced by NOX4
through the activation of ATF4 [68]. The activation of NOX4 and autophagy under
conditions of energy deprivation are believed to be negatively regulated by the
tyrosine kinase FYN [69]. In the pig heart, it was shown that autophagy can act to
mitigate the extent of apoptosis in ischaemic regions [70]. Consequently, it was
proposed that interventions aimed at promoting autophagy may confer protec-
tion during myocardial ischaemia.

Interestingly, autophagy can be activated during reperfusion independent of
the AMPK pathway. Beclin 1, a key regulator of autophagy, is significantly upregu-
lated in the heart during reperfusion in a ROS-dependent manner [66]. Studies
using mice with systemic heterozygous deletions of Beclin 1 demonstrated
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a significant reduction in both autophagy and injury, indicating that the ROS-
dependent upregulation of autophagy mediated by Beclin 1 during reperfusion
was detrimental [66]. Recent discoveries suggest that the combined administration
of PT1, an AMPK-specific activator, and 3HOI-BA-01, a potent mTOR inhibitor,
effectively reduces cardiomyocyte death caused by simulated ischaemia/reperfu-
sion. In murine models of ischaemia/reperfusion injury, the introduction of PT1 or
3HOI-BA-01 stimulates autophagy and leads to a decrease in the size of infarct [71].
Likewise, targeted disruption of autophagy in cardiomyocytes, achieved through
the conditional knockout of ATG7, leads to myofibrillar disarray, severe contractile
dysfunction, and worsens ischaemia/reperfusion injury. This disruption is accom-
panied by cardiac hypertrophy and extensive cardiac fibrosis [72]. Autophagic
inhibitors such as 3-methyladenine and bafilomycin A1 increase myocardial
damage in ischaemia/reperfusion [73]. Simvastatin, which is known to be effec-
tively transported into cardiomyocytes, induced autophagy via inhibition of RAC1
GTPase and mTORCT signalling [74]. This suggests the well-established therapeutic
effect of simvastatin may partially be attributed to its ability to induce autophagy.
In the context of ischaemia/reperfusion, autosis, a type of cell death triggered by
prolonged and excessive autophagic activation, can occur in cardiomyocytes [75].
Autosis is associated with increased RUBCN expression, attenuation of autophagic
flux with accumulation of autophagosomes. Moreover, the inhibition of excessive
ischaemia/reperfusion induced autophagy by trimetazidine provides protection
against ischaemia/reperfusion induced heart failure in rat hearts [76].

The role of autophagy during ischaemia/reperfusion may vary depending
on the specific cargo being processed. Mitophagy, unlike general autophagy,
seems to have an adverse effect on the heart during ischaemia/reperfusion.
Mice with a specific deletion of MFN1 and MFN2 in cardiomyocytes were
protected from cardiac injury [77]. Additionally, the use of the inhibitor Mdivi-
1, which interferes with mitochondrial fission and can suppress mitophagy,
limited the size of myocardial infarction in mice undergoing coronary artery
occlusion and reperfusion [78]. Similarly, mice lacking Bnip3 exhibited
reduced myocardial damage and maintained cardiac function during ischae-
mia/reperfusion, primarily due to the role of Bnip3 in apoptotic cell death [79]
There is also further evidence suggesting mitophagy can be protective
against cardiac ischaemia/reperfusion injury wherein casein kinase 2a
(CK2a) was upregulated in a model of cardiac IR injury which contributed to
mitochondrial damage and cardiac dysfunction [80]. Cardiac-specific knock-
out of CK2a yielded protection against cardiac IR injury. Mechanistically, CK2a
was found to phosphorylate (and inactivate) FUNDC1 which compromised
mitophagy leading to mitochondrial genome instability, cardiolipin oxidation,
oxidative stress, and apoptosis. Furthermore, FUNDC1-dependent mitophagy
is now known to be a crucial component underlying the protective effects of
ischaemic preconditioning [81]. Therefore, FUNDC1 plays a protective role by
promoting cell survival via upregulation of mitophagy. Whilst distinct



8 (&) J.TANGETAL

mitophagy receptors may exert different effects, FUNDC1 in particular may
play a crucial role in initiating “protective” mitophagy.

Autophagy in pressure overload

Left ventricular pressure overload caused by aortic constriction is a commonly
used preclinical model of heart failure [82]. It is now known that the heart
undergoes a gradual metabolic remodelling process following cardiac injury
induced by pressure overload [83]. This remodelling is characterised by
hypertrophy, fibrosis, and insulin resistance with metabolic dysfunction,
including reduced GLUT4-mediated glucose uptake and decreased mito-
chondrial oxidative capacity without a compensatory increase in glycolysis
[83]. These changes in substrate utilisation result in inadequate ATP produc-
tion to meet the heightened metabolic demand, ultimately leading to the
development of heart failure [84].

Numerous studies have examined temporal changes in autophagy after
pressure overload-induced injury. In some scenarios, inhibition of autophagy
can have negative effects during pathological pressure overload. For exam-
ple, when mice with a cardiac-specific deletion of ATG5 were subjected to
transverse aortic constriction (TAC), cardiac dysfunction was exacerbated and
this was accompanied by a notable build-up of misfolded proteins, impaired
mitochondrial function and damage to sarcomeres [57]. However, some
evidence has also implicated the inhibition of autophagy as a protective
effect against pressure overload. Heterozygous disruption of Beclin-1 caused
a reduction in cardiac hypertrophy and dysfunction [85]. The pharmacologi-
cal inhibition of autophagy in mice subjected to pressure overload, achieved
through the use of trichostatin A (a histone deacetylase inhibitor) and
dimethyl a-ketoglutarate (a cytosolic acetyl-CoA precursor), resulted in
reduced cardiac hypertrophy and the reversal of cardiac dysfunction [85].
Therefore, autophagy may play a dual role following pressure overload-
induced injury and the precise role likely depends on factors such as severity
of pressure overload, duration of injury, and timing of therapeutic interven-
tion [86]. Therefore, it is important to investigate the implications of autop-
hagy activation over the course of pressure overload-induced injury.

Numerous studies have focused on the role of mitophagy, with focus on
mediators such as such as ULK1-dependent and ALDH2-dependent Nrf1-FUNC1
signalling [87,88]. It was observed that mitophagy is only transiently activated
during the acute phase of pressure overload-induced injury and subsequently
becomes inactivated [89]. The latter phase with inactivation of mitophagy corre-
lated with mitochondrial and cardiac dysfunction. Notably, the use of an autopha-
gic inducer, TAT-beclin-1, has shown that mitophagic reactivation improves
cardiac function following pressure overload [11]. Similarly, activation of mito-
phagy using the antioxidant alpha-lipoic acid was protective against pressure
overload-induced cardiac dysfunction [88]. Mechanistically, alpha lipoic acid
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activated ALDH2 resulting in upregulation of Nrf1 and FUNDC1, thus promoting
mitophagy. These findings suggest that mitophagy serves as an adaptive process
preserving mitochondrial function during pathological hypertrophy. However, the
mechanism by which mitophagy is deactivated following transient activation
during pressure overload remains unknown.

Autophagy in myocardial infarction

The blockage, whether temporary or permanent, of a coronary artery poses
a potentially life-threatening shortfall in delivering oxygen and nutrients to
heart muscle cells [90]. This ischaemic condition is typically associated with
dysfunctional mitochondria and an overproduction of reactive oxygen spe-
cies [91]. In such circumstances, proficient autophagic responses empower
heart muscle cells to cope with nutritional stress effectively

As mentioned earlier, autophagy plays a pivotal role in preserving cellular
function and homoeostasis by breaking down long-lived proteins and
damaged organelles, thereby averting the build-up of protein aggregates
to cytotoxic levels. Baseline autophagy and the inducible enhancement of
autophagy serve protective and mitigative functions in the context of ischae-
mic injury. The adaptively induced autophagy has been discovered to dimin-
ish aggregate formation in the heart, thereby alleviating the adverse effects
associated with protein aggregation [92]. Additionally, studies have demon-
strated that autophagy induction can decrease the infarct size in acute
myocardial infarction rat models [73,93]. Conversely, inhibition of autophagy
using bafilomycin A1 was shown to significantly increase infarct size in animal
models of acute myocardial infarction [73]. G protein-coupled receptor kinase
(GRK4) has been reported to increase cardiomyocyte injury during myocardial
infarction by inhibiting autophagy and promoting cardiomyocyte apoptosis
via HDAC4 phosphorylation and a decrease in Beclin 1 expression [94].
Genetic inhibition of the AMPK signalling pathway resulted in dysfunctional
autophagy and increased infarct size in acute myocardial infarction [61].
Furthermore, studies by Wu et al. showed that upregulation of autophagy
flux protects cardiomyocytes against ischaemia and mitigates adverse cardiac
remodelling after acute myocardial infarction in rat models [95,96].
Conversely, administration of the autophagy inhibitor 3-MA was found to
contribute to adverse cardiac remodelling through induction of nuclear
factor-kB (NF-kB) activation in animal models of acute myocardial infarction
[95]. Collectively, these and other studies highlight autophagy’s cardiopro-
tective effect against ischaemic injury in various rodent models [97-100].

