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Abstract: Ferroptosis is an iron-dependent form of regulated cell death driven by unrestrained lipid peroxidation, morphologically and
biochemically distinct from apoptosis, necrosis, and autophagy. It is increasingly recognized as a core pathophysiological mechanism across
the full spectrum of cardiovascular diseases, including myocardial ischemia-reperfusion injury, heart failure, atherosclerosis, diabetic
cardiomyopathy, and chemotherapy-induced cardiotoxicity. The initiation and progression of ferroptosis are governed by the dysregulation
of iron homeostasis, lipid metabolic remodeling, and collapse of antioxidant defense systems, with extensive crosstalk with other regulated
cell death modalities in cardiovascular pathophysiology. Preclinical studies have consistently demonstrated that targeting ferroptosis exerts
robust cardioprotective effects via multiple mechanisms. However, clinical translation faces key hurdles, including the lack of specific
biomarkers, off-target risks, and interindividual heterogeneity in therapeutic response. This review systematically summarizes the regulatory
mechanisms of ferroptosis, its causal role in cardiovascular diseases, and the latest advances in targeted therapeutic strategies, with a focus
on clinical translation prospects and challenges.
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Introduction

Cardiovascular diseases (CVDs) represent a leading cause of global mortality and morbidity, encompassing conditions
such as coronary artery disease, myocardial infarction, hypertension, atherosclerosis, and heart failure."* Although
conventional therapeutic strategies have improved patient outcomes to some extent, many individuals still face high
risks of recurrence and adverse cardiovascular events. Thus, identifying novel molecular mechanisms and therapeutic
targets has become a central focus in cardiovascular research.

The cardiovascular system is characterized by high metabolic activity and oxygen consumption, making it particularly
susceptible to oxidative stress. The heart contains a dense mitochondrial network and primarily relies on oxidative
phosphorylation for energy production; therefore, cardiomyocytes are highly vulnerable to disruptions in lipid oxidation
and iron metabolism.>* Furthermore, the limited regenerative capacity of cardiac myocytes means that irreversible injury—
such as that caused by ischemia or toxic insults—can directly impair cardiac function and increase susceptibility to heart
failure. Maintaining redox homeostasis and iron balance in cardiomyocytes is thus essential for preserving myocardial
integrity and preventing pathological remodeling.” Dysregulation of iron homeostasis has emerged as a key driver of
ferroptosis—a form of regulated cell death defined by iron-dependent lipid peroxidation.® Iron overload promotes the
Fenton reaction, which generates reactive oxygen species (ROS) that induce lipid peroxidation and DNA damage,
ultimately leading to cardiomyocyte death and fibrotic remodeling.® Notably, elevated levels of lipid peroxidation markers
such as malondialdehyde (MDA) and 4-hydroxynonenal (4-HNE), along with reduced expression of glutathione peroxidase
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4 (GPX4), have been detected in post-mortem tissues from patients with acute myocardial infarction or chronic heart
failure, suggesting that ferroptosis may play a significant role in human cardiovascular pathology.’

Ferroptosis, first identified in 2012, represents a newly classified mode of programmed cell death distinct from apoptosis,
necrosis, and autophagy.® It is biochemically defined by the accumulation of lipid ROS, structural disruption of cellular
membranes, and iron dyshomeostasis, culminating in loss of membrane integrity, mitochondrial dysfunction, and irreversible
cell death.’ Ferroptotic signaling is tightly controlled by multiple pathways, including the system Xc —~GSH-GPX4 axis, lipid
metabolic enzymes such as ACSL4 and lipoxygenases (LOXs), and redox-sensitive transcription factors such as Nrf2.'® As
our understanding of this process has expanded, ferroptosis has been increasingly recognized as a contributing mechanism in
several cardiovascular pathologies, including myocardial ischemia—reperfusion injury, dilated cardiomyopathy, doxorubicin-
induced cardiotoxicity, and atherosclerosis, where dysregulation of these control networks often occurs.''

Recent studies have demonstrated that pharmacological inhibition of ferroptosis can confer robust protection in
preclinical models of cardiovascular disease. For example, specific ferroptosis inhibitors such as ferrostatin-1 (Fer-1) and
liproxstatin-1 significantly reduce myocardial injury and improve cardiac function in murine models of ischemia—
reperfusion.'” Similarly, iron chelators such as deferoxamine (DFO) and deferiprone (DFP) protect against doxorubi-
cin-induced cardiotoxicity by lowering labile iron levels and suppressing ROS generation.'?

In addition to synthetic compounds, natural products have also shown promise in targeting ferroptosis. Molecules such as
melatonin, vitamin E derivatives, curcumin, and resveratrol exert protective effects through various mechanisms, including
activation of the Nrf2 pathway, upregulation of GPX4, and reduction of lipid ROS.'*'* Notably, Nrf2, a master regulator of
antioxidant responses, offers multi-target regulation of ferroptosis. Its activation enhances the expression of SLC7A11 and GPX4,
thereby increasing cellular resistance to ferroptosis and providing new therapeutic insights into heart failure and myocardial
injury."> Despite compelling evidence from basic science, clinical translation remains challenging.'® First, most current findings
derive from animal models and in vitro systems, with limited support from large-scale clinical data. Second, reliable and specific
biomarkers of ferroptosis remain undefined. While markers such as MDA and 4-HNE offer some indication of lipid peroxidation,
they lack specificity for distinguishing ferroptosis from other forms of oxidative stress-mediated cell death.'® Moreover,
ferroptosis may exhibit context-dependent roles: in certain diseases, it may be detrimental at one stage yet potentially beneficial
at another. For instance, ferroptosis may act as a tumor suppressor in early-stage cancer but may be evaded during later stages, '®
suggesting that its role in cardiovascular disease must be carefully evaluated across different disease phases to enable precision
intervention. Looking forward, future research should not only summarize the mechanisms and regulatory pathways of ferroptosis
in CVDs but also explore novel therapeutic approaches based on emerging discoveries. Structural biology and artificial
intelligence-driven drug discovery now allow for high-resolution modeling of key ferroptosis-related proteins—including
ACSL4, LOXs, GPX4, and system Xc¢ —enabling the design of small-molecule inhibitors with improved selectivity and
pharmacokinetic properties.

Furthermore, cutting-edge technologies such as single-cell RNA sequencing, spatial transcriptomics, and organoid culture
systems offer unprecedented opportunities to dissect the heterogeneity of ferroptosis across distinct cardiac and vascular cell
types, including ventricular cardiomyocytes, sinoatrial node cells, conduction fibers, endothelial cells, and smooth muscle cells.
These tools can help identify cell-specific markers of ferroptosis and inform targeted interventions tailored to distinct cell
populations within the heart and vasculature. Strategies aimed at modulating ferroptosis—such as iron chelation, antioxidant
supplementation, and gene editing to restore antioxidant defenses—are gradually transitioning from experimental models to
clinical evaluation. By addressing these critical questions, we aim to establish ferroptosis modulation as a novel and effective
strategy in the prevention and treatment of cardiovascular diseases. With continued advances in mechanistic understanding and
therapeutic innovation, targeting ferroptosis holds strong potential to transform clinical cardiology and usher in a new era of
precision medicine. To clarify the evolutionary trajectory of ferroptosis research and highlight the key breakthroughs that lay the
foundation for our study, we summarized the critical time points in ferroptosis discovery (Figure 1).

Ferroptosis and Its Regulatory Mechanisms

Ferroptosis is an iron-dependent form of regulated cell death distinct from apoptosis, necrosis, and autophagy.® The process is
primarily driven by the accumulation of reactive oxygen species (ROS), phospholipids containing polyunsaturated fatty acid
chains (PUFA-PLs), and iron overload.® Moreover, inter- and intracellular signals, as well as environmental stressors, can
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Figure | The key time points for the discovery of ferroptosis. (It outlines the complete historical trajectory of ferroptosis research: from the discovery of System xCT in
1980 and its formal naming and definition in 2012, through the in-depth elucidation of its multi-dimensional regulatory network (including lipid metabolism, antioxidant
defense, iron homeostasis, and related pathways) since 2016, to the clinical application of targeted therapeutics in 2025 and beyond. It provides essential historical and
theoretical context for understanding the role of the ferroptosis—iron homeostasis axis in cardiovascular diseases such as atherosclerosis. This figure was created with
BioRender.

indirectly modulate ferroptosis by influencing cellular metabolism and ROS levels. Morphologically, ferroptosis is character-
ized by mitochondrial shrinkage, increased membrane density, loss or disappearance of cristae, and rupture of the outer
mitochondrial membrane; nuclear morphology remains largely unchanged without chromatin condensation. At the biochem-
ical level, ferroptosis is marked by elevated lipid peroxidation and ROS production.'® The underlying mechanisms involve
dysregulation of iron metabolism, amino acid antioxidant systems, and the accumulation of lipid peroxides.'® Key events in
ferroptosis include excessive intracellular iron deposition and lipid peroxidation, with multiple organelles—such as mito-
chondria and the endoplasmic reticulum—forming a regulatory network that governs redox balance and iron homeostasis.'®'”
As illustrated in Figure 1, three core conditions are necessary for the induction of ferroptosis: (1) excessive Fe*" availability
initiating redox reactions; (2) lipid peroxidation of PUFA-PLs; and (3) disruption of the antioxidant defense system

responsible for neutralizing harmful lipid hydroperoxides.'®

Role of Iron Metabolism in Ferroptosis

In the bloodstream, extracellular iron primarily exists in the Fe® form, with the vast majority bound to transferrin (TF) to
form complexes that are transported via circulation to tissues with high iron demand, such as the liver and bone marrow.
Excess iron is mainly stored in organs including the liver.'” Cellular iron uptake is regulated through multiple pathways,
the core of which include transferrin receptor-mediated internalization of transferrin-bound iron (TBI), endocytosis of
other iron forms, and direct transmembrane uptake of non-transferrin-bound iron (NTBI) and heme iron.

Once inside the cell, Fe*" is reduced to Fe*" within lysosomes by STEAP3, a member of the six-transmembrane epithelial
antigen of the prostate family and a key metalloreductase. The reduced Fe*" has two primary destinations: it is released into the
cytosol via ferroportin (FPN, encoded by SLC40A1) to form the intracellular labile iron pool (LIP), or sequestered and stored
in ferritin. Ferritin is a heteropolymer composed of heavy-chain (FTH1) and light-chain (FTL1) subunits that provides a safe,
biologically controllable storage mechanism for iron. This prevents free iron from causing damage through reaction with
reactive oxygen species (ROS) and serves as a central molecule in maintaining cellular iron homeostasis."'

Precise regulation of iron homeostasis is essential for sustaining normal cellular physiological functions. When this
balance is disrupted and iron metabolism becomes disordered, excess reactive Fe®" triggers the Fenton reaction (Fe** + H,0,
— Fe’+ HO™ + -OH), generating large amounts of ROS and activating lipoxygenase (LOX), the key rate-limiting enzyme in
membrane lipid peroxidation. The continuous accumulation of ROS causes extensive oxidative damage to cell membranes,
organelles, and DNA, ultimately triggering ferroptosis.'® Current studies have clearly defined the core quantitative thresholds
for ferroptosis initiation: (1) At the free iron level, intracellular LIP concentration is maintained within a narrow physiological
range of 0.2-0.5 uM; when LIP levels exceed physiological concentrations by 2—3 times, the Fenton reaction is significantly
activated. When LIP exceeds 1 pM, irreversible lipid peroxidation cascade reactions are initiated, ultimately leading to
ferroptosis. (2) At the lipid peroxidation product level, when phospholipid hydroperoxide (PLOOH) levels surpass 5 nmol/mg
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protein, their accumulation exceeds the clearance capacity of the endogenous antioxidant system, and ferroptosis enters an
irreversible stage.

To systematically elucidate the fundamental biological processes of iron homeostasis, we have constructed a schematic
diagram of systemic iron circulation and cellular iron metabolism patterns (Figure 2). This diagram comprehensively
illustrates the dynamic flow of iron in the body as well as the complete regulatory network of iron uptake, storage, utilization,
and export at the cellular level. It also highlights the critical concentration thresholds for ferroptosis occurrence, thereby laying
a solid theoretical foundation for further exploration of the molecular mechanisms by which iron metabolic disorders drive
ferroptosis.

Lipid Metabolism and Ferroptosis

Lipids perform diverse biological functions, including energy storage, signal transduction, and membrane structure
maintenance. Among these, lipid peroxidation represents one of the defining features of ferroptosis, frequently resulting
in oxidative damage to biomembranes and lipoproteins.”’ Phospholipids containing polyunsaturated fatty acids (PUFA-
PLs) serve as primary substrates for lipid peroxidation. The enzymes acyl-CoA synthetase long-chain family member 4
(ACSL4) and lysophosphatidylcholine acyltransferase 3 (LPCAT3) catalyze the esterification of free PUFAs and their
subsequent incorporation into phospholipids. These PUFA-PLs are then oxidized by lipoxygenases (ALOXs) to generate
phospholipid-hydroperoxides (PL-PUFA-OOH).

Initial lipid peroxidation products accumulate in the endoplasmic reticulum, although early peroxidation has also been
observed in lysosomes, peroxisomes, and mitochondria.?' >* Inhibition of ACSL4 or LPCAT3 expression reduces the cellular
abundance of peroxidation-prone PUFA-PLs and suppresses ferroptosis.”> Following GPX4 inhibition, lipid hydroperoxides
first accumulate in the perinuclear membrane before spreading to the plasma membrane, ultimately causing structural
membrane disruption and cell death.?®>” Thus, ACSL4 and LPCAT3 regulate the formation of long-chain unsaturated fatty
acid-containing PLs. During ferroptosis, these lipids become substrates for ROS-driven oxidation. Under conditions of
impaired antioxidant defenses, PL-PUFA-OOH accumulates across organelle membranes and eventually propagates to the
plasma membrane, leading to membrane destruction and ferroptotic cell death.

Redox Regulation of Ferroptosis

The cystine/glutamate antiporter system system Xc , composed of the light chain SLC7A11 and heavy chain SLC3A2,
mediates the 1:1 exchange of extracellular cystine for intracellular glutamate.*® Once inside the cell, cystine is converted into
L-cysteine by glutamate—cysteine ligase (GCL) and glutathione synthetase (GS), forming reduced glutathione (GSH) —a
central component of the cellular antioxidant machinery.”” GSH serves as both a radical scavenger and a cofactor for
glutathione peroxidase 4 (GPX4), playing a key role in redox regulation and stress resistance.***' GPX4 is a crucial enzyme
that counteracts Fenton reaction-driven ROS accumulation.* Utilizing GSH as a reducing agent, GPX4 converts toxic lipid
hydroperoxides (L-OOH) into inert lipid alcohols (L-OH), thereby suppressing ferroptosis.*

Mitochondrial Regulation of Ferroptosis

Mitochondria play a critical dual regulatory role in the occurrence and development of ferroptosis, serving as both its
core initiator and final executor. Their metabolic functions, iron-handling capacity, and structural homeostasis collec-
tively participate in the precise control of the ferroptosis threshold.

As the core initiator of ferroptosis, mitochondria are the primary intracellular source of reactive oxygen species (ROS).
Superoxide radicals generated during mitochondrial electron transport are converted by superoxide dismutase (SOD) into
hydrogen peroxide (H,0,), thereby amplifying cellular oxidative stress. Hydrogen peroxide subsequently reacts with Fe**
through the Fenton reaction to produce highly reactive hydroxyl radicals (-OH), which directly initiate the oxidation of
polyunsaturated fatty acids (PUFAs) and constitute the central upstream event driving ferroptosis.**>> In addition, sustained
activation of the mitochondrial tricarboxylic acid (TCA) cycle and electron transport chain provides the essential premise for
basal intracellular ROS generation. Mitochondrial fatty acid B-oxidation directly supplies abundant substrates for lipid
peroxidation reactions, while key enzymes such as citrate synthase (CS) and acyl-CoA synthetase family member 2
(ACSF2) regulate fatty acid activation and synthesis, thereby controlling the availability of lipid peroxidation substrates
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Figure 2 Schematic Diagram lllustrating the Core Regulatory Network of Systemic Iron Cycling and Cellular Iron Metabolism, and Its Association with Pathological
Disorders. [Symbols present in the figure artwork are defined as follows: Lines terminating with a perpendicular bar (—|) represent inhibitory effects (e.g, hepcidin-mediated
downregulation or degradation of ferroportin, FPN). Red arrows (— or 1) indicate the effects of iron metabolic pathways on organs or tissues (inter-organ regulatory
influences). Black arrows represent signaling pathways. Solid arrows in other colors denote the direction of iron transport, uptake, release, or intracellular processes. In this
figure, arrows of different colours represent the direction of iron transport, regulatory signals, cellular processes, or pathway flows (with distinct colours used to distinguish
specific physiological or pathological routes). Red lines ending with a perpendicular bar (—|) denote inhibitory or negative regulatory actions. This schematic systematically
integrates the physiological regulatory network of mammalian iron homeostasis with the mechanisms of its pathological dysregulation, providing a core theoretical
framework for understanding how iron metabolic imbalance mediates ferroptosis and contributes to the onset and progression of cardiovascular diseases. Under
physiological conditions, dietary iron is absorbed by duodenal enterocytes through divalent metal transporter | (DMT1) and cytochrome b reductase | (Cyt b reductase
1), then released into the circulation via ferroportin (FPN). It subsequently binds to transferrin and is distributed throughout the body. The liver serves as the central hub of
systemic iron homeostasis by secreting hepcidin, which targets ferroportin for degradation, thereby negatively regulating intestinal iron absorption and macrophage iron
release; this process is modulated by multiple physiological factors, including the inflammatory cytokine IL-6 and erythroferrone (ERFE). Macrophages maintain circulating
iron pool homeostasis by phagocytosing senescent erythrocytes and recycling heme iron through heme oxygenase | (HO-1). The kidney participates in iron metabolism via
hypoxia-inducible factor o (HIFc)-mediated gene regulation, while the EPO-ERFE axis coordinates erythropoiesis with iron supply. In pathological states, factors such as
inflammation, hemolysis, and acute kidney injury (AKI) disrupt iron homeostasis, leading to accumulation of non-transferrin-bound iron (NTBI) and overload of the
intracellular labile iron pool (LIP). This activates the Fenton reaction and the ferroptosis pathway, providing a critical pathological basis for the development of cardiovascular
diseases including myocardial infarction, heart failure, and atherosclerosis. By comprehensively depicting the dynamic regulatory network of iron metabolism and its key
pathological disruption points, the schematic establishes a solid theoretical foundation for research on cardiovascular disease prevention and treatment targeting the iron
homeostasis—ferroptosis axis. The figure was created with BioRender.
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and modulating cellular susceptibility to ferroptosis.'? Mitochondrial metabolism is deeply coupled to the ferroptosis process
via the TCA cycle. Studies have confirmed that inhibition of glutaminolysis significantly modulates ferroptosis progression,
and mitochondrial metabolic dysfunction further exacerbates cellular susceptibility to ferroptosis.>

As the ultimate executor of ferroptosis, mitochondrial iron homeostasis imbalance and structural disruption represent
the core hallmarks of the execution phase. Mitochondria serve as the most important intracellular iron storage organelle
besides ferritin, and their iron-handling capacity directly regulates the intracellular labile iron pool (LIP) level and the
ferroptosis triggering threshold. Mitochondrial iron overload can directly initiate the Fenton reaction within the organelle,
causing lipid peroxidation damage to the mitochondrial membrane system while releasing large amounts of ROS and free
iron into the cytosol. This further amplifies whole-cell oxidative stress and the lipid peroxidation cascade, markedly
lowering the ferroptosis triggering threshold. During the execution phase of ferroptosis, mitochondria undergo a series of
characteristic morphological changes, including increased mitochondrial membrane density, cristae rupture and shrink-
age, and outer membrane rupture. These structural disruptions directly lead to mitochondrial functional collapse, the
release of pro-death molecules and metabolites, and ultimately the irreversible breakdown of cellular homeostasis,
thereby completing the final execution of ferroptosis.

In summary, mitochondrial energy metabolism, iron handling, and lipid metabolism regulation are tightly coupled with
both the initiation and execution of ferroptosis. To systematically elucidate the specific regulatory relationship between
mitochondria and ferroptosis, we have constructed a core mechanistic diagram of mitochondrial involvement in ferroptosis
(Figure 3). This diagram clearly depicts the dual regulatory pathways through which mitochondria function as both initiator
and executor of ferroptosis and identifies the key molecular nodes at which mitochondrial metabolism and iron handling
control the ferroptosis threshold, thereby offering new research perspectives for exploring targeted regulation of ferroptosis.

Alternative Pathways Regulating Ferroptosis
Beyond the canonical system Xc¢ —GSH—GPX4 axis, other regulatory mechanisms have been identified that protect
against membrane lipid peroxidation, including the FSP1-CoQ10—-vitamin K and GCH1-BH2/BH4 pathways.

Regulation by the FSPI-CoQH, Axis

A novel ferroptosis-regulatory protein named ferroptosis suppressor protein 1 (FSP1) was found to operate independently
of GPX4. FSP1 localizes to the plasma membrane and exerts protective effects by generating the reduced form of
coenzyme Q10 (CoQ10H,). CoQ10H, captures and neutralizes lipid peroxyl radicals, converting PLOOH into PLOH,
thereby reducing ROS accumulation and blocking ferroptosis.”® This pathway functions independently of GPX4 and
offers an additional layer of protection against lipid peroxidation.

Regulation by the GCHI-BH4 Axis

GTP cyclohydrolase I (GCHI), another GPX4-independent regulator, plays a significant role in ferroptosis control.?®
GCHI1 produces tetrahydrobiopterin (BH4), which can reduce ROS by facilitating the conversion of phenylalanine to
tyrosine and contributing to the synthesis of CoQ10.?’ BH4 and its derivative BH2 provide redox-active molecules that
counteract ferroptosis and support cellular survival under oxidative stress.

MBOAT I/2 in Ferroptosis Suppression

Membrane-bound O-acyltransferase domain-containing proteins 1 and 2 (MBOAT1/2) represent newly identified reg-
ulators of phospholipid remodeling. These enzymes are directly controlled by steroid hormone receptors and function by
selectively incorporating monounsaturated fatty acids (MUFAs) into lyso-phosphatidylethanolamine (lyso-PE). By
increasing the proportion of saturated fatty acid-containing phospholipids and decreasing PUFA-PLs in the membrane,
MBOAT1/2 reduce substrate availability for lipid peroxidation and inhibit ferroptosis.*®-’

Nrf2-Mediated Ferroptosis Control

Nuclear factor erythroid 2-related factor 2 (Nrf2) regulates the transcription of numerous antioxidant genes. It enhances
ferroptosis resistance by upregulating GPX4 and SLC7A11, thereby promoting GSH synthesis and converting lipid hydro-
peroxides into non-toxic lipid alcohols.>**! Nrf2-mediated protection involves two main strategies: (1) direct reduction of
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Figure 3 Schematic Diagram of the Core Mechanisms by Which Mitochondria Participate in the Pathogenesis and Progression of Cardiovascular Diseases. [Mitochondria serve as
the central regulatory organelle in ferroptosis, exerting a dual critical role as both initiator and executor throughout its progression. Through the coordinated integration of energy
metabolism, iron handling capacity, and lipid metabolic homeostasis, mitochondria precisely govern the triggering threshold of ferroptosis—including the critical concentrations of
the intracellular labile iron pool (LIP) and phospholipid hydroperoxides (PLOOH)—and function as the key hub linking iron metabolic disorders to myocardial injury in
cardiovascular diseases. As a primary initiator of ferroptosis, the mitochondrial tricarboxylic acid (TCA) cycle and electron transport chain (ETC) represent the principal
intracellular sources of reactive oxygen species (ROS). Electrons leaking from the ETC are converted by superoxide dismutase (SOD) into hydrogen peroxide (H,O,), which reacts
with free Fe?* through the Fenton reaction to generate highly reactive hydroxyl radicals (<OH), thereby directly initiating the lipid peroxidation cascade in polyunsaturated fatty acids
(PUFAs). At the same time, mitochondrial fatty acid B-oxidation supplies abundant substrates for lipid peroxidation, while metabolic enzymes such as citrate synthase (CS) and acyl-
CoA synthetase family member 2 (ACSF2) regulate fatty acid activation and synthesis. The AMPK signaling pathway further amplifies PUFA production, collectively modulating
cellular susceptibility to ferroptosis. Dysregulation of glutaminolysis additionally lowers the ferroptosis triggering threshold and exacerbates oxidative stress injury. As the ultimate
executor of ferroptosis, mitochondrial iron overload directly drives the Fenton reaction in situ, amplifying whole-cell oxidative stress and lipid peroxidation. This is accompanied by
the characteristic morphological changes of ferroptosis—increased mitochondrial membrane density, cristae rupture and shrinkage, and outer membrane rupture—ultimately
leading to mitochondrial functional collapse and irreversible loss of cellular homeostasis. The figure comprehensively illustrates the full-chain regulatory network through which
mitochondria participate in ferroptosis and delineates the key molecular nodes at which mitochondrial metabolism, iron handling, and oxidative stress control the ferroptosis
threshold. It thereby provides an essential theoretical framework for understanding the pathological mechanisms of ferroptosis-mediated cardiovascular diseases, including
myocardial ischemia-reperfusion injury, heart failure, atherosclerosis, and cardiomyopathy, as well as for developing novel prevention and treatment strategies targeting the
mitochondria—ferroptosis axis. The figure was created with BioRender.

ROS via biosynthesis of reductive molecules, and (2) generation of antioxidants that react with lipid peroxides, offering multi-
targeted regulation of ferroptosis.

