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Abstract

Dysregulated redox signalling, mitochondrial dysfunction and impaired autophagy are
interconnected mechanisms that orchestrate inflammatory and immune responses during
cardiovascular disease progression. Inflammation is largely modulated by altered redox signalling,
which primarily involves reactive oxygen and nitrogen species (ROS/RNS). Mitochondria are
essential for energy production and cellular homeostasis, but their dysfunction leads to the
accumulation of excessive ROS, which triggers inflammation. This pro-oxidative milieu disrupts
immune regulation by activating inflammasomes, promoting cytokine secretion, triggering immune
cell infiltration and ultimately contributing to cardiovascular injury. Conversely, intracellular
degradation processes such as mitophagy, alleviates these effects by selectively eliminating
dysfunctional mitochondria, thereby decreasing ROS levels and maintaining immune homoeostasis.
These interconnected processes influence myeloid cell function including macrophage polarization,
dendritic cell activation, and neutrophil activity. The modulation of these immune responses is
crucial for determining the severity and resolution of cardiac and vascular inflammation, and
consequently the extent of cellular injury. This review examines the latest developments and
understanding of the intricate relationships between redox signalling, mitochondrial dysfunction,
autophagy and oxidative stress in modulating inflammation and immune responses in
cardiovascular diseases. Understanding these interrelationships will inform future studies and
therapeutic solutions for the prevention and treatment of cardiovascular diseases.

Keywords: redox signalling; oxidative stress; mitochondrial dysfunction; autophagy; inflammation;
cardiovascular disease

1. Introduction

Cardiovascular disease (CVD) remains a major public health crisis worldwide, and its
prevalence is expected to rise over the next few decades [1,2] A substantial risk of CVD-related
mortality persists despite current conventional therapies, such as statins, angiotensin II converting
enzyme (ACE) inhibitors, angiotensin receptor blockers (ARBs), calcium channel blockers, beta-
blockers, and lifestyle modifications, particularly in patients with obesity, diabetes, and chronic
inflammation. The global number of cardiovascular deaths is estimated to increase from 20.5 million
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in 2025 to approximately 35.6 million by 2050 [2]. Conventional treatments primarily manage the
symptoms instead of targeting the underlying cellular mechanisms that drive the onset and
progression of CVD. Thus, there is an urgent need for more effective strategies for the management
of CVD, to improve the quality of life, and reduce the burden on the healthcare system [3,4]

The hypothesis that oxidative stress contributes to CVD has gained traction ever since its first
proposal by Daniel Steinberg and colleagues as a modifier of low-density lipoproteins (LDL) [5]. In
the mid to late 1990s, oxidative stress became a mainstream mechanism in CVD research, however,
clinical trials using antioxidants like vitamin E failed to show benefit [6-8]. These studies highlighted
the complexity of redox biology.

The term redox is derived from the combination of “reduction” and “oxidation,” which defines
the chemical processes associated with the transfer of electrons between reactants in chemical
reactions [9,10]. Reactive oxygen species (ROS) are highly reactive molecular oxygen derivatives
endogenously generated as a byproduct of cellular respiration [11]. ROS, including superoxide (O2*"),
singlet oxygen ('Oz2), hydrogen peroxide (H202), and hydroxyl radicals (OH), are synthesised through
redox processes [10,12]. H202 is recognised as a major ROS that reversibly oxidizes critical redox-
sensitive cysteine residues on target proteins [11,13]. Various signal transduction pathways are
regulated by ROS either via direct modification of proteins or lipids, or by the coordinated transfer
of electrons between molecules, forming a chain of redox reactions [14]. Redox biology regulates
numerous crucial physiological processes, such as insulin signalling [11], regulation of vascular tone
[15] and immunometabolism [16].

Extensive investigations have shown that redox imbalance, mitochondrial dysfunction,
impaired autophagy, and unresolved inflammation are pivotal contributors to vascular and
myocardial damage [17-20]. Dysregulated redox biology facilitates persistent ROS generation and
pathological feedback loops. Therefore, a co[17-20mprehensive understanding of the contribution of
redox signalling to cellular and molecular determinants of the various CVDs is critically needed for
the development of novel therapeutic strategies.

Nonspecific antioxidants have not shown significant improvements in CVD outcomes in clinical
trials [21,22]. These antioxidant approaches have largely failed due to lack of specificity, inability to
target the main sources of ROS, and overlook the physiological roles of ROS in signalling and defence.
Indeed, redox signalling is increasingly emerging as a pivotal player in metabolism and physiological
processes, acting as a key mediator in the dynamic interactions between organisms and the external
environment. A more nuanced approach to antioxidant interventions is needed, one that supports
essential physiological redox processes yet affords protection against the onset and development of
CVDs [10].

This review focuses on intracellular redox signalling and highlights the implications of redox
imbalance in the pathophysiology of CVDs. Specifically, we focus on the root cause of redox
imbalance, such as dysfunctional mitochondria, impaired endogenous antioxidant systems or
impaired autophagy, and highlight their intricate interactions to discover novel therapeutic
strategies. Furthermore, we highlight the complexity of redox signalling in CVDs with a focus on the
spatial and temporal aspects of ROS signalling. We highlight how ROS that originate from different
cellular compartments, or temporal fluctuations in ROS, may have different effects on redox-sensitive
transcription factors and organelle crosstalk. Non-canonical redox modifications, such as S-
glutathionylation, S-nitrosylation and redox-phosphorylation, remain an active area of investigation
and are discussed in relation to their role in modulating key pathways such as mitochondrial
metabolism, autophagy and inflammation. Additionally, we address the bidirectional nature of redox
interactions. Providing detailed insight into these aspects is essential for advancing our
understanding of redox-mediated CVDs and developing effective mechanism-based therapeutic
strategies.
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2. Mechanism of Intracellular ROS Generation

Mitochondrial complex I (NADH: ubiquinone oxidoreductase) and III (ubiquinol: cytochrome c
oxidoreductase) are considered the major sources of mitochondrial ROS (mtROS) produced by the
electron transport chain [23]. These complexes situated within the mitochondrial intermembrane
space, generate O2*- and H20: from molecular oxygen [23,24]. Mitochondria-localized proteins, such
as NADPH oxidase-4 (NOX4), p66shc, monoamine oxidase (MAO)-A and MAO-B have also been
implicated in mitochondrial ROS production [23]. In response to stress and p66Shc activation,
cytochrome c in the inner mitochondrial membrane generates H20O: [25], which exacerbates pro-
apoptotic ROS signalling and mitochondrial dysfunction to drive a variety of cardiovascular
pathologies [26]. While the primary sites and mechanisms of mitochondrial ROS generation are well
characterized, their regulation and relative contributions to disease, and the physiological
significance of each site, are not yet clearly understood.

Cytosolic ROS (cytoROS) also play a crucial role in modulating numerous cellular signalling
networks, whilst aberrant cytoROS disturb signalling pathways thereby promoting
pathophysiological changes [27]. The NOXs are a family of transmembrane enzymes involved in
generating cytoROS. NADPH oxidase-2 was the first source of ROS identified in macrophages and is
the canonical isoform in this cell type [24]. NOXs facilitate the generation of superoxide by
transferring a single electron from NADPH to oxygen [28]. Superoxide can be further converted to
H20: either through spontaneous dismutation or by the activity of superoxide dismutase (SOD) [24].
In addition, xanthine metabolism, specifically through the enzyme xanthine oxidase (XO), produces
H20z2and O:z*- in the cytoplasm.

Among the seven distinct isoforms of NOX, NOX-1, 2, 4, and 5 are expressed throughout the
cardiovascular system [27,29,30]. Emerging data have revealed the crucial role of NOX2-derived O2*-
as signalling molecules in autophagy [27,31]. Notably, a study reported that NOX2-derived ROS
present in LC3-associated phagosomes promoted oxidative inactivation of the autophagic protease
ATGH4B, thereby regulating its stability and function [31]. Similarly, in palmitate-treated H9C2
cardiomyocytes and in the hearts of mice fed high-fat-diets, activation of NOX2 enhanced O2*-
production, contributing to the inhibition of lysosomal enzymes and autophagosome turnover [29],
suggesting that NOX-derived ROS play an important role in redox-dependent regulation of
autophagy. Thus, modulating NOX activity and redox signalling to promote autophagy may offer a
therapeutic avenue to restore cellular homeostasis and combat pathological remodelling of the heart.

Other sources of ROS include the endoplasmic reticulum (ER), peroxisomes and enzymes such
as xanthine oxidase. The ‘redox triangle,” formed by mitochondria, peroxisomes and the ER, acts as
a central hub for redox signalling [32]. Excessive ROS within the redox triangle affects ER-
mitochondria Ca? exchange, oxidative phosphorylation and protein folding within the ER [32].
However, the role of ROS is context-dependent and varies according to the cellular environment,
compartmentalisation, exposure period and concentration [33]. In the human myocardium, the
mitochondrial electron transport chain, NOX, xanthine oxidoreductase (XOR) and dysfunctional
nitric oxide synthases (NOS) are the major sources of ROS [34].

3. Cellular Antioxidant System

The antioxidant system is a highly coordinated defence network that provides protection from
oxidative damage caused by ROS and other free radicals. Enzymatic and non-enzymatic antioxidants
work synergistically to maintain redox balance and cellular component integrity by modulating gene
expression and associated signalling pathways. Thus, antioxidant therapeutics could provide an
effective approach to preventing and treating many diseases where redox imbalance is a key
pathological component, such as atherosclerosis, hypertension, ischemia-reperfusion injury, and
diabetic cardiomyopathy (DCM) [35,36]. The major enzymatic antioxidants include SOD, catalase
(CAT), and the glutathione peroxidases (GPx), with glutathione reductase (GR), peroxiredoxins (Prx)
and the thioredoxins (TrxR) also maintaining the balance between oxidants and antioxidants. SOD
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catalyzes the dismutation of Oz*- into H202 and molecular oxygen, while catalase converts H20: into
water and oxygen. In turn, GPx reduces hydrogen peroxide and lipid peroxides using glutathione as
a substrate [37]. The thioredoxin-peroxiredoxin system detoxifies H2O: and organic hydroperoxides
by transferring reducing equivalents from NADPH, via TrxR reductase and TrxR, to Prx. The non-
enzymatic antioxidants such as glutathione (GSH), and vitamins C and E, actively scavenge free
radicals and help regenerate oxidized antioxidants back to their active forms [37,38].

The transcription factor, nuclear factor erythroid 2-related factor 2 (Nrf2), acts as a central player
in the regulation of the antioxidant system. Upon activation by oxidative stress, Nrf2 translocates to
the nucleus and binds to antioxidant response elements (AREs) of a range of genes, enhancing the
expression of numerous cytoprotective enzymes such as SOD, CAT, peroxiredoxins (Prx), heme
oxygenase-1 (HO-1) and heat shock protein 70 (Hsp70) [39,40]. Together, these antioxidant defence
systems help prevent oxidative stress-induced damage to DNA, proteins and lipids, and modulate
redox sensitive signalling pathways involved in cell survival, inflammation, and metabolism. The
production of excessive ROS and the cellular antioxidant defence system required for cellular
homeostasis is illustrated in Figurel. Disruptions to this system lead to oxidative stress, contributing
to the pathogenesis of various diseases, including CVDs.
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Figure 1. Intracellular reactive oxygen species (ROS) production and the cellular antioxidant defense system.
ROS are produced by different cellular sources, primarily by: 1. the mitochondrial electron transport chain (ETC),
2. peroxisomes and 3. NADPH oxidase (NOX). Other sources of ROS are 4. endoplasmic reticulum (ER) and 5.
cyclooxygenases (COXs). Mitochondrial O2* is produced by the electron transfer system via mitochondrial
complexes I (NADH: ubiquinone oxidoreductase) and III (ubiquinol: cytochrome c oxidoreductase). NOX4,
located in the mitochondrial membrane, generates H2O, which leads to a decrease in the mitochondrial
membrane potential (|AWm) and ultimately results in mitochondrial dysfunction. H202is also produced in the
peroxisomes via 3-oxidation and is eliminated by catalase (CAT). The transcription factors, Nrf2 and FOXO3,
orchestrate the cellular antioxidant response via upregulation of antioxidant genes such as superoxide dismutase
(SOD) and CAT, and enzymes involved in glutathione (GSH) synthesis. Enzymatic antioxidants (e.g. SOD, CAT
and GPx) and non-enzymatic antioxidants (e.g. GSH) maintain redox balance and cellular integrity by modifying

gene expression and associated signalling cascades. Created in https://BioRender.com.
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4. Physiological Role of ROS, Redox Signalling and Redox Homeostasis

Redox signalling involves the specific and usually reversible oxidation/reduction modification
of molecules involved in cellular signalling pathways [10,41], consequently turning on or off various
pathways [42]. At low to moderate levels, ROS such as O2*-, *OH and H,O, contribute to normal
cellular functions including proliferation, differentiation, migration and immune responses.
Moderately increased levels of mitochondrial oxidants enhance systemic defences by inducing
adaptive responses [43]. This is referred to as mitohormesis, the process where mitochondria signal
in response to transient stress and activate adaptive cellular responses that increase cell survival,
function and longevity [21,43,44]. Mitohormesis is increasingly viewed as an important aspect of
normal physiology and a critical modulator of disease processes [44].