In the course of myocardial infarction, a cascade of multi-component
consequences ensues, encompassing intracellular acidification, mitochon-
drial Ca2+ overload, aberrant metabolism, and the opening of the mitochon-
drial permeability transition pore complex (mPTP). Collectively, these factors
contribute to mitochondrial dysfunction and elevated levels of reactive
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oxygen species (ROS), ultimately culminating in myocardial cell death and
injury. Much of the damage inflicted on the myocardium proves irreversible,
presenting challenges in achieving complete or partial recovery, and exacer-
bating mitochondrial dysfunction and heightened ROS levels, further con-
tributing to myocardial cell death and injury [101,102]. Therefore, effective
mitophagy plays a pivotal role in promoting cell survival in the myocardium
during ischaemic conditions.

The activation of BNIP3 or BNIP3L/NIX is extensively documented to induce
either autophagy or apoptosis, depending on the prevailing stress conditions. The
expression of these proteins escalates during hypoxia, cardiac hypertrophy, or
ischaemia [103]. Notably, cardiac overexpression of BNIP3L/NIX leads to lethal
cardiomyopathy characterised by high levels of apoptosis, while adulthood over-
expression exacerbates cardiac dysfunction post-myocardial infarction. Inhibition
of both BNIP3 and BNIP3L/NIX under basal conditions worsens both left ventricular
and mitochondrial dysfunction, suggesting a synergistic cardioprotective effect
[104]. Interestingly, inhibition of BNIP3 or BNIP3L/NIX prior to myocardial infarction
is mainly cardioprotective by reducing apoptosis [104]. Permanent coronary artery
ligation-induced myocardial infarction results in severe cardiac dysfunction, mito-
chondrial dysfunction, fibrosis and apoptosis after 4 weeks, all of which were
reduced in mice lacking p53, and this was associated with increased BNIP3-
mediated mitophagy [105]. A previous study demonstrated that 45 minutes of
ischaemia significantly diminishes the inhibitory phosphorylation of FUNDC1 at
tyrosine 18 by Src kinase, consequently activating mitophagy [106]. As noted
elsewhere in this review, platelet activation plays a crucial role in acute myocardial
infarction by releasing platelet-derived mediators that worsen tissue injury [107].
The decrease in oxygen levels caused by ischaemia in platelets leads to excessive
FUNDC1-mediated mitophagy by reducing phosphorylated FUNDC1 at tyrosine
18, which enhances the interaction between FUNDC1 and LC3 and activates
mitophagy [107]. Genetic deletion of FUNDC1 impairs mitochondrial quality,
increases mitochondrial mass, and renders platelets insensitive to ischaemia
[107]. It has been reported that myocardial infarction induces mitophagy specifi-
cally in the infarct border zone of rats for up to 48 hours post-myocardial infarction,
as evidenced by increased autophagosomes containing mitochondria, elevated
PINK-1 expression, parkin expression, and its translocation to mitochondria [108].
Activation of OPA-1 with irisin enhances PINK1/parkin-mediated mitophagy and
reverses ischaemia-induced cardiac dysfunctions [109]. Animal studies demon-
strate that mice lacking parkin (parkin-/-) and subjected to permanent coronary
ligation exhibit increased sensitivity to myocardial infarction, with higher mortality
rates compared to wild type mice [110]. The observed accumulation of dysfunc-
tional mitochondria in the infarct border zone of parkin-/- mice following myo-
cardial infarction confirms that the deletion of parkin hinders mitophagy and this
correlated with enhanced cardiac dysfunction [110].
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Autophagy in Diabetic cardiomyopathy

Altered autophagy has been documented in animal models of diabetes [111].
In the hearts of mice with T2DM, increased abundance of lipid droplets and
immature autophagosomes were observed to occur over time [111].
Researchers have explored the influence of resveratrol, a recognised enhan-
cer of autophagy, on diastolic dysfunction in the hearts of diabetic mice.
Notably, resveratrol exhibited positive effects in alleviating diastolic dysfunc-
tion in type 2 diabetic mouse hearts. Conversely, in type 1 diabetic mouse
hearts, resveratrol had a contrasting impact, highlighting the context-
dependent nature of its potential as a therapeutic target for diabetic cardio-
myopathy [111]. Supporting the idea that insulin has an inhibitory effect on
autophagy, it was recently discovered that there was an excessive activation
of autophagy in a mouse model of insulin-deficient late-stage diabetic cardi-
omyopathy [112]. In these mice, left ventricular dysfunction, adverse remo-
delling, fibrosis, and myocyte apoptosis were observed. Diabetes, correlated
with hypoadiponectinemia, led to impaired autophagic flux. Wang et al.
discovered that the arrest of autophagic flux was linked to exacerbated injury
during myocardial ischaemia/reperfusion. The subsequent restoration of
autophagic flux through adiponectin receptor activation proved protective
against IR-induced cardiac dysfunction in the diabetic state [113].

The majority of energy produced for utilisation in the heart is derived from
mitochondrial fatty acid oxidation [114]. In diabetic hearts, there is a decrease
in glucose utilisation, leading to a further increased reliance on fatty acids as
the primary energy source. This can be associated with elevated levels of
oxidative stress and the potential for mitochondrial dysfunction [115]. As
a result, damaged mitochondria can release ROS and factors that induce
cell death, thereby contributing to cardiac myocyte injury [116,117]. There
is substantial evidence suggesting that mitochondrial dysfunction plays
a central role in the cell death induced by diabetic cardiomyopathy [118]. In
the context of type 1 diabetes mellitus (T1DM) mice, the levels of various
crucial components involved in autophagy, such as LC3, ATG5, and ATG12,
are reduced in cardiac tissue [119]. Moreover, the levels of both PINK1 and
Parkin proteins are diminished. These observations indicate specific altera-
tions in mitophagy signalling in TIDM models [119,120]. These findings
suggest that despite the presence of extensive mitochondrial dysfunction,
specific mitophagic signalling is reduced in diabetic cardiomyopathy. This
leads to the accumulation of dysfunctional mitochondria at the cardiac level,
exacerbating tissue damage. Contrasting observations have been documen-
ted in the context of type 2 diabetes mellitus. In mice exposed to a high-fat
diet, there was an initial increase in autophagic flux in cardiomyocytes, which
was followed by a decline after 2 months of treatment [114]. Notably, an
increase in mitophagy was observed following high fat diet (HFD) feeding
[114]. In response to HFD feeding, impaired mitophagy and increased cardiac
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diastolic dysfunction were observed when ATG7 or Parkin was deleted, while
overexpression of Beclin1 had the opposite effect [114]. These findings
suggest a protective role of autophagy and mitophagy in obesity-
associated diabetic cardiomyopathy. However, it is crucial to note that
despite these seemingly conflicting outcomes, it would be premature to
conclude that mitophagy is inhibited in type 1 diabetes mellitus and acti-
vated in type 2 diabetes mellitus models of diabetic cardiomyopathy. In
a transgenic model of type 1 diabetes mellitus and streptozotocin (STZ)-
treated mice, decreased levels of PINK1 and Parkin were observed in cardiac
tissue, but the expression of the small GTPase RAB9 was increased [119],
which has been linked to an alternative non-canonical autophagy pathway
responsible for mitochondrial degradation in the absence of ATG5 [121].
Therefore, it is plausible that when canonical autophagy is inhibited, an
alternative autophagy pathway is activated, potentially triggering the activa-
tion of mitophagy in the diabetic heart.

Mechanisms of sterile inflammation

Sterile inflammation describes an inflammatory response triggered by harmful
substances that are not pathogens nor their by-products, meaning substances
other than pathogen-associated molecular patterns (PAMPs). Traditional experi-
mental models for sterile inflammation include the infliction of physical or
chemical damage, which subsequently leads to the release of DAMPs. These
DAMPs are recognised by various receptors, including TLRs, cytoplasmic NLRs,
non-PRRs such as the receptor for advanced glycation end products (RAGE),
CD44, integrins, and CD91. PRRs are expressed on immune cells known as
sentinels, which include mast cells, macrophages, dendritic cells, innate lym-
phoid cells, and basophils. However, PRR expression is not exclusive to immune
cells, as sentinel cells also include many non-immune cells [122,123]. PRR activa-
tion on sentinel cells triggers the production of various proinflammatory cyto-
kines such as TNF-a and IL-1, as well as vasoactive amines like histamine and
serotonin, nitric oxide (NO), ROS, neuropeptides and arachidonic acid metabo-
lites including prostaglandins (PGs) and leukotrienes [19].