Ferroptosis and Subcellular Organelles

Ferritinophagy, a selective autophagic degradation of ferritin, contributes to iron release and oxidative injury. This process is
mainly executed by lysosomes, where ferritin—comprising FTH1 and FTL1 —undergoes proteolytic breakdown.*®* NCOA4,
a conserved C-terminal domain-containing coactivator, recognizes FTH1 and facilitates its interaction with lysosomes,

promoting ferritin degradation and iron mobilization,>® which exacerbates oxidative damage. Lipophagy, a selective
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autophagic process involving lysosomal degradation of lipid droplets, also influences ferroptosis.** The small GTPase
RAB7A, a member of the RAS oncogene family, is essential for this process. Lipid droplets store PUFAs in the form of
triacylglycerols (TAGs), effectively segregating them from membrane phospholipids and preventing lipid peroxidation.
Therefore, lipid droplet sequestration protects against ferroptosis. However, lipophagy-induced degradation of lipid droplets
promotes PUFA release and enhances ferroptosis. Mitochondrial dysfunction is also closely associated with ferroptosis.
Morphological changes—including mitochondrial shrinkage, cristae loss, and membrane permeabilization—are hallmarks of
ferroptotic injury.*' Notably, mitochondrial-targeting compounds such as XJB-5-131 and JP4-039 exhibit protective effects
against ferroptosis. Moreover, mitochondrial metabolism actively participates in ferroptosis. The TCA cycle and electron
transport chain enhance cystine deprivation-induced ferroptosis, whereas loss of fumarate hydratase activity inhibits this
process.*? Oligomerization of voltage-dependent anion channels (VDACs) leads to mitochondrial dysfunction and promotes
ferroptosis.** In summary, Ferroptosis is a highly regulated and complex form of cell death governed by iron metabolism, lipid
peroxidation, and redox control. Understanding the molecular determinants of ferroptosis—particularly the roles of iron-
handling proteins, lipid-modifying enzymes, and redox-sensitive transcription factors—is critical for uncovering new
therapeutic targets in cardiovascular diseases. As research continues to reveal the intricate crosstalk between ferroptosis
and various subcellular compartments, it becomes increasingly evident that targeting ferroptosis may offer novel strategies for
cardioprotection and vascular health. To clarify the key regulatory role of ferritinophagy in the ferroptosis pathway, we
summarized the pathogenic mechanism of ferritinophagy in ferroptosis (Figure 4). This figure systematically illustrates the
initiation, execution process of ferritinophagy and its molecular link with ferroptosis, providing a critical theoretical basis for
exploring the targeted intervention of ferritinophagy to inhibit ferroptosis.

Role and Mechanisms of Ferroptosis in Cardiac Diseases
Emerging evidence indicates that ferroptosis plays a critical role in the development and progression of cardiovascular
diseases (CVDs). This section focuses on the mechanistic involvement of ferroptosis in various cardiac pathologies,
including heart failure (HF), myocardial ischemia—reperfusion (I/R) injury, diabetic cardiomyopathy (DCM), doxorubicin
(DOX)-induced cardiotoxicity, sepsis-associated myocardial dysfunction, and arrhythmias.

Ferroptosis in Heart Failure

Heart failure (HF) is a severe clinical syndrome resulting from structural or functional impairments of the heart, often
representing the end-stage manifestation of diverse cardiac diseases.** With increasing global aging and rising prevalence of
metabolic comorbidities such as obesity, hypertension, and diabetes, the number of patients with heart failure with preserved
ejection fraction (HFpEF) continues to grow, becoming the predominant HF subtype. Despite its high morbidity and mortality,
effective therapeutic strategies remain limited due to the complex pathophysiology of HF.** Tron overload has been linked to
increased reactive oxygen species (ROS) generation, which attacks genomic material, promotes lipid peroxidation (LPO),
disrupts endogenous antioxidant defenses, and reduces glutathione (GSH) levels—hallmarks of ferroptosis.'> These oxidative
stress responses contribute to a systemic pro-inflammatory state that damages cardiomyocytes and impairs cardiac function.
The interplay between inflammation, ferroptosis-related redox imbalance, and HF suggests a potential role for ferroptosis in
disease progression. Indeed, iron dyshomeostasis can induce ferroptotic cell death through lipid peroxidation, oxidative stress,
and inflammatory pathways, thereby contributing significantly to HF pathogenesis.*’

Iron Dyshomeostasis and Heart Failure

Endothelial cell injury is a key initiating event in myocardial inflammation. Most HF patients exhibit impaired microvascular
function in the coronary circulation,*® and ferroptosis has been implicated in endothelial dysfunction. Iron overload
contributes to ROS overproduction, leading to mitochondrial damage and compromised endothelial integrity.*’ Excess free
Fe** in the cytoplasm increases ROS levels, impairing mitochondrial function and promoting endothelial dysfunction.
Furthermore, studies have shown that iron overload not only induces apoptosis but also facilitates ferroptosis, accelerating
endothelial calcification.*® While ROS may serve physiological roles at low concentrations, excessive ROS production
combined with inadequate antioxidant capacity promotes HF progression. As one of the primary sources of ROS, iron
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metabolism, antioxidant defense, and lipid metabolism—while providing a comprehensive illustration of the molecular mechanisms by which iron homeostasis imbalance
drives ferroptosis and contributes to the onset and progression of various cardiovascular diseases. It thereby offers a central theoretical framework for understanding the
multifaceted roles of ferroptosis in cardiovascular pathology. In the iron metabolism pathway, cells internalize transferrin-bound iron (TF-Fe**) via transferrin receptor | (TFRI),
followed by reduction to Fe** by STEAP3. Additional iron uptake occurs through direct import of Fe?* via SLC39A14 and heme degradation mediated by heme oxygenase |
(HOI), collectively replenishing the intracellular labile iron pool (LIP). Hepcidin and RNF217 negatively regulate cellular iron export by promoting the degradation of ferroportin
(FPN), while NCOA4-mediated ferritinophagy degrades ferritin to release Fe?*, thereby further amplifying iron overload. Excess Fe?* generates large amounts of reactive
oxygen species (ROS) through the Fenton reaction, serving as the primary trigger of ferroptosis. The antioxidant defense pathway involves the cystine/glutamate antiporter
(System Xc', negatively regulated by p53), which imports cysteine for glutathione (GSH) synthesis. GSH maintains the activity of glutathione peroxidase 4 (GPX4), the key
enzyme that suppresses lipid peroxidation. The NRF2-KEAP| pathway and NOXs-NADPH axis coordinately regulate the antioxidant system, while ferroptosis suppressor
protein | (FSP1) provides an independent parallel defense by regenerating CoQ 1oH,. In the lipid metabolism pathway, polyunsaturated fatty acids (PUFAs) are activated by
ACSL4 and esterified by LPCAT3 to form membrane-bound polyunsaturated fatty acid-containing phospholipids (PUFA-PLs). These undergo lipid peroxidation catalyzed by
lipoxygenases (LOXs) and POR, constituting the core execution step of ferroptosis. When iron overload, antioxidant system impairment, and accumulation of lipid peroxidation
substrates act synergistically, they trigger amplified lipid peroxidation cascades that ultimately initiate ferroptosis. Excessive activation of ferroptosis drives the onset and
progression of multiple cardiovascular diseases, including atherosclerosis, hypertrophic cardiomyopathy, ischemic heart disease, and dilated cardiomyopathy. By clearly depicting
the full regulatory network of ferroptosis and its pathological links to cardiovascular diseases, the figure establishes a solid theoretical foundation for the development of novel
therapeutic strategies targeting the ferroptosis—iron homeostasis axis in cardiovascular disease. The figure was created with BioRender.
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generates hydroxyl radicals via Fenton chemistry and functions as a cofactor for several enzymes involved in LPO. Therefore,
iron-induced endothelial dysfunction may be a key contributor to HF pathophysiology.

Macrophage Iron Overload Promotes Myocardial Inflammation and Fibrosis

Cardiac macrophages play a central role in maintaining iron homeostasis under normal conditions by phagocytizing aged
erythrocytes and recycling iron.*’ During HF, injured cardiomyocytes release hemoglobin, increasing local iron availability
and promoting macrophage iron uptake.*’ Iron-loaded macrophages exhibit altered polarization dynamics: they display
elevated M1 markers and reduced M2 phenotypes, exacerbating inflammation and fibrotic remodeling.”® Excess ROS
generated by iron overload enhances the activity of p300/CBP acetyltransferase, leading to p53 acetylation and promoting
M1 polarization of macrophages.”’ These findings reinforce the hypothesis that iron-overloaded macrophages drive myo-
cardial inflammation and fibrosis, thus contributing to HF progression. Moreover, ferroptosis-related modulators and
pharmacological agents have been shown to influence cardiac fibrosis. Mixed-lineage kinase 3 (MLK3) regulates oxidative
stress through NF-kB/NLRP3 and INK/p53 signaling, inducing ferroptosis and fibrosis during late-stage chronic HF.>* These
data underscore the importance of targeting ferroptosis to mitigate maladaptive remodeling in failing hearts.

Lipid Peroxidation and Heart Failure

Obesity and dysregulated lipid metabolism are major contributors to HF development. Adiponectin receptor agonists improve
myocardial fatty acid oxidation and reduce fatty acid transport, thereby attenuating fibrosis and ameliorating HF progression in
mouse models.”® Lim et al demonstrated that elevated nitric oxide (NO) levels—driven by inducible nitric oxide synthase (iNOS)
upregulation—induce nitrosative stress and promote lipid peroxidation, contributing to ferroptosis and HF pathology.>* Further
investigation revealed that the NO-driven Xbpls-FoxO1 axis is crucial in HF pathogenesis. Genetic depletion of FoxO1 or
overexpression of spliced Xbpls improves diastolic dysfunction and exercise tolerance in HF mice, while reducing myocardial
lipid accumulation.”>> Additionally, increased levels of H,O, and MDA, a terminal product of LPO, were observed in obese HF
rat models,”® reinforcing the role of lipid peroxidation in HF progression. These findings suggest that LPO serves as a key driver
in HF pathophysiology, linking iron metabolism, oxidative stress, and ferroptosis into a unified mechanism.

Targeting Ferroptosis as a Therapeutic Strategy for Heart Failure

Ferroptosis is characterized by iron overload, accumulation of lipid peroxidation products, and unsaturated fatty acid metabolism.
Notably, this form of cell death cannot be inhibited by classical apoptotic or necrotic inhibitors, underscoring its unique molecular
signature and therapeutic potential in HF.>” The SGLT2 inhibitor empagliflozin exerts beneficial effects through multiple
mechanisms, including suppression of inflammation, reduction of oxidative stress, improvement of endothelial and cardiomyo-
cyte function, and attenuation of ventricular stiffness and remodeling.”® Empaglifiozin suppresses ferroptosis in DOX-treated
mouse hearts by modulating NLRP3 and MyD88-related pathways, thereby improving myocardial inflammation and fibrosis and
restoring cardiac function.”® Similarly, the antidiabetic drug iglitin was found to enhance GPX4 expression, alleviate lipid
peroxidation, and protect against ferroptosis in HF models.>® Iglitin also reduces body weight, visceral fat deposition, and
systemic inflammation while improving glucose tolerance, further supporting its dual benefits in HF treatment. Proteomic
analysis by Ma et al showed that the SGLT?2 inhibitor canagliflozin exerts its protective effect in HF rats primarily through
inhibition of ferroptosis, suggesting that targeting ferroptosis may represent a novel and viable therapeutic approach.®’

Modulation of Iron Metabolism for Heart Failure Therapy

Iron deficiency is a frequent comorbidity in HF patients. Supplementation with iron carboxymaltose improves ferritin levels,
enhances endothelial function, and alleviates diastolic dysfunction, highlighting the importance of iron balance in HF
management.®’ Fang et al further demonstrated that ferritin —a key regulator of cardiac iron homeostasis—protects cardiomyo-
cytes from ferroptosis.® Given the role of cardiac fibrosis in diastolic dysfunction and HF progression, molecules like SIRT3
(silent information regulator 3) emerge as promising therapeutic targets. SIRT3 deletion exacerbates ferroptosis and reduces
GPX4 expression in HF mice.”> Conversely, apelin, an endogenous ligand of the APJ receptor, inhibits ferroptosis by modulating
the IL-6/STAT3/GPX4 pathway, thereby protecting against angiotensin II-induced microvascular endothelial injury, fibrosis, and
contractile dysfunction.** Additionally, long-term administration of levosimendan, a calcium sensitizer used in acute HF, reduces
ferroptosis and improves cardiac function in animal models of metabolic syndrome, including obesity and hypertension.**
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Antioxidants such as a-lipoic acid neutralize multiple ROS species, chelate transition metals, and regenerate endogenous
antioxidants such as GSH, vitamin C, and vitamin E, offering protection against ferroptosis-mediated cardiac injury.**
Lipocalin, a member of the adipokine family, interacts with various intracellular signaling pathways to regulate ventricular
remodeling.®® Studies show that adiponectin deficiency exacerbates susceptibility to diastolic HF and ventricular dysfunction,®®
indicating that lipid-binding factors may act as upstream regulators of ferroptosis and HF progression. In summary, ferroptosis
plays a pivotal role in the pathogenesis of cardiovascular diseases. Targeting ferroptosis offers a promising avenue for developing
novel therapies for HF and related cardiac disorders. As HF prevalence rises alongside increasing morbidity and mortality, few
interventions have proven effective. However, emerging evidence demonstrates that ferroptosis inhibition via canagliflozin and
other agents represents a new frontier in HF research. Understanding the causal relationship between ferroptosis and HF, and
identifying precise regulatory mechanisms, will be essential for advancing targeted therapeutics in the clinic.

Ferroptosis in Myocardial Ischemia—Reperfusion Injury

Myocardial infarction is a leading cause of global mortality, driven by the pathophysiological process of coronary artery
occlusion and subsequent myocardial ischemia.®” Timely reperfusion through thrombolytic therapy or percutaneous coronary
intervention (PCI) remains the most effective strategy for salvaging ischemic myocardium and limiting infarct size.®’
However, reperfusion itself can induce additional injury—termed myocardial ischemia-reperfusion (I/R) injury, which
contributes to cardiomyocyte death via multiple mechanisms, including necrosis, apoptosis, autophagy, and increasingly
recognized, ferroptosis.”® Despite advances in treatment, effective interventions that mitigate I/R injury remain limited,
making it a major focus in cardiovascular research. MI/R injury comprises four key pathological components: reperfusion
arrhythmias (RA), myocardial stunning, microvascular obstruction (MVO), and lethal reperfusion injury, all primarily linked
to oxidative stress, inflammation, calcium overload, mitochondrial permeability transition pore (mPTP) opening, and rapid pH
normalization during reperfusion.®’ During early reperfusion, massive ROS production disrupts redox homeostasis and leads
to various toxic effects. Excess ROS initiates lipid peroxidation, compromising membrane integrity and cellular function.
Additionally, ROS activates NF-kB, triggering inflammatory cascades that amplify tissue damage.”®’" Although several
antioxidant therapies—including vitamin C/E, polyphenols, ascorbic acid, N-acetylcysteine, and deferoxamine (DFO) —have
been tested clinically, their efficacy remains inconsistent, highlighting the need for more targeted approaches.®” Inflammatory
responses triggered by MI/R are typically sterile, initiated by damaged myocytes releasing chemokines that recruit neutrophils
into the infarcted area.”® Neutrophil activation results in the release of multiple cytokines and reactive species. While this
response aids in clearing debris and initiating wound healing, it also exacerbates inflammation through damage-associated
molecular pattern (DAMP) signaling, further damaging cardiac tissue. Activated neutrophils generate NADPH oxidase-
derived ROS, respiratory bursts, and myeloperoxidase, contributing to oxidative injury and secondary cell death.”® Calcium
overload is another hallmark of MI/R injury. During ischemia, oxygen depletion forces cells to rely on anaerobic glycolysis,
causing H" accumulation and Na'/H" exchanger overactivation. This promotes excessive Na* influx, which subsequently
drives Ca®" entry via the Na'/Ca®" exchanger. Upon reperfusion, extracellular H' removal increases the transmembrane
proton gradient, and sarcoplasmic reticulum Ca>" pumps enhance cytosolic Ca>* levels.”* Elevated intracellular Ca®" induces
mitochondrial permeability transition pore (mPTP) opening, leading to mitochondrial depolarization, release of apoptogenic
factors, and ultimately cardiomyocyte death. In parallel, Ca®" overload activates calpains, proteases that degrade myofibrils
and worsen myocardial injury.”> The mPTP—a non-selective channel located between the inner and outer mitochondrial
membranes—undergoes structural and functional changes upon opening, such as increased permeability, loss of membrane
potential, disruption of the electron transport chain, matrix swelling, and membrane rupture.” Under normal ischemic
conditions, mPTP remains closed but opens rapidly upon reperfusion in response to Ca®" overload, oxidative stress, ATP
depletion, and pH recovery. Pharmacological inhibition of mPTP—such as with the immunosuppressant cyclosporin A (CsA)
—can reduce infarct size by approximately 40-50% when administered at the onset of reperfusion.”* Moreover, strategies
such as acidic buffer perfusion, Na'/H" exchange inhibitors, or ischemic post-conditioning can effectively limit mPTP

opening and Ca”>" overload, thereby reducing MI/R injury.”*
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Role of Antioxidant Systems in Ferroptotic Cell Death During MI/R Injury

Oxidized phospholipids, particularly oxidized phosphatidylethanolamine (PEox), serve as predictive biomarkers of ferropto-
sis. Using gas cluster ion beam secondary ion mass spectrometry (GCIB-SIMS), Sparvero et al directly detected PEox in
HOC2 cells, providing direct evidence of ferroptosis in cardiomyocytes.”” Experimental studies have confirmed that ferrop-
tosis occurs during reperfusion and intensifies with prolonged reperfusion time,”® while clinical data show that pre-reperfusion
administration of deferoxamine (DFO) significantly reduces oxidative stress and improves cardiac function in both chronic
coronary artery disease (CAD) and ST-segment elevation myocardial infarction (STEMI) patients.”” These findings collec-
tively indicate that ferroptosis plays a central role in MI/R injury, supported by both preclinical models and human clinical
observations. As a critical upstream antioxidant enzyme, GPX4 regulates ferroptosis and oxidative stress. In rat MI/R models,
Fe" and MDA levels rise progressively with reperfusion duration, whereas GPX4 expression declines.”® Administration of
liproxstatin-1, a specific ferroptosis inhibitor, elevates GPX4 levels and suppresses ferroptosis, attenuating reperfusion injury.
The tumor suppressor p53 is upregulated during MI/R injury. p53 acts on SLC7A11, suppressing the system Xc —GSH-GPX4
axis and inducing ferroptosis.”” The deubiquitinase USP22 counteracts p53 activity by modulating SIRT1, a NAD"-dependent
deacetylase, thereby inhibiting ferroptosis and offering protection against MI/R injury.”” Another major regulator, Nrf2,
functions as a master transcription factor in antioxidant defense. Activation of Nrf2-related pathways has shown protective
effects in MI/R injury. For example, etomidate enhances nuclear translocation of Nrf2 and upregulates its downstream target
heme oxygenase-1 (HO-1), activating the Nrf2/HO-1 pathway, increasing GSH activity, and restoring GPX4 expression to
inhibit ferroptosis and reduce myocardial injury.”® However, some studies suggest that HO-1 may paradoxically promote
ferroptosis by increasing intracellular iron availability and facilitating erastin-induced lipid peroxidation in cancer cells.”® This
dual role underscores the complexity of redox regulation and highlights the importance of context-dependent modulation of
ferroptosis in MI/R injury.

Iron Overload and Ferroptosis in MI/R Injury

Iron dyshomeostasis is a key contributor to ferroptosis in MI/R injury. DNA methyltransferase 1 (DNMT1) suppresses
NCOA4-mediated ferritinophagy, thereby reducing intracellular iron levels and limiting ferroptotic damage.*” Beyond ferritin,
other iron-handling proteins contribute to MI/R injury. In hypoxia/reoxygenation (H/R) models, exosomal regulation of TFR1
has been observed. Exosomes inhibit TfR I expression, reduce iron uptake, and alleviate H/R-induced cardiomyocyte injury.®’
In rat MI/R models, the USP7—p53—-TFR1 axis is activated: I/R injury upregulates USP7, stabilizes p53 by reducing its
ubiquitination, and enhances TFR1 expression, thereby promoting iron uptake and ferroptosis.* Hepcidin, an endogenous
regulator of systemic iron homeostasis, controls ferroportin (FPN1) degradation and thus intracellular iron retention. Hepcidin
expression is elevated under ischemic and hypoxic conditions, likely regulated by hypoxia-inducible factor (HIF) signaling.®®
These findings highlight the dynamic regulation of iron metabolism during MI/R injury and suggest that targeting hepcidin or
iron transporters may offer therapeutic benefits.

Lipid Peroxidation and Ferroptosis in MI/R Injury

Lipid metabolic dysregulation is a core feature of MI/R injury. Key enzymes involved in lipid peroxidation, such as ACSL4
and LPCAT3, are significantly upregulated in I/R myocardial tissue.** Inhibition of ACSL4 ubiquitination and degradation
markedly alleviates ferroptosis and protects against MI/R injury. Lipoxygenases (ALOX15) catalyze arachidonic acid (AA)
oxidation, promoting lipid peroxidation and ferroptosis. ALOX15 is upregulated following I/R injury, generating 15-hydro-
peroxy-eicosatetraenoic acid (15-HpETE)—a critical intermediate in AA oxidation. 15-HpETE promotes PGC-1a ubiquitina-
tion, impairing mitochondrial lipid peroxidation, morphology, and function, ultimately triggering ferroptosis.®® Targeted
inhibition of ALOX15 significantly restores PGC-1a protein levels, suppresses ferroptosis, and improves cardiac function
after reperfusion.

Endoplasmic Reticulum Stress in Ferroptosis During MI/R Injury

The endoplasmic reticulum (ER) serves as a central hub for protein synthesis, folding, and modification. Under ischemic and
hypoxic conditions, accumulation of unfolded or misfolded proteins activates the unfolded protein response (UPR), a
signaling cascade known as ER stress (ERS).® Artesunate (ART), a ferroptosis inducer, interacts with the ATF4-mediated
UPR, enhancing ferroptosis through the ATF4-CHOP-PUMA-—p53 pathway, which promotes lipid peroxidation and triggers
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ferroptosis in liver cancer cells.*® Recent findings demonstrate that ER stress is enhanced during MI/R injury and contributes
to myocardial damage. Notably, ferrostatin-1 administration significantly reduces ERS and cardiomyocyte death, indicating a
role for ERS in ferroptosis and cardiac injury.®’

Inflammation and Ferroptosis in MI/R Injury

Following myocardial infarction, DAMPs activate the nod-like receptor pyrin domain-containing 3 (NLRP3) inflamma-
some, which matures and releases pro-inflammatory cytokines such as IL-1p and IL-18, driving sterile immune
activation.”' Immunohistochemical staining of human coronary artery specimens shows that NLRP3 expression corre-
lates positively with PTGS2 (COX-2) and ACSL4 levels, both of which are core mediators of ferroptosis.®® Inhibiting
ferroptosis with Ferrostatin-1 significantly reduces NLRP3 activation and myocardial injury.*® A recent study in porcine
models of post-cardiac arrest syndrome similarly found that NLRP3 inhibition decreases ferroptosis and limits myocar-
dial damage, reinforcing the link between inflammation and ferroptosis.”” DAMPs also signal through Toll-like receptor
4 (TLR4) to activate NF-xB, inducing a cascade of inflammatory cytokine release. Multiple studies have established that
ferroptosis is tightly integrated with NF-kB signaling. Dimethyl fumarate (DMF), an Nrf2 activator, enhances the
expression of HO-1, NQO1, and GPX4 through the Nrf2/ARE/NF-kB axis, increasing cellular resistance to ferroptosis.”’
These findings support the concept that anti-inflammatory and antioxidant strategies targeting ferroptosis can provide
significant myocardial protection during I/R injury.

Ferritinophagy and Autophagy-Mediated Ferroptosis in MI/R Injury

Autophagy, particularly ferritinophagy, has emerged as a key mediator of ferroptosis in MI/R injury. Embryonic lethal
abnormal vision-like protein 1 (ELAVLI1) and AMP-activated protein kinase (AMPK) regulate ferritinophagy and
ferroptosis during I/R.°*"* ELAVLI, transcriptionally activated by forkhead box protein C1 (FoxC1), binds Beclin-1
mRNA and promotes autophagy, thereby accelerating ferroptosis and exacerbating myocardial injury.”’ AMPK similarly
regulates Beclin-1 and induces autophagy in an mTOR-independent manner.”> AMPK-mediated autophagy enhances iron
mobilization and lipid peroxidation, worsening ferroptosis and reperfusion injury.”” Moreover, mTOR signaling inter-
sects with iron metabolism by modulating transferrin receptor 1 (TfR1) and iron export. Thus, these regulatory pathways
not only influence autophagy but also affect iron handling and ferroptotic susceptibility. Collectively, these findings
suggest that targeting autophagy-induced ferroptosis could represent a novel therapeutic approach for MI/R injury.

In summary, ferroptosis, a form of regulated cell death dependent on iron and lipid peroxidation, actively participates in
myocardial ischemia—reperfusion (MI/R) injury through multiple interconnected mechanisms involving antioxidant defenses,
iron metabolism, lipid peroxidation, ER stress, and inflammatory signaling.®”"> Despite progress in understanding these
processes, many questions remain regarding how best to intervene therapeutically. Key regulators such as Nrf2 exhibit dual
roles in redox balance and ferroptosis control, necessitating further mechanistic exploration. Additionally, ferroptosis often
overlaps with other forms of regulated cell death, emphasizing the need for selective targeting strategies. Future investigations
should focus on: (1) Elucidating the causal relationship between ferroptosis and MI/R injury; (2) Identifying robust and
specific ferroptosis biomarkers; (3) Developing tissue-targeted delivery systems for iron chelators and antioxidants; (4)
Integrating multi-omics and Al-based drug discovery to identify novel ferroptosis modulators; (5) Exploring combinatorial
therapies that synergistically inhibit ferroptosis and other death pathways. By dissecting the complex interplay among iron
metabolism, lipid oxidation, and redox signaling, we can refine therapeutic strategies to improve outcomes in patients
undergoing reperfusion therapy for acute myocardial infarction. To clarify the specific regulatory role of ferroptosis in
myocardial I/R injury, we summarized the interaction mechanism between ferroptosis and myocardial I/R injury (Figure 5).
This figure systematically illustrates the induction of ferroptosis during myocardial I/R and its pathological effects on
myocardial tissue, providing a targeted direction for the prevention and treatment of myocardial I/R injury.

Ferroptosis and Atherosclerosis

Atherosclerosis (As) is a chronic inflammatory disease that serves as a common pathological basis for multiple cardiovascular
and cerebrovascular disorders.”® Its progression involves lipid deposition, immune cell infiltration, and sustained oxidative
stress, culminating in the formation of fatty streaks, fibrous plaques, and advanced lesions characterized by intraplaque
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injury, while highlighting key targeted intervention nodes. In doing so, the figure provides a theoretical framework for understanding the role of ferroptosis in cardiovascular
diseases and for developing preventive and therapeutic strategies against I/R injury. The figure was created with BioRender.

hemorrhage, rupture, and thrombosis. The interplay of various cellular and molecular mechanisms contributes to its complex-
ity, posing major challenges for diagnosis and treatment.