Physiological levels of H2O2 are in the range of 10 to 100 nanomolar (nM) [45]. H20: serves as a
classical intracellular signalling molecule, modulating kinase-driven pathways at lower physiological
levels [46]. The physiological steady state levels of H2Ozare controlled by balancing H20: production
and scavenging by antioxidant enzymes such as CAT and GPx [13]. Understanding the physiological
function of ROS, and the importance of maintaining redox homeostasis, is critical for distinguishing
beneficial signalling from pathological oxidative stress in the context of CVDs.

The antioxidant system scavenges excess ROS and ensures that redox signalling remains within
the physiological range. Redox homeostasis refers to the precise balance between the generation of
ROS and antioxidant activity. When this balance is regulated, redox signalling sustains the normal
function of cells and tissues. However, excessive ROS production or impaired antioxidant responses
lead to persistent redox imbalance, resulting in oxidative stress. This perturbs cellular homoeostasis
damages biomolecules such as proteins, lipids and DNA, and leads to the pathogenesis of various
diseases, including CVDs.

5. Dysregulated Redox Biology: A Molecular Link to Inflammatory Pathways

Dysregulated redox biology refers to disruptions in the intricate network of redox reactions
within a biological system, resulting in persistent oxidative stress and altered redox signalling [9,10].
In the context of cardiovascular diseases, disruptions in redox homeostasis drive inflammatory and
immune responses that accelerate the activation and progression of CVDs. Broadly speaking, redox-
mediated processes include the dysregulation of the endothelium, enhanced pyroptosis and
inflammation, immune cell infiltration, cardiomyocyte injury and hypertrophy, and cellular
proliferation, leading to tissue remodelling that ultimately contributes to CV dysfunction and disease
progression (Figure 2) [47-49]. More specifically, dysregulated redox biology contributes to defective
mitochondrial and autophagy pathways that amplify inflammatory signalling cascades such as
Mitogen-Activated Protein Kinases (MAPKs), Nuclear factor kappa B (NF-kB) and the NLRP3
(Nucleotide-Binding Domain, Leucine-Rich-Containing Family, Pyrin Domain-Containing-3)
inflammasome, whilst suppressing cytoprotective mechanisms including Nrf2-mediated antioxidant
gene expression [27,50-52]. Multiple signalling cascades are activated or suppressed by
interconnected redox-inflammatory regulators.
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Figure 2. Mechanistic overview of ROS generation, redox signaling and pathological signal transduction in
cardiovascular diseases. Mitochondria function as the major site of ROS production and a central ROS-
mediated signalling hub. ROS play an important role as second messengers in modulating multiple signalling
molecules to regulate inflammation. ROS modulate various inflammatory signalling pathways, including the
MAPKSs, Nrf2, NF-«B, and the NLRP3 inflammasome. By modulating inflammatory pathways, ROS activate the
expression of inflammatory genes, including IL-13, TNF-«, VCAM-1 and ICAM-1, to enhance inflammatory and
immune responses, ultimately accelerating the activation and progression of CVDs. Conversely, Nrf2 activation
inhibits inflammation by cross talk with the NLRP3-inflammasome to lessen CVD. Created in
https://BioRender.com.

Evidence for the interconnectedness between redox biology and inflammation comes from
various in vitro and in vivo studies including the following. Immunological signalling, including via
the Toll-like receptor (TLR) and NLRP3 inflammasome assembly, has been shown to require transient
ROS generation before initiation of downstream signalling pathways [53,54]. Furthermore, ROS have
been identified as regulators of inflammasome assembly. For example, inhibition of mitophagy leads
to the accumulation of damaged and impaired mitochondria, which exacerbates ROS generation, and
consequently triggers NLRP3 inflammasome activation [55,56]. NLRP3 inflammasome activation
leads to the production of Interleukin-1§ (IL-13), which further induces the secretion of interleukin-
6 (IL-6) and is implicated in the chronic inflammation and progression of CVD [57,58]. A recent study
reported that IL-6 facilitates mtROS production and reduces nitric oxide (NO) bioavailability in
human aortic endothelial cells, contributing to the development of endothelial dysfunction [59].

Growth factor stimulation has been shown to activate P13K signalling via a redox-sensitive
mechanism [49]. Tu, et al demonstrated that oxidative stress activates P13K and increases the activity
of p70 S6 kinase-1, leading to enlargement of cardiomyocytes [60]. In vascular smooth muscle cells
(VSMCQ), the ROS-sensitive kinase, p38 MAPK, and its substrate MAPKAPK-2, have been shown to
mediate Akt activation, which contributes to VSMC hypertrophy [61].

Data from our laboratory demonstrated that dh404, a bardoxolone derivative and novel Nrf2
activator, ameliorates endothelial dysfunction in diabetic Akita mice by activating Nrf2, upregulating
antioxidant enzymes, reducing ROS, and inhibiting redox-sensitive inflammatory pathways. In
diabetic human aortic endothelial cell (HAECs), dh404 showed cytoprotective effects by significantly
inhibiting inflammatory genes (VCAM-1 and the p65 subunit of NF-kB) and upregulating the Nrf2-
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responsive genes, NAD(P)H quinone oxidoreductase 1 (NQO1) and heme oxygenase-1 (HO-1),
whilst decreasing the oxidative stress marker, nitrotyrosine and the ROS, Oz*-and H20s. In diabetic
mice, dh404 decreased contraction in response to phenylephrine and suppressed the expression of
inflammatory genes, including VCAM-1, ICAM-1, p65, IL-1§3, as well as pro-oxidant genes, Nox1 and
Nox2 [52]. We also showed that dh404 reduces inflammation and atherosclerosis in diabetic ApoE-/-
mice [62]. Our data therefore highlight the interconnectedness between dysregulated redox pathways
and inflammation, and suggest that specific targeted anti-oxidant therapy lessens CV burden via
improvements in oxidative stress and inflammation.

In summary, accumulating evidence suggest that cellular redox imbalance plays a crucial role
in driving a cascade of redox-sensitive signalling events and inflammatory pathways. This
exacerbates cellular and tissue damage, ultimately leading to the development and progression of
various CVDs. Advancing our understanding of how disrupted redox signalling exacerbates
inflammatory and immune responses may assist in the discovery of novel therapeutic approaches to
restore redox balance and regulate inflammation-associated pathologies.

6. The crosstalk Between Redox Signalling and Mitochondrial Function

Mitochondria are double membrane-bound organelles that are known to generate most of the
energy needed to power biochemical reactions of the cell [63]. In 1966, Jensen initially reported that
the mitochondrial respiratory chain generates ROS [64,65]. It was later established that H2O: is
produced from the dismutation of O:*- in the mitochondria [65-67]. Mitochondria constitute
approximately 30-40% of the cardiomyocyte cell volume and play a crucial role in meeting the high
metabolic and energy demand by primarily generating ATP through oxidative phosphorylation
(OxPhos) [68]. A growing body of literature now supports the notion that mitochondria are both a
major source and the target of ROS, positioning them at the centre of vital redox signalling networks.
The bidirectional interaction between mitochondrial function and redox homeostasis forms a
complex axis that regulates energy production, survival and stress responses. Disruptions of the
interplay between mitochondrial function and redox homeostasis may contribute to the pathogenesis
of numerous diseases, including cardiovascular and metabolic disorders [63,69].

Mitochondrial dysfunction leads to the dysregulation of mitochondrial dynamics, mitochondrial
DNA (mtDNA) damage and impaired mitophagy [63]. Dysfunctional mitochondria also contribute
to inflammation and an impaired immune response [70]. Dysfunctional mitochondria affect calcium
homeostasis and cardiac energy supply, which causes changes in cardiac structure and function [63].
Therefore, dysfunctional mitochondria are associated with many cardiovascular diseases, including
atherosclerosis, heart failure and myocardial infarction [20,63,71,72].

Accumulating evidence suggest that mtROS function as downstream effector molecules. mtROS
can modulate various signalling pathways such as modulation of hypoxic signalling [73,74], cytosolic
stress kinases [75], and activation of autophagy [76], thereby influencing cell metabolism and immune
responses. In particular, mitochondrial oxidative stress has been shown to directly impact the IKK{3—
RelA (NF-kB) pathway. Indeed, mitochondrial oxidative stress led to increased monocyte infiltration
and exacerbated inflammatory responses in western diet fed Ldlr’ mice. Conversely, decreasing
mitochondrial stress in macrophages alleviated atherosclerosis by reducing monocyte infiltration and
lesional inflammation in a mCAT transgenic (mCAT) Ldlr”- mouse model of atherosclerosis [50].
Furthermore, NF-kB-induced oxidative stress contributed to mitochondrial and cardiac dysfunction
in obese db/db mice, a model of type Il diabetes. Notably, inhibition of NF-xB by an NF-«B inhibitor,
pyrrolidine dithiocarbamate, reduced oxidative stress, restored mitochondrial integrity by
decreasing ROS and increasing ATP synthesis, consequently improving cardiac function [77].

Mitochondrial ROS also cross-talk with the NLRP3-inflammasome to drive inflammatory
responses. In addition to a direct effect on the activation of the NLRP3 inflammasome [78], a recent
study demonstrated that cardiomyocyte-specific knockdown of a protein involved in autophagic
flux, ATP6AP2, led to autophagy inhibition and activation of the NLRP3, further promoting
maladaptive cardiac remodelling. In contrast, suppression of cellular and mitochondrial ROS in shR-
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ATP6AP2-transfected cardiomyocytes partially reversed NLRP3 upregulation, and mitigated
mitochondrial impairment and dysfunction [76]. Thus, cellular and mitochondrial ROS promote
activation of the NLRP3 inflammasome, which may contribute to cardiac dysfunction.

Mitochondrial ROS also act as upstream signals that promote Nrf2 activation by disrupting its
interaction with KEAP1, thereby facilitating its nuclear translocation and transcriptional activation
of antioxidant genes. A recent study by Luo et al demonstrated that in oxidized low-density
lipoprotein (ox-LDL) injured macrophages, micheliolide (MCL), an active metabolite of parthenolide,
reduced both total and mtROS level, increased SOD activity, improved mitochondrial function,
modulated antioxidant responses and importantly, reduced atherosclerosis. Mechanistically, MCL
binds to the Arg483 site of KEAP1, enhancing Nrf2 nuclear translocation and upregulating the
transcription of GPX4 and xCT. These findings suggest that MCL ameliorates atherosclerosis by
activating the Nrf2 signaling pathway and thereby reducing oxidative stress and the inflammatory
response [79]. Furthermore, mtROS play a bidirectional role in regulating mitochondrial dynamics
via modulation of mitochondrial fission and fusion, while these processes also influence mtROS
production [27].

Excessive ROS can enhance mitochondrial fission by activating the major pro-fission protein
dynamin-related protein 1 (DRP1) [63]. ROS-induced post-translational modifications such as
phosphorylation, SUMOQOylation, S-nitrosylation, and O-GlcNAcylation play an important role in
DRP1 activation [80,81]. Cytosolic DRP1 is recruited to mitochondrial membranes following post-
translational modifications and interacts with the outer mitochondrial membrane protein Fisl to
initiate mitochondprial fission [80]. Additionally, three crucial GTPase proteins, Mitofusins 1 (MFN1),
Mitofusins 2 (MFN2) on the outer membrane and atrophy 1 (OPA1) on the inner membrane mediate
mitochondrial fusion [63]. Oxidative stress can inhibit mitochondrial fusion by impairing the function
of key fusion proteins. In H9c2 cardiomyoblasts, H2O.-mediated oxidative stress disrupts OPA1-
mediated mitochondrial dynamics via activation of OMAL1, a key protease responsible for cleavage
of OPAl, implicating a crucial role of ROS in mitochondrial dynamics [82]. Inhibition of
mitochondrial fission promotes accumulation of dysfunctional mitochondria, which further
exacerbate ROS generation. Similarly, impaired mitochondrial fusion in endothelial cells enhances
superoxide production, which leads to atherosclerosis progression [83], highlighting the complex
bidirectional link of ROS and mitochondrial dynamics and function.

In addition, mtROS play a role in mediating lytic cell death via oxidation of the pore forming
protein, GSDMD, thereby promoting pyroptosis of macrophages [84,85]. The Regulator-Rag
complex, a mediator of mTOR activities, has been shown to be involved in GSDMD pore formation
and pyroptosis in macrophages [86]. The Regulator-Rag complex regulates mTORC1-dependent
events to promote oligomerization of GSDMD and pore formation in the membrane by a mtROS-
mediated process. However, the exact mechanism by which mtROS affects GSDMD oligomerization
is not clearly understood [86]. Redox-regulation of proteins can be mediated by direct modification
of thiol-containing amino acid residues such as cysteines [10]. Devant et al demonstrated that ROS
enhances GSDMD activities through oxidative modification of multiple cysteine residues, with
cysteine 192 (Cys192) being necessary and sufficient for ROS-mediated GSDMD pore formation and
pyroptosis [85]. Thus, mtROS can activate the NLRP3-dependent pyroptosis pathway by inducing
the oxidation of GSDMD, which damages cardiomyocytes and myocardial tissue, leading to various
cardiovascular conditions, including cardiac hypertrophy, atherosclerosis and myocardial
reperfusion injury [87-89].