The role of platelets, which accumulate in the heart following MI, as
regulators of inflammation is noteworthy. Antiplatelets have demonstrated
a protective effect in mitigating the extent of inflammation and improving
post-myocardial infarction (MI) outcomes [124]. Patients with acute coronary
syndrome displayed higher expression levels of TLR2 and TLR4 on platelets
[125]. Platelets additionally play a role in inflammation by facilitating the
release of HMGB1, which in turn promotes the migration of immune cells
and activates inflammasomes through signalling via RAGE and TLR2 [125].
This suggests that platelets play a crucial role in mediating a proinflammatory
phenotype and can have a detrimental impact on the infarcted heart.
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A potential mechanism involves platelets exerting harmful effects following
ischaemia/reperfusion injury by releasing platelet-activating factor and upre-
gulating P-selectin expression [126]. Augmented platelets with increased
P-selectin expression have been demonstrated to intensify cell death in the
heart following ischaemia-reperfusion [127]. To validate the functional sig-
nificance of this concept, a separate study demonstrated that neutralisation
of P-selection through the use of monoclonal antibodies exerted cardiopro-
tective effects against ischaemia/reperfusion injury [128].

DAMPs and high mobility group box-1 (HMGB1)

Release of intracellular DAMPs can occur during cell death or other cellular
abnormalities leading to altered membrane integrity. DAMPs encompass
a broad array of intracellular components, including mtDNA, HMGB1, heat
shock proteins, adenosine triphosphate (ATP), and histone. DAMPs may serve
as pro-inflammatory stimuli independently of microbial presence or exacer-
bate pathogenic inflammation (Figure 1) [129].

Cytosolic HMGB1 plays a crucial role as a detector of nucleic acid-induced
immune responses and can also serve as a natural promoter of autophagy
[130,131]. When found in the extracellular space, HMGB1 acts as a potent
innate immunity mediator. It functions as a widespread DAMP during tissue
injury and cell death [132]. The effects of HMGB1 during sterile inflammation
are additionally regulated by posttranslational modification and various
compatible receptors. Among these receptors, TLR4 and the advanced gly-
cosylation end product-specific receptor (AGER or RAGE) have been exten-
sively studied. Binding of HMGB1 to these receptors triggers downstream
signalling pathways involving NFkB and interferon regulatory factor 3 (IRF3),
resulting in the production of immune mediators such as cytokines and
chemokines [133,134]. Notably, HMGB1 demonstrates a higher affinity for
TLR4 compared to AGER [135,136].

HMGB1, an abundant protein found in almost every tissue, is released during
various forms of cell death and sterile tissue injury. Notably, HMIGB1 is released
earlier than other DAMPs in response to early signals of tissue damage, like ROS
[137]. Additionally, HMGB1 has a relatively long half-life due to its ability to bind
with other molecules and form large complexes, which enhances extracellular
stability. The release of intracellular HMGB1 from tissues through extracellular
secretion not only leads to nuclear stress but also triggers the release of other
nuclear DAMPs such as histones and genomic DNA. These nuclear DAMPs recruit
and activate immune cells that in turn secrete more HMGB1. Moreover, HMGB1
can enhance DNA-sensing pathways, including those involving STING1, TLR3,
TLR7, TLR9, and AIM2, which are activated by both host and pathogenic nucleic
acids. This effect is achieved through either synergistic interaction or increased
affinity between DNA and its sensor [138]. Excessive production of HMGB1 in
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Figure 1. Signaling pathways activated by DAMPs All immunogenic nucleic acids
bind cytosolic DNA sensors or RNA sensors, including retinoid acid-inducible gene |
(RIG-I)-like receptors (RLRs), which are required for subsequent recognition by
specific pattern recognition receptors to activate innate immune responses.
DAMPs such as HMGB1, S100 proteins (S100s), and heat shock proteins (HSPs)
recognize the receptor for advanced glycation end products (RAGE), TLR4, or
triggering receptor expressed on myeloid cells-1 (TREM-1) and activate the
MyD88-MAPK-NF-jB pathway. HMGB1 and RAGE activate the TLR9-MyD88 depen-
dent pathway, which contributes to autoimmune pathogenesis. CD24 is a negative
receptor to inhibit the DAMP-induced TLR4 pathway. ATP binding of the P2X7
receptor and uric acid, as well as asbestos and alum, increase activation of caspase-
1 by the NLRP3 inflammasome to promote secretion of IL-1f and IL-18.
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response to sterile stimuli promotes the release of inflammatory mediators and
activation of the complement system, ultimately exacerbating tissue damage
and increasing the susceptibility to secondary pathogen infections. However,
extracellular HMGB1 can also exhibit growth factor activity by recruiting resident
stem cells and initiating healing and tissue regeneration [139]. HMGBT1 signalling
through TLR4 and AGER can induce both systemic inflammation and wound
healing. Consequently, the outcomes of targeting HMGB1 in sterile inflammation
may vary depending on the stage of pathology.

mtDNA as an inflammatory mediator

mtDNA is a small double-stranded circular molecule encoding 13 respiratory
chain polypeptides, together with associated transfer and ribosomal RNAs that
are needed for their translation in the mitochondrial matrix [140]. Mitochondrial
proteins are orchestrated by transcriptional co-activators, including the peroxi-
some proliferator-activated receptor gamma co-activator-1 family, nuclear
respiratory factors 1 and 2, and oestrogen-related receptor a [141]. Within the
mitochondria, specific proteins may bind to mtDNA, forming a complex known
as nucleoids [142]. These nucleoids are regions within the mitochondria that
contain DNA along with associated proteins essential for maintaining the integ-
rity of mtDNA. The transcription factors A (TFAM), B1 (TFB1M), and B2 (TFB2M)
are examples of mtDNA-binding proteins. They are encoded in the nuclear
genome and are subsequently transported into the mitochondria through
a protein import machinery after expression. Within the mitochondria, these
proteins play a critical role in regulating and maintaining the stability of
mtDNA [142].

Dysfunctional mitochondria have been identified as potent triggers of sterile
inflaimmation and we now understand much about the mechanisms through
which they initiate inflammatory signalling. One established pathway involves
the release of mtDNA from stressed mitochondria. This mtDNA can become
oxidised (ox-mtDNA), induce NLRP3 or other inflammasome activation, result-
ing in the secretion of pro-inflammatory cytokines (such as IL-1f3 and IL-18) and
pyroptotic cell death [143]. mtDNA possesses specific characteristics that con-
tribute to its potential as a potent DAMP. These characteristics include relative
hypomethylation, unique structural features, and vulnerability to oxidative
damage due to proximity to significant sources of ROS. As a result, mtDNA
has the capacity to activate innate immunity, triggering pro-inflammatory
pathways and type | interferon (IFN) responses. Current evidence suggests
that the inflammation mediated by mtDNA is primarily induced through the
activation of TLR9 and the NLRP3 inflammasome [144,145]. Furthermore,
regardless of oxidation status, cytosolic mtDNA is recognised by the DNA-
sensing cyclic GMP-AMP synthase (cGAS), which in turn activates STING to
induce the release of type 1 interferons [146-148].
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NLRP3 inflammasome in sterile inflammation

Inflammasomes are a diverse group of large macromolecular complexes that
assemble upon the activation of both intra- and extra-cellular receptors designed
to detect various harmful stimuli [19]. Inflammasomes are conserved across
different species and operate through tightly regulated pathways [149]. As
components of the innate immune system, they serve as a connection between
the recognition of danger signals, both intra- and extra-cellular, associated with
pathogen infections or tissue damage and the subsequent inflammatory
response [150]. Inflammasomes can identify a range of danger signals, including
microbial and viral molecules, intracellular proteins, nucleic acids, lipids, mito-
chondrial components, and various organic and inorganic compounds [151,152].
Recognition of DAMPs or PAMPs involves specific extracellular receptors, as well
as the involvement of nucleotide-binding oligomerization domain (NOD)-like
receptors (NLRs), retinoic acid-inducible gene (RIG)-I-like receptors (RLRs), and
the AIM2-like receptor (ALR), which collectively contribute to the assembly of the
inflammasomes [19]. NLRP3, a pattern recognition receptor (PRR), plays a role in
recognising both bacterial and viral PAMPs, as well as various DAMPs involved in
tissue and cellular injury. Among the inflammasomes, NLRP3 has been the focus
of most extensive research and priming and activation mechanisms are well
understood [153]. Thus, NLRP3 is often a critical participant in the inflammatory
response triggered by the disturbance of cellular homoeostasis and it contributes
significantly to the body’s reaction to tissue damage [153].