Endothelial Cells and Ferroptosis

Endothelial dysfunction represents the initiating event in atherosclerosis development. Altered endothelial permeability
facilitates the translocation of circulating low-density lipoprotein (LDL) into the subendothelial space, where iron overload
—via ROS generation—converts LDL into oxidized LDL (ox-LDL), a key pathogenic factor in As.”> Recent studies have
demonstrated that ferroptosis is a critical regulator of endothelial function during atherogenesis. Bai et al showed that ox-LDL
treatment of mouse aortic endothelial cells (MAECs) induces ferroptosis-like changes, including elevated expression of
GPX4, SLC7A11, and increased lipid peroxidation, similar to Erastin-induced ferroptosis.”® Administration of the specific
ferroptosis inhibitor Ferrostatin-1 (Fer-1) significantly reduced iron content and lipid peroxidation levels, restored cellular
viability, and decreased cell death rates, suggesting that ferroptosis inhibition can ameliorate endothelial dysfunction and delay
As progression. Further evidence from PM2.5 exposure models also supports this link: PM2.5-treated endothelial cells exhibit
features of iron overload, GSH depletion, and upregulated SLC7A11—hallmarks of ferroptosis—that were reversed by Fer-1
and iron chelators.”” In vivo studies further confirm that ferroptosis mediates endothelial injury in As, while endothelial
progenitor cells (EPCs) improve endothelial function and reduce AS risk.”® In murine models, EPC-derived extracellular
vesicles deliver miR-199a-3p to endothelial cells, suppressing specificity protein 1 (Spl) and reducing GSH consumption,
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ROS production, lipid peroxidation, and iron accumulation, thereby inhibiting endothelial ferroptosis and delaying
atherogenesis.”® These findings collectively suggest that endothelial ferroptosis contributes to As pathology, and that targeting
this pathway may offer novel therapeutic opportunities.

Macrophages and Ferroptosis

Macrophages play a central role in As through their ability to polarize into distinct phenotypes under different microenviron-
mental stimuli. M1 macrophages are classically pro-inflammatory and accumulate around necrotic plaque cores, promoting
disease progression.””"'° Iron overload disrupts the balance between ROS generation and clearance, leading to excess ROS
that promotes M1 polarization and accelerates inflammation. Notably, anti-inflammatory M2 macrophages often transition
into M1 upon iron challenge, exacerbating inflammatory responses.'®' In vitro experiments demonstrate that coal dust-
induced macrophage death is associated with elevated Fe** and malondialdehyde (MDA) levels, reduced GSH/GSSG ratios,
and morphological signs of ferroptosis—all of which are mitigated by Fer-1."* Similarly, asbestos-exposed macrophages
treated with excess iron show increased mortality and classic ferroptotic mitochondrial alterations identified via transmission

electron microscopy.'®?

Macrophages internalize ox-LDL via scavenger receptors, transforming into foam cells that drive
plaque formation and instability.'®* Studies have shown that ox-LDL-induced foam cell death correlates with downregulation
of SLC7A11 and GPX4, along with elevated ROS and MDA levels, indicating that foam cells undergo ferroptosis.'” In late-
stage As, inflammatory cytokines induce macrophage release of matrix metalloproteinases, which degrade collagen fibers in
the fibrous cap, thinning it and increasing vulnerability to rupture.'® These data highlight that macrophage ferroptosis is an

integral component of As pathology, and that modulating this process may influence disease progression.

Vascular Smooth Muscle Cells and Ferroptosis

Vascular smooth muscle cells (VSMCs) are essential components of arterial walls, contributing to vessel stability through
extracellular matrix synthesis and structural integrity maintenance.'®” Their proliferation and migration into the intima participate
in early plaque formation. Experimental studies show that overexpression of antioxidant enzymes such as GPX3 and GPX4
enhances overall GPX activity, suppresses inflammation, and inhibits VSMC proliferation.'®® Smoking is an independent risk
factor for As. Exposure of primary rat VSMCs to cigarette smoke extract leads to GSH depletion, GPX4 inactivation, and other
ferroptotic markers—effects that can be reversed by Fer-1 and iron chelators.'® This suggests that smoking may promote As
through VSMC ferroptosis. ROS and lipid peroxidation products generated during ferroptosis alter VSMC behavior. Excess ROS
induces oxidative stress and promotes a macrophage-like transformation of VSMCs, enhancing their migration into the intima
and participation in unstable plaque formation.''® Electrophilic end-products of lipid peroxidation, such as 4-hydroxynonenal (4-
HNE) and acrolein, induce excessive autophagy in VSMCs, leading to cell death and fibrous cap thinning, which increases
plaque fragility and rupture risk.''" While these observations indicate that ferroptosis contributes to As lesion development and
destabilization, definitive mechanistic links remain elusive. Some studies suggest that ferroptosis may slow As progression by
inducing foam cell death, whereas others show that it accelerates As by damaging endothelial structure and function. These
seemingly contradictory effects imply that ferroptosis exerts dual roles in As depending on disease stage. Whether these opposing
outcomes arise from a single or multiple pathways remains to be determined.

Therapeutic Strategies Targeting Ferroptosis in Atherosclerosis

Given that ferroptosis is an iron-dependent form of regulated cell death driven by excessive lipid hydroperoxide accumulation
and redox imbalance, iron chelators offer a promising strategy for intervention. Deferasirox, a clinically approved iron-
lowering agent, has been used in hereditary hemochromatosis and Friedreich ataxia patients, where combined therapy with
idebenone—a coenzyme Q10 analog—reduces cardiac hypertrophy, a major cause of mortality in Friedreich ataxia.''?
Another iron chelator, dexrazoxane, a cyclic derivative of EDTA, crosses the cell membrane and reduces labile iron pools,
demonstrating cardioprotective effects in experimental models.''* Tanshinone ITA, a compound derived from Salvia miltior-
rhiza, protects vascular endothelial cells by activating the Nrf2 pathway, decreasing mitochondrial and cytosolic ROS, and
slowing As progression.''* Statins, widely used in cardiovascular medicine, also exert beneficial effects by inducing heme
oxygenase-1 (HO-1) and suppressing hepcidin expression, thereby maintaining iron homeostasis and improving clinical
outcomes.'" Clinical trials have evaluated QXJYG (Qingxin Jieyu Granule), a traditional Chinese medicine formulation,

showing reductions in cardiovascular events and inflammatory biomarkers in patients with stable coronary artery disease.''
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Mechanistically, QXJYG lowers LDL and triglyceride levels, stabilizes atherosclerotic plaques, and inhibits ferroptosis
through activation of the GPX4/xCT signaling axis, reducing iron concentration and oxidative stress.''” Moreover, angio-
tensin-converting enzyme 2 (ACE2) improves endothelial function and inhibits VSMC proliferation by modulating NF-«xB,
ERK1/2, and p38-MAPK pathways.''® Simvastatin combined with resistance training more effectively improves cardiac
function and reduces myocardial damage in heart failure patients than statin monotherapy alone—possibly through activation
of the JAK/STAT3 pathway, reduction of mitochondrial injury, and suppression of inflammation.''” Danggui Buxue Tang
(DBT), a classical TCM formula, alleviates mitochondrial dysfunction, reduces ROS, and inhibits both ferroptosis and
apoptosis via the HIF-1a signaling pathway, offering a novel approach to As management.'*® Collectively, these findings
support the concept that targeting lipid peroxidation and redox imbalance may represent a new strategy for As prevention and
treatment.

Therapeutic Potential of Ferroptosis Inhibitors in Atherosclerosis

Ferroptosis contributes to multiple pathological processes in As, making it an attractive target for therapeutic intervention.
Based on their mechanism of action, ferroptosis inhibitors can be categorized into two major classes: (1) Iron Chelators:
Agents such as deferoxamine mesylate, curcumin, and deferasirox inhibit ferroptosis by reducing intracellular Fe** levels and
blocking Fenton reaction-driven ROS generation.'*'"'?* Deferoxamine and deferoxamine mesylate have been shown to

123,124

alleviate As by regulating endothelial and macrophage ferroptosis, while curcumin exhibits anti-inflammatory proper-

ties, inhibits VSMC proliferation and migration, and activates GPX4, offering dual protection against both inflammation and

ferroptosis.'?

(2) Lipid Peroxidation Inhibitors: Small molecules such as Ferrostatin-1, Liproxstatin-1, and XJB-5-131 block
lipid peroxidation and reduce ROS levels, thereby preventing ferroptosis and downstream vascular injury.'*' For example,
Ferrostatin-1 suppresses lipid ROS and ox-LDL/Erastin-induced endothelial damage, reduces foam cell death, and ultimately
attenuates As progression.'?' Beyond small molecule inhibitors, several regulatory proteins involved in ferroptosis have been
implicated in As pathophysiology: (1) p53, a tumor suppressor gene, catalyzes glutaminolysis, depletes GSH, and sensitizes
cells to ferroptosis.'*® Iron overload in macrophages induces M1 polarization via ROS-mediated acetylation of p53,
reinforcing the idea that p53 acetylation is a potential therapeutic node for modulating macrophage polarization and As
severity. (2) Stearoyl-CoA desaturase 1 (SCD1) inhibition disrupts the mevalonate pathway, impairs GPX4 synthesis, and
promotes ferroptosis.'?” Additionally, SCD1 deficiency enhances lipid droplet-lysosome fusion via TFEB nuclear transloca-
tion, reducing foam cell formation.'*® Thus, pharmacological inhibition of SCD1 may offer a dual benefit by suppressing foam
cell survival and promoting ferroptosis. (3) Heat shock protein 90 (HSP90), a key chaperone in HSP family, promotes
ferroptosis by accelerating GPX4 degradation and lipid peroxidation.'***'*® Moreover, S-nitrosylation of HSP90 at Cys521, in
conjunction with CDC37/NF-kB signaling, enhances endothelial adhesion and dysfunction, potentially driving As progres-
sion. Therefore, HSP90 emerges as a potential druggable target in As, although its exact role in ferroptosis modulation requires
further investigation. In summary, Ferroptosis plays a multifaceted role in atherosclerosis, influencing endothelial dysfunction,
macrophage polarization, foam cell death, and VSMC abnormalities. While iron overload and lipid peroxidation are well-
documented triggers of ferroptosis in As, the detailed molecular mechanisms governing this process remain incompletely
understood.

Current therapeutic strategies include iron chelation, lipid peroxidation suppression, and redox system restoration, with
multiple compounds—including Fer-1, Liproxstatin-1, Nrf2 activators, and natural antioxidants like curcumin and tanshinone
ITA—showing promise in preclinical models.''*"''®!2!122 However, most of these interventions remain at the experimental
stage, requiring further validation in human cohorts. Emerging evidence also highlights interactions between ferroptosis and
other regulated cell death modalities, such as pyroptosis and autophagy, though no direct crosstalk has yet been reported in
As."?® Future studies should explore combinatorial approaches that integrate ferroptosis inhibition with modulation of
autophagy or inflammasome signaling, aiming to develop multi-targeted therapies for As. By dissecting the intricate network
linking iron metabolism, lipid oxidation, and antioxidant defenses, researchers can refine therapeutic strategies that specifi-
cally target ferroptosis and provide meaningful benefits for patients with atherosclerosis. To clarify the dynamic role of
ferroptosis in AS progression, we summarized the regulatory mechanism of ferroptosis in each stage of atherosclerosis
formation (Figure 6). This figure systematically illustrates the stage-specific association between ferroptosis and AS,
providing a theoretical basis for developing stage-targeted ferroptosis inhibitors to prevent and treat AS.
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lower panel inset legend). Red arrows (—) indicate positive regulation, activation, or promotion of pathological processes. Black solid arrows represent direct biochemical
reactions, metabolic conversions, and molecular interactions within pathways. Dashed arrows denote indirect effects or regulatory relationships. The figure systematically
illustrates how oxidized low-density lipoprotein (Ox-LDL), a central pathogenic factor in atherosclerosis, perturbs the four core regulatory pathways of ferroptosis through
multiple dimensions—iron metabolism, cyst(e)ine/GSH/GPX4, FSPI/CoQ10, and GCHI/BH4/DHFR—thereby amplifying the lipid peroxidation cascade and triggering
ferroptosis. It further delineates the complete pathological progression mediated by ferroptosis in atherosclerosis, from endothelial dysfunction and inflammatory activation
to foam cell formation, necrotic core development, and ultimately plaque instability with thrombus formation, while highlighting key targeted intervention nodes.
Collectively, the figure provides a robust theoretical framework for understanding the role of the ferroptosis—iron homeostasis axis in atherosclerosis and for developing
novel preventive and therapeutic strategies. The figure was created with BioRender.

Ferroptosis and Diabetic Cardiomyopathy
Diabetic cardiomyopathy (DCM) is defined by myocardial dysfunction—particularly impaired systolic and/or diastolic
function—in the presence of diabetes mellitus, independent of other known cardiovascular risk factors such as hyperten-

131

sion, coronary artery disease, or obesity. = Although DCM often coexists with these comorbidities, its pathophysiology

involves intrinsic metabolic disturbances, including altered substrate utilization, mitochondrial dysfunction, oxidative
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stress, and fibrosis, which collectively contribute to cardiac remodeling and progressive heart failure.'**'* In diabetic
hearts, downregulation and aberrant translocation of glucose transporter 4 (GLUT4) impair glucose uptake and utiliza-
tion, while increased fatty acid transport via cluster of differentiation antigen 36 (CD36) shifts myocardial metabolism
toward excessive fatty acid oxidation. This metabolic imbalance leads to lipid accumulation and production of advanced

glycation end products (AGEs),"**

which further exacerbate mitochondrial dysfunction, oxidative damage, and fibrotic
remodelling. Excess AGEs activate inflammatory pathways and promote collagen crosslinking, increasing myocardial
stiffness and impairing diastolic function. Additionally, AGEs disrupt calcium homeostasis by elevating ER Ca®" levels
and perturbing mitochondrial Ca*" handling, thereby affecting sarcoplasmic reticulum Ca®" reuptake and prolonging
action potential duration.'*> These pathological changes ultimately lead to cardiomyocyte death, inflammation, and
fibrosis, culminating in cardiac rigidity and heart failure. Although studies on ferroptosis in DCM are still limited,
emerging evidence suggests that it contributes to disease progression through mechanisms involving cardiomyocyte
death, oxidative stress, inflammation, and myocardial fibrosis.'*® Given the iron-dependent nature of ferroptosis and its
interplay with lipid peroxidation and redox regulation, targeting this pathway offers a promising strategy for mitigating
DCM-associated injury.

Ferroptosis and Metabolic Dysregulation in DCM

In diabetes, the primary energy substrate shifts from glucose to free fatty acids. However, fatty acid oxidation is less
efficient than glucose metabolism, and when supply exceeds mitochondrial capacity, toxic lipid metabolites accumulate,
leading to lipotoxicity and mitochondrial dysfunction.'?” Lipotoxicity directly impairs cardiomyocyte metabolism and
promotes cell death, playing a central role in DCM development. Under conditions of iron overload and elevated
lipoxygenase activity, polyunsaturated fatty acids (PUFAs) in cardiomyocyte membranes undergo peroxidation, initiating
ferroptosis. Key contributors to this process include iron accumulation, ROS overproduction, lipid overload, and
enhanced lipid peroxidation.'*® Zhang et al demonstrated that canagliflozin, an SGLT?2 inhibitor, can alleviate lipotoxicity
and inhibit ferroptosis in a high-glucose/high-fat (HG/HF) cardiomyocyte model (HL-1 cells)."*” In this model, reduced
cell viability was accompanied by elevated Fe?", ROS, and MDA levels, increased mitochondrial membrane potential,
and decreased GSH content. Treatment with ferrostatin-1 (Fer-1) reversed these effects, indicating that ferroptosis
contributes to HG/HF-induced myocardial injury. Canagliflozin also activated the LKB1/TAK1/AMPK signaling axis,
leading to restoration of cellular integrity and suppression of ferroptosis, highlighting its dual benefit in metabolic and
oxidative stress regulation. Further studies have shown that curcumin, a natural compound derived from turmeric,
alleviates ferroptosis and improves cardiac structure in streptozotocin (STZ)-induced DCM rabbits.'*® Histological
analysis revealed myocardial edema, disarrayed myocytes, lipid accumulation, and increased collagen deposition—
hallmarks of DCM—along with upregulated GPX4, suggesting active ferroptosis. Curcumin treatment restored GPX4
expression, suppressed lipid accumulation, and improved myocardial architecture in both in vivo and in vitro models.
Persistent hyperglycaemia promotes AGEs deposition in the extracellular matrix, where they induce collagen cross-
linking and myocardial stiffening. AGEs not only drive fibrosis but also interact with ferroptotic pathways. Wang et al
established an engineered cardiac tissue (ECT) model of DCM and found that AGE accumulation led to elevated
expression of ferroptosis markers such as PTGS2 (COX2) and MDA, along with reduced GSH and GSH/GSSG ratios.'*’
Administration of Fer-1 and DFO significantly ameliorated these changes. Moreover, sulforaphane, an Nrf2 activator,
inhibited ferroptosis in ECT and STZ-treated mice by enhancing ferritin and SLC7A11 expression, reinforcing the
importance of antioxidant defenses in DCM. Recent findings indicate that glucolipotoxicity may promote ferroptosis by
activating ACSL4 transcription, suppressing FSP1, and disrupting the Nrf2-regulated iron homeostasis network.'*’ This
molecular cascade enhances susceptibility to lipid peroxidation and ferroptosis, contributing to DCM progression.

Ferroptosis and Oxidative Stress in DCM

Chronic hyperglycaemia and insulin resistance alter cellular metabolism and increase ROS generation. The imbalance
between ROS production and antioxidant defense results in mitochondrial damage, functional impairment, and contractile
dysfunction.'*! Ferroptosis is closely linked to this oxidative environment. For instance, treating human pancreatic p-cells
with Erastin —a classical inducer of ferroptosis—reduces glucose-stimulated insulin secretion and induces significant ROS
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accumulation and oxidative damage, underscoring the role of ferroptosis in diabetes-related cell loss.'*? The heme oxygenase
(HO) system, which catalyzes heme into biliverdin, carbon monoxide, and Fe3+, also contributes to oxidative stress in DCM.
Hana et al showed that HO activation in diabetic rats increases ROS and facilitates iron release into the ER, promoting iron
overload and ferroptosis.'*® Wu et al demonstrated that 6-gingerol (6-G), a bioactive compound isolated from ginger, enhances
GPX4 expression in both DCM mouse models and HG-palmitate-treated HOC2 cardiomyocytes, reducing oxidative stress and
ferroptosis.'** 6-G also activates Nrf2, thereby promoting nuclear translocation of antioxidant genes such as HO-1 and SOD,
offering protection against ferroptosis and metabolic injury. Canagliflozin has also been shown to restore the system Xc —
GSH-GPX4 axis in DCM mice, downregulating TfR1 and FTHI, thus limiting iron influx and storage.'** Similarly,
schisandrin B, a lignan from Schisandra chinensis, exerts cardioprotection by activating the Nrf2/HO-1/GPX4 pathway,
attenuating oxidative stress and ferroptosis in diabetic hearts.'*® These data suggest that modulation of ferroptosis through
antioxidant systems and metabolic regulators may represent a novel approach to preventing oxidative damage in DCM.

Ferroptosis and Inflammatory Responses in DCM

Inflammation plays a key role in DCM pathogenesis by promoting cardiomyocyte apoptosis, fibrosis, and hypertrophy,
ultimately impairing contractility.*’ Ferroptosis itself can trigger necroinflammatory responses through lipid peroxidation and
release of damage-associated molecular patterns (DAMPs). Targeting ferroptosis to suppress inflammation presents a new
therapeutic opportunity in DCM. 6-G inhibits inflammation in diabetic hearts by modulating Nrf2/HO-1 signaling, reducing
ferritin secretion and inflammatory cytokine production.'** Zou et al demonstrated that deferiprone, a clinically approved iron
chelator, alleviates myocardial fibrosis in STZ-induced DCM rats by downregulating NF-kB, COX2, tenascin C, and collagen
type IV mRNA expression.'*® Masson’s staining confirmed reduced collagen deposition and improved myocardial organiza-
tion following 20 weeks of deferiprone administration. Myricitrin, another natural flavonoid, suppresses cardiac inflammation
in diabetic mice by inhibiting the IkBa/NF-«xB pathway and reducing the secretion of IL-1f3, TNF-a, and IL-6, suggesting that

anti-ferroptotic strategies may mitigate DCM progression by dampening inflammatory responses.'*’

Therapeutic Modulation of Ferroptosis in DCM

Targeting ferroptosis holds promise for delaying or reversing DCM pathology. GPX4 deficiency is associated with mitochon-
drial lipid peroxidation and cardiac hypertrophy in mice under high-fat diets, reinforcing its protective role in diabetic
myocardium."*® Antioxidants such as vitamin E and coenzyme Q10 improve diastolic dysfunction in diabetic animals,
supporting their use in DCM management. Heat shock factor 1 (HSF1) regulates iron homeostasis in cardiomyocytes. By
modulating TfR1, FTH, and SLC40A1 transcription, HSF1 preserves iron balance and reduces lipid peroxidation in palmitate-
treated HOC2 cells.'*® Canagliflozin, a sodium—glucose cotransporter 2 (SGLT2) inhibitor, protects against ferroptosis in
DCM models. In STZ-induced diabetic C57BL/6 mice, canagliflozin reduces myocardial disarray, lowers inflammation,
decreases collagen deposition, and restores mitochondrial morphology. In high-glucose-induced HOC2 cells, canagliflozin
reduces ROS, lipid ROS, and MDA levels; enhances SOD and GSH levels; suppresses total iron and Fe** accumulation;
downregulates FTH; and upregulates SLC7A11. These effects highlight the ability of canagliflozin to rebalance cardiac iron
homeostasis and inhibit ferroptosis via the SLC7A11-GPX4 axis.'*” Salidroside (SAL), a phenolic glycoside from Rhodiola
rosea, reduces blood glucose (BG) and ameliorates DCM in db/db mice.'>" SAL also reshapes the gut microbiome, increasing
beneficial bacterial strains and altering the Bacteroidetes/Firmicutes ratio, which correlates with improved BG control and
myocardial protection. Curcumin, through activation of the Nrf2 pathway, mitigates ferroptosis-induced myocardial damage
in DCM models.">* In DM mice, curcumin restores Nrf2, GPX4, and HO-1 expression, reduces cardiomyocyte disarray, and
reverses Erastin-induced injury, underscoring its multi-target protective mechanism. Sulforaphane, an AMPK/Nrf2 activator,
prevents ferroptosis and cardiac damage in DCM."*® In AGE-treated ECTs, sulforaphane increases cell viability, GSH levels,
and Nrf2, SLC7A11, and ferritin expression, while decreasing COX2, MDA, and iron content. In high-fat diet and STZ-
treated DM mice, sulforaphane activates AMPK/Nrf2 signaling, enhances SLC7A11 and ferritin, increases GSH/GSSG, and
suppresses COX2 and MDA, demonstrating broad efficacy in DCM prevention. Resveratrol, a stilbenoid polyphenol,
improves viability in HOC2 cells by upregulating HSF1, GPX4, and SLC7A11, while reducing MDA, ACSL4, and Fe’
* 15% Through HSF1-mediated suppression of ferroptosis, resveratrol protects against high-glucose-induced cardiomyocyte
injury. Schisandrin B also exhibits robust protection in STZ-induced diabetic mice by inhibiting ferroptosis and improving
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myocardial function.'*® Tt increases left ventricular ejection fraction (LVEF) and fractional shortening (LVFS), decreases
LVEDD, LVESD, fasting plasma glucose (FPG), heart weight, collagen volume fraction (CVF), and myocardial mortality, and
reduces serum LDH, CK-MB, and cTnl, as well as myocardial MDA, ROS, and Fe*" levels. Concomitant upregulation of
SOD, GSH-Px, Nrf2, HO-1, and GPX4 at both mRNA and protein levels supports the hypothesis that schisandrin B mediates
cardioprotection via ferroptosis inhibition and antioxidant enhancement, likely through activation of the Nrf2/HO-1/GPX4
pathway."”” Iron chelators such as deferoxamine (DFO) and ferroptosis inhibitors like ferrostatin-1 have been shown to protect
against cardiac injury in DCM models.'*® 6-G, a polyphenolic compound isolated from ginger, exhibits antioxidant, antitumor,
lipid-lowering, and glucose-lowering activities. In STZ-induced diabetic mice, 6-G improves cardiac function, attenuates
myocardial hypertrophy and interstitial fibrosis, and enhances ACSL4 degradation, GPX4 expression, and anti-inflammatory
signaling.'*’ Notably, 6-G activates Nrf2/HO-1/SOD signaling, enhances antioxidant defenses, and reduces MDA levels,
reinforcing its role in ferroptosis inhibition and DCM improvement. In summary, ferroptosis contributes to the pathogenesis of
diabetic cardiomyopathy through multiple interconnected mechanisms involving metabolic dysregulation, oxidative stress,
inflammation, and mitochondrial dysfunction. Recent studies have demonstrated that interventions targeting ferroptosis—
including GPX4 activation, iron chelation, Nrf2 induction, and AMPK stimulation —can significantly improve myocardial
structure and function in experimental DCM models. Therapeutic compounds such as canagliflozin, curcumin, sulforaphane,
resveratrol, salidroside, and schisandrin B exert protective effects by restoring redox balance, suppressing lipid peroxidation,
and modulating iron homeostasis. These findings support the notion that targeting ferroptosis represents a novel and effective
strategy for DCM intervention. Future research should focus on: (1) Identifying specific biomarkers of ferroptosis in DCM; (2)
Developing targeted delivery systems for cardiac-specific ferroptosis inhibition; (3) Validating these findings in large-scale
clinical cohorts; (4) Investigating the interplay between ferroptosis and other forms of regulated cell death in DCM. By
integrating mechanistic insights with translational approaches, we can advance our understanding of ferroptosis in DCM and
explore new avenues for precision therapy in diabetic heart disease.