Furthermore, oxidative post translational modification (Ox-PTM) of mitochondrial proteins can
modulate ATP synthesis, electron transport efficiency and calcium handling [90,91]. For example, in
the failing heart, ATP synthase undergoes oxidative modification at multiple cysteine residues via
disulfide bond formation, S-glutathionylation and S-nitrosation. It has been shown that Cys294 of the
ATP synthase a subunit acts as a redox switch that senses cellular redox status and modulates ATP
synthase activity [91]. Importantly, cardiac resynchronization therapy has been shown to restore ATP
synthase function, partially by reversing oxidative modifications on cysteine residues [91].
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Redox signalling can also influence mitochondrial structure and function by regulating Ca2+
flux. Mitochondrial Ca?* homeostasis is primarily maintained by Ca?* influx into the matrix via the
mitochondrial calcium uniporter (MCU), whilst the main efflux process is mediated by the Na*/Ca?*
exchanger (NCX) [92,93]. Recent studies demonstrated that redox modification of MICU3 regulates
mitochondrial calcium influx [10,69,94]. Patron et al reported that the novel tissue-specific MCU
modulator, MICU3, forms a disulfide bond with MICU1 at the Cys515 residue, which stimulates
mitochondrial Ca2+ uptake [10,94]. Another study found that oxidation of MCU at cysteine 97 (Cys-
97) also increased MCU activity. Cysteine 97 is a conserved thiol residue in human MCU, and has
been shown to undergo S-glutathionylation, thereby increasing MCU activity [93,95]. This oxidative
modification of MCU further enhances mtROS production, disrupts cellular bioenergetics, and
sensitizes cells to mitochondrial calcium [Ca%*]m overload-induced cell death [95]. Thus, redox
modifications directly regulate Ca** homeostasis, which can impact the development and progression
of CVDs. Therefore, exploring the underlying mechanisms by which dysfunctional mitochondria
contribute to oxidative imbalance within the cell, and how the redox-sensitive targets modulate
mitochondrial function, may provide critical insights to discover more effective therapeutic targets
for CVDs.

7. The Crosstalk Between Redox Signalling and Autophagy

The autophagy-lysosome system is a highly conserved cellular process that degrades damaged
cellular content and maintains homeostasis [96,97]. The autophagy-lysosomal process is involved in
three main types of autophagy: microautophagy, chaperone-mediated autophagy and
macroautophagy. These processes provide the cell with a flexible degradative toolkit for different
conditions. Microautophagy degrades cytoplasmic material through direct lysosomal membrane
invaginations, while chaperone-mediated autophagy selectively transports proteins bearing a
KFERQ motif across the lysosomal membrane via LAMP-2A [98,99]. Macroautophagy, commonly
referred to as autophagy, involves the engulfment of cytoplasmic components within double-
membrane vesicles called autophagosomes, which then fuse with the lysosome [97].Canonical
autophagy comprises several sequential steps, mediated by an intricate interplay of multiple proteins
and lipids derived from various membrane sources, including the endoplasmic reticulum,
ER/mitochondria contact sites, the Golgi apparatus, recycling endosomes and the cell membrane [97].
More than 32 related proteins are associated with the autophagosome before fusion to the lysosome
[100]. Mechanistic target of rapamycin (mTOR) and AMP-activated protein kinase (AMPK) are
important regulators of autophagy [101,102]. Under nutrient-rich conditions, active mTORC1
phosphorylates the ULK1 complex, specifically targeting ULK1 and ATG13, which is essential for
autophagy initiation [102]. Conversely, under stress or low nutrient conditions, AMPK is activated,
which promotes autophagy by direct phosphorylation of ULK1 and inhibition of mTORCI activity.
Downstream, proteins such as Beclin-1, part of the PI3K complex, drive phagophore nucleation, the
process that initiates formation of autophagosome. Microtubule-associated protein 1A/1B-light chain
3 (LC3) is converted to LC3-1I through the lipidation process driven by the action of ATG7 and ATG3.
LC3-II anchors to the autophagosomal membrane, allowing it to facilitate cargo recruitment and
enhance autophagosome formation [103]. These autophagosomes subsequently fuse with lysosomes,
which allow lysosomal enzymes to recycle the sequestered material.

Under normal physiological conditions, macroautophagy plays a crucial role in cell survival and
homeostasis. However, dysfunctional autophagy is associated with many diseases, including
cardiovascular and metabolic diseases [104-106]. Autophagy can be activated by amino acid
starvation, reduced insulin levels, and reduced ATP availability [107]. Excessive accumulation of ROS
modulates autophagy via multiple pathways, including activation of AMPK signalling and the ULK1
complex, inhibition of Bcl-2/Beclin-1 and mTOR signalling, oxidation of Atg proteins and ultimately,
perturbation of mitochondrial homeostasis thereby triggering mitophagy and degradation of
dysfunctional mitochondria [108]. The redox-mediated regulation of autophagy facilitates cellular
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adaptations to stress and plays a key role in the inflammatory response, metabolic balance and
cardiovascular pathophysiology [109,110].

Several studies report that AMPK is a highly conserved master regulator of metabolism, and
plays a crucial role in regulating autophagy, particularly under oxidative and energy stress [111-113].
During nutrient deprivation and oxidative stress, the Atgl/ULK1 complex works as a key initiator of
autophagy by receiving signals from the upstream sensors mTOR and AMPK, and directing them to
the downstream autophagy effectors [114,115]. In a recent study, Tabata et al revealed the mechanism
by which the ULK1 complex targets autophagosome formation and regulates autophagy initiation.
They found that zinc finger DHHC type palmitoyltransferase 13 (ZDHHC13), palmitoylates ULK1
during autophagy induction, and enhances downstream events such as phosphorylation of Atgl4L
[115]. Notably, palmitoylation of ULK1 occurs specifically at cysteine residues, Cys927 and Cys1003
[115]. AMPK phosphorylates ULK1 and activates its function [111,113]. AMPK has also been found
to de-repress the ULK1 complex by phosphorylating and inhibiting the mTOR complex [111].

Importantly, ROS regulate autophagy in a complex and context-dependent manner to either
activate or suppress autophagy via multiple signalling pathways [113,116]. Excessive ROS typically
induce autophagy through inhibition of mTORC1. However under certain conditions, ROS enhance
mTORCT1 activity and subsequently inhibit autophagy. Accumulation of H,O; can induce autophagy
by activating AMPK and inhibiting the mTORCI signalling pathway [117]. Additionally, excessive
ROS can activate multiple important transcription factors such as hypoxia-inducible factor-1a (HIF-
1a), NRF2, p53 and forkhead box O-3 (FoxO3) which can activate the transcription of autophagy
related genes including SQSTM1, LC3, and the mitophagy-associated genes BNIP3 and NIX [118,119].
In addition to activating upstream signalling pathways, redox stress can also directly modify key
autophagy-related proteins such as ATG4, Beclin-1 and p62/SQSTM1 via oxidative posttranslational
modifications, consequently affecting the efficiency and specificity of the autophagic process. For
example, ATG4, a cysteine protease that processes LC3, is reversibly inhibited by ROS, acting as a
redox-sensitive switch to regulate formation of the autophagosome [120,121]. Interestingly, under
metabolic or oxidative stress conditions, phosphorylation of Bcl-2 at serine 70 (Ser70) disrupts its
interaction with Beclin-1, enabling Beclin-1 to activate autophagy [122,123]. Redox modifications,
particularly oxidation of the autophagy receptor p62, can also affect its oligomerization and cargo
recognition ability, impacting selective autophagy [124]. Carrol et al., found that two oxidation-
sensitive cysteine residues, C105 and C113, in the autophagy receptor SQSTM1/p62, facilitate the
activation of pro-survival autophagy under stress [124]. These reversible redox modifications
facilitate fine-tuning of the autophagic machinery in response to the changing redox state of the cell,
thereby modulating autophagy. In addition to this, autophagy has been found to indirectly regulate
ROS by p62-mediated selective degradation of Keapl, which results in the release and activation of
Nrf2, and upregulation of antioxidant target genes, thereby reducing ROS levels [108,113]. A classic
activator of NRF2, tBHQ, has been found to attenuate oxidative stress and suppress VSMCs
calcification by inducing NRF2 nuclear translocation and increasing P62 and KEAP1 expression [125].

Autophagy, in turn, maintains redox homeostasis by eliminating ROS-producing dysfunctional
mitochondria (via mitophagy) and degrading oxidized proteins and lipids, thereby maintaining
mitochondrial functional integrity and cellular homeostasis [126,127]. This intricate interplay of
autophagy and redox signalling limits oxidative damage in cells and tissues. A better understanding
of the mechanism of autophagy in various diseases is crucial for therapeutic target design and the
treatment of diseases [127]. Notably, ROS have been found to activate PINK1-Parkin-mediated
mitophagy by inducing mitochondrial recruitment of Parkin [127,128]. SIRT3 also plays a key role in
activating PINK1/Parkin-mediated mitophagy, by deacetylating PINK1 and Parkin directly or
through the transcription factor FOXO3a [129]. Furthermore, the production of localized mtROS
during metabolic stress or hypoxia serve as key upstream signalling molecules for the induction of
mitophagy [130]. However, under certain conditions, mtROS are also elevated as a result of the
induction of mitophagy [130].
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From the aforementioned studies, it is clear that redox-dependent autophagic regulation is
crucial for the adaptation to cellular stressors to maintain energy balance and quality control of
proteins and organelles. In the cardiovascular system, cardiomyocytes and vascular endothelial cells
have high metabolic demands and are frequently exposed to oxidative stress. Therefore, a more
detailed mechanistic understanding of redox-sensitive checkpoints within the autophagic pathway,
particularly in specific pathological contexts, could lead to the development of novel therapies for
CVDs.

8. Interconnected Signalling and Feedback Loops: The Redox-Mitochondria-
Autophagy-Inflammation Axis

The complex and bidirectional relationship between redox signalling, mitochondrial
dysfunction, autophagy, mitophagy and inflammation, is gaining attention particularly in the context
of cardiovascular and metabolic diseases. However, the comprehensive understanding of the
interconnectedness of these processes in relation to immunometabolic regulation, and the onset and
progression of CVDs is not completely understood. These interconnected signalling pathways create
complex feedback loops that drive the progression and development of different cardiovascular
conditions.

Research has shown that ROS function as important secondary messengers that activate
transcription factors such as NF-kB and AP-1, promoting secretion of pro-inflammatory cytokines
such as IL-1§, IL-6, and TNF-a. These cytokines, in turn, trigger more ROS production by activating
the NOX family of enzymes and disrupting mitochondrial electron transport, thereby facilitating a
positive feedback loop between redox imbalance and inflammation. Similarly, increased ROS levels
contribute to mitochondrial dysfunction, while impaired mitochondrial activity is associated with
excessive ROS generation [131]. In particular, excess ROS disrupt mitochondrial integrity by
damaging mitochondrial membranes, DNA and proteins, whereas impaired mitochondria become
the main sources of further ROS production, triggering cellular stress and promoting damage to
cardiomyocytes [131,132]. Furthermore, impaired autophagy is commonly observed in ageing and
metabolic syndromes where damaged mitochondria accumulate, leading to persistent ROS
production and chronic inflammation [133,134].

One of the major players regulating the cellular stress response is sirtuinl (SIRT1), a class III
histone deacetylase. SIRT1 is considered a crucial regulator of oxidative stress and has been shown
to play a role in modulating CVDs, including atherosclerosis, myocardial infarction and heart failure
[135-137]. SIRT1 mitigates inflammation by deacetylating NF-xB, p53, and PGC-1a during metabolic
perturbations [138-140]. In oleic acid-treated vascular smooth muscle cells (VSMCs), SIRT1
deacetylases PGC-1a, restores mitochondrial dysfunction, and improves mitochondrial membrane
potential [141]. SIRT1 promotes mitochondrial biogenesis, enhances the autophagy process, and
reduces oxidative stress, thus it plays a crucial role in modulating redox-mediated cellular processes.