Upon activation, NLRP3 undergoes oligomerization and forms a connection
(via a PYD-PYD interlinkage) with the adaptor protein apoptosis-associated
speck-like protein containing a carboxy-terminal caspase recruitment domain
(CARD) also referred to as ASC [153]. Subsequently, ASC polymerises and forms
insoluble filamentous structures that serve as a scaffold necessary for recruiting
the effector enzyme, pro caspase-1, into the NLRP3 inflammasome through
a CARD-CARD interaction [154]. This leads to the proteolytic activation of pro
caspase-linto caspase-1, which triggers the release of the pro-inflammatory
cytokines interleukin-1f (IL-18) and interleukin-18 (IL-18) [155]. Additionally,
caspase-1 is involved in a regulated form of cell death called pyroptosis [156].
Pyroptosis is characterised by disruption of the plasma membrane, resulting in
the release of intracellular contents that act as pro-inflammatory mediators,
propagating signalling to neighbouring cells [156].

NLRP3 can be expressed by various cell types within the heart. However,
each cell type elicits a distinct response. For instance, in endothelial cells, the
activation of NLRP3 by leukocytes and fibroblasts leads to the processing of
IL-13 [154]. On the other hand, cardiomyocytes may exhibit limited produc-
tion of IL-1B, instead favouring a form of cell death called pyroptosis.
Activation of the NLRP3 pathway in the heart often results in cardiomyocyte
loss through pyroptosis [157]. Consequently, a sustained inflammatory
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condition can progressively diminish the number of cardiomyocytes, ulti-
mately restricting the heart’s contractile capacity.

Toll-like Receptors (TLRs)

DAMPs released by necrotic cells provoke inflammatory responses through
engagement of innate immune receptors (such as TLRs) [123]. TLRs have the
remarkable ability to detect patterns rather than specific ligands, which allows
different members of the TLR family to recognise a wide range of microorgan-
isms. This unique feature extends beyond the recognition of microbe-associated
molecular patterns (MAMPs) and encompasses the detection of DAMPs by TLR
receptors, with TLRs 2 and 4 being particularly notable in this regard [158].

TLRs can activate two major intracellular signalling pathways based on the
adaptors they recruit. The first pathway, which is MyD88-dependent, is activated
by all TLRs except TLR3. It involves IL-1R-associated kinases (IRAKs), specifically
IRAK-1 and IRAK-4, TNF receptor-associated factor 6 (TRAF-6), and mitogen-
activated kinases (MAPKs) [159]. This pathway culminates in the activation of
the transcription factor NFkB through the IkB kinase (IKK) complex. Subsequently,
NFkB regulates the transcription of genes responsible for producing pro-
inflammatory cytokines [160]. The second pathway, known as the TRIF pathway,
operates independently of MyD88 and can be triggered by the stimulation of
TLR3 or TLRA4. It involves the recruitment of TRIF and leads to the activation of the
interferon-regulated factors (IRF) family of transcription factors. This activation, in
turn, induces the synthesis of interferons (IFNs) [161]. TLR signalling triggers the
activation of transcription factors that regulate the expression of specific genes,
leading to diverse cellular responses [162]. For instance, NFB, AP-1, and IRF5
govern the expression of genes encoding inflammatory cytokines, while IRF3 and
IRF7 stimulate the expression of type | interferons (IFNs) and IFN-inducible genes
[162]. As a result, a wide array of proteins is synthesised to mediate inflammatory
and immune responses. These proteins include inflammatory cytokines like IL-1,
IL-6, TNF, IL-12, IFNs, chemokines, adhesion molecules, costimulatory molecules,
growth factors, tissue-degrading enzymes such as metalloproteinases, and
enzymes involved in generating inflammatory mediators like cyclooxygenase 2
and inducible nitric oxide synthase (iNOS) [163].

Sterile inflammation in preclinical models and human heart
failure

Recurrent sterile inflammation triggered by metabolic dysfunction is a classic exam-
ple of pathophysiological conditions that occur in patients with cardiometabolic
disease [164-166]. Sterile inflammation is initiated by the release of DAMPs during
tissue damage, which can initiate an inflammatory response, and migration of
leukocytes to and from the site of injury [134,167]. Sterile inflammation and
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subsequent tissue repair depend on a well-orchestrated migration sequence of
leukocytes to and from the site of injury. Increased release of DAMPs has been
observed in patients with myocardial infarction with heart failure [168]. Specifically,
circulating leukocytic TLR-2 and TLR-4 contributed to myocardium damage in
ischaemia/reperfusion injury [169-171]. The HMGB1 protein passively enters the
extracellular environment from necrotic cells and serves as a DAMP for leukocytes
[172,173]. The rise in HMGB?1 levels in response to ischaemic injury of the human
heart is well-reported, showing that peak serum levels of HMGB1 were higher in
patients with pump failure and cardiac rupture than in those without. Additionally,
patients with increased peak HMGB1 levels were more likely to die from cardiac
causes [174,175]. Tumour necrosis factor alpha (TNFa) contributes to myocardial
dysfunction with increased circulating levels observed in chronic heart failure
[176,177]. Moreover, caspase-1 activation, by the NLRP3 inflammasome, is upregu-
lated in murine and human failing hearts [178]. Circulating cytokines from damaged
myocardium are increased in patients with chronic heart failure and their levels
correlate with the severity [179]. To address the impact of inflammation on heart
failure, therapeutic treatments have been developed to improve cardiovascular
outcome in patients with heart failure. In mice, genetic ablation of the NLRP3
inflammasome reduced inflammation and proinflammatory cytokine maturation
[180]. In humans, the clinical trial revealed that a therapeutic monoclonal antibody
targeting IL-1(3 reduced cardiovascular events in patients with myocardial infarction
[181]. However, other clinical trials attempting to modulate inflammation in heart
failure were not as effective, emphasising the need for a better understanding of the
processes involved [182,183]. Thus, evidence from human and rodent studies
reported a critical role of sterile inflammation in heart failure (Figure 2).

Myocardial infarction

Permanent left anterior descending (LAD) ligation in mice leads to acute
myocardial injury caused by ischaemia, which is commonly referred to as
myocardial infarction (MI) [184]. The inflammatory phase that follows MI
serves a dual role. On one hand, it plays a crucial role in initiating cardiac
repair processes. On the other hand, excessive inflammation during this
phase can contribute to the subsequent development of heart failure.
Therefore, it is essential to carefully regulate the spatial and temporal aspects
of inflammation to ensure sufficient healing of the infarcted area.

Ml is pathologically characterised as the death of myocardial cells resulting
from prolonged ischaemia [185]. During MI, necrotic cardiomyocytes release
various danger signals known as DAMPs. These DAMPs include mtDNA,
HMGB1, purine metabolites, sarcomeric protein fragments, and S100 pro-
teins. These molecules are released into the surrounding tissue and play
a significant role in triggering inflammatory responses and immune cell
activation [186-188]. Upon release, these DAMPs initially activate various
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sentinel cells, including resident macrophages, endothelial cells, resident
cardiac fibroblasts, and surviving cardiomyocytes in the border zone of the
infarcted area. Subsequently, these danger signals also attract and activate
invading leukocytes, further contributing to the inflammatory response. The
activation of these cells and the subsequent inflammatory cascade play
a crucial role in the healing process and tissue remodelling following myo-
cardial infarction. The main PRRs of the cardiac sentinel cells include TLRs,
RAGE and NLRs [189]. PRRs can be localised in intracellular compartments or
on cellular surfaces, leading to distinct roles in phagocytes and non-
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Figure 2. Innate immune activation contributes to the progression of heart failure Upon
injury within the myocardium, the innate immune system is activated by various factors
such as PAMPs and DAMPs. Activation of the innate immune system is mediated by
signaling via NLRs, TLRs, and CLRs to mediate downstream proinflammatory effects such
as production of proinflammatory cytokines and chemokines, inflammasome assembly,
and promote immune cell infiltration into cardiac tissue, thus contributing to the
pathogenesis of heart failure. Within the ischemic heart, DAMPs are known to activate
TLR4-NFkB signaling pathway to promote production of specific cytokines leading to
sterile inflammation in the heart. Casp-1, caspase-1; CLR, C-type lectin receptor; DAMP,
damage-associated molecular pattern; ECM, extracellular matrix; HF, heart failure; HSP,
heat-shock protein; IL, interleukin; NLR, NOD-like receptor; PAMP, pathogen-associated
molecular pattern; TLR, Toll-like receptor; TNF, tumor necrosis factor.
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phagocytes. In the context of MI, the interactions between DAMPs and their
corresponding PRRs have been extensively reviewed [189]. Activation of
downstream PRR signalling leads to the activation of the NFkB, which upre-
gulates the expression of chemokines, cytokines, and cell adhesion molecules
in the infarcted heart wall [189-191]. Chemokines, such as CC-chemokine
ligand (CCL)-2, -5, and -7, attract monocytes, lymphocytes, and mast cells,
while CXC chemokines, such as CXCL-8, attract neutrophils [190]. Pro-
inflammatory cytokines like TNF-a and IL-1(3, IL-6, and —18 further amplify
the inflammatory response by activating resident and invading effector cells
[189]. IL-13 plays a crucial role in myocardial chemokine synthesis and
induces pro-inflammatory polarisation in macrophages [190,192]. IL-1 recep-
tor type | deficient mice exhibit reduced inflammation and fibrosis following
MI [192]. The mature form of IL-1f is secreted by both leukocytes and
activated cardiac fibroblasts and requires Caspase 1-mediated cleavage of
its precursor pro-IL-1 within a multiprotein complex called the inflamma-
some [149]. Immediately following M, IL-6 upregulates the expression of
hyaluronan synthases, which promotes myofibroblast differentiation and
cardiac repair. Thus, blocking IL-6 may have detrimental effects after MI [193].