Ferroptosis in Cardiotoxicity Induced by Anticancer Therapies

With advances in cancer therapy, patient survival has significantly improved; however, cardiotoxicity remains a major
limitation of many anticancer drugs, occurring at an incidence rate of 3-26%."*® This toxicity is the second leading cause
of morbidity and mortality among long-term cancer survivors after tumor recurrence. The most common classes of cardiotoxic
agents include chemotherapeutic drugs, such as anthracyclines (eg, doxorubicin), taxanes, platinum compounds, and
fluorouracil, as well as molecularly targeted therapies, including trastuzumab and lapatinib, and immune checkpoint
inhibitors."® Ferroptosis, a regulated form of iron-dependent cell death driven by lipid peroxidation, has emerged as a key
mediator of cardiotoxicity during antitumor treatment.'> Many anticancer strategies exploit ferroptosis to eliminate tumor
cells by suppressing antioxidant defenses—particularly the system X¢ —~GSH—GPX4 axis —yet these interventions often lack
tissue specificity and may inadvertently induce damage in non-malignant organs, particularly the heart.'> Thus, ferroptosis
represents a critical molecular mechanism underlying cardiac injury caused by antitumor therapies.

Cardiotoxic Mechanisms of Chemotherapeutic Agents via Ferroptosis

Doxorubicin (DOX) is one of the best-characterized inducers of ferroptosis in the myocardium. In both in vivo and in vitro
models—including neonatal rat ventricular myocytes (NRVMs)—DOX reduces GPX4 expression and promotes mitochondrial
lipid peroxidation through the formation of DOX—Fe** complexes, ultimately triggering mitochondrial-dependent ferroptotic
death.'®® Mitochondrial E3 ubiquitin ligase (MITOL) plays a protective role by regulating GSH metabolism and GPX4
expression to suppress lipid peroxidation. DOX-induced downregulation of MITOL leads to increased susceptibility to
ferroptosis in NRVMs.'®" Additionally, DOX activates Nrf2-mediated heme oxygenase-1 (HO-1) upregulation, which releases
labile iron and contributes to rapid systemic iron accumulation in mice.'? Protein arginine methyltransferase 4 (PRMT4) induces
Nrf2 methylation and restricts its nuclear translocation, thereby suppressing GPX4 transcription and exacerbating DOX-induced
cardiotoxicity.'® Conversely, tripartite motif-containing protein 21 (TRIM21), an E3 ubiquitin ligase, mediates p62 ubiquitina-
tion, inhibiting the p62-KEAP1-Nrf2 antioxidant pathway. TRIM21 knockout mice exhibit resistance to DOX-induced
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ferroptosis, highlighting its role in redox regulation. ~~ High mobility group box 1 (HMGB1), a damage-associated molecular

pattern (DAMP) molecule, enhances DOX-induced ferroptosis and cardiac injury in rats.'®* Similarly, 5-fluorouracil (5-FU)
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increases ROS levels in human cardiomyocytes, leading to oxidative stress and cellular damage.'®> In H9¢2 cardiomyocyte
models, 5-FU triggers ferroptosis characterized by reduced cell viability, elevated Fe*" levels, and lipid peroxidation—effects
associated with decreased ferritin heavy chain 1 (FTH1) and increased transferrin receptor 1 (TfR1) expression in both in vitro
and in vivo settings.'®® Arsenic trioxide (ATO) also induces ferroptosis in H9¢2 cells, marked by mitochondrial membrane
potential loss, ER stress, and ROS overproduction. Importantly, ferrostatin-1 (Fer-1) can mitigate ATO-induced cardiac injury by

reducing ROS generation, preserving mitochondrial function, and alleviating ER stress and autophagic damage,'®’

suggesting
that ferroptosis inhibition could serve as a viable cardioprotective strategy. Cyclophosphamide metabolites generate oxidative
stress and lipid peroxidation in cardiomyocytes, while reducing glutathione peroxidase activity, further implicating ferroptosis in

chemotherapy-related cardiac dysfunction.'®®

Cardiotoxic Mechanisms of Targeted Therapeutics via Ferroptosis

Sorafenib, a multikinase inhibitor, functions as a ferroptosis inducer by inhibiting system Xc ™ activity.'®” Its efficacy in cancer
models correlates with ACSL4 expression levels.'” In murine cardiac tissues, sorafenib reduces anti-ferroptotic markers such
as SLC7A11 and GPX4, increases MDA levels, and causes mitochondrial damage.'”" Fer-1 reverses sorafenib-induced lipid
peroxidation and structural injury in H9c2 cells, supporting the involvement of ferroptosis in its cardiotoxic profile.
Transcriptional activation of activating transcription factor 3 (ATF3) has been identified as a central mechanism linking
sorafenib exposure to ferroptosis in the heart.'’' In contrast, ATF4 protects against ferroptosis by enhancing SLC7A11
expression in mouse myocardial tissue,'”* indicating a dual role for stress-induced transcription factors in modulating
ferroptosis during targeted cancer therapy. Other tyrosine kinase inhibitors (TKIs) such as sunitinib and lapatinib also exert
cardiotoxic effects mediated by ferroptosis. In H9¢2 cardiomyocytes and mouse models, sunitinib decreases Nrf2 and GPX4
expression while increasing TfR 1, pointing to a role for Nrf2-dependent ferroptosis in TKI-induced cardiac injury.*” Lapatinib
(LAP) impairs mitochondrial function via PI3K/AKT signaling, enhances oxidative stress and ferroptosis in H9¢2 cells, and
potentiates DOX-induced cardiotoxicity.'” These findings suggest that targeting the PI3K/AKT/Nrf2 axis may offer protec-
tion against combination therapy-induced cardiac damage. Song et al demonstrated that imatinib mesylate (IMA) induces
dose-dependent depletion of GSH, iron overload, and elevated MDA levels in mouse hearts.'”® Mitochondrial membrane
potential was compromised, along with increased ROS and iron content in H9¢2 cells. IMA also suppressed Nrf2, while
promoting p53 and TfR1 expression, reinforcing its pro-ferroptotic effects. Trastuzumab alters gene expression profiles in
cardiomyocytes, elevating oxidative and nitrosative stress markers.'”* Sun et al showed that trastuzumab reduces H9¢2 cell
viability, increases intracellular and mitochondrial ROS, and lowers GPX4 expression and GSH/GSSG ratios.'”> These
changes were reversed by Fer-1, which also restored ACSL4 and cytochrome ¢ expression. Ye et al further confirmed that
trastuzumab impairs ErbB2/PI3K/AKT/Nrf2 signaling, resulting in reduced GPX4, elevated 4-HNE and MDA, mitochondrial
dysfunction, and altered mitochondrial GSH/GSSG and iron homeostasis.'”® These studies collectively highlight the
importance of ferroptosis in mediating cardiotoxicity from targeted therapies and suggest that modulation of this pathway
may preserve cardiac integrity during cancer treatment. To clarify the specific regulatory mechanism of DOX-induced
cardiomyocyte ferroptosis, we summarized the interaction between DOX and cardiomyocyte ferroptosis (Figure 7). This
figure systematically illustrates the molecular mechanism of DOX-induced ferroptosis and its pathological effects on
cardiomyocytes, providing a theoretical basis for developing ferroptosis-targeted strategies to mitigate DOX cardiotoxicity.

Therapeutic Strategies for Ferroptosis-Mediated Cardiotoxicity

Current therapeutic approaches targeting ferroptosis-induced cardiotoxicity remain largely preclinical but offer promising
avenues for future clinical translation. These include direct scavenging of ROS or enhancement of endogenous antioxidant
defenses.

The radical-trapping agent ferrostatin-1 (Fer-1) exhibits protective effects in various models of ferroptosis-associated cardiac

177

injury, including atrial fibrillation,* post-transplant ischemia—reperfusion injury,'”” and cardiotoxicity induced by doxorubicin,'*

5-FU,'% sorafenib,'”" and ATO,"®” underscoring its broad applicability. The only FDA-approved iron chelator currently used

clinically, dexrazoxane (DXZ), effectively neutralizes doxorubicin-induced iron overload and ROS production, offering

established cardioprotection.163 Antioxidants such as vitamin C, vitamin E, melatonin, sesamin, resveratrol, naringenin, and
puerarin have shown promise in mitigating ferroptosis-related cardiotoxicity by reducing ROS and lipid peroxidation.'”®
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Figure 7 A schematic diagram of the core regulatory network of ferroptosis and its role and therapeutic prospects in cardiovascular diseases. [Lines terminating with a
perpendicular bar (—|) represent inhibitory effects. Red arrows (—) indicate positive regulation, promotion of pathological processes, or disease progression. Black arrows
represent molecular interactions, metabolic conversions, regulatory pathways, and signaling within the ferroptosis network. Ferroptosis upstream triggering factors and its
core molecular regulatory network—centered on iron homeostasis imbalance-driven oxidative—antioxidant disequilibrium and the classical GPX4/System Xc~ pathway—are
systematically illustrated. The mechanisms through which excessive ferroptosis activation drives the pathological transition from the normal heart to various cardiovascular
diseases are elucidated. In addition, the multifaceted pathological roles of ferroptosis and its diagnostic and therapeutic translational prospects across conditions such as
atherosclerosis, heart failure, myocardial ischemia-reperfusion injury, and diabetic cardiomyopathy are comprehensively reviewed. Collectively, these elements provide a
panoramic theoretical framework for research on the prevention and treatment of cardiovascular diseases targeting the ferroptosis—iron homeostasis axis. The figure was
created with BioRender.].

Moreover, advanced materials-based interventions, such as polyethylene glycol-coated dopamine nanoparticles (PDA NPs),
have demonstrated cardioprotective effects in mouse models of myocardial I/R injury by reducing Fe** deposition, lipid ROS,
and ferroptosis.'” In summary, ferroptosis is increasingly recognized as a shared pathogenic mechanism in both oncology and
cardiology. Numerous anticancer agents—including DOX, 5-FU, sorafenib, lapatinib, and IMA —induce cardiac injury through
ferroptotic pathways. While some chemotherapeutics are designed to exploit ferroptosis for tumor suppression, their off-target
effects on the heart pose significant risks. Therapeutic strategies targeting ferroptosis—such as iron chelation, radical trapping,
and enhancement of Nrf2-GPX4 signaling —have demonstrated efficacy in preclinical models of drug-induced cardiotoxicity.
However, current treatments lack tissue-specific delivery and may interfere with antitumor efficacy, necessitating further
development of cardiac-selective antioxidants and ferroptosis inhibitors. Emerging evidence suggests that integrating nanoma-
terials, targeted drug delivery systems, and multi-omics approaches will be essential for developing safe and effective
cardioprotective strategies alongside antitumor therapies. As personalized oncologic care continues to evolve, so too must our
understanding of how to safeguard the cardiovascular system from unintended consequences of treatment. Ultimately, ferroptosis
serves as a bridge between cancer biology and cardiac pathology. By identifying and validating ferroptosis-associated mechan-
isms in cardiotoxicity, we may uncover novel interventions that enable more effective and safer cancer therapies.

Pathogenic Mechanisms of Ferroptosis in Sepsis-Induced Myocardial Injury

Sepsis is a life-threatening systemic inflammatory syndrome characterized by multiorgan dysfunction, primarily driven by an
excessive host response to infection.'®® It remains a leading cause of mortality among critically ill patients worldwide. A major
complication of sepsis is sepsis-induced myocardial injury (SIMI), which contributes significantly to hemodynamic instability
and poor clinical outcomes. SIMI manifests as reduced left ventricular ejection fraction and fractional shortening, and has
gained increasing attention in intensive care medicine due to its impact on prognosis.'®' The pathophysiology of SIMI
involves multiple cellular processes, including apoptosis, mitochondrial dysfunction, autophagy, pyroptosis, and oxidative
stress.'® Emerging evidence suggests that ferroptosis—a form of regulated cell death dependent on iron accumulation and
lipid peroxidation —plays a pivotal role in the development of SIMI, making it a promising therapeutic target.'®* Studies have
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demonstrated that ferroptosis via distinct pathways—including those involving GPX4 and ferroptosis suppressor protein 1
(FSP1) —contributes to cardiac damage during sepsis. 84183 Pharmacological inhibition of ferroptosis has shown protective
effects in experimental models. For instance, dexmedetomidine reduces lipopolysaccharide (LPS)-induced myocardial injury
by suppressing heme oxygenase-1 (HO-1) and GPX4 downregulation.'®® Similarly, Huashi Baidu Decoction, a traditional
Chinese herbal formula, modulates ferroptosis by targeting GPX4 and ACSL4, thereby ameliorating SIML.'®’ The specific
ferroptosis inhibitor ferrostatin-1 (Fer-1) also improves myocardial function in septic models, potentially through suppression
of the TLR4-NF-kB signaling pathway.'*® Zeng et al showed that resveratrol protects against LPS-induced ferroptosis in rat
cardiomyocytes via activation of the SIRT1-Nrf2 axis, reducing oxidative damage and preserving cardiac integrity.'® In LPS-
treated models, elevated expression of prostaglandin-endoperoxide synthase 2 (PTGS2/COX-2) —a key enzyme in arachi-
donic acid metabolism—is closely associated with both inflammation and ferroptosis.'”® Downregulation of SLC7A11, a
critical component of the system Xc cystine/glutamate antiporter, exacerbates ferroptotic vulnerability in these models,
whereas its restoration alleviates SIML'®" These findings highlight the central role of ferroptosis in SIMI and suggest that
targeting ferroptosis may represent a novel strategy for treating sepsis-related cardiac dysfunction.

Mitochondrial Dysfunction in Ferroptosis-Mediated SIMI

Mitochondria are central regulators of energy homeostasis and redox balance in cardiomyocytes. They coordinate oxidative
phosphorylation, maintain iron metabolism, and contribute to ROS production and detoxification.'”® Dysregulation of
mitochondrial iron handling, antioxidant defense, and membrane integrity has been linked to ferroptosis and myocardial
damage during sepsis. Selective loss of mitochondrial proteins has been shown to induce mitochondrial iron overload, increase
ROS generation, impair iron-sulfur cluster maturation, and promote cardiomyocyte death.'*> Mitochondria thus play a core
role in regulating ferroptosis and overall cell fate. Mitochondria-targeted antioxidants have demonstrated efficacy in prevent-
ing ferroptosis-associated cardiac injury. Resveratrol exerts cardioprotection in LPS-induced SIMI by activating the SIRT1—
GPX4 axis, reducing ROS levels, and mitigating mitochondrial damage.'® Additionally, mitochondrial iron importers such as
SLC25A37 and SLC25A28 —both involved in heme and iron-sulfur biogenesis—have been implicated in ferroptosis
regulation. Notably, SLC25A28 knockout reduces erastin-induced ferroptosis, while its overexpression enhances suscept-
ibility to this form of cell death.'”® Voltage-dependent anion-selective channel 2 (VDAC2), located on the outer mitochondrial
membrane, plays a crucial role in mitochondrial bioenergetics. Persistent VDAC2 opening increases mitochondrial outer
membrane permeability, disrupts metabolic and redox homeostasis, and promotes ferroptosis. Post-septic myocardium
exhibits elevated malonylation of VDAC?2, a post-translational modification that alters its conformation, impairs mitochon-
drial function, and facilitates ferroptosis.'** In septic rats and patients, increased malonyl-CoA levels correlate with enhanced
VDAC2 malonylation, contributing to mitochondrial dysfunction and myocardial injury. Targeting VDAC2 with TPP-
conjugated nanoparticles (TPP-AAV) has been shown to inhibit ferroptosis and improve cardiac function in SIMI models,'**
underscoring the importance of maintaining mitochondrial iron homeostasis in preventing sepsis-induced cardiac damage.

Lipid Peroxidation and Ferroptosis in SIMI

In mammalian cells, lipid peroxidation of phospholipids containing polyunsaturated fatty acids (PUFA-PLs) is a hallmark of
ferroptosis.”® Acyl-CoA synthetase long-chain family member 4 (ACSL4) catalyzes the esterification of PUFAs into
phospholipids, making them susceptible to oxidation and promoting ferroptosis. Lipoxygenases (LOXs), iron-containing
enzymes, directly oxidize PUFA-PLs and drive the formation of toxic hydroperoxides, playing a central role in ferroptotic
execution.'” Excessive accumulation of lipid peroxidation products (LPO) indicates that endogenous antioxidant systems are
overwhelmed. In septic hearts, this imbalance leads to membrane destruction and functional impairment. Studies show that
LPS stimulation induces ferritinophagy, releasing free iron and triggering ferroptosis in cardiomyocytes.'® Qi-Shen-Fu-Mai
injection, a traditional Chinese medicine formulation, reduces iron overload and lipid peroxidation in LPS-treated cardio-
myocytes by enhancing the system Xc —GPX4 axis. Treated SIMI rats exhibit reduced serum iron levels and suppressed
markers of lipid peroxidation, accompanied by upregulated xCT and GPX4 expression.'*® Wang et al further confirmed that
scavenging LPO effectively prevents ferroptosis and preserves myocardial structure, reinforcing the link between lipid
oxidation and ferroptosis in septic myocardial injury.'®” These findings collectively support the view that lipid peroxidation
and ferroptosis are key drivers of SIMI, and their modulation may yield significant therapeutic benefits.

Drug Design, Development and Therapy 2026:20 https: 23



Zhang et al

Oxidative Stress and Inflammatory Responses in SIMI

Oxidative stress and inflammation are central mechanisms underlying sepsis-induced cardiac dysfunction. LPS binding to
Toll-like receptors activates inflammatory cascades, leading to the release of pro-inflammatory cytokines such as TNF-a,
IL-1B, and IL-6. These mediators uncouple mitochondrial respiration, enhance ROS production, and activate ferroptosis,
ultimately resulting in myocardial injury.'®® Several studies have explored anti-inflammatory and antioxidant interven-
tions to mitigate LPS-induced cardiac damage. For example, leonurine, an alkaloid derived from Leonurus japonicus,
suppresses LPS-induced oxidative stress by inhibiting NF-kB activation, offering cardioprotection.'”® Similarly, resver-
atrol attenuates LPS-triggered inflammation by modulating the PI3K/AKT/mTOR signaling axis, improving cardiac
function in septic models.'” Hydrogen sulfide donors such as NaHS (sodium hydrosulfide) protect against SIMI by
activating the system Xc —~GPX4 axis and suppressing oxidative stress.?’® These findings indicate that blocking oxidative
stress and inflammatory signaling can effectively reduce ferroptosis and pyroptosis in septic cardiomyopathy.

Regulatory Factors Modulating Ferroptosis in SIMI

Annexin A1 (ANXAL) is a glucocorticoid-regulated protein widely expressed in human tissues and immune cells. It regulates
diverse cellular processes, including proliferation, differentiation, and apoptosis.’*’ ANXA1-derived peptides mimic the
biological activity of full-length ANXA1 and have been shown to alleviate ferroptosis in HOC2 cardiomyocytes exposed to
LPS. However, this protective effect is abolished in the presence of ferroptosis activators, indicating that ANXA1’s
cardioprotective effects are mediated through ferroptosis inhibition.”*> p53, a well-known tumor suppressor and “guardian
of the genome”, also participates in ferroptosis regulation. p53 deacetylation has been shown to reduce ferroptosis and
attenuate SIML>*® As a transcriptional repressor of SLC7A11, p53 indirectly suppresses GSH synthesis and GPX4 activity,
thereby increasing ROS and promoting ferroptosis. This mechanism supports the concept that modulating p53 acetylation
status could serve as a viable approach for limiting ferroptosis in septic myocardium. Nuclear factor erythroid 2-related factor
2 (Nrf2) functions as a master regulator of redox homeostasis and ferroptosis. Under oxidative stress, Nrf2 positively regulates
SLC7A11 expression, restoring GSH levels and GPX4 activity, and counteracting LPO accumulation.”®* Transmembrane
protein 43 (TMEMA43) is a recently identified regulator of ferroptosis in the heart. TMEM43 deficiency sensitizes cardio-
myocytes to LPS-induced ferroptosis, whereas its overexpression protects against lipid peroxidation and cardiac injury.”*
TMEM43 inhibits ferroptosis by downregulating p53 and ferritin, while upregulating GPX4 and SLC7A11 expression. These
findings position TMEM43 as a novel ferroptosis modulator and potential therapeutic target in SIMI. In summary, ferroptosis
is emerging as a key molecular mechanism in sepsis-induced myocardial injury. Its involvement in SIMI is supported by
extensive experimental data showing that iron overload, lipid peroxidation, and antioxidant system disruption converge to
promote cardiomyocyte death and contractile dysfunction.

Therapeutic strategies targeting ferroptosis—such as iron chelation, radical-trapping antioxidants, activation of Nrf2—
GPX4 signaling, and inhibition of VDAC2 malonylation —have shown promise in preclinical models of SIMI.
Moreover, natural compounds like resveratrol, leonurine, and Qishen Fumai injection, along with regulatory proteins
such as ANXAT peptides and TMEM43, offer new avenues for cardioprotection by modulating ferroptosis. Despite these
advances, the precise mechanisms linking ferroptosis to SIMI remain incompletely understood. Future research should
focus on: (1) Identifying reliable biomarkers of ferroptosis in septic patients; (2) Developing targeted delivery systems
for ferroptosis inhibitors; (3) Elucidating the interplay between ferroptosis, pyroptosis, and other forms of regulated cell
death in septic myocardium; (4) Translating preclinical findings into clinical trials to assess the safety and efficacy of
ferroptosis-targeted therapies. By integrating mechanistic insights with translational approaches, we can better define the
role of ferroptosis in sepsis and explore innovative strategies for protecting the heart from inflammation-driven injury.

Ferroptosis and Cardiac Arrhythmias

Cardiac arrhythmia has emerged as a major public health burden globally, driven by aging populations and changing lifestyle
patterns.”’® The pathophysiology of arrhythmogenesis involves multiple mechanisms, including alterations in myocardial
electrophysiology, fibrosis, cardiac dilation, inflammation, oxidative stress, and autonomic imbalance. Clinically, arrhythmias
present with variable severity—ranging from asymptomatic or mild palpitations to acute-onset life-threatening events such as
hemodynamic collapse and sudden death. Notably, approximately 90% of fatalities in patients with acute heart disease are
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attributed to arrhythmic complications. Recent studies have highlighted the role of ferroptosis, an iron-dependent form of
regulated necrosis marked by lipid peroxidation and redox imbalance, in contributing to arrhythmia development.
Dysregulated iron metabolism, lipid oxidation, and impaired antioxidant defenses are increasingly implicated in both
structural and electrical remodeling of the heart, suggesting that ferroptosis may represent a novel mechanistic link between
metabolic injury and cardiac rhythm disturbances.

Iron Dyshomeostasis and Ferroptosis in Arrhythmogenesis
Myocardial cells rely heavily on iron for metabolic function, yet they are highly sensitive to iron overload. Primary iron
overload is often genetic (eg, hereditary hemochromatosis), while secondary forms arise from chronic transfusions, drug

toxicity, or other acquired conditions.>’

When cellular iron storage capacity is exceeded, labile iron accumulates in
cardiomyocytes, leading to toxic effects that disrupt normal cardiac physiology.>’” Epidemiological and clinical evidence
supports a strong association between iron overload and arrhythmias. For instance, transfusion-dependent thalassemic patients
exhibit higher rates of atrioventricular conduction abnormalities compared to non-transfusion-dependent counterparts.**®
Downregulation of ferroportin (FPN) increases intracellular iron levels and enhances oxidative stress, which correlates with
increased susceptibility to atrial fibrillation; this can be mitigated by targeting ferroptosis.”’’ Electrocardiographic changes
further support this connection. Prospective studies show that iron-overloaded individuals display higher prevalence of low
limb lead voltage and reduced atrial rhythm on ECG monitoring.”'® A Danish meta-analysis involving 20,261 subjects,
including transfusion-dependent B-thalassemia patients, found that elevated iron stores are associated with prolonged QTc
intervals in males,?'" with QTc >449 ms considered a critical threshold for identifying cardiac iron overload in adolescents.?'?
Prolonged QTc and T-wave inversion are linked to increased risk of sudden cardiac death,?'? reinforcing the significance of
iron homeostasis in maintaining cardiac rhythm. Iron influx into cardiomyocytes occurs via non-transferrin-bound iron
(NTBI) pathways, particularly through L-type Ca?" channels (LTCCs) and T-type Ca®" channels (TTCCs).*'*
Pharmacological inhibition of LTCCs by verapamil reduces myocardial iron accumulation and protects against arrhythmias.-
215 In chronic iron-overload murine models, Cav1.3—a specific LTCC isoform expressed in pacemaker cells—is selectively
suppressed under high-iron conditions, with a ~40% reduction in Cavl.3 mRNA levels in atrial tissue. Genetic ablation of
Cav1.3 induces PR interval prolongation, conduction block, and atrial fibrillation,*'® highlighting its dual role in iron handling
and cardiac rhythm control. Inhibition of TTCC by efonidipine, a selective calcium channel blocker, significantly decreases
cardiac iron uptake and improves left ventricular function and heart rate variability.'” These findings underscore the
importance of calcium channels in mediating iron entry and suggest that their modulation may serve as a protective strategy
in iron overload-induced arrhythmias. Kuryshev et al were among the first to detect membrane currents in iron-loaded
cardiomyocytes in vivo and in vitro, revealing that when iron concentrations reach those observed in cardiomyopathy, action
potential overshoot and duration decrease—changes mediated by reductions in sodium current and enhancements in transient
outward potassium current.*'® These alterations increase arrhythmic vulnerability, indicating that ion channel dysfunction
contributes to ferroptosis-driven rhythm disturbances. Beyond direct effects on ion channels, emerging data suggest that iron

overload influences autonomic activity,*'”

potentially contributing to arrhythmogenesis. Collectively, these findings imply that
iron dyshomeostasis plays a significant role in arrhythmia pathogenesis. However, some experimental models, such as iron-
overloaded guinea pigs, do not develop arrhythmias despite hepatic fibrosis and ascites,”*’ suggesting that arrhythmogenesis is
not solely iron-dependent but rather results from complex interactions. Thus, while ferroptosis likely contributes to arrhythmia

development, further investigation is required to clarify the precise mechanisms involved.