A further key regulator of this process is p62/SQSTM1. Multiple studies have demonstrated that
p62/SQSTML1 sits at the intricate nexus of redox signalling, mitochondrial quality control, autophagy,
and the inflammatory response [142-145]. However, it plays a context-dependent role in cellular
homeostasis, acting both as a marker of impaired autophagy and as a mediator of protective
responses. Specifically, p62 is an autophagic receptor/adaptor protein that shuttles damaged cargo
into the autophagosome, but its accumulation reflects impaired autophagic flux and is typically
associated with adverse cellular outcomes. With respect to complications of CVD, a recent study
revealed that p62/SQSTM1 regulates oxidative and ER stress, and inflammation following cerebral
I/R injury, with elevated p62 levels being associated with worse stroke outcomes. Mechanistically,
the ZZ domain of p62 was shown to mediate dysregulated autophagy and cell death through the
binding of specific substrates, especially those containing an N-terminal arginine (Nt-R). This
interaction initiated p62 oligomerization, subsequent autophagosome formation, and yet the
degradation of cargo was dysregulated [146]. In addition, Quan et al. found that p62 increased
mitochondrial ROS in a NOX-independent manner in HEK293T cells after an I/R exposure.
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Importantly, accumulation of p62 under impaired autophagy conditions leads to prolonged
inflammatory activation [147]. This underscores its importance as a therapeutic target in
inflammation-driven cardiovascular diseases.

p62 has also been shown to mediate mitophagy by binding to ubiquitinated outer mitochondrial
membrane proteins and recruiting autophagic machinery, thus degrading damaged and
dysfunctional mitochondria and limiting the production of mitochondrial ROS [127,148]. Another
study demonstrated that SQSTM1/p62 positively regulates mtDNA expression and mitochondrial
OXPHOS [144]. In addition, SQSTM1/p62 induced the expression of mitochondrial ribosomal protein
MRPL12 by activating p38/ATEF2 signalling pathway, suggesting a new regulatory axis [144]. Thus,
given its context-dependent roles in regulating autophagy, oxidative stress responses and
inflammation, targeting p62 may offer a novel approach for CVD prevention, however, therapeutic
strategies will need to carefully balance its protective functions with potential risks associated with
p62 accumulation and impaired autophagic flux.

P66Shc, a key adapter protein, is yet another key regulator of oxidative stress with an impact on
inflammatory outcomes. P66Shc controls the progression of various cardiac pathologies, including
endothelial dysfunction, coronary artery disease (CAD), ischemia /reperfusion injuries, and
cardiomyopathy [26]. P665Shc has been shown to regulate cardiac dysfunction and oxidative stress in
a mouse model of pressure overload-induced heart failure (TAC model), with SOD and
phosphodiesterase 5(PDE5) acting as downstream effectors of this pathway [149]. P66Shc is
phosphorylated under oxidative stress and translocates to the mitochondria, where it enhances H20:
generation and promotes mitochondrial permeability transition, thereby contributing to oxidative
damage, apoptotic signalling, exacerbation of the inflammatory cascade and cellular dysfunction
[150-152].

Importantly, these studies show the complex crosstalk between the pathways regulating redox
biology, mitochondrial homeostasis, autophagy and inflammation, and how crosstalk may amplify
pathological signalling. This challenges therapeutic targeting, since targeting one pathway may
inadvertently affect others. However, by identifying and modulating key regulatory hubs within this
network, such as Nrf2, the NOX enzymes, or mitochondrial quality control proteins, novel
therapeutic strategies could restore multiple dysfunctional pathways, leading to broader
cardioprotection.

9. Interplay of Autophagy, Mitochondrial Dysfunction and Cellular Redox
States in the Context of CVDs

The intricate crosstalk between autophagy, mitochondrial dysfunction, ROS production and
elevated inflammation is now increasingly being recognised as central to CVD progression (Figure
3). Clinically, these processes underpin key features of cardiovascular pathology, including
endothelial dysfunction, cardiomyocyte death and adverse cardiac remodelling. The following
section highlights the direct involvement of these interconnected pathways in the pathogenesis of
atherosclerosis, cardiac hypertrophy, ischemia/reperfusion injury, heart failure and diabetic
cardiomyopathy, and how an understanding of their interconnectivity might inform newer
therapeutics to lessen disease burden.
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Figure 3. Interconnectivity of the redox-mitochondria-autophagy-inflammation axis in the pathophysiology of
CVDs. Dysregulation of these pathways leads to oxidative stress and metabolic imbalance, which ultimately
contribute to the progression of CVDs, including ischemia/reperfusion(I/R) injury, diabetic cardiomyopathy
(DCM), heart failure (HF), cardiac hypertrophy (CH) and atherosclerosis (AS). Created in https://BioRender.com.

9.1. Atherosclerosis

Atherosclerosis is a chronic immunometabolic disease that develops at multiple locations within
the arterial system, and is the primary cause of CVD, including coronary artery disease (CAD), stroke,
myocardial infarction (MI) and peripheral artery disease. It is also a major contributor to heart failure,
especially heart failure with reduced ejection fraction (HFrEF) after MI. At a cellular level, endothelial
cells, vascular smooth muscle cells and leukocytes, contribute to the development and progression of
atherosclerotic lesions [153,154]. In response to a pro-atherogenic environment, an inflamed vascular
endothelium attracts monocytes into the sub endothelial space of the vessel wall. It is within this
space that monocytes internalize modified low-density lipoprotein (LDL) particles via scavenger
receptors such as CD36, scavenger receptor-1 (SR-1) and lectin-like oxidized LDL receptor (LOX-1)
to cause a build-up of plaque in the arterial wall [155].

Initial mechanistic investigations highlighted a critical role for ROS in the development of
atherosclerosis. This led to the proposal of the oxidative modification hypothesis of atherosclerosis
in 1989 [5]. This theory proposed that oxidized LDL (oxLDL) is a key driver of foam cell formation
within the arterial wall. Subsequent studies proved that ROS function as mediators of multiple
processes of atherosclerosis progression, including endothelial dysfunction, foam cell formation, and
plaque destabilisation [156]. In the ensuing years, chronic inflammation was acknowledged as an
additional key mediator [157], where an imbalance between pro-inflammatory and anti-
inflammatory processes ultimately drive the onset and development of atherosclerotic plaques [158].
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Furthermore, the importance of mtROS in mediating atherogenic processes is considered a nuanced
advance in our understanding of ROS-mediated atherogenesis [159,160].

Over a decade ago, Wang et al. reported that mitochondrial oxidative stress is associated with
the development of human atherosclerosis [50]. The crosstalk between mitochondrial dysfunction,
ROS and inflammation in driving atherosclerosis was highlighted in their study by showing that
mitochondrial oxidative stress in macrophages enhanced monocyte chemotactic protein-1 (MCP-1)
production via the IxB-kinase 3 (IKK[3)-Rel A NF-«B pathway. Notably, suppression of mitochondrial
oxidative stress in myeloid cells inhibited early atherogenesis in Ldlr” mice overexpressing catalase
in their mitochondria [50]. However, how cytoplasmic IKK was activated by mitochondrial oxidative
stress remains unclear. More recent studies continue to support the interconnectedness of these
pathways and draw attention to the importance of Nox4-driven mitochondrial ROS in pro-
inflammatory macrophage reprogramming. For example, Vendrov et al., show that ablation or
pharmacological inhibition of Nox4 reduced mitochondrial ROS, skewed macrophages towards a
resolving M2 phenotype and attenuated plaque progression in the apolipoprotein E-deficient (ApoE-
/)y mice [161].

In another study, Karnewar et al demonstrated that a mitochondria-targeted antioxidant,
esculetin (Mito-Esc), significantly prevented atherosclerotic plaque formation, reduced serum pro-
inflammatory cytokines and prevented dysregulation of mitochondrial biogenesis in the aorta of
ApoE- mice. Furthermore, in human aortic endothelial cells and serum from ApoE~- mice, Mito-Esc
activated the metabolic and stress-sensing autophagy regulator, SIRT1, altered miR-19b and miR-30c,
and significantly inhibited plasminogen activator inhibitor-1 (PAI-1), a key mediator of
atherosclerosis [162]. These data suggest that via targeted reductions in mitochondria-mediated
oxidative stress, it is possible to improve mitochondrial dysfunction and augment autophagy to
reduce inflammation and cellular damage in CVDs.

Importantly, the interconnectedness of the autophagy and oxidative stress pathways is revealing
novel therapeutic opportunities for atherosclerosis therapy. In a study by Xia et al., the significance
of targeting AMPK/mTOR dependent autophagy in atherosclerosis was shown in ApoE-~mice [163].
In these mice, inhibition of autophagy by U0126 resulted in an increase in aortic atherosclerosis with
increased necrotic core and foam cell formation. Mechanistically, P62 was shown to accumulate
together with a decrease in lactoferrin (LTF), an iron transport protein with anti-inflammatory,
antioxidant, and antifibrotic properties, and mainly secreted by neutrophils. A decrease in
autophagosomes was also noted, suggesting that autophagy was impaired. Using in vitro cell models,
the study also showed that silencing the core autophagy protein, BECN1 or knocking down LTF,
increased mTOR phosphorylation, inhibited the expression of LC3 II, and prevented the activation
of AMPK, all indications that autophagy was impaired. This study suggests that dysregulated
autophagy and high levels of oxidative stress are associated with the development of atherosclerosis,
and that lactoferrin therapy might ameliorate atherosclerosis by accelerating the AMPK/mTOR
signalling pathway [163]. Thus, advances in our understanding of the complex role of redox
signalling can open avenues for novel therapeutic interventions for the treatment of atherosclerosis
and aid in the development of strategies to prevent or slow plaque development.

9.2. Pathological Cardiac Hypertrophy

Pathological cardiac hypertrophy arises due to pressure overload, hypertension or aortic
stenosis, and is an independent risk factor for cardiovascular diseases. It is a hallmark of heart failure
and sudden death, and is typically characterized by an increase in cardiomyocyte size and left
ventricular wall thickening [164,165]. A number of studies suggest that multiple signalling mediators
contribute to the development of pathological cardiac hypertrophy by disrupting normal cellular
functions, including mitochondrial respiration, calcium handling, metabolic regulation and
autophagy. This manifests as alterations in oxidative stress and inflammation [165,166]. Indeed, ROS
have been shown to play a crucial role in regulating multiple overlapping signalling pathways
associated with the development and progression of pathological cardiac hypertrophy [166]. In
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particular, the role of mtROS and the interplay with a ROS modulator is clearly demonstrated in a
recent study by Martens et al. Reactive oxygen species modulator 1 (ROMO1) is an inner
mitochondrial membrane protein that influences mitochondrial dynamics and redox signalling. It
facilitates ion flux via ion channel formation and affects mitochondrial membrane potential to drive
ROS production. It is highly expressed in hypertrophic hearts resulting from transverse aortic
constriction (TAC) surgery, and overexpressing ROMOL is associated with developing hypertrophy
in human AC16 cardiomyocytes. Notably, knockdown of ROMO1 markedly reduces ROS production
and inhibition of NF-kB activity, suggesting the ROMO1-ROS-NF-«B signalling axis is involved in
the regulation of pathological cardiomyocyte hypertrophy [167]. This study clearly highlights the
interconnectivity between oxidative and inflammatory stress in pathological hypertrophy, and
suggests that redox signalling acts as a central mediator in the development of cardiac hypertrophy.
Advancing our knowledge of the critical role of redox signalling in hypertrophy may reveal potential
therapeutic targets to prevent maladaptive remodelling and heart failure.

Although a role for autophagy has been implicated in pathological cardiac hypertrophy,
conflicting data, as demonstrated below, suggest both a positive and a negative effect of autophagy
on disease progression. A recent study demonstrated that solute carrier family 26 member 4
(SLC26A4), also known as pendrin, promotes autophagy and activation of the NLRP3 inflammasome
in two cardiac hypertrophy models, the first a mouse model of phenylephrine (PE)-induced
cardiomyocyte hypertrophy, and the second, a rat model of transverse aortic constriction (TAC) [168].
The mechanism most likely involves its anion exchange activity that influences cellular stress
pathways to promote the development of cardiac hypertrophy. In isolated cardiomyocytes, protein
levels of NLRP3 and IL-3 were downregulated after treatment with the autophagy inhibitor 3-MA,
or after silencing with a sh-lentivirus expressing SLC26A4. These data suggest that SLC26A4
mediates the activation of both autophagy and the NLRP3 inflammasome to promote the progression
of cardiac hypertrophy both in vitro and in vivo.

On the other hand, a natural compound, thymoquinone decreased the levels of key hypertrophic
markers, ANP and BNP and reduced typel collagen expression in angiotensin II (Angll)-treated
HO9C2 cells and TAC mice, consequently mitigating cardiac hypertrophy. Importantly, the
mechanism includedactivating adaptive autophagy through the PPAR-y/14-3-3y pathway [169].
Additionally, thymoquinone markedly decreased the level of ROS by upregulating NOX4 and SOD2
in both angiotensin II (Angll)-treated H9C2 cells and TAC mice, indicating a crucial role for
autophagy and oxidative stress in pathological cardiac hypertrophy [169]. Taken together, these
studies reveal that the role of autophagy is highly context-dependent, varying with the cellular
environment, therefore targeting impaired autophagy and aberrant inflammasome activation may
provide new therapeutic strategies for pathological cardiac hypertrophy. Furthermore,
mitochondrial impairment is one of the major drivers of pathological cardiac hypertrophy
[167,170,171]. In Angll-treated rat cardiomyocytes, overexpression of the resident mitochondrial
protein, SBK3, reduced the level of mtROS and malonaldehyde, a marker of oxidative stress, in
cardiomyocytes by increasing SOD2 activity. In addition, SBK3 overexpression restored the
expression of mitochondrial dynamics-related proteins, including MFN1 and MFN2. Concurrently,
SBK3 overexpression increased ATP production, improved the respiratory and oxygen consumption
rate of cardiomyocytes, and consequently improved cardiac hypertrophy by regulating
mitochondrial metabolism [171]. In addition, downregulation of the cardiac-specific mitochondrial
fission-regulating protein, Drp-1, promotes accumulation of damaged and dysfunctional
mitochondria and consequently increases in oxidative stress in the heart during pressure overload-
induced cardiac hypertrophy, whereas Tat-Beclin 1 peptide treatment activates mitophagy and
restores mitochondprial function thereby alleviating the progression of HF during pressure overload
[172]. These data highlight the complex role of mitochondrial dysfunction, autophagy and oxidative
stress in cardiac hypertrophy and the progression of heart failure.
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9.3. Ischemia-Reperfusion (I/R) Injury

Ischemia-reperfusion (I/R) injury results in cardiac damage and dysfunction, which elevates the
risk of heart failure. This occurs when blood flow to the heart is interrupted, resulting in excessive
mitochondrial ROS generation upon reperfusion, largely due to the accumulation of TCA cycle
intermediates, such as succinate driving HIF-1la mediated ROS production [11]. Myocardial cell
death induced by myocardial I/R, plays a central role in the progression of acute myocardial
infarction (AMI), mainly via necrosis, apoptosis, and autophagic death [173,174]. Myocardial I/R
injury expands the infarct area, contributes to the aggregation of inflammatory cells in the ischemic
myocardium, impairs vascular endothelial function, and causes metabolic dysfunction and apoptosis
of myocardial cells, all of which exacerbate AMI [174,175].