Ischaemia/reperfusion injury

The murine model of transient LAD ligation replicates type 1 Ml followed by
successful revascularization [194]. Following the diagnosis of ST-elevation
myocardial infarction (STEMI) via electrocardiogram, the American Heart
Associate Guidelines recommends reperfusion be achieved within 10 min-
utes. Regardless of the reperfusion strategy chosen, it is imperative to restore
blood flow within 60-90 minutes to prevent cell death [195]. Improved
awareness of heart attack symptoms and importance of prompt reperfusion
have contributed to the declining mortality associated with this acute cor-
onary syndrome [196]. While reperfusion is necessary to rescue ischaemic
myocardium from impending damage, it also introduces additional injury
that is not always reversible. Under these circumstances, reperfusion will lead
to increased infarct size and microvascular dysfunction [197].

Cardiac repair following Ml begins with an initial inflammatory phase char-
acterised by the infiltration of immune cells and the release of DAMPs. This
inflammatory response is mediated by PRRs that recognise and bind to DAMPs
[19,198,199]. Proper coordination and timing of this early inflammatory
response is crucial for promoting tissue repair and preventing adverse cardiac
remodelling, which will ultimately improve patient outcomes. An excessive or
prolonged inflammatory response can lead to ventricular dilatation, systolic
dysfunction, and an increased risk of heart failure. On the other hand, insuffi-
cient or delayed inflammation may impede the clearance of necrotic cardiac
cells and matrix components, hindering proper tissue repair [200]. Thus,
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a balanced and tightly regulated innate immune activation response is essen-
tial for optimal cardiac repair following ischaemia/reperfusion injury.

It is widely acknowledged that non-immune cells, including cardiomyocytes,
cardiac fibroblasts and cardiac endothelial cells, express receptors associated with
innate immunity [199,201]. Thus, DAMPs can stimulate inflammation via cardiomyo-
cytes and cardiac fibroblasts, leading to the production and release of pro-
inflammatory cytokines. Whilst these levels are typically small, they may be sufficient
to crosstalk with innate immune cells and induce a cascade of robust inflammation.
For instance, pressure overload induced a proinflammatory state which resulted in
elevated fibrosis and left ventricular dysfunction. This adverse cardiac remodelling
was attributed to altered signalling from cardiomyocytes in the early phase of injury
which was ultimately transduced to macrophages [202]. An inflammatory response
facilitates the clearance of dead cells and cellular debris from the infarcted site and is
normally then counteracted by a resolution phase which suppresses inflammation
[189,203]. There is a limited number of cardiac resident immune cells so, following
injury, immune cells are recruited and infiltrate infarct areas within approximately 6-8
hours, as observed in human cardiac tissue [204]. The extravasation of immune cells,
particularly neutrophils and monocytes, is attributed to the presence of DAMPs,
cytokines, and components of the complement system, which play a crucial role in
facilitating the recruitment and migration of immune cells to the infarct area
[205,206]. The infiltration of specific innate immune response cell types into the
infarct area initiates the resolution phase by the phagocytosis of necrotic cells and
cellular debris. However, the proliferation of DAMPs may elicit negative cardiac
outcomes by promoting increased cell death [186]. The healing process plays
a crucial role in preventing cardiac rupture and ultimately involves the production
of anti-inflammatory cytokines to dampen the inflammatory response, reducing
further cellular damage and promoting cardiac recovery [189,207].

It has been proposed that mtDNA is released intracellularly through per-
meabilization of both inner and outer mitochondrial membranes in damaged
or stressed mitochondria [208]. The early phase following ischaemia/reperfu-
sion injury is associated with upregulation of retinoic acid early transcript 1
(RAE-1) expression in cardiomyocytes, which is believed to be activated
through the STING pathway. It is hypothesised that release of mtDNA into
the cytosol might indirectly activate RAE-1 expression, which in turn contri-
butes to cardiac fibrosis and remodelling [209,210]. In cardiomyocytes,
mtDNA release triggers the NFkB signalling pathway. This activation leads
to an increased expression and release of pro-inflammatory cytokines, which
play a role in both local and systemic inflammatory responses [186,210].

Several published studies have reported approaches to attenuate sterile
inflammation and reduce myocardial ischaemia/reperfusion injury. For exam-
ple, pharmacological inhibition of the NLRP3 inflammasome using dapansutrile
has been shown to reduce infarct size and mitigate ischaemia/reperfusion-
induced injury, thus preserving cardiac function [211,212]. Similarly, inhibition
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of TXNIP by intramyocardial injection of siRNA decreased NLRP3 activation and
reduced infarct size in an animal model of myocardial ischaemia/reperfusion
injury [213]. Administration of recombinant klotho protein reduced sterile
inflammation through inhibition of HMGB1 [214]. Additionally, the bacterial
C-type lectin domain family 4 member E (CLEC4E) was strongly associated with
robust activation of a PRR during ischaemia/reperfusion and knockout mice
lacking CLEC4E demonstrated significant improvements in myocardial meta-
bolism, ROS scavenging, angiogenesis, and fibrosis (Figure 3) [215].
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Figure 3. Progression from myocardial infarction to heart failure. Myocardial infarction
leads to the death of heart muscle cells, causing the release of DAMPs and the
production of pro-inflammatory substances. These substances attract immune cells,
which infiltrate the damaged area and clear away cellular debris. As a response to cell
death caused by the lack of blood flow and subsequent restoration, the heart initiates
remodeling and fibrosis to compensate. In the resolution phase, the inflammation is
reduced by anti-inflammatory cytokines, but a low-level chronic inflammation persists.
The number of cardiomyocytes decreases due to myocardial necrosis, but their size
increases as a result of increased mechanical strain and compensatory hypertrophy.
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Figure 4. Molecular mechanisms of autophagy In macroautophagy, the cargo is seques-
tered within a unique double membrane cytosolic vesicle, an autophagosome. The
autophagosome itself is formed by expansion of the phagophore. The autophagosome
undergoes fusion with a late endosome or lysosome to form an autolysosome, in which
the sequestered material is degraded. Microautophagy refers to the sequestration of
cytosolic components directly by lysosomes through invaginations within their limiting
membrane. Chaperone-mediated autophagy involves direct translocation of unfolded
substrate proteins (KFERQ-like motif) across the lysosome membrane through the action
of a cytosolic and lysosomal chaperone heat shock cognate protein of 70 kDa (HSC70),
and the integral membrane receptor lysosome-associated membrane protein type 2A
(LAMP-2A). Mitochondria can be removed by receptor mediated mitophagy using NIX,
BNIP3, or FUNDC1, which interact with LC3; or via PTEN-induced putative kinase 1
(Pink1) and Parkin-mediated ubiquitination (Ub) of voltage-dependent anion channel 1
VDACT), recognized by the adapter p62 for removal of stressed.

Pressure overload

Pathological cardiac hypertrophy and fibrosis in models of pressure overload
induced by transverse aortic constriction (TAC), a commonly used approach to
mimic the increased left ventricular load in patients, are preceded by significant
alterations in energy metabolism, leading to significantly increased risk of heart
failure [216]. Pressure overload-induced cardiac hypertrophy is an adaptive
response and is believed to be a compensatory response to physiological stimuli
or pathological insults in the heart by diminishing wall stress and oxygen con-
sumption [217]. Although inflammation has been implicated in these processes,
the mechanisms via which inflammation regulates metabolic dysfunction, hyper-
trophy, and fibrosis are not fully understood [218].
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Many reports have now studied the role of sterile inflammation in adverse
cardiac remodelling upon pressure overload [219,220]. For example, CaMKII§,
a calcium/calmodulin-dependent protein kinase Il isoform, plays a crucial role in
the pathogenesis of pressure overload and increased expression and activation of
CaMKII6 have been observed in both rabbit and human heart failure [221].
Treatment with CaMKIl inhibitors has shown beneficial effects on contractility
and cardiac function in patients with failing myocardium [222]. Activation of the
NLRP3 inflalmmasome, mediated by CaMKII§, has been implicated in fibrosis
associated with pressure overload. In a separate study, inflammasome activation
occurs early during angiotensin Il (Ang ll) infusion, preceding macrophage recruit-
ment. Inhibition of NLRP3 inflammasome through knockout or inhibition signifi-
cantly reduces inflammation, macrophage accumulation, and fibrosis during Ang I
infusion, similar to the effects observed with CaMKII6 deletion [223,224]. It's also
demonstrated that deletion of CaMKIIS specifically in cardiomyocytes reduced the
accumulation of CD68+ macrophages and the production of pro-inflammatory
cytokines such as IL-1f3 and IL-18 in response to pressure overload. Cardiomyocytes
isolated from mice with cardiomyocyte-specific CaMKII§ deletion and subjected to
TAC exhibited decreased levels of NLRP3, reduced caspase-1 activity, and inhibited
IL-18 activation. These findings suggest that CaMKII$ activation in cardiomyocytes
in response to pressure overload stimulates the activation of the NLRP3 inflamma-
some [225].