Lipid Metabolism and Ferroptosis in Arrhythmogenesis

Arachidonic acid (AA) and phosphatidylethanolamine (PE) are key phospholipids that undergo peroxidation during ferroptosis.
These lipids influence membrane fluidity and promote lipid ROS formation via lipoxygenase-mediated oxidation, ultimately
triggering ferroptotic signaling.*' The downstream products of lipid peroxidation—including 4-hydroxynonenal (4-HNE) and
malondialdehyde (MDA) —react with DNA and proteins, amplifying oxidative damage and accelerating cell death.”** Elevated
MDA levels are independently associated with post-myocardial infarction arrhythmias,** and growing evidence links lipid
metabolism to arrhythmogenic remodeling. Obesity and hyperlipidemia are recognized independent risk factors for atrial
fibrillation and other rhythm disorders,”** yet the involvement of ferroptosis in this process remains incompletely understood.
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ROS generated during ferroptosis directly impair ion channel function—enhancing late Na* current, L-type Ca®" current,
sarcoplasmic reticulum Ca®" release, and Na*/Ca”" exchanger activity, while reducing peak Na* current and SERCA-mediated
Ca”" uptake.”®* These disruptions elevate intracellular Ca®*, prolong action potentials, slow conduction velocity, and promote
triggered activity and reentry circuits. ROS also alter the expression of connexin 43 (Cx43), increasing electrical heterogeneity
and anisotropy—key contributors to arrhythmia maintenance and sudden cardiac death.?® Moreover, excessive ROS promote
myocardial fibrosis, serving as a bridge between ferroptosis and arrhythmogenic substrate formation.”>” Mixed-lineage kinase 3
(MLK3), a member of the MAP3K family, exacerbates ferroptosis via JINK/p53 signaling and ROS-mediated oxidative stress,
contributing to myocardial fibrosis and arrhythmia susceptibility.> Reducing ROS and iron overload suppresses ferroptosis and
prevents atrial remodeling and AF progression,”*® supporting the hypothesis that ferroptosis actively participates in arrhythmo-
genesis. Long-chain acyl-CoA synthetase 4 (ACSL4) catalyzes PUFA incorporation into membrane phospholipids and promotes
lipid peroxidation, making it a central driver of ferroptosis.”*’ Yu et al showed that ethanol-induced atrial remodeling increases
AF susceptibility, accompanied by upregulation of pro-ferroptotic proteins (PTGS2, ACSLA4, p53) and downregulation of anti-
ferroptotic molecules (GPX4, FTH1).%2® Importantly, these changes could be reversed by ferroptosis inhibitors but exacerbated
by ferroptosis activators, reinforcing the role of ferroptosis in alcohol-associated arrhythmogenesis. Exogenous monounsaturated
fatty acids (MUFAs) can competitively interfere with PUFA metabolism and effectively suppress ferroptosis, primarily through
ACSLS3 or stearoyl-CoA desaturase 1 (SCD1), rather than ACSL4.%* Intriguingly, MUFA-rich diets are associated with lower
arrhythmia incidence.”’' Mediterranean diets rich in oleic acid, a major MUFA found in olive oil, have been shown to reduce AF
risk. Martinez-Gonzalez et al followed 6705 participants without baseline AF for 4.7 years and found that regular olive oil
consumption was linked to a significantly lower risk of incident AF.>** Similarly, Chiuve et al reported that low MUFA intake
was associated with higher risk of persistent or chronic AF over 19.2 years in a cohort of 33,665 women.** These findings suggest
that MUFA-based interventions may offer protection against arrhythmias, although more research is needed to establish causality
and molecular mechanisms.

Amino Acid Metabolism and Ferroptosis in Arrhythmias

The system Xc -GSH-GPX4 axis represents a canonical regulatory pathway in ferroptosis. GPX4, a selenoprotein, utilizes
GSH to neutralize lipid hydroperoxides; loss of GPX4 activity leads to uncontrolled lipid ROS accumulation and ferroptotic
death.>* Patients with Sedaghatian-type spondyloepiphyseal dysplasia due to GPX4 deficiency exhibit arrhythmias, under-
scoring the physiological relevance of GPX4 in cardiac rhythm stability.** Bezna et al found that GPX variants in arrhythmic
patients correlate with increased oxidative stress and arrhythmia onset.*> Given that GPX4 is a selenoprotein, selenium
deficiency may contribute to arrhythmogenesis. Ardahanli et al reported lower serum selenium levels in patients with newly
diagnosed AF, suggesting that selenium supplementation might reduce arrhythmic episodes via GPX4 stabilization.*® System
Xc, composed of SLC7A11 and SLC3A2, mediates cystine import and glutamate export, playing a pivotal role in GSH
biosynthesis and redox defense.>*” Suppression of system Xc impairs GSH synthesis, increases lipid ROS, and promotes
ferroptosis. Liu et al demonstrated that rapid atrial pacing elevates MDA and total iron content in paced atrial tissues.”*®
Exosomes derived from pacing-induced cardiac fibroblasts exacerbated ferroptosis in H9C2 cardiomyocytes, whereas
treatment with the exosome inhibitor GW4869 attenuated fibrosis, inflammation, and ferroptotic markers (FTHI,
SLC7A11, GPX4). Bioinformatic analysis revealed that miR-23a-3p is highly expressed in paced hearts and targets
SLC7A11. This suggests that exosomal miRNA regulation of system Xc  contributes to arrhythmia progression and that
targeting exosome-mediated ferroptosis may prevent sustained AF development. These findings highlight the interplay
between amino acid metabolism and ferroptosis in arrhythmia pathogenesis, emphasizing the need to maintain redox balance
for proper cardiac rhythm.

Inflammatory Responses and Ferroptosis in Arrhythmias

Inflammation is a well-established contributor to arrhythmia development. Emerging evidence shows that inflammatory
mediators, including cytokines and DAMPs, can trigger ferroptosis and thereby influence cardiac electrophysiological
properties.”** Notably, SARS-CoV-2 infection has been linked to cardiac rhythm disturbances. Han et al demonstrated that
SARS-CoV-2 impairs human cardiac pacemaking and activates ferroptosis in hamster models.*** Treatment with deferox-
amine (DFO) and imatinib blocked viral entry and ferroptosis, offering protection against arrhythmia. In endotoxemia induced
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by bacterial lipopolysaccharide (LPS), FPN downregulation increases intracellular iron availability, activates ferroptosis, and
enhances AF susceptibility.” Further deletion of FPN exacerbates iron overload and oxidative stress, promoting arrhythmias.
Conversely, ferroptosis inhibition reduces AF vulnerability, demonstrating a direct link between inflammation-driven
ferroptosis and cardiac rhythm disturbances. These findings position ferroptosis as a mediator of arrhythmias in both infectious
and sterile inflammatory contexts, providing new insights into virus-induced cardiac dysfunction and sepsis-related rhythm
disorders.

Regulatory Factors of Ferroptosis in Arrhythmia Pathology

Nrf2, a master transcription factor in antioxidant defense, regulates multiple downstream genes including heme oxygenase-1
(HO-1), SLC7A11, GPX4, and glutathione reductase, thereby modulating ferroptosis through redox homeostasis, mitochon-
drial function, and iron metabolism.?*” Dong et al showed that Nrf2 suppression in H9C2 cardiomyocytes reduces antioxidant
enzyme production, increases ROS, and markedly enhances arthythmia incidence.**' HO-1 serves as an endogenous
antioxidant by generating carbon monoxide (CO), biliverdin, and Fe*" upon heme degradation.*** Activation of the Nrf2—
HO-1 axis has been shown to play a crucial role in suppressing ferroptosis and improving cardiac outcomes.*** Indeed,
activation of this pathway reduces ventricular remodeling and arrhythmia severity in MI mouse models.*** Li et al demon-
strated that Linggui Zhugan Decoction, a traditional Chinese medicine, alleviates myocardial injury in rats with chronic
arrhythmias via Nrf2-HO-1 signaling, reinforcing its therapeutic potential.**> Coenzyme Q10 (CoQ10), an endogenous
ferroptosis inhibitor, is abundantly expressed in energy-demanding organs such as the heart, liver, kidney, and pancreas.
CoQ10 functions as a radical-trapping antioxidant in mitochondrial membranes, preventing lipid peroxidation and stabilizing
electron transport chain function.”*® Administration of farnesyl pyrophosphate (a CoQ10 precursor) or idebenone (a water-
soluble analog) inhibits ferroptosis, whereas CoQ10 depletion accelerates ferroptosis.>*” Wardhani et al found that CoQ10
supplementation reduces reperfusion-induced arrhythmias after coronary artery bypass surgery.>** Similarly, Liu Cui et al
reported that CoQ10 co-treatment in elderly hypertensive patients with arrhythmias improved rhythm control and safety
profiles, possibly through endothelial protection and systemic redox modulation.”*’ These findings indicate that CoQ10 may
exert antiarrthythmic effects by inhibiting ferroptosis, though the exact molecular pathways remain to be elucidated. In
summary, ferroptosis is increasingly recognized as a significant contributor to arrhythmia pathogenesis, linking iron overload,
lipid peroxidation, redox imbalance, and inflammatory responses to cardiac rthythm disturbances. Experimental and clinical
data support the notion that ferroptosis promotes arrhythmias through diverse mechanisms, including: (1) Disruption of ion
channel function via iron-induced ROS; (2) Modulation of calcium handling and excitation—contraction coupling; (3)
Induction of myocardial fibrosis and structural remodeling; (4) Alterations in connexin expression and electrical hetero-
geneity; (5) Interactions between inflammatory mediators and ferroptotic cascades. Regulatory nodes such as Nrf2-HO-1—
GPX4, system Xc , calcium channels, and CoQ10 offer promising intervention points for future therapies aimed at limiting
ferroptosis-induced arrhythmias. Despite accumulating evidence, several challenges remain. First, reliable biomarkers of
ferroptosis in arrhythmic tissues are still lacking. Second, the precise molecular pathways connecting ferroptosis and
arrhythmia are incompletely defined. Third, conflicting reports exist regarding the role of iron overload in different experi-
mental models, necessitating deeper mechanistic exploration. To advance this field, future studies should integrate: (1) Multi-
omics profiling to identify ferroptosis-specific signatures in arrhythmic myocardium; (2) High-resolution mapping of iron
deposition and lipid peroxidation in patient-derived cardiac tissues; (3) Preclinical testing of novel ferroptosis inhibitors in
models of arrhythmia and heart failure; (4) Clinical trials evaluating iron chelation, antioxidant therapy, and targeted redox
modulation in arrhythmic syndromes. By addressing these gaps, we can harness ferroptosis as a novel therapeutic target and
explore innovative strategies for arrhythmia prevention and management. As our understanding of ferroptosis expands, so too
does the opportunity to develop precision interventions that preserve cardiac thythm and improve patient outcomes.

Ferroptosis and Hypertension

Hypertension is a major global public health concern, representing one of the key risk factors for cardiovascular and
cerebrovascular diseases such as atherosclerosis, heart failure, and myocardial infarction.”%*! It is a systemic disease
characterized by elevated arterial pressure, often accompanied by functional alterations in the vasculature, brain, kidney, and
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heart. Its pathophysiology is primarily linked to increased vascular resistance, with hallmark features including endothelial
250,251

dysfunction, enhanced vasoconstriction, and arterial remodelling.
Iron Dyshomeostasis and Ferroptosis in Hypertension
Iron overload is closely associated with hypertension, and epidemiological studies have demonstrated a positive correlation
between serum ferritin levels and hypertension prevalence, suggesting that iron homeostasis plays a crucial role in disease
progression.”>'**% Population-based research has identified mutations in iron-regulatory proteins—such as the major histo-
compatibility complex class I-like transmembrane protein (HFE) at the H63D locus and the iron-overload-related gene
hemojuvelin (HJV) —that result in mild iron overload and are associated with an increased risk of developing hypertension.

Conversely, dietary iron restriction in experimental models alleviates vascular wall thickening, fibrosis, and inflam-
mation in Dahl salt-sensitive hypertensive rats,>>> and further studies show that limiting iron intake can prevent both
hypertension and renal fibrosis in aldosterone/salt-induced mouse models by reducing oxidative stress.>>* These findings
suggest that ferroptosis may be involved in hypertension through iron overload-induced cellular damage, although the
underlying mechanisms remain to be fully elucidated.

Amino Acid Metabolism Dysregulation and Ferroptosis in Hypertension

Studies indicate that depletion of glutathione (GSH), cysteine deficiency, and inactivation of glutathione peroxidase 4
(GPX4) can all lead to ferroptosis.”>> GPX4 utilizes GSH to convert lipid hydroperoxides into non-reactive alcohols,
thereby suppressing lipoxygenase (LOX)-mediated lipid peroxidation and inhibiting ferroptosis.>>® Administration of
RSL3, a GPX4 inhibitor, promotes lipid ROS accumulation and enhances ferroptotic cell death. In the aortic media of
hypertensive patients, GPX4 expression is significantly lower than in healthy controls. Exposure of vascular smooth
muscle cells (VSMCs) to high hydrostatic pressure (200 mmHg) reduces cystathionine y-lyase (CSE)/hydrogen sulfide
(H»S) levels, which further decreases GSH synthesis and GPX4 expression, ultimately triggering ferroptosis. High
hydrostatic pressure or mechanical stretch can upregulate ACSL4 expression in VSMCs and cardiomyocytes. This
increases the synthesis of easily peroxidized PUFA-PE, thereby driving lipid peroxidation and ferroptosis.?’

The system Xc, composed of solute carrier family 7 member 11 (SLC7A11) and solute carrier family 3 member 2
(SLC3A2), functions as a cystine/glutamate antiporter essential for GSH biosynthesis. Zhang et al found that SLC7A11
inhibition exacerbates angiotensin II (Angll)-induced cardiomyocyte hypertrophy and elevates ferroptosis markers such as
PTGS2 (COX-2), malondialdehyde (MDA), and ROS levels. Overexpression of SLC7A11 reverses these effects, indicating
that SLC7A11 suppresses ferroptosis and attenuates hypertension-associated cardiac hypertrophy, thus emerging as a potential
therapeutic target.”>® These data collectively support a role for GSH deficiency and GPX4 inactivation in ferroptosis-driven
hypertension. Downregulation of GPX4 accelerates lipid peroxidation and contributes to ferroptosis, which in turn worsens
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blood pressure regulation. As a selenoprotein, GPX4 contains selenocysteine within its active site,”” and selenium deficiency

in serum or cytoplasm has been shown to impair GPX4 function, promote lipid peroxidation, and induce ferroptosis.**

Clinical observations reinforce this link: lower selenium levels are detected in hypertensive patients,*®!

and a 20-year cohort
study by Xie et al revealed that higher selenium intake correlates with reduced risk of hypertension.”*® In a rat model of
alcohol-induced hypertension during adolescence, selenium supplementation increases GPX4 activity, lowers serum aldos-
terone levels, and reduces systolic blood pressure,®® further supporting a role for selenium-dependent ferroptosis in

hypertension development.

Lipid Peroxidation and Ferroptosis in Hypertension

Both basic and clinical evidence confirm that lipid peroxidation mediates hypertension. For example, elevated levels of
malondialdehyde (MDA) —a major product of lipid peroxidation—have been observed in hypertensive individuals,
along with signs of endothelial injury.***?°> Multiple clinical studies report higher plasma lipid peroxidation levels in

hypertensive patients compared to normotensive controls,?¢%-2¢

indicating widespread oxidative damage in this condi-
tion. Reactive oxygen species (ROS) play a central role in vascular remodelling and endothelial dysfunction in
hypertension. Increased ROS promotes endothelial dysfunction, accelerates VSMC proliferation and vascular remodel-
ling, leading to elevated peripheral resistance and sustained blood pressure elevation.**?%° Elevated intracellular ROS is

also a defining feature of ferroptosis.>’® Shintoku et al showed that lipoxygenases (LOXs) mediate enzymatic lipid
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peroxidation and drive ferroptosis,”’"
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while Shah et al demonstrated that LOX inhibition or knockout prevents
ferroptosis,”’~ underscoring their regulatory roles in this process. In particular, 12-LOX and 15-LOX are key ROS-
generating enzymes implicated in hypertension pathogenesis. Both isoforms enhance VSMC contractility and elevate
blood pressure in Angll-infused mice.?”**’* Notably, the LOX inhibitor baicalein significantly reduces MDA levels,
myocardial hypertrophy, and fibrosis in Angll-treated animals, improving systolic function.””*> These findings suggest
that LOX-mediated lipid peroxidation may contribute to ferroptosis in hypertension; however, whether and how LOX
directly triggers ferroptosis remains unclear. ACSL4, a long-chain acyl-CoA synthetase, activates polyunsaturated fatty
acids (PUFAs) to form acyl-CoA derivatives, promoting lipid peroxidation and ferroptosis.?’® Miiller et al reported that
ACSL4 deletion protects human fibrosarcoma cells from RSL3-induced ferroptosis, identifying ACSL4 as a newly
recognized reliable biomarker of ferroptosis.”’” Moreover, overexpression of ACSL4 impairs GPX4 activity, increases
lactate dehydrogenase release, and reduces cell viability. In hypertension models, high hydrostatic pressure upregulates
ACSL4 while suppressing GPX4, suggesting that ACSL4 participates in ferroptosis in hypertension-associated vascular
pathology.?’”” COX-2, encoded by PTGS2, serves as a marker of ferroptosis.’®?’® COX-2 expression is elevated in the
kidneys and thoracic aortas of both hypertensive patients and animal models.?***®! Further investigation reveals that
high-pressure conditions in VSMCs induce ferroptosis alongside COX-2 upregulation, suggesting that COX-2 elevation
may serve as a surrogate indicator of ferroptosis in hypertension. Conversely, COX-2 activation may amplify oxidative
stress and accelerate disease progression. Exogenous monounsaturated fatty acids (MUFAs) effectively inhibit ferropto-
sis, primarily through acyl-CoA synthetase long-chain family member 3 (ACSL3) -mediated suppression of membrane
ROS accumulation.”®* Lee et al reported that high MUFA intake confers protection against hypertension.”®*> Although
MUFAs influence both ferroptosis and hypertension, it remains to be determined whether the protective effect of MUFAs
against hypertension occurs via ferroptosis inhibition and to what extent this mechanism is involved.

Mitochondrial Dysfunction and Ferroptosis in Hypertension
Mitochondrial dysfunction is increasingly recognized as a core component of hypertension pathophysiology, involving

impaired energy metabolism, elevated mitochondrial ROS (mtROS) production, and mtDNA mutations that drive

oxidative stress, endothelial dysfunction, and vascular remodelling.***25¢

87

mtROS-induced endothelial damage is a
well-documented contributor to hypertension,”®” and mitochondria-targeted antioxidants such as MitoTEMPO have
demonstrated efficacy in lowering blood pressure in preclinical models.”®® Emerging evidence indicates that mitochon-
drial dysfunction can mediate ferroptosis.”** >°! For instance, genetic ablation of Sirtuin 3 (SIRT3) —a key mitochon-
drial deacetylase—reduces mtROS clearance and promotes ferroptosis.”®> Studies show that SIRT3 deficiency in
hypertensive patients leads to mitochondrial dysfunction, worsening endothelial impairment, vascular wall thickening,
inflammation, and end-organ damage,”®® suggesting that SIRT3 loss-of-function may drive hypertension through
ferroptosis. Additionally, cardiolipin—a phospholipid exclusively localized to mitochondrial membranes and essential
for cristae formation—is markedly depleted in the hearts of pigs with renovascular hypertension.””> Niu et al demon-
strated that restoring cardiolipin content preserves mitochondrial integrity and suppresses ferroptosis,”’* indicating that
enhancing mitochondrial cardiolipin may offer a novel strategy for blood pressure control through ferroptosis inhibition.

Regulatory Factors of Ferroptosis in Hypertension

Nrf2 (nuclear factor erythroid 2-related factor 2) is a master regulator of redox homeostasis and orchestrates the
transcriptional regulation of multiple antioxidant genes. It acts as a nuclear receptor target in oxidative stress modulation
and plays a key role in hypertension.?”> Farooqui et al showed that Nrf2 inhibition aggravates oxidative stress and
inflammation, further worsening hypertension in mice.>’® In contrast, Nrf2 activation in Angll-infused mice (12—14 days
post-treatment) mitigates disease progression.?’

Recent studies show that deacetylase 7 ameliorates renal ferroptosis and lipid peroxidation in hypertensive mice by
enhancing Nrf2 expression, thereby alleviating fibrosis and organ dysfunction.’’® Inhibition of Nrf2 significantly
increases ROS generation, lipid peroxidation, and ferroptosis in renal tubular endothelial cells, while downregulating
GPX4 expression. These findings suggest that Nrf2 modulates hypertension through suppression of ferroptosis in renal
endothelium, though more mechanistic work is needed to define its antihypertensive potential. Coenzyme Q10 (CoQ10)
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is a mitochondrial cofactor involved in the electron transport chain, ROS suppression, radical scavenging, and vasodila-
tion. Its reduced form functions as a lipophilic antioxidant, effectively inhibiting lipid peroxidation and ferroptosis.>*’
CoQ10 exerts direct vasodilatory effects on endothelial cells, contributing to blood pressure reduction.’*® Oral admin-
istration of CoQ10 alleviates high-salt-induced hypertension in rats by suppressing NADPH oxidase activity in the

hypothalamic paraventricular nucleus,*”’

suggesting that CoQ10 may protect against hypertension by reducing mito-
chondrial lipid peroxidation and ferroptosis in endothelial cells. However, upstream and downstream pathways linking

CoQ10 to ferroptosis require further investigation to establish its therapeutic relevance.

Therapeutic Potential of Targeting Ferroptosis in Hypertension

Ferrostatin-1 (Fer-1), a selective ferroptosis inhibitor, reduces lipid peroxidation and suppresses ferroptotic death.**> Recent
studies demonstrate that Fer-1 reverses high-hydrostatic-pressure-induced ferroptosis in VSMCs and improves hypertension and
endothelial ferroptosis in mice treated with lenvatinib,**® highlighting its potential in managing hypertension through ferroptosis
inhibition. However, extensive preclinical and clinical evaluations are required to validate its safety and translational feasibility.
Elabela, a recently identified 32-amino acid hormone peptide, plays critical roles in cardiovascular function, angiogenesis, and
fluid homeostasis. It potently suppresses iron accumulation and lipid peroxidation in Angll-induced hypertensive mice.
Mechanistically, Elabela regulates the IL-6/STAT3/GPX4 pathway to inhibit microvascular ferroptosis, pathological remodel-
ling, fibrosis, and cardiac dysfunction, suggesting its therapeutic potential in hypertension and related cardiovascular
complications.** Elevated lipid peroxidation and free radicals are tightly linked to ferroptosis. Among FDA-approved drugs,
several—including carvedilol —have shown anti-ferroptotic properties. Carvedilol, a B-blocker widely used in hypertension
treatment, lowers blood pressure by blocking adrenergic receptors and dilating vessels.>*> Additionally, carvedilol exhibits
antioxidant effects by scavenging lipid radicals and chelating Fe**, suggesting that it may suppress ferroptosis.>*® Whether
carvedilol exerts antihypertensive effects specifically through ferroptosis inhibition remains to be explored.

Statins, known for their cholesterol-lowering and pleiotropic vascular benefits, also exhibit anti-ferroptotic activity.
Atorvastatin inhibits ferritinophagy-mediated ferroptosis and improves cardiac function in murine models.*®” Furthermore,
atorvastatin may alleviate arsenic-induced hypertension through lipid profile improvement, nitric oxide pathway restoration,
and vascular redox rebalance,>®® implicating statins as dual-action agents in ferroptosis and hypertension management.

Other compounds with ferroptosis-inhibitory potential include N-acetylcysteine (NAC), a thiol-containing precursor of
GSH that modulates GPX4 expression and exhibits antioxidant properties.’® NAC treatment protects male offspring of
spontaneously hypertensive rats (SHR) from developing hypertension,*'® indicating possible clinical applications in ferrop-
tosis-targeted antihypertensive therapy. Puerarin, an isoflavone derived from Pueraria lobata root, is extensively used in
cardiovascular and cerebrovascular disease treatment. It exerts antioxidant and anti-ferroptotic effects in various disease
contexts by reducing iron overload and lipid peroxidation.''*'? Experimental findings also show that puerarin lowers blood
pressure in high-salt-induced hypertensive mice and SHR models.*'**'* While no direct evidence yet supports a role for
puerarin in ferroptosis inhibition in hypertension, it presents a promising preventive strategy worth exploring. Despite
accumulating evidence linking antioxidants to both ferroptosis and hypertension, further studies are required to clarify their
interplay. The molecular mechanisms connecting ferroptosis to hypertension remain incompletely understood, and the
identification of robust ferroptosis-specific biomarkers in hypertensive tissues is still lacking. Though ferroptosis has been
observed in animal and cell culture models of hypertension, the precise contribution of ferroptosis to disease progression
remains to be confirmed. Therefore, translation of these findings into clinical practice will require: (1) Multi-omics profiling to
identify ferroptosis signatures in hypertensive patients; (2) High-resolution imaging of iron deposition and lipid oxidation in
patient-derived tissues; (3) Preclinical testing of novel ferroptosis inhibitors in hypertension models; (4) Clinical trials
evaluating iron chelators, antioxidants, and redox modulators in hypertensive syndromes.

Collectively, current evidence supports a significant role for ferroptosis in hypertension pathogenesis. With ongoing
research, targeting ferroptosis may emerge as a viable and effective strategy for blood pressure control and cardiovascular
protection in hypertensive individuals.
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Ferroptosis in the Pathological Process of Aortic Dissection

Aortic dissection (AD) is a life-threatening condition characterized by intimal tear or intramural hemorrhage, leading to
the separation of the aortic wall layers. It predominantly affects individuals aged 6575 years, with an annual incidence
rate of approximately 35 cases per 100,000 people in this demographic.®'® Established risk factors include hypertension,
dyslipidemia, and inherited connective tissue disorders such as Marfan syndrome.’'® Recent studies have identified
significant iron overload and lipid peroxidation in AD tissues, accompanied by widespread dysregulation of redox
homeostasis-related gene expression. Key markers such as ferritin and terminal lipid peroxidation products like 4-
hydroxynonenal (4-HNE) are markedly upregulated in the medial layer of dissected aortas.'”*'*

Furthermore, Tao et al found elevated protein expression of PTGS2 (COX-2) —a ferroptosis-promoting gene—and
reduced expression of GPX4, a central anti-ferroptotic enzyme, particularly in endothelial cells from AD patients,”'”
reinforcing the hypothesis that ferroptosis actively contributes to cellular degeneration in both endothelial and vascular
smooth muscle cell compartments. The B-aminopropionitrile (B-APN) -induced mouse model of AD has been widely
used to study disease mechanisms. B-APN causes medial degeneration, VSMC loss, and fragmentation of elastic fibers—
hallmarks of AD pathology. In these models, iron death-related genes are significantly upregulated alongside increased
lipid peroxidation, and these effects can be mitigated by specific ferroptosis inhibitors.*'”*'® Mechanical stretch inhibits
the CSE/H2S pathway in VSMCs, reducing GSH synthesis, downregulating GPX4 activity, and enhancing sensitivity to
ferroptosis.”>” These findings suggest that ferroptosis is not merely a bystander effect but plays a direct role in structural

degradation and disease progression in AD.