Multiple studies underscore the protective role of autophagy in the cardiac response to ischemia
via removal of damaged mitochondria and the reduction in oxidative stress [176,177]. A study
demonstrated that I/R injury of the rat heart promote accumulation of ROS and metabolic
dysfunction of mitochondria. In this study, mitochondrial sequesteration by the autophagasome was
reduced in I/R rat hearts compared to control hearts, whilst this was improved by corosolic acid
treatment. Mechanistically, it could be shown that corosolic acid exerted its protective effects by
enhancing mitophagy through the PHB2/PINK1/Parkin signaling pathway, which facilitated
elimination of damaged mitochondria, decreased oxidative stress and maintained mitochondrial
function, consequently reducing infarct size and improving cardiac function post I/R injury in rats
[176].

RhoA, a small G-coupled protein receptor and intracellular signal transducer, has been
implicated in cardioprotective mechanisms post I/R injury. Activation of RhoA signaling reduces
oxidative stress via suppression of mitochondrial death pathways [178-180]. Tu et al demonstrated
that activation of RhoA upregulates exogenously expressed PINK1 and Parkin within the

mitochondria. RhoA activation increased the level of LC3-II in mitochondria and this increase
remained unaffected by Bafilomycin Al treatment, indicating that RhoA promotes induction of
mitophagy rather than affecting lysosomal degradation. This sustains mitochondrial quality control
by modulating mitophagy [180]. Thus PINK1-mediated mitophagy contributes to the clearance of
impaired mitochondria and safeguards cardiomyocytes from ischemic injury [180]. Another recent
example of protection afforded by enhanced mitophagy comes from data investigating the protective
effects of two xanthone derivatives isolated from Garcinia bracteata, Gerontoxanthone I (GeX1) and
macluraxanthone (McX), that promote the activation of mitophagy through the PINK1-Parkin
pathway and reduce the levels of ROS. Consequently, these compounds were shown to reduce injury
and cell death of H9c2 cardiomyoblasts [181]. Collectively, these studies highlight the protection
afforded by mitophagy against oxidative stress and I/R injury.

In contrast, other studies report that excessive or dysregulated mitophagy may exacerbate injury
[182-184]. For example, during simulated ischemia reperfusion (SIR) in H9¢2 monocytes, mitophagy
was highly activated which exacerbated oxidative stress and mitochondrial dysfunction. Treatment
with melatonin decreased the levels of mitophagy-associated proteins, including Beclinl, Parkin,
Bcl-2/adenovirus E1B 19-kDa-interacting protein 3 (BNIP3), and NIX (BNIP3-like (BNIP3L), reduced
the levels of ROS and restored mitochondrial function by reducing mitochondrial permeability
transition pore (MPTP) opening and suppressing cyclophilin D (CypD) and voltage-dependent anion
channel 1 (VDACI1) expression in H9¢2 cells. These results suggest that melatonin protects H9¢2 cells
from SIR-induced injury by inhibiting excessive mitophagy [184]. These differential outcomes may
reflect differences in the severity of the insult, cell type, or regulatory pathways involved in
mitophagy activation, suggesting that mitophagy plays a context-dependent role in I/R injury.

In addition, there is evidence for a role for autophagy in mediating I/R injury. Depletion of the
transcription factor ZNF143 has been shown to improve autophagic flux in myocardial I/R injury and
decrease cardiomyocyte death, whereas overexpression of ZNF143 upregulates Raptor expression
and inhibits autophagic activity, consequently exacerbating myocardial I/R injury. These data
suggest that the regulation of impaired autophagic flux attenuates myocardial I/R injury [185].
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Conversely, another study demonstrated that the DEP-domain containing mTOR-interacting protein
(Deptor) ameliorates I/R-induced myocardial injury by inhibiting the mTOR pathway and by
increasing cardiomyocyte autophagy [174]. Furthermore, in a setting of diabetes, disrupted
autophagic flux leads to augmented I/R injury in streptozotocin (STZ)-induced hyperglycaemic mice
[186], whilst I/R injury is aggravated in patients with diabetes [187,188].

The rate of ROS generation rapidly increases in the post-ischemic myocardium [189]. ROS
generated from multiple sources have been implicated in ischemia-reperfusion injury. Mitochondria-
localized circular RNAs (circRNAs), a newly identified class of noncoding RNAs, play an important
role in regulating the production of mitochondria-derived ROS in cardiomyocytes [190].
Mitochondria-localized circRNA Samd4 decreases oxidative stress and regulates mitochondrial
dynamics by inducing mitochondrial translocation of valosin-containing protein (Vcp), consequently
decreasing voltage-dependent anion channel 1 (Vdacl) expression and inhibiting mitochondrial
permeability transition pore (mPTP) opening [190]. These results highlight how a mitochondrial non-
coding circRNA regulates mitochondrial function and protects cells from oxidative stress, via a
pathway that facilitates protein translocation into the mitochondria to alter gene expression and pore
regulation. In addition, overexpression of circSamd4 induces cardiomyocyte proliferation and
inhibits cardiomyocyte apoptosis, which results in improved cardiac function after AMI. By
modulating circSamd4 or its downstream targets (Vcp or Vdacl), it may be possible to develop
therapeutic strategies aimed at enhancing mitochondrial resilience and mitigating cellular damage
[190].

Taken together, these studies provide strong evidence for the complex role of redox signalling,
mitochondrial dysfunction and autophagy in the pathogenesis of AMI-induced cardiac injury, and
suggest that considerations of dose, timing, cell type and disease stage are needed for effective
strategies to treat I/R injury.

9.4. Heart Failure

Heart failure (HF), also known as congestive heart failure (CHF), is defined as a complex clinical
syndrome where the heart is unable to pump blood effectively due to structural or functional
impairments in ventricular filling [191]. HF affects at least 26 million people worldwide and
contributes to high mortality and morbidity, poor quality of life, and increased healthcare costs.
Increasing evidence suggest a close link between oxidative stress and heart failure [40,192]. In
particular, ROS-mediated damage to cellular macromolecules such as lipids, proteins and DNA, lead
to cell death and loss of cardiac contractile function [40]. Importantly, electron leakage from
dysfunctional mitochondria leads to the formation of superoxide radicals [193], thereby amplifying
oxidative stress and contributing to the development of heart failure [194]. Growing evidence from
both animal studies and clinical observations reinforce the notion that excessive mtROS significantly
exacerbate cardiac pathology in the failing heart [194-196]. Notably, excessive mitochondrial
oxidative stress may act both as a cause and as a consequence of mitochondrial dysfunction during
the progression to heart failure [196]

Strong evidence supports the interconnected role of ROS, mitochondrial dysfunction and
autophagy in heart failure. Indeed, it has been found that the dopamine D5 receptor (D5R) reduces
the production of mtROS through a cAMP and autophagy-dependent manner [197]. Notably,
cardiac-specific dopamine D5R knockout mice (Drd5 myhéfl/fl-creERT2) develop hypertrophic
cardiomyopathy and heart failure via mechanisms that lead to increased NADPH oxidase activity
and ROS production and mitochondrial dysfunction, whilst antioxidant administration (Apocynin,
Tempol, Mito-TEMPO) rescued the cardiac hypertrophy and fibrosis [198]. Interestingly, myeloid
differentiation protein 1 (MD1) has been shown to enhance the rate of cardiomyocyte autophagy in
heart failure with preserved ejection fraction (HFpEF) by activating the ROS-mediated MAPK
signalling pathway [199].

Emerging evidence now highlights a complex interplay between the key regulators of the
cellular stress response such as autophagy, hypoxic signalling and the regulation of oxidative stress,
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in driving cardiac fibrosis and the progression to heart failure [145,200,201]. In particular, a study by
Ghosh et al., reported that the selective autophagy adaptor protein, p62, reduces hypoxia-induced
cardiac dysfunction by stabilizing HIF-1a and Nrf2 [145]. In H9¢2 rat cardiomyoblasts, depletion of
p62 enhances proteasomal degradation of Nrf2, whereas overexpression of p62 stabilizes Nrf2 levels,
suggesting a crucial role for p62 in Hif-1a and Nrf2 stabilization and transcriptional activity to
maintain redox balance and protect the cell from hypoxic stress [145].

Moreover, a high level of oxidative stress can cause myocardial fibrosis by enhancing the
proliferation of cardiac fibroblasts and collagen production, consequently stiffening the heart muscle
and impairing its contractile and diastolic function, ultimately leading to heart failure [40,202]. A
recent study described a mechanism by which ROS facilitate the proliferation of cardiac fibroblasts
[202]. In a mouse model of cardiac fibrosis induced by Ang II or ischemia-reperfusion injury, elevated
levels of miRNAs with oxidized guanosine (O8G) modifications were observed. It was shown that
treatment with Ang II or PDGF induced excess ROS, which resulted in oxidative modification of
guanosine (G) to 8-oxoguanosine (O8G) in miR-30c. Modified miR-30c downregulated CDKN2C, a
negative regulator of cardiac fibroblast proliferation, thereby enhancing proliferation of fibroblasts
and excessive accumulation of extracellular matrix [202]. Collectively, redox imbalance,
mitochondrial dysfunction and dysregulated autophagy, contribute to a deleterious feedback loop
that amplifies cardiac remodelling and accelerates the progressive loss of cardiac function, which is
characteristic of heart failure.

9.5. Diabetic Cardiomyopathy

Diabetic cardiomyopathy (DCM) is characterised by abnormal myocardial structure and
function without the presence of additional cardiac risk factors such as coronary artery disease,
hypertension and severe valve disease in diabetic patients [203]. DCM has emerged as the main cause
of heart failure in diabetic individuals [204]. The underlying mechanisms of DCM are multifactorial
and not yet fully understood. Oxidative stress is a key factor in the pathogenesis of DCM [205].
Numerous factors are implicated in the development of DCM including impaired insulin and
metabolic signalling, impaired glucose uptake, oxidative stress, mitochondrial dysfunction,
autophagy, mitophagy, imbalance between matrix metalloproteinases (MMPs) and tissue inhibitors
of metalloproteinases (TIMPs), impaired Ca2+ handling and inflammation [204,205].

Numerous preclinical and clinical studies have demonstrated the crucial role of oxidative stress
in DCM [206-209]. Mechanistically, hyperglycemia accelerates mitochondrial electron transport
chain activity, leading to electron leakage and excessive ROS generation, thereby driving oxidative
stress [210]. In an experimental DCM model, metformin suppressed the expression of COL-I, III, TGF-
B, CTGF, ICAM, and VCAM genes, reduced collagen deposition, and improved cardiac function by
reversing DCM-associated damage [208]. Given its ability to activate AMPK, which in turn enhances
mitochondrial efficiency and lessens mtROS, these effects are likely mediated by the known ability
of metformin to mitigate oxidative stress [211]. Another study reported that in high glucose induced
HOC2 cells, naringenin inhibits ROS generation, reduces inflammatory cytokine production and
suppresses apoptosis. Similarly, in type 1 diabetic mice naringenin reduces oxidative stress and
inflammation by inhibiting NF-kB and enhancing Nrf2 activity, consequently alleviating cardiac
fibrosis and cardiomyocyte apoptosis [212]. With respect to diabetic patients, a clinical study reported
high levels of mtROS and an increase in the inflammatory markers, NFkB-p65 and TNF-a in T2D
leukocytes, which correlated with increased inflammatory and vascular complications, whilst MitoQ
treatment enhanced antioxidant defences (GPX-1 levels) in T2D leukocytes and lessened chronic
inflammation and the risk of CVD [213]. Furthermore, a naturally occurring flavonoid, Kaempferol,
alleviated hyperglycemia-induced cardiac injury and apoptosis by inhibiting oxidative stress and
inflammatory responses specifically through inhibition of NF-«kB nuclear translocation and activation
of Nrf2 in in vitro studies and in diabetic mice hearts [209]. Finally, myricitrin (Myr), another naturally
occurring flavonoid, has been shown to reduce ROS and inflammatory cytokines, leading to reduced
apoptosis in advanced glycation end products (AGE)-induced HIC2 cardiomyocytes [214]. Similarly,
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Myr treatment of streptozotocin-induced diabetic mice inhibited the production of inflammatory
cytokines and apoptotic proteins, and downregulated the expression of enzymes associated with
cardiomyopathy, as well as improved diastolic dysfunction. Mechanistically, it could be shown that
Myr alleviated oxidative stress and inflammation via the Akt-dependent activation of Nrf2 signalling
whilst inhibiting the NF-kB pathway [214].