It is also of interest to note that right ventricular failure is one of the leading
causes of death in cardiac failure associated with pulmonary hypertension or in
congenital heart diseases. In a pulmonary artery banding-induced pressure over-
load rat model, inhibition of TLR9-NFkB signalling by TLR9 inhibitor E6446 and
NFkB inhibitor pyrrolidine dithiocarbonate improved right ventricular function
[226]. Transcriptional control of proinflammatory cytokines plays an important
role in the inflammation process. Regnase-1 is an RNase degrades certain proin-
flammatory cytokine mRNA in immune cells [227]. Cardiomyocyte-specific
Regnase-1 deficiency in mice showed exacerbated inflammation (upregulated IL-
6 mRNA) and cardiomyopathy following pressure overload. Thus, transcriptional
control of proinflammatory cytokine mRNA by Regnase-1 in cardiomyocytes can
play a critical role in limiting sterile inflammation during pressure overload [227].

Diabetic cardiomyopathy

Diabetic cardiomyopathy is a distinct type of chronic disease characterised by
myocardial insulin resistance [228]. It is further exacerbated by compensatory
hyperinsulinemia and the advancement of hyperglycaemia. Importantly, this
condition develops independently of other cardiovascular risk factors like cor-
onary artery disease and hypertension. The compromised cardiac function in
diabetic cardiomyopathy may manifest as both systolic and diastolic dysfunction,
and the progression of diabetic cardiomyopathy increases the risk of developing
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heart failure [228]. Dysregulation of both the innate and adaptive immune
systems can contribute to the development of diabetic cardiomyopathy
[229,230]. Additionally, diabetic cardiomyopathy is frequently associated with
obesity, and it is well known that obese visceral adipose tissue exhibits an
inflammatory phenotype [231]. This chronic pro-inflammatory milieu is charac-
terised by macrophage M1 polarisation that often occurs in obesity and insulin
resistant conditions. Macrophage M1 polarisation is associated with increased
release of pro inflammatory cytokines that contribute to myocardial inflamma-
tion and the progression of heart failure [232].

Multiple mechanisms appear to be relevant in the pathogenesis of heart
failure in diabetic models. Activation of myocardial innate immunity in diabetic
cardiomyopathy involves PRRs, including TLRs, leading to activation of NLRP3
inflammasome and NFkB and expression of pro-inflammatory cytokines such as
TNF-q, IL-6, IL-1B, and IL-18. In the streptozotocin (STZ)-induced diabetic rat
model, there is an increase in expression of TNF-a and it has been observed
that inhibiting TNF-a can reduce the development of diabetic cardiomyopathy
[233]. Furthermore, in diabetic rat models with a combination of a high-fat diet
and STZ injection, reducing the expression of NLRP3 has been shown to improve
cardiac function and decrease the expression of mature IL-1 [234]. Also, in
animal models of type 2 diabetes, cardiac dysfunction can be ameliorated by
dapagliflozin and rosuvastatin, and these protective effects are likely mediated
through the inhibition of NLRP3 inflammasome [235,236]. Moreover, the sup-
pression of NOD2 through knockdown has been shown to reduce myocardial
fibrosis and cell apoptosis in diabetic mice [237]. Additionally, there is an upre-
gulation of NOD1 expression in both heart tissues and cardiomyocytes of mice
with T2DM, suggesting a potential involvement of NOD1 in the development of
diabetic cardiomyopathy [238]. It was also shown that there was a significant
increase in the expression of mMiRNA-30d in both STZ-induced diabetic rats and
cardiomyocytes treated with high glucose, which contributed to the progression
of cardiomyocyte pyroptosis [239]. Conversely, this process was attenuated by
mMiRNA-30d knockdown [239]. Finally, it was reported that chemerin and its
G-protein-coupled receptor CMKLR1 strongly contributed to cardiac dysfunction
in the model of high-fat diet combined with STZ injection. By silencing CMKLRT,
cardiac function was partially restored and suppressed NLRP3 formation [240].

Interplay between sterile inflammation and autophagy in heart
failure

DAMPs and autophagy

We will begin by exploring how inflammation induced by various DAMPs can
impact autophagy. The intricate relationship between autophagy and HMGBT1 is
intricate. Autophagy, instead of apoptosis, significantly contributes to the
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regulation of the localisation and release of HMGB1 in response to ROS during
early cellular stress events [131,241]. HMGB1 competes with Bcl-2 for interaction
with Beclin 1, directing Beclin 1 towards autophagosomes. The interaction
between HMGB1 and Beclin 1 depends on the autophagic complex ULK1-
mAtg13-FIP200. Additionally, HMIGB1 can be involved in the regulation of Bcl-2
phosphorylation through the extracellular signal-regulated kinase (ERK)/MAPK
pathway [242]. The intramolecular disulphide bridge (C23/45) of HMGBT1 is crucial
for its binding to Beclin 1 and for sustaining autophagy [131]. Along with its
downstream mediator HSPB1/HSP27, HMGB1 modulates mitochondrial respira-
tion and morphology by sustaining autophagy/mitophagy, indicating its essen-
tial role in mitochondrial quality control. Furthermore, HMGB1 forms highly
inflammatory complexes with ssDNA, LPS, IL-1(3, and nucleosomes, interacting
with TLR9, TLR4, IL-1R, and TLR2 receptors, respectively [243]. Thus, current
evidence suggests that HMGB1 serves as a crucial node in the interaction
between inflammation and autophagy.

TLRs, NLRs and autophagy

The induction of autophagy by TLR signalling seems to be dependent on both
MyD88 and TRIF. TLR signalling has been demonstrated to strengthen the inter-
action between MyD88 and TRIF with Beclin 1, concurrently diminishing the
binding of Beclin 1 to Bcl-2 in macrophages [244]. Notably, ubiquitination of
Beclin 1 facilitated by tumour necrosis factor receptor (TNFR)-associated factor 6
(TRAF6), amplifies TLR4-induced autophagy [245]. Conversely, the deubiquitinat-
ing enzyme A20 decreases ubiquitination of Beclin 1, thereby limiting the induc-
tion of autophagy [245]. Additionally, phosphorylation of Beclin 1 on Thr 119 in the
BH3 domain by death-associated protein kinase (DAPK) promotes autophagy
[246]. Several protein modifications have been identified in the assembly of the
Beclin 1-PI3KC3 complex, indicating that Beclin 1 likely plays a pivotal role in TLR-
mediated autophagy through post-translational modification [247].

In mammalian cells, NLR family members, such as NOD1 and NOD2, induce
autophagy as a response to control bacterial infection and facilitate antigen
presentation [248]. Ablation of autophagy regulators ATG16L1 or ATG7, with
resultant inhibition of autophagy, exacerbates LPS-induced inflammasome acti-
vation, leading to enhanced processing of pro IL-13 into IL-1B [249].
Macrophages demonstrate autophagy in response to various inflammasome
stimuli, achieved through the activation of nucleotide exchange on RalB [250].
Blocking mitophagy/autophagy results in the accumulation of damaged mito-
chondria that generate ROS, subsequently activating the NLRP3 inflammasome.
In contrast, autophagic proteins play a regulatory role in NLRP3-dependent
inflammation by preserving mitochondrial integrity [251]. These findings suggest
that autophagy contributes to maintaining inflammasome homoeostasis by
clearing dysfunctional mitochondria and reducing ROS production.
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Additionally, NLR members may negatively regulate autophagosome maturation
by interacting with Beclin1 [252]. Notably, autophagy plays a dual role in IL-1p
signalling and inflammasome activation, as it inhibits IL-1f3 release by targeting
pro IL-1 for p62-mediated lysosomal degradation, while also promoting IL-1b
release through an unconventional secretory pathway [253].