Iron Dyshomeostasis and Ferroptosis in Aortic Dissection
Cellular iron homeostasis is precisely maintained by a coordinated regulatory network of iron uptake, transport, storage,
and export. When free iron accumulates excessively within the cell, it catalyzes hydrogen peroxide into highly reactive
hydroxyl radicals through the Fenton reaction.'**° This initiates chain reactions of lipid peroxidation in polyunsaturated
fatty acids, which constitute the core execution mechanism of ferroptosis. In this process, the endoplasmic reticulum acts
as the central organelle for cellular lipid synthesis and remodeling. Its membrane-localized lysophosphatidylcholine
acyltransferase 3 (LPCAT3) serves as a key regulator of lipid homeostasis: LPCAT3 specifically catalyzes the reacylation
of phosphatidylcholine, enriching it with polyunsaturated fatty acids such as arachidonic acid and adrenic acid. These
phospholipids provide the primary substrates for lipid peroxidation, directly amplifying the ferroptotic cascade. At the
same time, disruption of endoplasmic reticulum lipid homeostasis further exacerbates endoplasmic reticulum stress,
forming a vicious cycle with ferroptosis signaling that intensifies structural and functional damage to the vascular wall.

Clinical sample studies have confirmed that iron content in the serum and lesional aortic tissues of patients with aortic
dissection (AD) is significantly higher than that in healthy control populations, with the iron load in dissected aortic
tissue reaching twice the level of normal aortic tissue.*'? In AD lesion specimens, transferrin receptor 1 (TfR1), which is
responsible for iron uptake, is significantly upregulated at both mRNA and protein levels. This is accompanied by
elevated ferritin expression and significantly increased concentrations of total tissue iron and free divalent iron (Fe*"),
suggesting the presence of clear abnormal iron uptake and iron overload in the local lesion.*'”!®

However, epidemiological studies have presented seemingly contradictory conclusions: the incidence risk of Stanford
type A and type B AD is negatively correlated with circulating iron concentrations, and peripheral blood transferrin
levels, total iron-binding capacity, and transferrin saturation in AD patients are all significantly lower than in healthy
individuals.**'*** Animal experiments further confirmed that systemic iron deficiency induced by a low-iron diet
combined with Ang can significantly exacerbate degenerative changes in the aortic media, promote phenotypic switching
of vascular smooth muscle cells (VSMCs), mitochondrial fragmentation and functional damage, thereby accelerating the
occurrence and development of AD.*?'2?? Shi et al also found that iron deficiency can significantly aggravate
endoplasmic reticulum stress, mitochondrial oxidative damage, and vascular cell apoptosis in Angll-treated mice,
accompanied by downregulation of the key iron metabolism molecules TfR1 and the iron exporter FPN1.%%

The aforementioned seemingly contradictory research findings collectively reveal the classic “iron paradox” phenom-
enon in the field of cardiovascular disease. Its core lies in the tissue-specific heterogeneity between systemic iron
homeostasis and local vascular iron metabolism, as well as the dual pathological effects of bidirectional imbalance
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between iron overload and iron deficiency. On the one hand, systemic iron deficiency can exacerbate degenerative
changes in the aortic media by inducing endoplasmic reticulum stress, mitochondrial structural and functional damage,
and phenotypic switching of VSMCs, thereby serving as an important susceptibility factor for the occurrence of AD. On
the other hand, local iron overload in the aortic wall drives the lipid peroxidation cascade and ferroptosis through the
Fenton reaction, directly compromising the structural integrity of the aortic wall and promoting the progression of AD.
This differentiated pathological effect of systemic versus local iron metabolism has also been validated in other
cardiovascular diseases: for example, systemic iron supplementation significantly improves cardiac function and clinical
prognosis in patients with iron-deficient heart failure, while local vascular iron chelation intervention effectively inhibits
vascular ferroptosis and remodeling processes. This distinction also provides a core direction for the precise prevention
and treatment of AD—namely, the need to simultaneously maintain systemic iron homeostasis and regulate iron load at
the lesional site, rather than relying on single iron supplementation or iron depletion therapy.

In addition, peripheral blood biomarkers based on iron homeostasis imbalance (serum iron, transferrin, ferritin, etc)
have been integrated into AD diagnostic models such as the FLUTHE score. This model exhibits a sensitivity as high as
0.954 and a specificity of 0.905 in distinguishing AD from acute coronary syndrome, thereby providing a novel
combination of biomarkers and a clinical tool for the early rapid differential diagnosis of AD.***

Heme Oxygenase-1 (HO-1) and Hypoxia-Inducible Factor-la (HIF-1a) Signaling in AD Ferroptosis

HO-1, a key enzyme in heme degradation, is strongly induced under hypoxic and oxidative stress conditions.>*> As a
master regulator of oxygen sensing, HIF-1a —the active subunit of HIF-1—plays a central role in modulating HO-1
expression.’”® In human AD tissues, both HO-1 and HIF-la are significantly upregulated. The HIF-1o/HO-1 axis
promotes massive heme breakdown, releasing free iron into the aortic wall, which subsequently fuels the Fenton reaction,
generating ROS and driving lipid peroxidation and ferroptosis.**’ Shi et al further demonstrated that cystine deprivation
or IKE-induced ferroptosis in human aortic smooth muscle cells (HASMCs) leads to decreased histone acetyltransferase
P300, which activates the HIF-1a/HO-1 pathway and promotes ferroptosis.**® This study reaffirms the pivotal role of
HIF-1a/HO-1 signaling in AD-associated ferroptosis. Despite its pro-ferroptotic potential, HO-1 may also exert protec-
tive effects by neutralizing heme toxicity and reducing inflammation.**° Liao et al proposed that downregulation of HO-1
could serve as a marker of ferroptosis in AD,**° conflicting with earlier reports suggesting its activation promotes iron-
dependent cell death. This discrepancy may arise from differences in experimental models and induction methods,
highlighting the complexity of HO-1 function in ferroptosis regulation.

Lipid Peroxidation Induces Ferroptosis in Aortic Dissection

In addition to iron metabolic dysregulation, lipid peroxidation is another fundamental element contributing to ferroptosis
in aortic dissection. Polyunsaturated fatty acids (PUFAs) and phosphatidylethanolamine (PE) are two major substrates for
lipid peroxidation, among which phosphatidylethanolamine contains arachidonic acid or its derivative adrenic acid.
Research has shown that the oxidation of both PUFAs and phosphatidylethanolamine transmits ferroptotic signals.
Arachidonic acid can first be converted into arachidonoyl-CoA via acyl-CoA synthetase long-chain family member 4
(ACSL4), which further transforms into phosphatidylethanolamine-arachidonic acid, ultimately being oxidized into lipid
peroxidation substrates.**'**? Under conditions of high hydrostatic pressure or angiotensin II (Ang II) stimulation,
ACSL4 expression in vascular smooth muscle cells (VSMCs) is significantly upregulated, which represents a key
contributor to VSMC ferroptosis; inhibition of ACSL4 reduces the accumulation of intracellular lipid peroxidation
substrates, thereby suppressing ferroptosis.>’*** The Xc system and glutathione peroxidase 4 (GPX4) are core
inhibitory factors in the regulation of lipid peroxidation during ferroptosis in aortic dissection. The Xc system functions
as a glutamate/cystine antiporter, composed of a heterodimer formed by the light chain subunit SLC7A11 and the heavy
chain subunit SLC3A2. Among these, SLC7A11 mediates the transport activity of the Xc~ system, while SLC3A2
primarily maintains the protein stability of SLC7A11.>** The Xc~ system transports extracellular cystine into the
cytoplasm for glutathione (GSH) synthesis, which serves as a crucial antioxidant protecting cells from oxidative
stress-induced damage. In human aortic smooth muscle cells (HASMCs) stimulated with cystine deprivation, IKE, or
GPX4 inhibitor RSL3, both SLC7A11 and SLC3A2 protein levels were significantly downregulated, leading to
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suppression of the Xc¢ ™ system and impaired GSH synthesis. GSH deficiency directly inhibits GPX4 activity and results
in excessive accumulation of phospholipid hydroperoxides, ultimately triggering ferroptosis and disruption of aortic
homeostasis.>'’'® In addition to the Xc~ system and GPX4, other molecules such as ferroptosis suppressor protein 1
(FSP1), GTP cyclohydrolase 1 (GCH1), and dihydroorotate dehydrogenase (DHODH) have also been identified as
important effectors involved in phospholipid hydroperoxide clearance and suppression of lipid peroxidation in aortic
dissection.***%>

Other Factors Contributing to Ferroptosis in Aortic Dissection

In exploring ferroptosis-related genes in aortic dissection, Pan et al**° identified DAZAP1 and GABARAPL2 as core
ferroptosis-associated genes in Stanford type A aortic dissection based on high-throughput sequencing data from patients.
DAZAPI1, a widely expressed RNA-binding protein, plays an important role in post-transcriptional modification.
GABARAPL2 was identified due to its involvement in protein trafficking and membrane fusion. Further immune
infiltration analysis revealed that DAZAP1 expression showed a positive correlation with monocyte abundance, whereas
GABARAPL2 expression exhibited a negative correlation with monocytes. Both genes may serve as potential diagnostic
biomarkers for Stanford type A aortic dissection. Zou et al*>’ constructed a protein-protein interaction network and
identified six key ferroptosis-related genes—CA9, HMOX1, IL-6, CDKNI1A, HIF1A, and MYC—from differentially
expressed ferroptosis-associated genes between Stanford type A aortic dissection and normal aortic tissues. These six
genes were all upregulated in Stanford type A aortic dissection.

Smoking-Induced Ferroptosis in Aortic Dissection
Smoking is a well-established risk factor for aortic dissection.’*® Studies have found that cigarette smoke extract (CSE)
stimulation causes reduced viability and death of rat vascular smooth muscle cells, effects that can be completely inhibited
by specific ferroptosis inhibitors or iron chelators. CSE exposure also induces elevated lipid peroxidation levels and triggers
key features of ferroptosis, including inflammation and depletion of the endogenous antioxidant glutathione.**® Zou et al**’
screened four ferroptosis-related genes—CA9, IL-6, CDKNI1A, and HIF1A —in aortic dissection using bioinformatics
approaches, and validated their close association with CSE-induced ferroptosis in HASMC:s at the cellular level.
Mitochondria are one of the primary sites of cellular biooxidation, and mitochondrial morphological changes during
ferroptosis are characterized by increased membrane density, reduced volume, and fragmentation or loss of mitochondrial
cristae.>*® Transmission electron microscopy revealed extensive mitochondrial loss in vascular smooth muscle cells
treated with CSE, with only a few residual mitochondrial fragments remaining. However, vascular smooth muscle cells
pretreated with ferroptosis inhibitors showed resistance to CSE-induced damage, with relatively preserved mitochondrial
structures.**® Nicotine, a core component of CSE, has been shown to induce ferroptosis in human umbilical vein
endothelial cells (HUVECs) in a dose-dependent manner, simultaneously suppressing GPX4 expression. Notably, the

ferroptosis inhibitor Ferrostatin-1 can block nicotine-induced ferroptosis in HUVECs.>"?

Epigenetic Abnormalities in Ferroptosis During Aortic Dissection
Epigenetic mechanisms, including non-coding RNAs, RNA methylation, and protein methylation, are increasingly

recognized as critical contributors to ferroptosis in aortic dissection.**'

MicroRNAs (miRNAs), endogenous non-coding
single-stranded small RNA molecules, regulate ferroptosis by inducing mRNA cleavage or translational repression of
target genes, playing pivotal roles in cardiovascular diseases such as aortic dissection.****** High-throughput screening
identified miR-1909-5p as capable of directly binding to the core anti-ferroptosis gene GPX4, thereby negatively
regulating GPX4 expression at both transcriptional and translational levels. Overexpression of miR-1909-5p exacerbates
nicotine-induced ferroptosis in HUVECs. Conversely, miR-1909-5p knockdown or supplementation with exogenous
recombinant GPX4 protein partially reverses the pro-ferroptotic effects of nicotine, suggesting that miR-1909-5p plays a
significant role in nicotine-induced ferroptosis of endothelial cells in certain smokers with aortic dissection.”'” Long non-
coding RNAs (IncRNAs), which do not encode proteins, play essential regulatory roles in key physiological and
pathological processes such as transcription, translation, post-transcriptional modifications, and RNA/protein stability,
and are critically involved in the regulation of ferroptosis in cardiovascular diseases like aortic dissection.**> Among
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them, NORAD is a highly conserved IncRNA that inhibits ferroptosis through modulation of GPX4, exerting protective
effects against aortic dissection.’*® The RNA methyltransferase METTL3 mediates m6A methylation of NORAD in an
Y THDF2-dependent manner, indicating that NORAD could serve as a potential therapeutic target for aortic dissection.’*’
Moreover, studies have found that METTL3 itself is significantly upregulated in the aortas of patients with aortic
dissection, and its protein levels show a negative correlation with those of the ferroptosis-inhibiting proteins SLC7A11
and FSP1 in human aortas. Overexpression of METTL3 in HASMCs suppresses SLC7A1l and FSP1 expression,
promoting ferroptosis sensitivity. In contrast, METTL3 knockdown enhances SLC7A11 and FSP1 expression and
increases ferroptosis resistance in HASMCs.*'” Protein methylation is another common form of post-translational
modification, particularly histone methylation. Emerging evidence suggests that histone methylation contributes to the
pathogenesis of ferroptosis in aortic dissection.’** Histone methylation sites H3K9mel, H3K9me2, and H3K9me3 were
found to be upregulated in HASMCs treated with ferroptosis inducers such as cystine deprivation, IKE, or RSL3,
indicating that H3K9 methylation is a key epigenetic mechanism regulating ferroptosis in the aortic wall.*'® Additionally,
H3K4 methylation has also been implicated in ferroptosis associated with aortic dissection. Levels of H3K4mel and
H3K4me2 were reduced in mice with B-aminopropionitrile-induced aortic dissection, which further led to massive

deposition of ferrous ions and intense Fenton reactions, ultimately resulting in ferroptosis.*>>

Immune Cell Dysfunction and Ferroptosis in Aortic Dissection

There is a close relationship between ferroptosis and immune dysfunction in aortic dissection.>** T lymphocytes are essential
components of the immune response system. Naive T cells differentiate into effector memory T cells upon antigen exposure,
migrate to target organs, and reside there, playing a crucial role in orchestrating immune responses.**° Li et al>*’ investigated the
activation and functional diversity of CD4+ T cells during differentiation and their impact on ferroptosis in aortic dissection. They
found that the proportion of CD36-expressing CD4+ T cells was significantly upregulated in patients with aortic dissection.
CD36 promotes ferroptosis in CD4+ T cells by facilitating fatty acid uptake, leading to T cell dysfunction, mitochondrial loss, and
impaired differentiation, which are associated with poor postoperative outcomes in patients with aortic dissection. In addition to
T lymphocytes, other types of immune cells such as macrophages are also closely linked to the progression of ferroptosis.***

349,350

Ferroptosis in macrophages has been reported in the context of atherosclerosis and aneurysms, although its potential role in

aortic dissection remains to be fully elucidated.

Intervention Strategies Targeting Ferroptosis in Aortic Dissection

Ferrostatin-1 is the first-generation ferroptosis inhibitor, which was first reported in 2012 for its anti-ferroptotic effects.>’
Building upon this foundation, Zilka et al further elucidated the antioxidant mechanism of Ferrostatin-1 through structure—
activity relationship studies of chemical compounds. They found that the N-cyclohexyl group in Ferrostatin-1 functions as a
lipophilic anchor within biomembranes and serves as a critical structural basis for its reductive and antioxidant properties,
making it essential for effective inhibition of ferroptosis.®' Relevant studies have shown that Ferrostatin-1 can maintain cell
viability in human aortic smooth muscle cells (HASMCs) under cystine deprivation, IKE, or RSL3 stimulation, while also
downregulating HO-1 levels, suppressing lipid peroxidation, and preventing ferroptosis.*'® In addition, Ferrostatin-1 has been
demonstrated to significantly inhibit ferroptosis in rat thoracic aorta smooth muscle cell line A7r5 and vascular smooth muscle
cells induced by cigarette smoke extract (CSE), thereby preventing massive loss of aortic smooth muscle cells in CSE-treated
mice.**” However, due to its instability during plasma metabolism, the actual therapeutic efficacy of Ferrostatin-1 in vivo may
be weaker than what is observed in vitro.*>?

Liproxstatin-1 is another specific inhibitor of ferroptosis, originally identified from tamoxifen-induced Gpx4 —/— mouse
embryonic fibroblasts.>>® Zilka et al confirmed that Liproxstatin-1, similar to Ferrostatin-1, possesses strong radical-trapping
antioxidant activity, with the quinoxaline ring being the key functional group responsible for scavenging peroxyl radicals.®>*
Liproxstatin-1 has been shown to inhibit the development and rupture of aortic dissection in B-aminopropionitrile (BAPN)-
induced mouse models, while simultaneously downregulating ferroptosis markers such as transferrin receptor and HO-1,
demonstrating its potent inhibitory effect on ferroptosis in vivo.*'” Moreover, HIF-1a plays an important role as a driver of
ferroptosis in aortic dissection, with its overexpression closely associated with oxidative stress in the microenvironment of

dissected aortas. Shi et al discovered that BAY87-2243, a selective HIF-1a inhibitor, could significantly reduce HIF-1la
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expression, suppress ferroptosis in HASMCs triggered by cystine deprivation and IKE, enhance cell viability, and decrease
lipid peroxidation. Further in vivo validation is required to confirm these ﬁndings.328 Given the potential role of histone
methylation in aortic dissection, domestic researchers have found that BRD4770, a specific inhibitor targeting histone
methylation sites H3K9me1/2/3, can significantly suppress ferroptosis in HASMCs, with therapeutic effects comparable to
those of Ferrostatin-1. BRD4770 can also delay the onset and progression of BAPN-induced aortic dissection in mice by
inhibiting ferroptosis, lipid peroxidation, and inflammation.’'® Notably, the protein levels of histone methylation sites
H3K4mel and H3K4me2 were found to be reduced in mouse aortic dissection tissues. Researchers screened out SP2509, a
specific pharmacological agent targeting H3K4mel and H3K4me?2, capable of inducing demethylation of H3K4 in a flavin
adenine dinucleotide (FAD)-dependent manner.>>> SP2509 can upregulate the protein levels of H3K4mel and H3K4me2 in
aortic dissection tissues and reduce intracellular ferrous iron levels by modulating iron transport mechanisms, thereby
preventing ferroptosis in HASMCs.***

It is worth noting that although many small-molecule compounds exhibit promising anti-ferroptotic effects in vitro,
their rapid degradation and low therapeutic efficiency in vivo may limit clinical translation. To address this limitation,
some researchers have proposed a three-dimensional printed hydrogel system capable of sustained release of mesench-
ymal stem cell-derived exosomes, offering a novel drug delivery approach for treating aortic dissection by preventing
aortic degeneration and ferroptosis.>>® These interdisciplinary studies based on nanomaterials provide new perspectives
for targeted intervention strategies against ferroptosis in aortic dissection. In summary, current research has established
the crucial role of ferroptosis in aortic dissection, and further clarification of its molecular mechanisms may offer novel
precision intervention targets for this disease. Future research directions include the following: (1) Identification of Novel
and Specific Biomarkers and Therapeutic Targets: Most of the currently identified ferroptosis-related targets in aortic
dissection have previously been reported in other cardiovascular diseases or cancers. Future studies should employ multi-
omics approaches and high-throughput screening technologies to identify and validate novel biomarkers and specific
therapeutic targets for ferroptosis in aortic dissection. This will help establish a more precise understanding of the unique
molecular signatures involved in aortic dissection-associated ferroptosis. (2) Clarifying the Causal Relationship Between
Ferroptosis and Aortic Dissection: Aortic dissection results from the progressive accumulation of aortic degeneration.
Therefore, to confirm ferroptosis as a driving factor in aortic dissection, it is essential to demonstrate the presence of iron
overload and lipid peroxidation prior to the onset of dissection. Due to current limitations in animal models and clinical
samples, most existing studies co-administer ferroptosis inhibitors and disease-inducing agents, leaving the causal link
between ferroptosis and aortic dissection unproven. Future investigations should focus on dissecting the temporal
dynamics of ferroptosis induction across different stages of aortic dissection modeling. Additionally, variations in
modeling methods—such as the use of BAPN or Ang II—and differences in mouse strains, age, and sex should be
systematically evaluated for their impact on ferroptosis in aortic dissection. As genome-wide association studies (GWAS)
expand globally, methods such as Mendelian randomization could also be employed to verify the causal relationship
between ferroptosis and aortic dissection. (3) Development of Stable and Efficient Delivery Systems for Ferroptosis
Inhibitors: Drugs such as Ferrostatin-1 suffer from poor metabolic stability in vivo, whereas nucleic acid-based
therapeutics like miRNAs and IncRNAs face challenges related to low delivery efficiency, poor stability, and suscept-
ibility to nuclease degradation.’>’ Nanomedicine has shown considerable promise in mitigating oxidative stress and
enabling precise delivery of small molecules or nucleic acids in aortic diseases, including aortic dissection.>>¢->%-
Thus, combining nanotechnology with ferroptosis-targeted therapies may facilitate deeper mechanistic insights and
accelerate the translation of novel therapeutic strategies for aortic dissection. (4) Development of Specific Diagnostic
Tools Based on Ferroptosis: Developing highly specific diagnostic tools and rapid detection kits targeting key compo-
nents of the ferroptotic microenvironment, particularly iron ions, represents a promising avenue for future research.>*
Such tools could enable early diagnosis and monitoring of ferroptosis-related changes in patients at risk for aortic
dissection. In summary, a deeper understanding of the key regulatory nodes of ferroptosis already identified in aortic
dissection, combined with targeted basic and clinical investigations, will further elucidate the pathogenesis of this life-
threatening condition. These efforts will not only contribute to the discovery of novel biomarkers and therapeutic
interventions but also pave the way for the development of precision medicine strategies aimed at the prevention and
treatment of aortic dissection.
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Mechanisms of Ferroptosis Inhibitors and Inducers in Cardiovascular Diseases
Ferroptosis is a form of regulated necrosis driven by iron-dependent lipid peroxidation and redox imbalance, playing a
pivotal role in the pathogenesis of various cardiovascular diseases (CVDs).*®! Therefore, understanding and targeting
ferroptosis with pharmacological modulators—either inhibitors or inducers—has emerged as a promising strategy for
therapeutic intervention.

Ferroptosis Inhibitors and Their Roles in Cardiac Pathology

Given its involvement in myocardial injury, heart failure, ischemia—reperfusion (I/R) damage, and chemotherapy-induced
cardiotoxicity, ferroptosis has become a central focus in cardiac disease research. Current ferroptosis inhibitors act
through multiple mechanisms, including iron chelation, ROS scavenging, and inhibition of lipid peroxidation, and can be
broadly classified into three categories: antioxidants, iron chelators, and ACSL4 inhibitors.

Antioxidants

Lipophilic radical-trapping antioxidants inhibit ferroptosis by directly blocking the propagation of lipid peroxidation
chain reactions.*®' For example, ferrostatin-1 (Fer-1) reduces mortality in doxorubicin (DOX)-induced cardiotoxicity
models, significantly lowers the expression of hypertrophic markers at both mRNA and protein levels, and restores
mitochondrial gene expression impaired by DOX.*** Recent studies have identified that vitamin K, under the catalysis of
ferroptosis suppressor protein 1 (FSP1), is converted into hydroquinone, a lipophilic antioxidant capable of preventing
lipid ROS accumulation and suppressing ferroptosis.*®> These findings suggest that hydroquinone derivatives may hold
promise in CVD therapy; however, further investigation—including clinical trials—is required to validate their efficacy
and safety profile.

Iron Chelators

Iron chelators such as deferoxamine (DFO), dexrazoxane, and deferiprone reduce intracellular Fe** levels and inhibit
Fenton reaction-driven ROS generation and lipoxygenase (LOX) activation, thereby suppressing lipid peroxidation and
ferroptosis.***

Among these, dexrazoxane is currently the only FDA-approved agent for preventing DOX-induced cardiotoxicity in
cancer patients.’®® Histological assessments indicate that dexrazoxane and Fer-1 exhibit comparable protective effects
against DOX-induced cardiac injury.>** Recent evidence suggests that deferiprone outperforms DFO and deferasirox in
acute hemorrhagic myocardial infarction models, accelerating hematoma clearance, reducing inflammation, and attenu-
ating chronic adverse remodelling post-injury.’®> Moreover, DFO protects against diabetic cardiomyopathy (DCM) by
preserving cardiomyocyte viability and suppressing clevated ferroptosis markers, demonstrating its broad utility in
metabolic heart disease.'?? These data support the potential use of iron chelation as a preventive strategy in acute
hemorrhagic myocardial infarction.