Emerging evidence suggests that targeted modulation of T cells offers a promising strategy to
attenuate DCM. In a recent study, regulatory T cells were shown to reduce oxidative stress,
inflammation and apoptosis, thereby attenuating myocardial hypertrophy, fibrosis and improving
cardiac dysfunction [215]. T cells also protected against the progression of DCM in db/db mice by
regulating the PI3K-Akt and MAPK signalling pathways [215].

Collectively, across atherosclerosis, pathological cardiac hypertrophy, ischemia-reperfusion
injury, heart failure and diabetic cardiomyopathy, strong preclinical and clinical evidence supports
the notion that the convergence of oxidative stress, mitochondrial dysfunction, impaired autophagy
and chronic inflammation initiates, amplifies and propagates CVDs, and that elucidation of the
crosstalk relevant to each pathology may reveal mechanistically informed and specific targets for
therapeutic intervention.

10. Refining Redox Approaches for CVD: from Vitamins to Precision Therapies

As discussed above, preclinical evidence strongly supports a role for redox imbalance as a
critical mediator of cardiovascular diseases. The data suggest that redox signalling can be targeted
for the prevention of CVDs and that modulating cellular redox state through lifestyle, dietary, and
pharmacological interventions could be an important strategy to reduce the risk of onset and
progression of CVDs, particularly in older adults who are more likely to develop symptoms.
Unfortunately, clinical translation of antioxidant therapy with vitamins such as vitamin A or E have
not proved efficacious in large scale clinical trials such as HOPE (Heart Outcomes Prevention
Evaluation), HOPE-TOO and GISSI-Prevenzione [216-218]. HOPE-TOO evaluated long-term
supplementation of vitamin E (400IU/day) in high-risk CV patients and found no reduction in major
adverse CV events (MACE) and was instead associated with an increased risk of heart failure [217].
Similarly, the GISSI trial, which evaluated post AMI patients, showed no benefit from vitamin E
therapy in reducing CV death or other MACE outcomes [218]. More recently a systematic review and
meta-analysis of 38 studies showed that vitamin E did not prevent or reduce mortality of CVDs in
most trials [8]. Additionally, some studies reported that high dose vitamin E may have detrimental
effects on cardiovascular outcomes [8]. These studies question the translational validity of earlier
preclinical findings. However, the failure of these trials may be multifactorial, namely that vitamin
strategies often involve indiscriminate antioxidant activity; they may disrupt beneficial redox
signalling, and paradoxically, through their modes operandi, vitamins generate further ROS. Vitamins
may additionally fail to localize effectively to subcellular compartments where oxidative damage is
most relevant. These limitations, along with the negative outcomes of the large-scale clinical trials,
raise important questions about targeting ROS for CVD prevention, but importantly have highlighted
that a more nuanced approach to antioxidant therapy is needed. Emerging evidence now suggests
that pharmacologically targeting redox-sensitive pathways, such as the activation of Nrf2, the
inhibition of NADPH oxidases, or directing therapies to the mitochondria, may offer a more precise
and physiologically attuned approach to restoring redox balance.

Indeed, there is strong evidence supporting a role for mitochondria-targeted antioxidants, such
as MitoQ or SkQ1, in improving cardiovascular outcomes. Effective delivery of therapeutic
compounds to the mitochondria in vivo is challenging [219]. MitoQ is a chemically modified version
of CoQ10 with an added triphenylphosphonium cation (TPP+) to assist with its translocation and
accumulation in the mitochondria [219,220]. MitoQ has been shown to restore age-related decreases
in endothelium-dependent dilation (EDD), to reduce aortic stiffness, and improve vascular function
in both old mice and clinical studies of older adults without adverse effects [221,222]. Furthermore,
in a randomized, placebo-controlled, double-blind crossover study, MitoQ was found to improve
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endothelial function partially by reducing mtROS in middle-aged and older adults [222]. In-depth
mechanistic insights into the mode of action of CoQ10 and MitoQ) are covered in section 11.2.1 of this
review. With respect to Nrf2 activators such as bardoxylone methy], clinical translation for CVDs has
been limited by adverse CV events (most likely due to fluid overload), as seen in the BEACON trial
[223].NADPH oxidase inhibitors such as GKT1378312 have shown promise in reducing vascular
oxidative stress and fibrosis in animal studies [30], however, robust clinical data supporting their use
in CVD prevention remain lacking.

11. Therapeutic Implications and Challenges

Considering the disconnect between preclinical and clinical data with respect to antioxidant
therapies, future strategies need to address the type of antioxidant, the source of ROS production, the
duration of treatment, the dosing regimen, and the population-specific requirements to avoid off-
target effects, including modulation of physiological redox signalling essential for cellular
homeostasis. A promising strategy might be to focus on preventing the production of reactive
oxidants that damage cellular macromolecules such as DNA, proteins, and lipids by targeting key
enzymatic sources such as NADPH oxidases, xanthine oxidase, and dysfunctional mitochondrial
complexes. Moreover, inhibiting downstream redox-sensitive signalling pathways, such as NF-«B,
MAPKs, and the NLRP3 inflammasome that drive inflammation, fibrosis and programmed cell
death, should be the focus of newer antioxidant and anti-inflammatory strategies. Augmenting
endogenous antioxidants by enhancing endogenous antioxidant enzymes, including SOD, catalase,
and GPx, as well as modulating redox sensitive transcription factors, such as Nrf2, could provide
protection against redox imbalance-associated diseases. Additionally, identifying specific small
molecules or drug targets that improve mitochondrial dynamics, biogenesis and mitophagy
processes, may facilitate the development of targeted therapeutic interventions for CVDs.

Therapeutic modulation of autophagy depends on disease context, since the role of autophagy
is complex and context-dependent. Thus autophagy can be therapeutically targeted using agents
such as AMPK activators, mTOR inhibitors, or transcription factor EB (TFEB) inducers to promote
cellular clearance and stress adaptation. Similarly, when excessive autophagy contributes to cell
damage, lysosomal blockers or autophagy initiation can restore or modulate impaired autophagy.
The current understanding of these themes is explored below.

11.1. Targeting the Oxidative Stress/Mitochondrial Autophagy/Inflammation Axis

The integrated network of interactions that form the redox signalling-mitochondria-autophagy-
inflammation axis has significant implications for the pathogenesis of CVDs. Targeting these
pathways may prevent cardiovascular inflammation and tissue damage by suppressing oxidative
stress, regulating mitochondrial dynamics and complex autophagic flux (Figure 4).
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Figure 4. Targeting the redox-mitochondria-autophagy-inflammation axis: novel strategies for the treatment of
CVDs. Activating or inhibiting redox mediated signalling pathways provides a unique opportunity to develop
novel therapeutic targets for the prevention and treatment of various CVDs. MitoQ and CoQ10 neutralize ROS
such as superoxide (O2-) and the hydroxyl radical (OH.) to prevent pathological redox signalling. Small
molecules such as micheliolide, bardoxolone methyl and dimethyl fumarate (DMF) bolster Nrf2 levels to drive
Nrf2-mediated responses that include upregulated antioxidant defences (superoxide dismutase (SOD),
glutathione peroxide (GPx), thioredoxin (Trx) and heme-oxygenase-1 (HO-1). Additionally, metformin,
berberine and melatonin stimulate autophagy via activation of AMPK, ULK1, HIFla and LC3 to lessen
inflammatory responses. SS-31 inhibits mitochondrial ROS production, thereby improving mitochondrial
biogenesis, whilst Mdiv-1 blocks both inflammation and mitochondrial dysfunction. These are some of the
newer strategies to lessen oxidative stress and inflammation in the quest for more targeted approaches to lessen
CVD. Created in https://BioRender.com.

11.1.1. Targeting Oxidative Stress in Cardiovascular Disease

Numerous preclinical studies have demonstrated the protective role of the major antioxidant
enzymes against oxidative stress and tissue damage in mouse models of cardiovascular disease [224—
227]. For example, a deficiency of CuZnSOD enzyme activity in Sod1 KO mice augmented Nox2
levels in the heart and led to oxidative damage and dysfunctional cardiac function [226]. Extracellular
superoxide dismutase (EC-SOD) has been shown to ameliorate hypoxia-induced epigenetic
modifications of the tumor suppressor gene, RASSF1A, by modulating the Ras/ERK pathway, and
decreasing fibrosis and tissue damage [226]. The clinically approved SOD mimic and redox-active
drug, MnTnBuOE-2-PyP5+ (BMX-001), has been shown to inhibit human valve interstitial cell
activation and extracellular matrix remodelling, in a murine model of aortic valve sclerosis [228].

Our lab and others have shown a protective role for GPx1 in the prevention of atherosclerosis
[229]. We demonstrated a significant increase in plaque burden in diabetic ApoE/GPx1 double
knockout (dKO) mice, which was accompanied by increased inflammation and oxidative stress. We
also showed that the potent antioxidant and small molecule GPx1 mimetic, ebselen, prevented plaque
formation under diabetic conditions in both ApoE-/- and ApoE/Gpx1 dKO mice, via a mechanism
that included modulation of the inflammatory MAPK, JNK and p38 pathway [229].

Furthermore, compounds like N-acetylcysteine (NAC), which serve as substrates for antioxidant
enzymes, have been investigated for their potential to treat heart failure (NCT00532688). In patients
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with cardiorenal syndrome, NAC treatment was associated with improved forearm blood flow and
significant improvements in endothelial function [230]. Similarly, natural antioxidants such as
berberine and urolithin A decrease oxidative stress and improve endothelial function, thereby
preventing the development of atherosclerosis and other heart-related diseases such as AMI
[40,231,232].

The transcription factor Nrf2 acts as a master regulator of antioxidant signalling and maintains
redox balance in cells. Multiple potential Nrf2 activators, including dimethyl fumarate (DMF),
bardoxolone methyl, resveratrol, quercitol and curcumin, have been shown to modulate the
pathophysiology of various CVDs [68,233]. DMF treatment reduced the levels of serum and aortic
ROS, as well as the expression of the oxidation-related protein gp91rhex, also known as Nox2. It
upregulated the expression of HO-1 and Nrf2, thereby reducing aortic atherosclerosis in diabetic
ApoE-/- mice by activating the Nrf2/ARE signalling pathway [234]. Similarly, another potent Nrf2
activator, bardoxolone methyl, promoted Nrf2 binding to the transcriptional co-activator CREB-
binding protein (CBP) and increased Nrf2 downstream targets, including NQO-1, HO-1, Catalase,
and the Glutamate-Cysteine Ligase Catalytic (GCLC) subunit consequently attenuating myocardial
inflammation and improving cardiac function in rats with chronic heart failure [235].

These newer preclinical antioxidant strategies offer alternate approaches to the vitamin
strategies previously used in clinical trials. These newer approaches are more likely to be efficacious
as they overcome some of the limitations of vitamin therapy such as their lack of target specificity
[236-238]. Data from the UK Biobank and FinnGen databases further highlight the inherent risks of
vitamin therapy, where a recent study found that elevated levels of specific circulatory antioxidants,
particularly a-tocopherol, «a-carotene, and retinol, were linked to increased risk of certain
cardiovascular diseases [239]. Together, these insights underscore the urgent need for targeted,
mechanism-based antioxidant therapies that not only avoid the pitfalls on non-specific vitamin
supplementation but also hold genuine promise for reducing cardiovascular risk.

11.1.2. Targeting Mitochondrial Dysfunction and Autophagy in Cardiovascular Disease

Several therapeutic agents, including the AMPK activator metformin, CoQ10 and MitoQ, the
potent mitochondrial-targeted peptide SS-31 (also known as elamipretide), and the mitophagy
inducer urolithinA, modulate multiple components of the redox-mitochondria-autophagy axis
simultaneously. As discussed below, these agents are proving to be important modulators of CVD
outcomes. For ease of reference, pharmacological inhibitors targeting redox signalling, mitochondrial
dysfunction and autophagy in various cardiovascular conditions are listed in Table 1.

Importantly, therapeutic enhancements of pathways that control mitochondrial quality have
shown beneficial effects in preclinical models of cardiovascular disease. Mitochondrial quality
control involves multiple tightly coordinated processes, including mitochondrial biogenesis,
fusion/fission dynamics, proteostasis, and mitophagy. These processes collectively preserve
mitochondrial function, control redox imbalance by regulating ROS generation, and regulate cellular
homeostasis.