Autophagy orchestrates inflammatory response in cardiac injury

Sterile inflammation and autophagy interact through various potential mechan-
isms. Inflammatory mediators can engage with autophagy proteins, promoting
an increase in autophagic flux and conferring cardioprotective benefits. One
pivotal participant in this interplay is HMGB1, a nuclear binding protein with roles
in regulating chromosome structure and contributing significantly to heart repair
[254]. HMGB1 exerts its influence on the inflammatory response in individuals
with heart failure through a process involving its translocation from the nucleus
to the cytoplasm. This relocation of HMGB1 contributes to the modulation of
inflammatory reactions associated with heart failure [255]. The translocation of
HMGB1 from the nucleus to the cytoplasm is facilitated by molecules such as
angiotensin Il (Ang Il) and endothelin-1. This phenomenon has been observed in
neonatal rat cardiomyocytes in vitro [256]. HMGB1 interacts with the receptor for
advanced glycation end products (RAGE), triggering an inflammatory response.
Additionally, HMGB1 directly enhances autophagic flux by interacting with
Beclin1 and displacing Beclin2. Mutations affecting cysteine 106 in HMGB1 and
the intramolecular disulphide bridge (Cysteine 23/45) promote cytosolic localisa-
tion, leading to binding with Beclin1 and sustaining autophagy. Furthermore,
ROS facilitates the cytosolic translocation of HMGB1, inducing autophagy and
disrupting the formation of the Beclin1-Bcl-2 complex. Therefore, targeting
HMGB1 may offer therapeutic potential for heart failure by mitigating its cyto-
kine-like activity and its ability to promote autophagy [257,258]. Although Angll
can mediate HMGB1 translocation, Ang Il itself acts as an inflammatory mediator
through the AT1 receptor. Ang Il exerts pro-inflammatory effects and increases
the ATG5 mRNA expression level in macrophages. Ang Il treatment significantly
stimulates the expression of LC3, an autophagy marker, in cultured macrophages
in vitro. Haplo-deficiency of ATG5, a key autophagy-related protein, substantially
reduces the formation of cytosolic autophagic vacuoles induced by Ang II. This
reduction in autophagy contributes to increased NFkB activity and mitochondrial
ROS production in macrophages, subsequently worsening hypertension-induced
cardiac inflammation and injury in mice [259].

Considering the crucial role of neutrophils in acute myocardial ischaemia/
reperfusion injury, chronic ischaemia, and remodelling, it is plausible that autop-
hagic flux in neutrophils plays a critical role in regulating cardiac injury and
remodelling [260,261]. It has been demonstrated in a mouse model of permanent
infarction that neutrophil-secreted factors, including neutrophil gelatinase-
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associated lipocalin (NGAL), play a role in regulating macrophage polarisation
during the healing phase following ischaemic myocardial injury [260]. A more
recent study shed light on the significance of endothelial autophagy in the
regulation of neutrophil infiltration at sites of inflammation [262]. In an experi-
mental model, inflamed venular endothelial cells selectively upregulated autop-
hagy at endothelial cell junctions during the peak of neutrophil trafficking. The
deficiency of the ATGS5 protein in endothelial cells resulted in excessive transen-
dothelial migration of neutrophils and uncontrolled leukocyte movement in mur-
ine models of inflammation. Conversely, pharmacologically induced autophagy
suppressed the infiltration of neutrophils into tissues. However, the specific
mechanisms underlying neutrophil extravasation in the ischaemic myocardium
have not been extensively investigated, primarily due to the challenges in imaging
leukocyte trafficking in the working heart. The molecular processes governing
neutrophil diapedesis in remote areas of the infarcted heart or the reperfused
infarction zone may be speculated to resemble those studied in venules of other
inflammatory sites [263]. Overexpression of transcription factor EB (TFEB), a key
regulator of lysosome biogenesis, in macrophages resulted in the mitigation of
post-ischaemia/reperfusion cardiac remodelling and reduced inflammation, and
a similar observation was made in or in Tfeb-transgenic mice. Surprisingly, these
beneficial effects were observed independently of ATG5 expression in myeloid
cells. This suggests TFEB signalling at the lysosome can regulate inflammation to
attenuate the post MI remodelling independently from autophagy. However, as
this study focused only on a single time point after 4 weeks of ischaemia/reperfu-
sion injury, further in-depth investigation is necessary to elucidate the precise role
of autophagy in monocyte-macrophage responses to cardiac injury [264].

The interplay between autophagy and sterile inflammation has been highlighted
in an in vitro model of cardiomyocytes treated with hypoxia/reoxygenation. Many
studies have sought to regulate autophagy to mitigate hypoxia/reoxygenation
injury in cardiomyocytes. Various microRNAs have been identified as modulators
of autophagy, serving as potential therapeutic targets for alleviating hypoxia/
reoxygenation injury through diverse mechanisms [86,265-273]. As described
above, HMGB1 plays a crucial role in regulating cardiomyocyte autophagy and
can be targeted to alleviate hypoxia/reoxygenation injury [273,274]. Moreover,
mitochondrial autophagy is now established as a potential therapeutic target
for attenuating hypoxia/reoxygenation injury in cardiomyocytes [275,276]. The
induction of PINK1/Parkin-dependent mitophagy has been shown to sustain
mitochondrial ATP, maintain membrane potential, and reduce mitochondrial
damage. This process helps prevent downstream inflammatory signalling.
Additionally, the activation of AMPK inhibits the inflammatory response by
modulating the JNK-NFkB signalling pathway [277]. Additionally, upregulation
of C1g/TNF-related protein 12 inhibits inflammation via Nrf2-dependent upre-
gulation of anti-inflammatory genes HO-1 and NQO-1 [278,279]. Therefore,
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regulating interplay between autophagy and sterile inflammation in cardio-
myocytes can effectively alleviate hypoxia/reoxygenation injury.

The role of mtDNA in the pathogenesis of heart failure

The relationship between autophagy, mtDNA, and inflammation in the heart has
gained prominence and been a fruitful area of research in recent years. The Otsu
group demonstrated that when mtDNA escapes autophagy, it can lead to the
activation of TLR. This was evidenced by accelerated myocarditis and heart failure
observed after the induction of a pressure overload model in mice with a cardiac-
specific deletion of lysosomal DNase Il (DNase2a-/-) [280]. In DNase2a™~ mice treated
with a transverse aortic constriction, cardiomyocytes exhibited heightened expres-
sion of pro-inflammatory cytokines IL-1p and IL-6, leading to a subsequent infiltration
of CD68* macrophages and Ly6G* cells into affected cardiac tissue. mtDNA in heart
tissue of DNase2a ™~ mice were only observed within autolysosomes. This indicated
that the mitochondria were engulfed in autophagosomes which then fused with
lysosomes. However, due to the absence of DNase I, mtDNA could not be properly
degraded. It was hypothesised that mtDNA could activate Toll-like receptor 9 (TLR9)
present in endolysosomes. This interaction between undigested mtDNA and TLR9
was speculated to trigger inflammatory signalling. DNase Il abolishes cardiac inflam-
mation and dysfunction caused by pressure overload [281]. Therefore, TLR9 signal-
ling is essential for recognising undegraded mtDNA and regulating inflammation in
stressed cardiomyocytes. Mice lacking TLR9 subjected to pressure overload exhibited
reduced macrophage infiltration and improved recovery from heart failure [280].
Overall, excess production and release or inadequate degradation of mtDNA pro-
motes inflammation via TLRI signalling ultimately contributing to the pathogenesis
of heart failure.

It has been proposed that mtDNA is released intracellularly through per-
meabilization of both the inner and outer mitochondrial membrane in
damaged or stressed mitochondria [208]. During the early phase following
ischaemia/reperfusion injury, there is an upregulation of retinoic acid early
transcript 1 (RAE-1) expression in cardiomyocytes. This increased expression
is believed to be activated through the STING pathway. It is hypothesised that
mtDNA might indirectly activate RAE-1 expression, which in turn contributes
to cardiac fibrosis and remodelling during the remodelling phase [209,210]. In
cardiomyocytes, mitochondrial mtDNA activation can also trigger activation
of the nuclear factor NFkB signalling pathway. This activation leads to the
expression and release of pro-inflammatory cytokines which play a role in
both local and systemic inflammatory responses [186,210].

When mitochondria become depolarised or damaged, they are recognised
and targeted for removal through a process involving PINK1/Parkin and p62. The
PINK1/Parkin pathway leads to the recruitment of the forming autophagosome
to the ubiquitin-decorated mitochondrial fragment with the assistance of p62
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[282]. Ubiquitination of mitofusin 2 (MFN2) prevents fusion of damaged mito-
chondria with the remaining mitochondrial network. Proteins such as DRP1 and
MFN2 are involved in mitophagy. Nix and Bnip3 stimulate mitophagy, likely by
triggering depolarisation and subsequent recruitment of Parkin. However, it has
been demonstrated that Nix and Bnip3 can have a maladaptive role, suggesting
that autophagy/mitophagy may have deleterious effects in certain contexts.

Clinical perspectives on therapeutic targeting of autophagy and
inflammation in heart failure

Given the preceding text, it is abundantly clear that there are numerous
scenarios were targeting autophagy, inflammation, and the crosstalk
between them could have important therapeutic implications.