ACSL4 Inhibitors

Thiazolidinediones (TZDs)—including rosiglitazone, pioglitazone, and troglitazone —are classical agonists of PPARy
but have recently been shown to inhibit acyl-CoA synthetase long-chain family member 4 (ACSL4), thereby suppressing
ferroptosis and lipid peroxidation.'*> Rosiglitazone has been demonstrated to reduce COX-2 and LDH expression,
inhibiting ferroptosis and alleviating I/R injury in experimental models.**® However, this study was conducted using an
intestinal I/R model, highlighting the need to evaluate rosiglitazone’s efficacy specifically in myocardial I/R settings to
overcome current limitations in cardiac applications. In atherosclerosis, rosiglitazone suppresses fatty acid conversion to
diacylglycerol and triacylglycerol in smooth muscle cells and macrophages, thereby limiting lipid peroxidation and
plaque progression.*®” Despite these benefits, TZDs lack specificity for ACSL4 and exert pleiotropic effects beyond
ferroptosis inhibition. Thus, future efforts should prioritize the development of selective ACSL4-targeted therapies to
better define their cardioprotective roles. Collectively, existing data demonstrate that dexrazoxane and Fer-1 significantly

improve survival in DOX-treated mice,*®

while rosiglitazone exhibits anti-ferroptotic activity in multiple experimental
models.*®® These findings highlight the therapeutic potential of ferroptosis inhibition in CVD; however, large-scale

clinical validation is necessary to assess translational feasibility and safety.
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Ferroptosis Inducers and Their Roles in Cardiac Disease

Although ferroptosis is often viewed as a pathological mechanism, certain inducers are being explored for their potential
in promoting targeted cell death in specific disease contexts. Based on their molecular targets, ferroptosis inducers can be
categorized into four main classes: (1) Those targeting system Xc ; (2) Those impairing GSH synthesis; (3) Those
inhibiting GPX4; (4) Those increasing iron availability and ROS production. Erastin, a classic ferroptosis inducer, binds
to voltage-dependent anion channel 2 (VDAC?2) and promotes lipid ROS production.*®® It also induces GSH depletion
via system Xc inhibition, enhances VSMC calcification, and exacerbates cardiac injury in models of DOX-induced
cardiomyopathy and I/R injury.*®*>7" Similarly, RAS-selective lethal compound 5 (RSL5) interacts with VDAC3 to
trigger ferroptosis.*®® Another GPX4 inhibitor, RAS-selective lethal compound 3 (RSL3), accelerates VSMC calcifica-
tion and worsens I/R injury when mediated by frataxin,’’? indicating that GPX4 inhibition plays a direct role in cardiac
pathology. The enzyme glutamate—cysteine ligase (GCL) is essential for GSH biosynthesis. Its inhibition by buthionine
sulfoximine (BSO) leads to robust induction of ferroptosis.>’®> BSO treatment results in cardiac remodelling, including
cardiomyocyte hypertrophy, interstitial fibrosis, reduced contractility, and disrupted ejection fraction,>”* reinforcing the
importance of maintaining GSH homeostasis for myocardial function. These findings illustrate that although ferroptosis
inducers were originally developed for oncologic applications, they can also drive cardiac injury under certain conditions.
Their use in cardiovascular research provides valuable mechanistic insights into how ferroptosis contributes to disease
progression, emphasizing the need for tightly regulated therapeutic strategies.

Prospects: Multidimensional Regulation of Ferroptosis and lron Homeostasis

in Cardiovascular Diseases and Clinical Translation

Ferroptosis, a newly identified form of regulated cell death discovered in recent years, is characterized by aberrant iron
accumulation, excessive production of lipid reactive oxygen species (ROS), and disruption of the antioxidant defense system.
In the cardiovascular field, ferroptosis has been increasingly implicated in multiple pathological processes, including
myocardial ischemia-reperfusion injury (MIRI), doxorubicin-induced cardiotoxicity, dilated cardiomyopathy (DCM), athero-
sclerosis, and cardiac fibrosis. These findings provide novel insights into the pathogenesis of cardiovascular diseases and lay
the foundation for developing therapeutic strategies targeting ferroptosis as a core intervention node.

Diversity and Complexity of Ferroptosis Regulatory Networks in Cardiovascular
Pathology

The regulatory network of ferroptosis exhibits high complexity and multi-dimensional characteristics. Its core regulatory
axes encompass three major modules: the antioxidant defense system centered on system Xc /GSH/GPX4, the lipid
remodeling and peroxidation metabolism mediated by the ACSL4/LPCAT3 axis, and the iron homeostasis regulated by
the TfR1/FPN1/ferritin axis. In addition, this network is deeply interconnected with multiple cellular biological path-
ways, including autophagy, epigenetic modifications, endoplasmic reticulum stress, and mitochondrial metabolism.

In the cardiovascular system, the ferroptosis regulatory network displays significant tissue specificity, cellular hetero-
geneity, and spatiotemporal dynamics. The pathological microenvironments of different cardiovascular diseases can differ-
entially activate upstream triggering signals of ferroptosis, whereas distinct cell subpopulations—such as cardiomyocytes,
vascular endothelial cells, vascular smooth muscle cells, and macrophages—exhibit marked differences in their sensitivity to
ferroptosis, core triggering pathways, and regulatory patterns. These differences indicate that ferroptosis-targeted interven-
tions must adopt precise cell- and disease-specific strategies rather than generalized inhibitory approaches.

A System of Stratum-Specific Biomarkers for Ferroptosis in Cardiovascular Diseases

For ferroptosis to be truly applied in clinical targeted therapy, precise detection and differential diagnosis are the key
prerequisites. Currently, laboratory identification of ferroptosis still primarily relies on non-specific oxidative stress indicators
such as malondialdehyde (MDA), 4-hydroxynonenal (4-HNE), and total ROS. These markers are difficult to distinguish from
cellular damage or death caused by other forms of oxidative stress, which has become the greatest bottleneck for clinical
translation.
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To address this problem, the present chapter systematically constructs a three-layer specific biomarker system for
ferroptosis in the field of cardiovascular disease. It also clarifies the detection value, specificity, and clinical applicability
of various types of markers and proposes joint detection strategies.

The core specific lipid biomarker is oxidized phosphatidylethanolamine (PE-OOH), particularly the oxidized PE
derived from long-chain polyunsaturated fatty acids containing arachidonic acid (AA) and adrenic acid (AdA). This is the
specific substrate and core marker in the execution phase of ferroptosis. Unlike ordinary lipid peroxidation products, AA/
AdA-PE-OOH is the specific catalytic substrate of GPX4, and its elevated levels can directly reflect the activation of the
core pathway of ferroptosis. It exhibits high specificity in distinguishing ferroptosis from apoptosis, pyroptosis, and other
non-specific oxidative stress injuries, making it the current gold standard marker for identifying ferroptosis.

Pathway-specific protein biomarkers include the specific cleavage fragment of GPX4, the ferritin heavy chain/light
chain ratio (FTH1/FTL1), and the specific splice variant of SLC7A1l. Among them, the GPX4 cleavage fragment
directly reflects the inactivation of the core antioxidant defense system in ferroptosis; the FTHI/FTL1 ratio enables
precise tracking of intracellular iron availability and iron homeostasis imbalance, offering greater specificity than
measuring total ferritin; the SLC7A11-specific splice variant reflects functional abnormalities in the system Xc pathway.
The combined use of these three allows comprehensive assessment of the activation status of the core regulatory
pathways of ferroptosis.

Clinically accessible circulating biomarkers include non-transferrin-bound iron (NTBI), 4-HNE-protein adducts, and
miR-1909-5p. These markers can be detected via peripheral blood and are easily obtainable in clinical practice. Among
them, NTBI directly reflects the load of free iron with oxidative activity in circulation and has been confirmed in patient
cohorts with aortic dissection, heart failure, and acute myocardial infarction to be significantly associated with disease
severity; 4-HNE-protein adducts are more stable than free 4-HNE and can better reflect the accumulation level of lipid
peroxidation in vivo; miR-1909-5p participates in ferroptosis by targeting and regulating GPX4, and its circulating levels
are closely related to the prognosis of patients with myocardial ischemia-reperfusion injury and heart failure.

Based on the above layered biomarker system, a joint detection strategy of “core specific markers + circulating easy-to-
detect markers” can be adopted clinically. This enables precise differentiation of ferroptosis, risk stratification, and efficacy
monitoring, thereby laying a reliable diagnostic foundation for the clinical application of ferroptosis-targeted therapy.

The Threshold Effect Triggering Ferroptosis and the Core Regulatory Role of Mitochondria

The occurrence of ferroptosis is not the result of a simple linear accumulation of iron buildup and elevated lipid ROS
levels. Rather, it exhibits a distinct “threshold” effect: irreversible lipid peroxidation chain reactions are triggered,
ultimately leading to ferroptosis, only when intracellular free iron (ie, the labile iron pool, LIP) and lipid ROS levels
simultaneously exceed the compensatory capacity of the cellular antioxidant defense system. In this process, free iron
serves as the core catalyst driving the chain reaction through the Fenton reaction, while mitochondria, as the primary
intracellular site for iron metabolism and ROS generation, act as the key hub regulating the ferroptosis threshold and
execution process.

In terms of threshold control of free iron, the normal physiological concentration of the intracellular labile iron pool is
generally maintained at 0.5-1.5 umol/L. Once this concentration exceeds 2.5 umol/L, the Fenton reaction is markedly
activated, rapidly converting hydrogen peroxide into highly reactive hydroxyl radicals. This substantially lowers the
energy barrier for lipid peroxidation and thereby initiates the chain reaction. Conversely, if GPX4 activity decreases by
more than 80% or glutathione (GSH) is depleted by more than 70%, the cell essentially loses its capacity to clear lipid
peroxides. Under these conditions, even if free iron and ROS remain at physiological levels, ferroptosis can still be
induced. This threshold effect varies significantly among different cell types: cardiomyocytes, owing to their high
mitochondrial content and elevated basal ROS generation, exhibit a markedly lower ferroptosis triggering threshold
than other cells and display greater sensitivity to iron accumulation and lipid peroxidation.

Mitochondria play a dual core role in the regulation of ferroptosis. On one hand, they serve as important initiators and
amplifiers of ferroptosis. Dysfunction of the mitochondrial tricarboxylic acid cycle and electron transport chain (ETC)
constitutes a key upstream signal for ferroptosis. In particular, damage to ETC complexes I and III leads to the production
of large amounts of superoxide anions in mitochondria, providing the initial ROS for lipid peroxidation. At the same
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time, mitochondria are the primary site for intracellular iron-sulfur cluster synthesis and heme metabolism. Mitochondrial
iron overload directly triggers the Fenton reaction internally, causing lipid peroxidation and membrane damage within the
mitochondria themselves. This further amplifies endoplasmic reticulum stress and lipid synthesis disorders through
mitochondria—endoplasmic reticulum contact sites, thereby lowering the ferroptosis triggering threshold even further.
On the other hand, mitochondria can also exert a negative regulatory effect on ferroptosis. Dihydroorotate dehy-
drogenase (DHODH), located on the mitochondrial membrane, synthesizes ubiquinone (CoQ) that cooperates with GPX4
to eliminate lipid peroxides within mitochondria, forming a mitochondria-specific defense system independent of the
cytosolic GPX4 pathway. In cardiovascular diseases, pathological processes such as myocardial ischemia-reperfusion
injury and doxorubicin-induced cardiotoxicity significantly lower the ferroptosis triggering threshold in cardiomyocytes
by inducing mitochondrial iron overload, ETC dysfunction, and DHODH pathway inhibition, ultimately resulting in

irreversible cellular damage.

Mechanisms of Differential Regulation of Ferroptosis in Core Cardiovascular Cell Types

In the cardiovascular system, different functional cells exhibit substantial differences in their patterns of iron metabolism,
lipid composition characteristics, and antioxidant system expression levels. These inherent differences directly lead to
marked cell-specificity in the triggering mechanisms, regulatory pathways, and pathological consequences of ferroptosis.
This chapter systematically compares the differential regulatory features of ferroptosis among three key effector cell
types in cardiovascular diseases: cardiomyocytes, vascular endothelial cells, and macrophages.

Cardiomyocytes are terminally differentiated cells with extremely high mitochondrial content (approximately 30-40%
of cell volume) and very limited regenerative capacity. Ferroptosis in these cells results in irreversible cardiomyocyte loss
and cardiac function impairment. Their ferroptosis is primarily driven by mitochondrial metabolic abnormalities and loss of
GPX4 function, and they are particularly sensitive to ACSL4-mediated long-chain polyunsaturated fatty acid lipid
remodeling and peroxidation. Iron homeostasis in cardiomyocytes is precisely regulated by TfR1 (iron uptake) and
FPNI (iron export). In pathological states, upregulation of TfR1 combined with downregulation of FPN1 rapidly induces
intracellular iron overload. Cardiomyocyte ferroptosis constitutes the core injury mechanism in myocardial ischemia-
reperfusion injury (MIRI), doxorubicin cardiotoxicity, dilated cardiomyopathy (DCM), and myocardial fibrosis.

Vascular endothelial cells serve as the principal component of the vascular barrier. Ferroptosis in endothelial cells
represents the initiating event in atherosclerosis, aortic dissection, and hypertensive vascular remodeling. The core
triggering factors include inhibition of system Xc function, abnormal hemodynamic shear stress, and mechanical stretch
injury. Endothelial cells are highly sensitive to pro-atherogenic stimuli such as oxidized low-density lipoprotein (ox-
LDL) and cigarette smoke extract. Once ferroptosis occurs, it directly compromises the integrity of the vascular
endothelial barrier, resulting in endothelial dysfunction, lipid infiltration, and recruitment of inflammatory cells, thereby
initiating and accelerating the progression of vascular lesions. Unlike cardiomyocytes, ferroptosis regulation in endothe-
lial cells depends more heavily on the SLC7A11/GSH pathway rather than the mitochondrial metabolic pathway.

Macrophages act as the central effector cells in the progression and instability of atherosclerotic plaques. Their
ferroptosis is mainly driven by intracellular iron overload resulting from hemoglobin phagocytosis and heme catabolism,
and is subject to bidirectional regulation by the HO-1/HIF-1a axis. Macrophages display distinct polarization subtype
differences: pro-inflammatory M1 macrophages exhibit higher intracellular iron loading due to elevated expression of
iron uptake molecules and reduced expression of the iron exporter FPN1, rendering them significantly more sensitive to
ferroptosis than anti-inflammatory M2 macrophages. Macrophage ferroptosis leads to foam cell necrosis within plaques,
expansion of the lipid core, and massive release of inflammatory mediators, serving as a critical mechanism that
promotes atherosclerotic plaque progression and vulnerability to rupture.

Based on these cell-specific differences, targeted interventions for ferroptosis necessitate cell-specific delivery strategies
and target selection. For instance, strategies directed at cardiomyocytes should prioritize mitochondrial iron metabolism and
the GPX4 pathway; interventions targeting vascular endothelial cells should focus on preserving system Xc function; and
those aimed at macrophages should emphasize regulation of intracellular iron homeostasis and the HO-1 pathway. Such

approaches enable precise therapeutic intervention while minimizing non-specific side effects.
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Progress in the Clinical Translation of Ferroptosis-Targeted Therapy

Based on the central driving role of ferroptosis in cardiovascular disecases, the research and clinical translation of
ferroptosis-targeted therapeutic agents have emerged as a major research hotspot in the cardiovascular field. Currently,
systematic progress has been achieved at three levels: repurposing of approved drugs, development of novel ferroptosis
inhibitors, and exploration of clinical trials.

In the area of repurposing approved drugs, drug repurposing serves as the core pathway for ferroptosis-targeted
therapies to rapidly advance into clinical application. Several clinically approved drugs have been shown to exert
cardiovascular protective effects by regulating ferroptosis, and all of them possess well-documented clinical safety data.

For example, iron chelators such as deferasirox and deferiprone can inhibit ferroptosis by chelating intracellular free
iron. Among them, dexrazoxane has already been used to prevent anthracycline-induced cardiotoxicity, with its primary
mechanism being the chelation of free iron, suppression of mitochondrial iron overload, and inhibition of ferroptosis.
Deferasirox has demonstrated significant cardiovascular protective effects in preclinical studies of myocardial ischemia-
reperfusion injury (MIRI), heart failure, and atherosclerosis, and has now entered the stage of small-sample clinical
exploration.

SGLT?2 inhibitors such as dapagliflozin and empagliflozin, which have been approved for the treatment of heart
failure, exert part of their cardiovascular protective effects through the inhibition of ferroptosis. Specifically, these agents
can upregulate the expression of SLC7A11 and GPX4, restore cellular antioxidant capacity, and simultaneously inhibit
ACSL4-mediated lipid peroxidation, thereby attenuating ferroptosis in cardiomyocytes and endothelial cells.

Statins such as atorvastatin and rosuvastatin, in addition to their classical lipid-lowering effects, can also inhibit
ferroptosis in macrophages and vascular smooth muscle cells by suppressing ACSL4 expression, reducing the generation
of lipid peroxidation substrates, and upregulating FPN1 to promote iron export, thereby delaying the progression of
atherosclerosis.

In addition, PPARYy agonists such as pioglitazone and rosiglitazone can upregulate the expression of GPX4 and FSP1
by activating the PPARy pathway, thereby enhancing cellular defense against ferroptosis. These agents have shown clear
myocardial protective effects in preclinical models of MIRI and diabetic cardiomyopathy.

In the translational research of novel ferroptosis inhibitors, the first-generation specific inhibitors Ferrostatin-1 (Fer-1)
and Liproxstatin-1 (Lip-1) can potently scavenge lipid free radicals and block lipid peroxidation chain reactions,
demonstrating excellent protective effects in multiple animal models of cardiovascular diseases. However, they still
face several critical bottlenecks in clinical translation: Fer-1 is rapidly metabolized in plasma, resulting in a short half-life
and low bioavailability; although Lip-1 exhibits better metabolic stability, it suffers from poor tissue penetration and lack
of cell-specific targeting.

To address these bottlenecks, current research mainly focuses on three directions: first, prodrug design, through
chemical modification of Fer-1 and Lip-1 to synthesize precursor drugs with markedly improved plasma stability that
release the active component via enzymatic hydrolysis after entering the body, thereby substantially enhancing bioavail-
ability; second, nanocarrier delivery systems, utilizing liposomes, polymeric nanoparticles, or cell-membrane biomimetic
carriers to achieve long-term circulation and, through modification with cardiomyocyte-targeting peptides or endothelial
cell-targeting ligands, to realize specific delivery to cardiovascular tissues and reduce systemic off-target effects; third,
tissue-specific targeting modifications, through chemical engineering of the inhibitor molecules to enable precise
localization to specific sites such as cardiomyocyte mitochondria or vascular endothelial cell membranes, thereby
increasing local drug concentration and enhancing therapeutic efficacy.

Core Obstacles and Countermeasures for the Clinical Translation of Ferroptosis
Although ferroptosis-targeted therapy has achieved significant progress in preclinical studies, it still faces multiple
important obstacles before it can truly transition from the laboratory to clinical application. This chapter systematically
analyzes these translational challenges and their corresponding solutions, with a focus on issues such as differences
between animal models and humans as well as drug safety.

First-generation ferroptosis inhibitors (such as Fer-1 and Lip-1) exhibit problems of short plasma half-life, suscept-
ibility to metabolism, and low bioavailability. Most animal experiments employ intraperitoneal injection or local
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administration, whereas the clinically common oral or intravenous routes show markedly reduced efficacy, making it
difficult to meet practical needs. The primary solutions involve using nanocarriers to achieve long-acting drug circulation
and protection, chemical modification of prodrugs to improve plasma stability and half-life, and employing tissue-
targeting modifications to concentrate the drug more on cardiovascular lesion sites, thereby reducing the systemic dosage.

Secondly, off-target effects and systemic safety risks arising from non-specific interventions cannot be overlooked.
Ferroptosis regulatory molecules are widely expressed across multiple organs throughout the body; systemic adminis-
tration may lead to liver function abnormalities, reproductive system damage, systemic iron deficiency, neurological side
effects, and even potential tumorigenic risks. Key solutions to these problems include developing cardiovascular tissue-
specific targeted delivery systems (such as cardiomyocyte-targeting peptides or endothelial-targeting ligands), adopting
local administration methods (such as intracoronary administration or local lesion injection), developing subtype-specific
inhibitors, and switching to short-term pulse dosing rather than long-term continuous administration to minimize
systemic adverse reactions.

Third, the majority of current preclinical studies are based on rodent animal models, which exhibit clear differences
from humans in iron metabolism patterns, lipoprotein composition, and the pathological progression of cardiovascular
diseases. In addition, animal experiments commonly use preventive administration, whereas clinical cardiovascular
diseases typically require therapeutic intervention after disease onset, resulting in substantial differences in timing.
Solutions to bridge this gap include using non-human primates for validation, employing human iPSC-induced differ-
entiated cardiomyocytes, endothelial cells, and cardiac organoid models for drug screening, and conducting multi-omics
studies based on human clinical samples to verify the true relevance of the relevant targets in humans.

Finally, there is currently a lack of a clinical efficacy evaluation system based on ferroptosis-specific markers, which
prevents accurate determination of the actual regulatory effects of drugs on the ferroptosis pathway and makes it difficult
to establish the relationship between drug dosage, degree of inhibition, and clinical benefit. To address this issue, the
ferroptosis layered biomarker system established previously can be utilized to formulate standardized clinical detection
and efficacy evaluation protocols. Dynamic changes in ferroptosis markers can serve as key indicators in clinical trials,
thereby providing a reliable basis for dose optimization and efficacy assessment.

Summary: Future Perspectives on Ferroptosis in Cardiovascular Diseases

As a novel form of programmed cell death, ferroptosis is reshaping our understanding of the pathophysiological
mechanisms underlying cardiovascular diseases. It not only clarifies the mechanisms of cardiovascular cell injury that
cannot be fully explained by traditional oxidative stress theories, but also establishes a new, targetable core node for the
prevention and treatment of cardiovascular diseases. From the perspective of basic mechanistic research, the regulatory
network of ferroptosis is not a single linear pathway but a complex network deeply interconnected with multiple
pathways, including iron homeostasis, lipid metabolism, mitochondrial function, and endoplasmic reticulum stress.
Moreover, it exhibits marked cell- and disease-specificity, providing a fresh perspective for understanding both the
common and specific injury mechanisms across different cardiovascular diseases.

From the standpoint of clinical translational prospects, the rapid advances in structural biology, artificial intelligence-
assisted drug design, gene editing technology, organoid models, and nanodelivery systems are progressively overcoming
the translational bottlenecks of ferroptosis-targeted therapy. On the one hand, repurposing studies of already approved
drugs offer a feasible route for the rapid clinical translation of ferroptosis-targeted treatments. The elucidation of
ferroptosis regulatory mechanisms in widely used clinical agents such as SGLT2 inhibitors, statins, and iron chelators
not only provides a novel theoretical explanation for their cardiovascular protective effects but also supplies evidence-
based support for expanding their clinical indications. On the other hand, novel ferroptosis inhibitors featuring high
specificity, high stability, and tissue-targeting properties are advancing rapidly, with multiple clinical trials progressing
steadily; these agents hold promise for introducing entirely new classes of drugs for cardiovascular disease therapy.

Looking ahead, multidisciplinary research on ferroptosis is poised to emerge as a new frontier in cardiovascular
therapeutics. Precision-targeted intervention strategies against ferroptosis can provide innovative approaches not only for
myocardial protection, improvement of cardiac function, inhibition of vascular remodeling, and reversal of fibrosis, but
also for achieving therapeutic breakthroughs in cardiovascular diseases—such as heart failure, ischemic heart disease,
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Figure 8 Schematic diagram of the bidirectional regulatory network of ferroptosis/lipid peroxidation and its role in cardiovascular disease [The Tai Chi Yin-Yang model is
employed to illustrate the bidirectional regulation of ferroptosis and lipid peroxidation. Dynamic equilibrium between inhibitory pathways (cyst(e)ine/GSH/GPX4, FSP1/
CoQI0, and others) and inductive pathways (PUFA-lipid metabolism, iron metabolism, and related pro-pathways) maintains cardiovascular homeostasis, whereas disruption
of this balance drives the onset and progression of the full spectrum of cardiovascular diseases, including atherosclerosis, hypertension, and myocardial ischemia. This
provides a panoramic theoretical framework for the prevention and treatment of cardiovascular diseases targeting the ferroptosis—iron homeostasis axis. The figure was
created with BioRender.

chemotherapy-related cardiotoxicity, aortic dissection, and atherosclerosis—that currently lack effective curative options.
To present an intuitive overview of the core regulatory network of ferroptosis, its multidimensional associations with
various cardiovascular diseases, and the clinical translational pathways, we have constructed a panoramic schematic
diagram of ferroptosis and cardiovascular diseases (Figure 8). This figure systematically integrates the three core
regulatory modules of ferroptosis, key molecular pathways, cell-specific regulatory features, and targeted intervention
strategies, thereby offering a visualized theoretical framework for subsequent basic research and clinical translation.

Through continued deepening of basic mechanistic studies on ferroptosis, resolution of the core bottlenecks in clinical
translation, and establishment of a standardized system for clinical diagnosis and efficacy evaluation, ferroptosis-targeted
therapeutic strategies are expected to achieve full translation from bench to bedside. This will represent a revolutionary
paradigm for the precise prevention and treatment of cardiovascular diseases and usher in a new era of precision
cardiology.

Data Sharing Statement
The data used to support the findings of this study are included within the article.

Ethical Approval and Informed Consent
This article is a review and does not involve any studies with human participants or animals performed by any of the
authors. Therefore, ethical approval and informed consent were not required.

42 https: Drug Design, Development and Therapy 2026:20



Zhang et al

Acknowledgments
This research is supported by the Scientific Research Project of Hunan Provincial Health Commission (B202303018255)
and the Postgraduate Research and Innovation Project of Hunan Province (CX20221012).

Author Contributions

Tianging Zhang, Sijie Xiao, Yanfu Xia, and Kun Chen are co-first authors. All authors made a significant contribution to the work
reported, whether that is in the conception, study design, execution, acquisition of data, analysis and interpretation, or in all these
areas; took part in drafting, revising or critically reviewing the article; gave final approval of the version to be published; have
agreed on the journal to which the article has been submitted; and agree to be accountable for all aspects of the work.

Funding
This research is supported by the Scientific Research Project of Hunan Provincial Health Commission (B202303018255)
and the Postgraduate Research and Innovation Project of Hunan Province (CX20221012).