11.1.2.1 CoQ10

Coenzyme Q10 (CoQ10) or ubiquinone is an endogenously synthesized coenzyme and a key
component of the ETC [240]. In particular, it is involved in the CoQ10-AMPK-OPA1 pathway where
it activates AMPK, which in turn upregulates OPA1, thereby enhancing mitochondrial function by
promoting ATP production [17]. It reduces oxidative stress by decreasing levels of lactate
dehydrogenase (LDH) and malondialdehyde (MDA), while increasing antioxidants such as SOD and
GSH. It is therefore implicated as a therapeutic agent in the treatment of CVDs [17,240]. In preclinical
studies, CoQ10 administered to a rat model of I/R injury, ameliorated acute myocardial injury,
reduced myocardial apoptosis and improved cardiac function by enhancing autophagy and reducing
oxidative stress [241], suggesting that CoQ10 regulates redox signalling and improves mitochondrial
function and autophagy to protect against CVD. A clinical study demonstrated that CoQ10
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supplementation has potential prophylactic efficacy in reducing the incidence of fatal and non-fatal
MI [242]. A systemic review and meta-analysis demonstrated that CoQ10 supplementation improved
mitochondrial function, namely, ATP generation and respiratory capacity, and importantly,
improved cardiovascular function suggesting that CoQ10 could be a beneficial adjunct therapy for
CVD patients [243].

11.1.2.2 MitoQ

Mitochondria-targeted MitoQ plays a key role in mitochondrial quality control by triggering
mitophagy, restoring mitochondrial membrane potential, and improving mitochondrial dynamics
[244]. In addition, MitoQ has shown promising antioxidant and anti-inflammatory effects in
preclinical and clinical trials for various cardiovascular conditions by reducing mitochondrial ROS
and improving mitochondrial function [221,245-247]. More specifically, MitoQ improved cardiac
function by enhancing PINK1/Parkin-mediated mitophagy in Type 2 diabetic rats [19]. MitoQ also
markedly reduced ROS levels and mitigated triptolide-induced cardiotoxicity by activating the
autophagy p62-Nrf2 signalling pathway in H9c2 cardiomyocytes [246]. In a rat pressure overload-
induced heart failure model, MitoQ significantly improved mitochondrial dysfunction by decreasing
hydrogen peroxide, improving mPTP opening, and enhancing mitochondrial respiration [244]. In
addition, in a clinical trial of hypertensive patients, MitoQ supplementation administered together
with moderate intensity endurance training, substantially reduced blood pressure, IL-6 levels and
improved cardiac function in these patients [247]. One explanation involves the ability of MitoQ to
downregulate MiR-21. Research has shown that MiR-21 is associated with ROS production, vascular
remodeling, increases in the level of inflammatory C-reactive protein, and arterial stiffness [247,248].
In the hypertensive patients, MitoQ treatment led to a significant reduction in circulating miR-21
levels, accompanied by improvements in LV mass and systolic function [247].

11.1.2.3 Melatonin

Melatonin is a naturally occurring neurohormone primarily secreted by the pineal gland, and
best known for its role in regulating circadian rhythm and promoting sleep. Accumulating evidence
now suggests that it exerts far-reaching protective effects beyond the brain, including the CV system.
For example, in neonatal mouse ventricular cardiomyocytes subjected to hypoxia and reoxygenation
injury, treatment with melatonin enhanced mitochondrial metabolism, inhibited mitochondrial
oxidative stress, induced mitochondrial fusion, and prevented mitochondria driven apoptosis.
Mechanistically, melatonin improved mitochondrial biogenesis by activating the AMPK/PGCla
pathway and attenuated ischemia/reperfusion-induced myocardial damage [249]. Another study
demonstrated that melatonin prevented the progression of atherosclerosis by inducing mitophagy
and inhibiting activation of the NLRP3 inflammasome, which was mediated by the
Sirt3/FOXO3a/Parkin signalling pathway [250]. Melatonin also suppressed galectin-3 (Gal-3),
reduced the activity of the NF-«B signalling pathway, and promoted the nuclear translocation of
transcription factor EB (TFEB), thereby enhancing autophagy and suppressing inflammation in
atherosclerosis. Furthermore, melatonin enhanced autophagy via inhibition of the Gal-3/CD98/PI3K
pathway in THP-1 macrophages, and alleviated inflammation, highlighting its potential as a
therapeutic agent for the treatment of atherosclerosis [18]. Another study found that melatonin
activated the autophagy process via the AMPK/mTOR/ULK1 signalling pathway and decreased
vascular calcification of vascular smooth muscle cells isolated from the aortas of Sprague-Dawley
rats [251]. Collectively, these data suggest a protective role for melatonin against cardiovascular
injury and vascular calcification through modulation of autophagy.

11.1.2.4 Urolithin A

Urolithin A is a regulator of mitophagy and exhibits cardioprotective effects [70,126]. Several
studies have revealed that urolithin A upregulates the expression of mitophagy-related genes and
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activates PINK1-Parkin-mediated mitophagy, thereby improving mitochondrial quality control
[70,126,252]. Impaired mitochondrial function is also a key feature of cardiac aging in humans. A
recent study demonstrated that Urolithin A improved cardiac function and mitochondrial health in
aging mouse and rat models of heart failure with reduced ejection fraction (HFrEF). Urolithin A
restored heart muscle ultrastructure and mitochondrial morphology, and improved cardiac and
skeletal muscle function in non-diseased old C57BL/6R] mice. Moreover, Urolithin A administered
for 2 months improved systolic function, reduced end-systolic volume, and improved cardiac muscle
contractility in rats with heart failure [20]. Mechanistically, in the hearts of AMI animals, Urolithin A
increased the levels of mitochondrial oxidative phosphorylation associated genes, as well as the
PINK1/parkin-mediated mitophagy marker, phospho-ubiquitin [20], suggesting that Urolithin A
exerts its cardioprotective effects by activating mitochondrial recycling and enhancing the
mitochondrial quality control system [20]. In clinical trials, 4 months of Urolithin A supplementation
in healthy older adults significantly reduced plasma ceramide levels, which are associated with CVD
risk in humans [20].

11.1.2.5 Elamipretide

Mitochondria-targeted elamipretide (S5-31) has been shown to preserve mitochondrial
dynamics and restore energy production in ischemic mitochondria by binding to and stabilizing
cardiolipin [253]. Remarkably, elamipretide reversed age-associated post-translational modifications
such as S-glutathionylation of cysteine residues and phosphorylation of heart proteins [254].
Moreover, SS-31 significantly suppressed mitochondrial ROS production, decreased protein
oxidation and cellular senescence, improved cardiac function and mitigated myocardial hypertrophy
in aged mice [255]. These results support the therapeutic potential of SS-31 in alleviating
mitochondrial dysfunction and redox-driven pathologies in cardiovascular disorders, particularly in
senescence.

11.1.2.6 Metformin

Metformin, a widely used first-line therapy to improve glucose metabolism in type 2 diabetic
patients, has emerged as a multifaceted agent that can simultaneously target redox signalling,
mitochondrial function and autophagic flux, thereby maintaining cellular homeostasis [51,256]. A
growing body of research demonstrates that metformin induces autophagy through multiple
signalling pathways, including AMPK-dependent pathways such as AMPK/mTOR, AMPK/CEBPD,
AMPK/ULK1 and AMPK/miR-221, where metformin directly and indirectly activates multiple
autophagy-related proteins via inhibition of mTORCI1 [257,258]. Additional autophagic pathways
induced by metformin include Reddl/mTOR, STAT, and SIRT, TRIB3 as well as the
PK2/PKR/AKT/GSK3[ pathway and the Na+ /H+ exchangers [256]. Metformin also facilitates heart
regeneration by enhancing autophagy in zebrafish [258]. Metformin has also shown protective
effects against ischemic myocardial injury by reducing macrophage-driven inflammation via
modulation of the autophagy—-ROS-NLRP3 axis [51]. In Wistar rats, metformin reduced infarct size,
cardiac arrhythmias and LV dysfunction by attenuating mitochondrial dynamic imbalance and
apoptosis in cardiac ischaemia-reperfusion injury, most likely mediated in part, by the activation of
the AMPK/PGCla pathway [72]. However, clinical research investigating the use of metformin in
CVD prevention remains limited and awaits more comprehensive and targeted studies to validate its
cardioprotective potential.

11.1.2.7 Berberine

Berberine, an isoquinoline alkaloid found in plants, has shown promising cardioprotective
properties against different CVDs [259,260]. In mice with HFpEF, berberine upregulated p-AMPK
and PGC-la, reduced mtROS, improved mitochondrial function and alleviated mitochondrial
biogenesis disorders, thereby improving cardiac function [261]. Oxygen-glucose deprivation/re-
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oxygen (OGD/R) of human cardiomyocytes inhibited the production of GSH, GSH-Px and SOD, and
increased the production of MDA, IL-13, TNF-a and IL-6, whereas treatment with berberine
markedly reduced indicators of inflammation and oxidative stress. In both human cardiomyocytes
and a myocardial I/R rat model, berberine ameliorated inflammation, oxidative stress and ischemia—
reperfusion injury by inducing miR-26b-5p and suppressing the PTG52/MAPK signalling pathway
[232]. Furthermore, in an animal model of carotid atherosclerosis, berberine reduced atherosclerotic
plaque area, lipid accumulation, neointimal formation and cell apoptosis in carotid arteries by
regulating the PI3K/AKT/mTOR signalling pathway, thereby improving carotid atherosclerosis [262].
A recent study further substantiated these findings in HFD-fed ApoE~~ mice, where administration
of berberine mitigated atherosclerosis by promoting autophagy, suppressing inflammatory
responses and maintaining vascular endothelial cell integrity, via modulations of the RAGE-NF-xB
pathway [231]. With many of these multifaceted effects mediated via AMPK activation, inhibition of
pro-inflammatory signalling (eg. NF-xB) and stimulation of Nrf2, berberine may offer an alternate
approach to lessen CVDs, particularly as an adjunctive therapy for individuals with cardiometabolic
clinical

disorders. However, numerous remain

standardization [263,264].

challenges regarding formulation and

Table 1. Pharmacological Inhibitors Targeting Redox Signalling, Mitochondrial Dysfunction and Autophagy in

CVDs.
Therapeutic  Signalling  pathways Treatment Experimental Disease Ref.
agent and related mechanisms outcome models context
CoQ10 Inhibits Oxidative Stress. Increases SOD and High fat diet Atherosclerosi [17]
Improves Mitochondrial GSH in serum in (HFD) fed s
Function. diseased mice. ApoE- mice
Activates the AMPK- Suppresses the
YAP-OPA1 Pathway. expression of IL-6,
TNF-a, ICAM-1,
VCAM-1 and NLRP3.
Ameliorates
Atherosclerosis.
Reduces Oxidative Increases GPx, GR, AMI/R Sprague Acute [241]
Stress. SOD, and GSH. Dawley (SD) Myocardial
Enhances Autophagy. Decreases TBARS in ratmodel Ischemia-
myocardial tissue in Reperfusion
rats with AML Injury(AMI)
Increases autophagy
proteins beclin-1 and
Atgb.
Reduces infarct size.
Improves cardiac
function.
MitoQ Reduces oxidative stress. Decreases ROS Triptolide- [246]
Activates p62-Nrf2  accumulation. induced
signalling pathway. Improves cell cardiotoxicity in
viability. rat
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Reduces cardiomyocyte
cardiotoxicity. HOc2 cells
Decreases oxidative Restores Rat model of Heartfailure
stress. mitochondrial heart failure [244]
Regulates mitochondrial membrane potential induced by
function. and respiration. pressure
Improves overload
mitochondrial
calcium retention
capacity.
Inhibits ROS
production.
Improves cardiac
function.
Enhances mitophagy via Reduces myocardial Myocardial MIR injury in [19]
PINK1/Parkin pathway. infarction, ischemia— Type 2
myocardial reperfusion diabetes (T2D)
pathological damage injury in Type 2
and cardiomyocyte diabetic rats
apoptosis.
Improves cardiac
function.
Melatonin Suppresses ~ oxidative Reduces mtROS Hypoxia/reoxyg Cardiac
stress. production. enation injury in ischemia/reper
Enhances mitochondrial ~Alters mitochondrial cardiomyocytes. fusion injury
biogenesis  via  the morphology of
AMPK/PGCla pathway. cardiomyocytes.
Attenuates
myocardial damage.
Reduces inflammation. Inhibits secretion of HFD-fed Atherosclerosi  [18]
Enhances autophagy. IL-6, IL-18, IL-13 and ApoE~ mice s
Promotes TFEB nuclear TNF-a in arteries.
translocation. Inhibits
Inhibits ~ NF-xB by atherosclerotic
inhibiting Gal-3. plaque progression.
Urolithin A Restores mitochondrial Improves heart Non-diseased Aging [20]
dynamics proteins DRP1  mitochondrial old C57BL/6R]
and MFN1. ultrastructure, mice
Activates mitochondrial morphology and
recycling and quality function.