Numerous hormones and cytokines play a crucial role in the regulation of
autophagy. Adiponectin, for instance, has been demonstrated to induce autop-
hagy in a variety of cell types [283]. Aged mice lacking adiponectin demonstrate
reduced autophagy induction versus wild-type mice, which contributed to pres-
sure overload-induced cardiac dysfunction [8]. Adiponectin is also known for its
anti-inflammatory effects. The anti-inflammatory effects of adiponectin are due
in part to its ability to inhibit TLR-NFkB signalling, stimulate production of anti-
inflammatory cytokines, and promote polarisation of macrophages towards an
anti-inflammatory phenotype [284-287]. Indeed, mice lacking adiponectin dis-
play elevated expression of proinflammatory cytokines and decreased levels of
anti-inflammatory mediators in various models of cardiometabolic disease
[288,289]. Additionally, adiponectin has been shown to inhibit neutrophil activa-
tion in response to pressure overload, and attenuate LPS-stimulated NLRP3
activation [290,291]. Recent research has also indicated that the exacerbated
cardiac dysfunction in adiponectin knockout mice after LPS injection is asso-
ciated with reduced autophagy through an AMPK-mTOR-ULK1-dependent
mechanism [292]. Therefore, adiponectin-based therapeutics [290] could mod-
ulate both autophagy and inflammation which may improve outcomes following
cardiovascular events such as pressure overload.

IL-1 signalling has long been known to contribute to inflammation and the
development of heart failure [293]. As a result, there is growing interest in
targeting IL-1 signalling as a therapeutic for heart failure. There are currently
three approved strategies for inhibiting IL-1 signalling that are clinically available.
In the Canakinumab Anti-Inflammatory Thrombosis Outcomes Study (CANTOS)
trial, inhibition of IL-1B using a monoclonal antibody (canakinumab) was shown
to demonstrate effectiveness against heart failure [293].In the CANTOS rando-
mised and double-blind clinical trial, 10,061 patients with prior history of myo-
cardial infarction were assigned placebo or canakinumab administration every 3
months. In a 3.7-year follow-up, canakinumab reduced rates of inflammation and
adverse cardiovascular events including myocardial infarction, stroke, and death.
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Rilonacept is a receptor antagonist which acts as a decoy to prevent il-1a and il-
16 from binding to the IL-1 receptor [294]. In a phase 3 clinical trial, rilonacept
was shown to prevent subsequent pericarditis and alleviated pericardial inflam-
mation [294]. Anakinra is another IL-1 receptor antagonist which functions
through competitive inhibition. The use of anakinra in patients who suffered
a prior myocardial infarction resulted in lowering of systemic inflammation,
reduced progression of heart failure, and reduced all-cause death [295,296].
Therefore, IL-13/IL-1R targeted therapies remain a promising therapeutic strategy
for providing cardioprotection through regulation of inflammation.

Trehalose, a disaccharide, displays cardioprotective effects by inducing autop-
hagy. In a mouse model of myocardial infarction, trehalose boosted autophagy,
leading to decreased apoptosis, fibrosis, and adverse cardiac remodelling. The
positive impacts of trehalose were diminished in heterozygous beclin 1 knockout
mice, underscoring its specificity for autophagy [64]. These cardioprotective effects
of trehalose were echoed in a rat model of myocardial infarction [297]. Howeveer,
a clinical study examined the impact of intravenous trehalose administration on
atherogenesis in humans, revealing a safe profile but no notable reduction in arterial
wall inflammation [298]. The limited sample size suggests larger studies are neces-
sary to comprehensively evaluate the compound’s efficacy in a clinical setting.

Statins have become the most widely prescribed medication globally as
a preventative strategy against dyslipidemia and subsequent coronary heart
diseases [299]. Statins work by lowering serum cholesterol by inhibiting
synthesis and promoting clearance. However, it is now known that statins
can provide pleiotropic cardioprotective effects beyond lowering cholesterol
[299]. For instance, mitophagy has been demonstrated to play a crucial role in
mediating the cardioprotective effects of the statin, simvastatin, against
ischaemia/reperfusion injury [300]. Specifically, upregulation of PINK1/Parkin-
dependent mitophagy by simvastatin reduced infarct size. It was also demon-
strated that the protective effect of statins against ischaemia/reperfusion (I/R)
injury occurs in the early/acute phase of injury, suggesting that the timing of
intervention will be a key determinant of success. Thus, modulation of
mitophagy underlies the cardioprotective effects of statins in I/R injury.

AMPK could be a suitable therapeutic target for heart failure due to its
implication in regulating autophagy, inflammation, and conferring cardiopro-
tective effects. In addition to autophagy [301], AMPK signalling is also known
to facilitate the induction of mitophagy, which has also been shown to
protect against heart failure [302]. In failing hearts from heart failure patients
or in vivo model of pressure overload, there was an observed decrease in
expression and activity of AMPKa2 [302]. Mechanistically, AMPKa2 interacted
with PINK1 to increase cardiac mitophagy, decrease ROS, reduce cardiomyo-
cyte apoptosis, and ultimately prevent the development of heart failure [302].
Furthermore, AMPK has been implicated in providing anti-inflammatory
properties. This is exemplified through the use of sodium glucose co-
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transporter 2 (SGLT2) inhibitors. Although SGLT2 inhibitors treats primarily
diabetes, they have gained increasing attention for their off target cardiopro-
tective properties [303]. In fact, the SGLT2 inhibitor empagliflozin has demon-
strated anti-inflammatory properties in cardiomyocytes and macrophages
[303]. In LPS-treated mice, empagliflozin prevented upregulation of proin-
flammatory cytokines, promoted M2 macrophage polarisation, and preserved
cardiac contractility [303]. The beneficial effects of empagliflozin were inde-
pendent of its glucose lowering property and dependent on AMPK activation
[303].The cardioprotective effects of AMPK is further highlighted using
PXL770, the first allosteric AMPK activator to demonstrate clinical safety and
efficacy[304]. Although it was originally developed for treatment of nonalco-
holic steatohepatitis and metabolic diseases, it is now known to exert cardi-
oprotective effects [305]. In ZSF-1 rats, an in vivo model of heart failure with
preserved ejection fraction (HFpEF), long term treatment with PXL770 pre-
served left ventricular function, reduced signs of cardiac fibrosis and hyper-
trophy [305]. This suggests that enhancement of AMPK activation is
a promising pharmacological target for preventing the development of
heart failure (Figure 5).
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Figure 5. Targeting autophagy and inflammation in heart failure (A) Adiponectin is a cytokine
that can affect both autophagy and inflammation. Adiponectin is positively correlated with
autophagy upregulation. Adiponectin exhibits anti-inflammatory effects by inhibiting TLR-NF-
kB signaling and promoting alternative macrophage polarization. (B) Activation of AMPK, such
as via PXL770, upregulates autophagy, mitophagy, and exerts anti-inflammatory effects. These
processes collectively provide protection against the development of heart failure.
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Figure 6. Interaction between autophagy and inflammation in heart failure The intricate
interplay between sterile inflammation and autophagy is a central aspect of heart failure
pathogenesis. This association encompasses the involvement of DAMPs (exemplified by
mtDNA and HMGB1) and activation of inflammasomes which can be modulated by
autophagy. Furthermore, the activation of inflammasomes results in amplification of autop-
hagic activity to mitigate cellular damage from various stressors. Collectively, various forms
of autophagy at the appropriate time and magnitude can be cardioprotective, whilst too
much or too little are associated with worsening of adverse events.



34 (&) J.TANGETAL

Conclusions and future perspectives

The interplay between sterile inflammation and autophagy has emerged as
a crucial factor in heart failure development. Specifically, in models of ischae-
mia/reperfusion and pressure overload-induced injuries, the interaction
between autophagy and sterile inflammation is mediated by DAMPs, TLRs,
and NLRs. DAMPs, including mtDNA, can trigger a proinflammatory signal,
a response typically countered by autophagy. TLR and NLR signalling, in turn,
enhance autophagy as an adaptive measure to alleviate stress, such as that
arising from mitochondrial damage. Additionally, the regulation of autop-
hagy is context-specific, as both the deletion and upregulation of autophagy
can offer protection depending on the stage of heart failure progression. The
emerging role of mitochondrial autophagy, mitophagy, has been investi-
gated, and it can have both detrimental and beneficial effects in cardiac
pathologies (Figure 6). However, evidence suggests that FUNDC1 may act
as a potential mediator, switching mitophagy into a cardioprotective process.
Therefore, further clarification is needed to fully understand the temporal
changes in autophagy and sterile inflammation during heart failure. The
clinical applications for targeting the interface of autophagy and inflamma-
tion in heart failure has been demonstrated. Therapeutics based on adipo-
nectin show promise as a strategy due to its ability to promote autophagy,
exhibit anti-inflammatory effects, and enhance cardiac outcomes in models
of pressure overload. Similarly, AMPK activation mediates anti-inflammatory
effects, autophagy upregulation, and confers protection against heart failure.
In conclusion, autophagy and sterile inflammation are intricately linked in
heart failure, and therapeutic strategies that simultaneously regulate these
two processes may improve outcomes in patients with heart failure.
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