control (QQC).
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Enhances

function and skeletal

cardiac

muscle force in aging

Promotes mitochondrial Improves systolic Rat model of Heart failure [20]
QC pathways. function. chronic  heart
Improves cardiac failure (HFrEF)
function and
mitochondrial health.
Elamipretide Regulates age-associated Affects mouse heart Aged mouse Cardiac aging  [254]
(55-31) post-translational function hearts
modifications of heart
proteins
Suppresses mtROS Reduces cardiac Aged mice Myocardial [255]
production. hypertrophy. hypertrophy
Inhibits protein Improves cardiac
oxidation and cellular function.
senescence.
Metformin Preserves mitochondrial Alleviates Cardiac I/R Cardiac [72]
function. mitochondrial injury in Wistar ischemia/reper
dynamic imbalance rats fusion (I/R)
and apoptosis. injury
Reduces arrhythmia
and infarct size.
Improves cardiac
function.
Induces autophagy. Enhances epicardial, Adult zebrafish Myocardial [258]
endocardial and model of heart infarction
vascular endothelial cryoinjury
regeneration.
Improves  transient
collagen deposition
and resolution.
Induces
cardiomyocyte
proliferation.
Improves systolic
function of the heart.
Berberine Inhibits  inflammatory Increases GSH, GSH- OGD/R-treated  Acute [232]
responses and oxidative Px and SOD. cardiomyocytes. myocardial
stress via miR-26b-5p- Suppresses MDA, [L- Rat model of infarction
mediated 1B, INF-a, and IL-6.  myocardial model (AMI)
PTGS2/MAPK. ischemia-
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Preserves myocardial reperfusion (I/R)
structure injury.
Improves cardiac
function.
Activates autophagy Increases lipid High fat diet Atherosclerosi [231]
and reduces accumulation and ApoE”/ mouse s
inflammation. foam cell formation. = model
Modulates RAGE-NF- Maintains vascular
«B. endothelial cell
integrity.
Reduces
atherosclerotic
inflammation.
Regulates Improves intimal High fat diet Carotid [262]
PI3K/AKT/mTOR. hyperplasia. ApoE-mice atherosclerosis
Reduces carotid lipid
accumulation.
Promotes cell
proliferation.
Mdivi-1 Suppresses mito- Decreases plaque High fat diet Atherosclerosi [71]
ROS/NLRP3 by area. ApoE-- mice s
inhibiting DRP1- Reduces foam cells.
dependent Inhibits M1
mitochondrial fission. polarization.
Inhibits activation of
NLRP3.
DMF Exerts antioxidant  Reduces the area of ApoE~- mice Atherosclerosi [234]
effects by activating the aortic atherosclerosis. with s
Nrf2/ARE signalling Decreases serum and streptozotocin-
pathway aortic ROS, HO-1, induced
NF-xB, ICAM-1 and hyperglycemia
gp91phox.
Increases serum and
aortic Nrf2, eNOS,
and p-eNOS.
Micheliolide  Promotes KEAP1/NRF2 Decreases High fat diet Atherosclerosi [79]
(MCL) dissociation. inflammatory ApoE-/—mice s
Activates NRF2 responses.
pathway. Reduces  oxidative
stress.
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Inhibits macrophage

ferroptosis.

Bardoxolone- Increases Nrf2 binding Reduces myocardial Rat model of Chronic heart [235]

methyl to the CREB-binding oxidative stress and chronic  heart failure
protein. lipid peroxidation. failure
Increases Nrf2 Attenuates
downstream targets myocardial

NQOI1, HO-1 and CAT. inflammation.

12. Discussion

This review highlights the opportunity to target the interconnected redox-mitochondria-
autophagy-inflammation axis for the prevention and treatment of CVDs. Significant progress has
been made in the understanding of the role of redox biology in regulating mitochondrial function
and autophagy, and its associated link with inflammation and immune responses. However, one of
the major challenges is maintaining context-dependent redox signalling, which if perturbed may
contribute to the pathophysiology of CVDs. Depending on several factors e.g. the cellular context or
the stage of the disease, the impact on these pathways may not always be cardio-protective. Indeed,
targeting specific redox signalling pathways may inadvertently modulate other signalling networks,
triggering off-target and unwanted side effects. For example, multiple studies demonstrate that
Mitochondrial Division Inhibitor 1 (Mdivi-1), which reversibly inhibits Complex I of the ETC to
modify mtROS production [240,265,266], reduces atherosclerosis in ApoE+ mice [71]. However, the
Mdivi-1 also altered AMPA receptor-activated Ca? signalling, and led to the loss of Ca? from the ER,
which enhanced oligodendrocyte sensitivity to excitotoxic and ER stress. This subsequently resulted
in oxidative stress and apoptosis [267]. Another study suggested that apart from inhibiting Drp-1
mediated mitochondrial fission, mdivi-1 affected ion channel function and altered the Rho kinase
pathway, thereby affecting the regulation of vascular smooth muscle tone [268]. Thus, future studies
should focus on therapies that target multiple nodes of the redox-mitochondria-autophagy-
inflammation axis, with an emphasis on minimizing adverse effects.

As discussed in this review, the integrity of mitochondrial structure and function is key to
maintaining redox homeostasis and mitigating the development of CVD. When considering the
factors that contribute to CVD, the role that cellular senescence plays needs careful consideration.
Age related decline in mitochondrial mass contributes to excessive mtROS with an associated
depletion of ATP production. This drives endothelial and smooth muscle cell dysfunction,
consequently contributing to CVDs such as atherosclerosis [162,194,269]. Removal of dysfunctional
mitochondria should be a goal of CVD therapy. Indeed the removal of dysfunctional mitochondria
by enhancing mitophagy improves cardiac contractile function, retards cardiomyocyte senescence
and remodelling of heart tissue [70,270,271]. In particular, treatment with tetrahydroberberrubine, a
derivative of berberine, is showing promise in preclinical studies where it promotes mitophagy in
the aging heart, improves diastolic dysfunction, inhibits cardiac remodelling and suppresses cardiac
senescence in aging mice [270]. Therefore, neutralising excessive mtROS by targeted delivery of ROS
scavengers or improving mitochondrial function by enhancing mitochondrial biogenesis, may offer
alternative therapies for age-related diseases where mitochondrial dysfunction is causal [70].
Furthermore, targeting mitochondrial DNA, mitochondrial microRNAs and associated proteins
offers compelling future directions for therapies aimed at restoring mitochondrial function [69].

Newer technologies may assist in delivering a more targeted approach to therapy. Emerging
evidence demonstrates that targeted nanotherapeutics can improve therapeutic efficacy and reduce
systemic adverse events and off-target effects in CVDs [272]. Nano-drug delivery systems can be
engineered to specifically target the cells and/or cellular compartments within the heart or the
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vasculature, thereby allowing for precise therapeutic intervention. In particular, targeting impaired
mitochondria within pathological tissue has emerged as a promising strategy [240,272]. Nanoparticle-
based drug delivery systems can also be effective tools for targeting atherosclerotic plaque. For
example, lipoic acid nanoparticles passively target atherosclerotic plaque and exhibit better
therapeutic efficacy than free lipoic acid. Specifically, lipoic acid nanoparticles reduced oxidative
stress and inflammation, and inhibited lipid infiltration into plaques of HFD-ApoE’ mice [273],
suggesting that nanoparticle-based drug delivery systems offer a promising therapeutic strategy for
CVDs.

In addition, to identify patient subgroups most likely to benefit from specific interventions,
integrative omics and bioinformatics approaches are likely to bolster therapeutic strategies. System
biology approaches and multi-omics profiling can be used to identify dysregulated pathways linking
redox imbalance, mitochondrial dysfunction, dysregulated autophagy and inflammation.

13. Conclusions

In summary, redox signalling, mitochondrial function, autophagy and inflammation form a
complex interconnected network required for maintaining cellular homeostasis. Depending on the
cellular and physiological context, these processes influence each other such that dysregulated redox
balance impairs mitochondrial function, while dysfunctional mitochondria exacerbate maladaptive
autophagy that further enhances inflammatory responses. Unless therapeutically targeted, chronic
inflammation perpetuates mitochondrial dysfunction and impaired autophagy, inducing oxidative
stress that in combination, drives the progression of CVD. Clearly, perturbations such as
hyperglycaemia, dyslipidaemia and hypertension, dysregulate this axis, which contributes to the
onset and progression of various cardiovascular conditions. In highlighting the interconnectivity of
this axis, this review has spotlighted a powerful avenue for therapeutic intervention in cardiovascular
disease prevention and/or progression. Future research should focus on the identification of
pharmacological interventions capable of modulating this axis. This would represent a promising
and innovative approach to lessen the burden of CVDs.

Novelty: This review unravels the interplay of redox signalling, mitochondrial dysfunction, and the autophagy
pathway in regulating cardiovascular inflammation and tissue damage in CVDs. This review contributes to a
deeper understanding of the redox-mitochondria-autophagy-inflammation axis underlying CVDs. This review
summarises recent findings and highlights the importance of focusing on redox pathways and associated
signalling nodes to address the unmet clinical needs in CVD prevention.
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Abbreviations

The following abbreviations are used in this manuscript:

ACE Angiotensin II converting enzyme
AGEs Advanced glycation end products
AMI Acute myocardial infraction

AMPK AMP-activated protein kinase
ApoE+ Apolipoprotein E-deficient

ARBs Angiotensin Receptor Blockers

AREs Antioxidant response elements

BNIP3 Bcl-2/adenovirus E1B 19-kDa-interacting protein 3
CAD Coronary artery disease

CAT Catalase

CBP Transcriptional coactivator CREB-binding protein
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circRNAs
CoQ10
CVD
CypD
cytoROS
DCM
DME
DMPs
DRP1
ER
Gal-3
GCLC
GeX1
GPx

GR
GSH
GSSG
H:0:2
HAECs
HFD
HFpEF
HIF-1a
HO-1
Hsp70
I/R
IKK{
IL-1B
IL-6
LC3
LDH
LDL
LOX-1
LTF

LV
MAO-A
MAPK
MCL
MCL
MCP-1
MCU
McX
MD1
MDA
Mdivi-1
MEFN1
MEFN2
MI
Mito-Esc
MMPs
mPTP
mtDNA
mtKATP
mTOR
mtROS
NAC
NF-xB

NLRP3
NOS

Circular RNAs

Coenzyme Q10

Cardiovascular Disease

Cyclophilin D

Cytosolic ROS

Diabetic cardiomyopathy

Dimethyl fumarate
Damage-associated molecular patterns
Dynamin-related protein 1
Endoplasmic reticulum

Galectin-3

Glutamate-Cysteine Ligase Catalytic
Gerontoxanthone I

Glutathione peroxidase

Glutathione reductase

Glutathione

Glutathione disulphide

Hydrogen peroxide

Human aortic endothelial cells

High fat diet

Heart failure with preserved ejection fraction
Hypoxia-inducible factor-1a

Heme oxygenase-1

Heat shock protein 70
Ischemia-reperfusion

IxB-kinase 3

Interleukin-13

Interleukin-16
Microtubule-associated protein 1A/1B-light chain 3
Lactate dehydrogenase

Low density lipoproteins

lectin-like oxidized LDL receptor
Lactoferrin

Left ventricular

Monoamine oxidase A
Mitogen-activated protein kinase
Micheliolide

Micheliolide

Macrophages enhanced monocyte chemotactic protein-1
Mitochondrial calcium uniporter
Macluraxanthone

Myeloid differentiation protein 1
Malondialdehyde

Mitochondrial Division Inhibitor 1
Mitofusins 1

Mitofusins 2

Myocardial infarction
Mitochondria-targeted esculetin
Matrix metalloproteinases
Mitochondrial permeability transition pore
Mitochondrial DNA
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Mitochondrial adenosine triphosphate (ATP)-sensitive potassium K channel

Mechanistic target of rapamycin
Mitochondrial ROS
N-acetylcysteine

Nuclear factor kappa B

Nucleotide-Binding Domain, Leucine-Rich-Containing Family, Pyrin Domain-

Containing-3
Nitric oxide synthases
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NOX NADPH oxidase

Nrf2 Nuclear factor erythroid 2-related factor 2
Nt-R N-terminal arginine

102 Singlet oxygen

02~ Superoxide

0%G 8-oxoguanosine

‘OH Hydroxyl radicals

OGD/R  Oxygen-glucose deprivation/re-oxygen
OPA1l Optic atrophy 1

ox-LDL  Oxidized low-density lipoprotein
OxPhos  Oxidative phosphorylation

PAI-1 plasminogen activator inhibitor-1
PDE5 Phosphodiesterase 5

Prx Peroxiredoxin

RNS Reactive nitrogen species

ROMO1  Reactive oxygen species modulator 1
ROS Reactive Oxygen Species

RV Right venteicular

Sirtl Sirtuin 1

SLC26A4 Solute carrier family 26 member 4
SOD Superoxide dismutase

SR-1 Scavenger receptor-1

T2D Type 2 diabetes

TAC Transverse aortic constriction

TFEB Transcription factor EB

TIMPs Tissue inhibitors of metalloproteinases
TLR Toll-like receptor

TPP+ Triphenylphosphonium cation

TRXox Oxidized thioredoxin
TRXred Reduced thioredoxin

Vep Valosin-containing protein

VDACI1 Voltage-dependent anion channel 1

VSMC Vascular smooth muscle cells

VSMCs Vascular smooth muscle cells

XO Xanthine oxidase

XOR Xanthine oxidoreductase

ZDHHC13 Zinc finger DHHC type palmitoyltransferase 13

AWm Mitochondrial membrane potential
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