Disclosure
The authors declare that they have no known competing financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

References

1. McDonagh TA, Metra M, Adamo M, et al. 2021 ESC Guidelines for the diagnosis and treatment of acute and chronic heart failure. Eur Heart J.
2021;42(36):3599-3726. doi:10.1093/eurheartj/chab368
2. Koskinas KC, Van Craenenbroeck EM, Antoniades C, et al. Obesity and cardiovascular disease: an ESC clinical consensus statement. Eur Heart
J. 2024;45(38):4063—4098. doi:10.1093/eurheartj/chae508
3. Duarte Lau F, Giugliano RP. Lipoprotein(a) and its significance in cardiovascular disease: a review. JAMA Cardiol. 2022;7(7):760. doi:10.1001/
jamacardio.2022.0987
4. Steven S, Frenis K, Oelze M, et al. Vascular inflammation and oxidative stress: major triggers for cardiovascular disease. Oxid Med Cell
Longev. 2019;2019:1-26. doi:10.1155/2019/7092151
5. Yan Q, Liu S, Sun Y, et al. Targeting oxidative stress as a preventive and therapeutic approach for cardiovascular disease. J Transl Med. 2023;21
(1):519. doi:10.1186/s12967-023-04361-7
6. Vafadar A, Alavimanesh S, Babadi S, Hosseinpour V, Ehtiati S, Savardashtaki A. MicroRNA biosensors for cardiovascular disease detection.
Clin Chim Acta. 2026;578:120525. doi:10.1016/j.cca.2025.120525
7. Senoner T, Dichtl W. Oxidative stress in cardiovascular diseases: still a therapeutic target? Nutrients. 2019;11(9):2090. doi:10.3390/nu11092090
8. Jiang X, Stockwell BR, Conrad M. Ferroptosis: mechanisms, biology and role in disease. Nat Rev Mol Cell Biol. 2021;22(4):266-282.
doi:10.1038/541580-020-00324-8
9. Zeng L, Yang K, Yu G, et al. Advances in research on immunocyte iron metabolism, ferroptosis, and their regulatory roles in autoimmune and
autoinflammatory diseases. Cell Death Dis. 2024;15(7):481. doi:10.1038/s41419-024-06807-2
10. Pope LE, Dixon SJ. Regulation of ferroptosis by lipid metabolism. Trends Cell Biol. 2023;33(12):1077-1087. doi:10.1016/j.tcb.2023.05.003
11. Fang X, Ardehali H, Min J, Wang F. The molecular and metabolic landscape of iron and ferroptosis in cardiovascular disease. Nat Rev Cardiol.
2023;20(1):7-23. doi:10.1038/541569-022-00735-4
12. Wu X, Li Y, Zhang S, Zhou X. Ferroptosis as a novel therapeutic target for cardiovascular disease. Theranostics. 2021;11(7):3052-3059.
doi:10.7150/thno.54113
13. Zeng Q, Jiang T. Molecular mechanisms of ferroptosis in cardiovascular disease. Mol Cell Biochem. 2024;479(12):3181-3193. doi:10.1007/
s11010-024-04940-2
14. Liu G, Xie X, Liao W, et al. Ferroptosis in cardiovascular disease. Biomed Pharmacother. 2024;170:116057. doi:10.1016/j.biopha.2023.116057
15. Wu ZF, Yan BJ, Luo W, et al. Ferroptosis and hydrogen sulfide in cardiovascular disease. Curr Med Chem. 2023;30(16):1848-1859.
doi:10.2174/0929867329666220630144648
16. Liu D, Qin H, Gao Y, Sun M, Wang M. Cardiovascular disease: mitochondrial dynamics and mitophagy crosstalk mechanisms with novel
programmed cell death and macrophage polarisation. Pharmacol Res. 2024;206:107258. doi:10.1016/j.phrs.2024.107258
17. Kuang F, Liu J, Tang D, Kang R. Oxidative damage and antioxidant defense in ferroptosis. Front Cell Dev Biol. 2020;8:586578. doi:10.3389/
fcell.2020.586578
18. Galy B, Conrad M, Muckenthaler M. Mechanisms controlling cellular and systemic iron homeostasis. Nat Rev Mol Cell Biol. 2024;25(2):133—
155. doi:10.1038/s41580-023-00648-1
19. Ayala A, Muioz MF, Argiielles S. Lipid peroxidation: production, metabolism, and signaling mechanisms of malondialdehyde and 4-hydroxy-
2-nonenal. Oxid Med Cell Longev. 2014;2014:1-31. doi:10.1155/2014/360438
20. Kagan VE, Mao G, Qu F, et al. Oxidized arachidonic and adrenic PEs navigate cells to ferroptosis. Nat Chem Biol. 2017;13(1):81-90.
doi:10.1038/nchembio.2238
21. Von Krusenstiern AN, Robson RN, Qian N, et al. Identification of essential sites of lipid peroxidation in ferroptosis. Nat Chem Biol. 2023;19
(6):719-730. doi:10.1038/541589-022-01249-3

Drug Design, Development and Therapy 2026:20 https: 43


https://doi.org/10.1093/eurheartj/ehab368
https://doi.org/10.1093/eurheartj/ehae508
https://doi.org/10.1001/jamacardio.2022.0987
https://doi.org/10.1001/jamacardio.2022.0987
https://doi.org/10.1155/2019/7092151
https://doi.org/10.1186/s12967-023-04361-7
https://doi.org/10.1016/j.cca.2025.120525
https://doi.org/10.3390/nu11092090
https://doi.org/10.1038/s41580-020-00324-8
https://doi.org/10.1038/s41419-024-06807-2
https://doi.org/10.1016/j.tcb.2023.05.003
https://doi.org/10.1038/s41569-022-00735-4
https://doi.org/10.7150/thno.54113
https://doi.org/10.1007/s11010-024-04940-2
https://doi.org/10.1007/s11010-024-04940-2
https://doi.org/10.1016/j.biopha.2023.116057
https://doi.org/10.2174/0929867329666220630144648
https://doi.org/10.1016/j.phrs.2024.107258
https://doi.org/10.3389/fcell.2020.586578
https://doi.org/10.3389/fcell.2020.586578
https://doi.org/10.1038/s41580-023-00648-1
https://doi.org/10.1155/2014/360438
https://doi.org/10.1038/nchembio.2238
https://doi.org/10.1038/s41589-022-01249-3

Zhang et al

22
23

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

. Zheng J, Conrad M. Ferroptosis: when metabolism meets cell death. Physiol Rev. 2025;105(2):651-706. doi:10.1152/physrev.00031.2024

. Kim JW, Lee JY, Oh M, Lee EW. An integrated view of lipid metabolism in ferroptosis revisited via lipidomic analysis. Exp Mol Med. 2023;55
(8):1620-1631. doi:10.1038/512276-023-01077-y

Yang WS, Kim KJ, Gaschler MM, Patel M, Shchepinov MS, Stockwell BR. Peroxidation of polyunsaturated fatty acids by lipoxygenases drives
ferroptosis. Proc Natl Acad Sci. 2016;113(34). doi:10.1073/pnas.1603244113

Magtanong L, Ko PJ, To M, et al. Exogenous monounsaturated fatty acids promote a ferroptosis-resistant cell state. Cell Chem Biol. 2019;26
(3):420-432.¢9. doi:10.1016/j.chembiol.2018.11.016

Magtanong L, Mueller GD, Williams KJ, et al. Context-dependent regulation of ferroptosis sensitivity. Cell Chem Biol. 2022;29(9):1409-1418.
6. doi:10.1016/j.chembiol.2022.06.004

Stockwell BR. Ferroptosis turns 10: emerging mechanisms, physiological functions, and therapeutic applications. Cell. 2022;185(14):2401—
2421. doi:10.1016/j.cell.2022.06.003

Sato H, Tamba M, Ishii T, Bannai S. Cloning and expression of a plasma membrane cystine/glutamate exchange transporter composed of two
distinct proteins. J Biol Chem. 1999;274(17):11455-11458. doi:10.1074/jbc.274.17.11455

Musgrave WB, Yi H, Kline D, et al. Probing the origins of glutathione biosynthesis through biochemical analysis of glutamate-cysteine ligase
and glutathione synthetase from a model photosynthetic prokaryote. Biochem J. 2013;450(1):63-72. doi:10.1042/BJ20121332

Kennedy L, Sandhu JK, Harper ME, Cuperlovic-Culf M. Role of glutathione in cancer: from mechanisms to therapies. Biomolecules. 2020;10
(10):1429. doi:10.3390/biom10101429

Friedmann Angeli JP, Conrad M. Selenium and GPX4, a vital symbiosis. Free Radic Biol Med. 2018;127:153-159. doi:10.1016/j.
freeradbiomed.2018.03.001

Zhang C, Yang T, Chen H, et al. METTL3 inhibition promotes radiosensitivity in hepatocellular carcinoma through regulation of SLC7A11
expression. Cell Death Dis. 2025;16(1):9. doi:10.1038/541419-024-07317-x

Wang H, Liu C, Zhao Y, Gao G. Mitochondria regulation in ferroptosis. Eur J Cell Biol. 2020;99(1):151058. doi:10.1016/j.ejcb.2019.151058
Kidwell CU, Casalini JR, Pradeep S, et al. Transferred mitochondria accumulate reactive oxygen species, promoting proliferation. eLife.
2023;12:¢85494. doi:10.7554/eLife.85494

Belavgeni A, Tonnus W, Linkermann A. Cancer cells evade ferroptosis: sex hormone-driven membrane-bound O-acyltransferase domain-
containing 1 and 2 (MBOAT1/2) expression. Signal Transduct Target Ther. 2023;8(1):336. doi:10.1038/s41392-023-01593-3

Long Z, Luo Y, Yu M, Wang X, Zeng L, Yang K. Targeting ferroptosis: a new therapeutic opportunity for kidney diseases. Front Immunol.
2024;15:1435139. doi:10.3389/fimmu.2024.1435139

Liang D, Feng Y, Zandkarimi F, et al. Ferroptosis surveillance independent of GPX4 and differentially regulated by sex hormones. Cell.
2023;186(13):2748-2764.¢22. doi:10.1016/j.cell.2023.05.003

Zhang J, Chen X, Hong J, et al. Biochemistry of mammalian ferritins in the regulation of cellular iron homeostasis and oxidative responses. Sci
China Life Sci. 2021;64(3):352-362. doi:10.1007/s11427-020-1795-4

Zhou B, Liu J, Kang R, Klionsky DJ, Kroemer G, Tang D. Ferroptosis is a type of autophagy-dependent cell death. Semin Cancer Biol.
2020;66:89-100. doi:10.1016/j.semcancer.2019.03.002

Liang D, Minikes AM, Jiang X. Ferroptosis at the intersection of lipid metabolism and cellular signaling. Mol Cell. 2022;82(12):2215-2227.
doi:10.1016/j.molcel.2022.03.022

Krainz T, Gaschler MM, Lim C, Sacher JR, Stockwell BR, Wipf P. A mitochondrial-targeted nitroxide is a potent inhibitor of ferroptosis. ACS
Cent Sci. 2016;2(9):653-659. doi:10.1021/acscentsci.6b00199

Gao M, YiJ, Zhu J, et al. Role of mitochondria in ferroptosis. Mol Cell. 2019;73(2):354-363.e3. doi:10.1016/j.molcel.2018.10.042

Niu B, Lei X, Xu Q, et al. Protecting mitochondria via inhibiting VDAC]1 oligomerization alleviates ferroptosis in Acetaminophen-induced
acute liver injury. Cell Biol Toxicol. 2022;38(3):505-530. doi:10.1007/s10565-021-09624-x

Fonseka O, Gare SR, Chen X, et al. Molecular mechanisms underlying heart failure and their therapeutic potential. Cells. 2025;14(5):324.
doi:10.3390/cells 14050324

Zhang Z, Yang Z, Wang S, Wang X, Mao J. Mechanism of ferroptosis in heart failure: the role of the RAGE/TLR4-JNK1/2 pathway in
cardiomyocyte ferroptosis and intervention strategies. Ageing Res Rev. 2025;109:102770. doi:10.1016/j.arr.2025.102770

Bai T, Li M, Liu Y, Qiao Z, Wang Z. Inhibition of ferroptosis alleviates atherosclerosis through attenuating lipid peroxidation and endothelial
dysfunction in mouse aortic endothelial cell. Free Radic Biol Med. 2020;160:92—102. doi:10.1016/j.freeradbiomed.2020.07.026

He H, Qiao Y, Zhou Q, et al. Iron overload damages the endothelial mitochondria via the ROS/ADMA/DDAHII/eNOS/NO pathway. Oxid Med
Cell Longev. 2019;2019:1-19. doi:10.1155/2019/2340392

Zhao L, Yang N, Song Y, Si H, Qin Q, Guo Z. Effect of iron overload on endothelial cell calcification and its mechanism. Ann Trans! Med.
2021;9(22):1658. doi:10.21037/atm-21-5666

Youssef LA, Rebbaa A, Pampou S, et al. Increased erythrophagocytosis induces ferroptosis in red pulp macrophages in a mouse model of
transfusion. Blood. 2018;131(23):2581-2593. doi:10.1182/blood-2017-12-822619

Handa P, Thomas S, Morgan-Stevenson V, et al. Iron alters macrophage polarization status and leads to steatohepatitis and fibrogenesis. J
Leukocyte Biol. 2019;105(5):1015-1026. doi:10.1002/JLB.3A0318-108R

Zhou Y, Que K, Zhang Z, et al. Iron overloaded polarizes macrophage to proinflammation phenotype through ros /acetyl-p53 pathway. Cancer
Med. 2018;7(8):4012—4022. doi:10.1002/cam4.1670

Wang J, Deng B, Liu Q, et al. Pyroptosis and ferroptosis induced by mixed lineage kinase 3 (MLK3) signaling in cardiomyocytes are essential
for myocardial fibrosis in response to pressure overload. Cell Death Dis. 2020;11(7):574. doi:10.1038/s41419-020-02777-3

Tan W, Wang Y, Cheng S, et al. AdipoRon ameliorates the progression of heart failure with preserved ejection fraction via mitigating lipid
accumulation and fibrosis. J Adv Res. 2025;68:299-315. doi:10.1016/j.jare.2024.02.015

Lim GB. New mouse model reveals nitrosative stress as a novel driver of HFpEF. Nat Rev Cardiol. 2019;16(7):383. doi:10.1038/s41569-019-
0203-4

Schiattarella GG, Altamirano F, Kim SY, et al. Xbp1s-FoxO1 axis governs lipid accumulation and contractile performance in heart failure with
preserved ejection fraction. Nat Commun. 2021;12(1):1684. doi:10.1038/s41467-021-21931-9

44

https: Drug Design, Development and Therapy 2026:20


https://doi.org/10.1152/physrev.00031.2024
https://doi.org/10.1038/s12276-023-01077-y
https://doi.org/10.1073/pnas.1603244113
https://doi.org/10.1016/j.chembiol.2018.11.016
https://doi.org/10.1016/j.chembiol.2022.06.004
https://doi.org/10.1016/j.cell.2022.06.003
https://doi.org/10.1074/jbc.274.17.11455
https://doi.org/10.1042/BJ20121332
https://doi.org/10.3390/biom10101429
https://doi.org/10.1016/j.freeradbiomed.2018.03.001
https://doi.org/10.1016/j.freeradbiomed.2018.03.001
https://doi.org/10.1038/s41419-024-07317-x
https://doi.org/10.1016/j.ejcb.2019.151058
https://doi.org/10.7554/eLife.85494
https://doi.org/10.1038/s41392-023-01593-3
https://doi.org/10.3389/fimmu.2024.1435139
https://doi.org/10.1016/j.cell.2023.05.003
https://doi.org/10.1007/s11427-020-1795-4
https://doi.org/10.1016/j.semcancer.2019.03.002
https://doi.org/10.1016/j.molcel.2022.03.022
https://doi.org/10.1021/acscentsci.6b00199
https://doi.org/10.1016/j.molcel.2018.10.042
https://doi.org/10.1007/s10565-021-09624-x
https://doi.org/10.3390/cells14050324
https://doi.org/10.1016/j.arr.2025.102770
https://doi.org/10.1016/j.freeradbiomed.2020.07.026
https://doi.org/10.1155/2019/2340392
https://doi.org/10.21037/atm-21-5666
https://doi.org/10.1182/blood-2017-12-822619
https://doi.org/10.1002/JLB.3A0318-108R
https://doi.org/10.1002/cam4.1670
https://doi.org/10.1038/s41419-020-02777-3
https://doi.org/10.1016/j.jare.2024.02.015
https://doi.org/10.1038/s41569-019-0203-4
https://doi.org/10.1038/s41569-019-0203-4
https://doi.org/10.1038/s41467-021-21931-9

Zhang et al

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Pop C, Stefan MG, Muntean DM, et al. Protective effects of a discontinuous treatment with alpha-lipoic acid in obesity-related heart failure with
preserved ejection fraction, in rats. Antioxidants. 2020;9(11):1073. doi:10.3390/antiox9111073

Kolijn D, Pabel S, Tian Y, et al. Empagliflozin improves endothelial and cardiomyocyte function in human heart failure with preserved ejection
fraction via reduced pro-inflammatory-oxidative pathways and protein kinase Ga oxidation. Cardiovasc Res. 2021;117(2):495-507. doi:10.1093/cvr/
cvaal23

Quagliariello V, De Laurentiis M, Rea D, et al. The SGLT-2 inhibitor empagliflozin improves myocardial strain, reduces cardiac fibrosis and pro-
inflammatory cytokines in non-diabetic mice treated with doxorubicin. Cardiovasc Diabetol. 2021;20(1):150. doi:10.1186/s12933-021-01346-y
Kitakata H, Endo J, Hashimoto S, et al. Imeglimin prevents heart failure with preserved ejection fraction by recovering the impaired unfolded protein
response in mice subjected to cardiometabolic stress. Biochem Biophys Res Commun. 2021;572:185-190. doi:10.1016/j.bbrc.2021.07.090

Ma S, He LL, Zhang GR, et al. Canagliflozin mitigates ferroptosis and ameliorates heart failure in rats with preserved ejection fraction. Naunyn-
Schmiedeberg’s Arch Pharmacol. 2022;395(8):945-962. doi:10.1007/s00210-022-02243-1

Mollace A, Macri R, Mollace R, et al. Effect of ferric carboxymaltose supplementation in patients with heart failure with preserved ejection
fraction: role of attenuated oxidative stress and improved endothelial function. Nutrients. 2022;14(23):5057. doi:10.3390/nu14235057

Fang X, Cai Z, Wang H, et al. Loss of cardiac ferritin h facilitates cardiomyopathy via Slc7all-Mediated ferroptosis. Circ Res. 2020;127
(4):486-501. doi:10.1161/CIRCRESAHA.120.316509

Zhang Z, Tang J, Song J, et al. Elabela alleviates ferroptosis, myocardial remodeling, fibrosis and heart dysfunction in hypertensive mice by
modulating the IL-6/STAT3/GPX4 signaling. Free Radic Biol Med. 2022;181:130-142. doi:10.1016/j.freeradbiomed.2022.01.020

Zhang LL, Chen GH, Tang RJ, et al. Levosimendan reverses cardiac malfunction and cardiomyocyte ferroptosis during heart failure with preserved
ejection fraction via connexin 43 signaling activation. Cardiovasc Drugs Ther. 2024;38(4):705-718. doi:10.1007/s10557-023-07441-4

Zhang ZZ, Wang W, Jin HY, et al. Apelin is a negative regulator of Angiotensin II-Mediated adverse myocardial remodeling and dysfunction.
Hypertension. 2017;70(6):1165-1175. doi:10.1161/HYPERTENSIONAHA.117.10156

Sam F, Duhaney TAS, Sato K, et al. Adiponectin deficiency, diastolic dysfunction, and diastolic heart failure. Endocrinology. 2010;151(1):322—
331. doi:10.1210/en.2009-0806

Zhao WK, Zhou Y, Xu TT, Wu Q. Ferroptosis: opportunities and challenges in myocardial ischemia-reperfusion injury. Oxid Med Cell Longev.
2021;2021(1):9929687. doi:10.1155/2021/9929687

Zhang S, Yan F, Luan F, et al. The pathological mechanisms and potential therapeutic drugs for myocardial ischemia reperfusion injury.
Phytomedicine. 2024;129:155649. doi:10.1016/j.phymed.2024.155649

Xiang Q, Yi X, Zhu XH, Wei X, Jiang DS. Regulated cell death in myocardial ischemia—reperfusion injury. Trends Endocrinol Metab. 2024;35
(3):219-234. doi:10.1016/j.tem.2023.10.010

Rodrigo R, Gonzalez-Montero J, Sotomayor CG. Novel combined antioxidant strategy against hypertension, acute myocardial infarction and
postoperative atrial fibrillation. Biomedicines. 2021;9(6):620. doi:10.3390/biomedicines9060620

Zindel J, Kubes P. DAMPs, PAMPs, and LAMPs in immunity and sterile inflammation. Annu Rev Pathol Mech Dis. 2020;15(1):493-518.
doi: 10.1146/annurev-pathmechdis-012419-032847

Wang J, Liu Y, Liu Y, et al. Recent advances in nanomedicines for imaging and therapy of myocardial ischemia-reperfusion injury. J Control
Release. 2023;353:563-590. doi:10.1016/j.jconrel.2022.11.057

Heusch G. Myocardial ischaemia—reperfusion injury and cardioprotection in perspective. Nat Rev Cardiol. 2020;17(12):773—789. doi:10.1038/
$41569-020-0403-y

Ibafiez B, Heusch G, Ovize M, Van De Werf F. Evolving therapies for myocardial ischemia/reperfusion injury. J Am Coll Cardiol. 2015;65
(14):1454-1471. doi:10.1016/j.jacc.2015.02.032

Sparvero LJ, Tian H, Amoscato AA, et al. Direct mapping of phospholipid ferroptotic death signals in cells and tissues by gas cluster ion beam
secondary ion mass spectrometry (GCIB-SIMS). Angew Chem Int Ed. 2021;60(21):11784-11788. doi:10.1002/anie.202102001

Tang LJ, Luo XJ, Tu H, et al. Ferroptosis occurs in phase of reperfusion but not ischemia in rat heart following ischemia or ischemia/
reperfusion. Naunyn-Schmiedeberg’s Arch Pharmacol. 2021;394(2):401-410. doi:10.1007/s00210-020-01932-z

Ru Q, Li Y, Zhang X, et al. Iron homeostasis and ferroptosis in muscle diseases and disorders: mechanisms and therapeutic prospects. Bone Res.
2025;13(1):27. doi:10.1038/s41413-024-00398-6

Lv Z, Wang F, Zhang X, Zhang X, Zhang J, Liu R. Etomidate attenuates the ferroptosis in myocardial ischemia/reperfusion rat model via Nrf2/
HO-1 pathway. Shock. 2021;56(3):440-449. doi:10.1097/SHK.0000000000001751

Kwon MY, Park E, Lee SJ, Chung SW. Heme oxygenase-1 accelerates erastin-induced ferroptotic cell death. Oncotarget. 2015;6(27):24393—
24403. doi:10.18632/oncotarget.5162

Li W, Li W, Wang Y, Leng Y, Xia Z. Inhibition of DNMT-1 alleviates ferroptosis through NCOA4 mediated ferritinophagy during diabetes
myocardial ischemia/reperfusion injury. Cell Death Discov. 2021;7(1):267. doi:10.1038/s41420-021-00656-0

Lei D, Li B, Isa Z, Ma X, Zhang B. Hypoxia-elicited cardiac microvascular endothelial cell-derived exosomal miR-210-3p alleviate hypoxia/
reoxygenation-induced myocardial cell injury through inhibiting transferrin receptor 1-mediated ferroptosis. Tissue Cell. 2022;79:101956.
doi:10.1016/j.tice.2022.101956

Tang LJ, Zhou Y], Xiong XM, et al. Ubiquitin-specific protease 7 promotes ferroptosis via activation of the p5S3/TfR1 pathway in the rat hearts
after ischemia/reperfusion. Free Radic Biol Med. 2021;162:339-352. doi:10.1016/j.freeradbiomed.2020.10.307

Lakhal-Littleton S, Wolna M, Chung YJ, et al. An essential cell-autonomous role for hepcidin in cardiac iron homeostasis. eLife. 2016;5:
€19804. doi:10.7554/eLife.19804

Qiu M, Yan W, Liu M. yap facilitates nedd4l-mediated ubiquitination and degradation of ACSL4 to alleviate ferroptosis in myocardial
ischemia-reperfusion injury. Can J Cardiol. 2023;39(11):1712—1727. doi:10.1016/j.cjca.2023.07.030

Cai W, Liu L, Shi X, et al. Alox15/15-HpETE aggravates myocardial ischemia-reperfusion injury by promoting cardiomyocyte ferroptosis.
Circulation. 2023;147(19):1444-1460. doi:10.1161/CIRCULATIONAHA.122.060257

Lee YS, Lee DH, Choudry HA, Bartlett DL, Lee YJ. Ferroptosis-induced endoplasmic reticulum stress: cross-talk between ferroptosis and
apoptosis. Mol Cancer Res. 2018;16(7):1073-1076. doi:10.1158/1541-7786.MCR-18-0055

Li W, Li W, Leng Y, Xiong Y, Xia Z. Ferroptosis is involved in diabetes myocardial ischemia/reperfusion injury through endoplasmic reticulum
stress. DNA Cell Biol. 2020;39(2):210-225. doi:10.1089/dna.2019.5097

Drug Design, Development and Therapy 2026:20 https: 45


https://doi.org/10.3390/antiox9111073
https://doi.org/10.1093/cvr/cvaa123
https://doi.org/10.1093/cvr/cvaa123
https://doi.org/10.1186/s12933-021-01346-y
https://doi.org/10.1016/j.bbrc.2021.07.090
https://doi.org/10.1007/s00210-022-02243-1
https://doi.org/10.3390/nu14235057
https://doi.org/10.1161/CIRCRESAHA.120.316509
https://doi.org/10.1016/j.freeradbiomed.2022.01.020
https://doi.org/10.1007/s10557-023-07441-4
https://doi.org/10.1161/HYPERTENSIONAHA.117.10156
https://doi.org/10.1210/en.2009-0806
https://doi.org/10.1155/2021/9929687
https://doi.org/10.1016/j.phymed.2024.155649
https://doi.org/10.1016/j.tem.2023.10.010
https://doi.org/10.3390/biomedicines9060620
https://doi.org/10.1146/annurev-pathmechdis-012419-032847
https://doi.org/10.1016/j.jconrel.2022.11.057
https://doi.org/10.1038/s41569-020-0403-y
https://doi.org/10.1038/s41569-020-0403-y
https://doi.org/10.1016/j.jacc.2015.02.032
https://doi.org/10.1002/anie.202102001
https://doi.org/10.1007/s00210-020-01932-z
https://doi.org/10.1038/s41413-024-00398-6
https://doi.org/10.1097/SHK.0000000000001751
https://doi.org/10.18632/oncotarget.5162
https://doi.org/10.1038/s41420-021-00656-0
https://doi.org/10.1016/j.tice.2022.101956
https://doi.org/10.1016/j.freeradbiomed.2020.10.307
https://doi.org/10.7554/eLife.19804
https://doi.org/10.1016/j.cjca.2023.07.030
https://doi.org/10.1161/CIRCULATIONAHA.122.060257
https://doi.org/10.1158/1541-7786.MCR-18-0055
https://doi.org/10.1089/dna.2019.5097

Zhang et al

88

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.
113.

114.

115.

116.

117.

118.

119.

. Zhou Y, Zhou H, Hua L, et al. Verification of ferroptosis and pyroptosis and identification of PTGS2 as the hub gene in human coronary artery
atherosclerosis. Free Radic Biol Med. 2021;171:55-68. doi:10.1016/j.freeradbiomed.2021.05.009

Zhao K, Chen X, Bian Y, Zhou Z, Wei X, Zhang J. Broadening horizons: the role of ferroptosis in myocardial ischemia—reperfusion injury.
Naunyn-Schmiedeberg’s Arch Pharmacol. 2023;396(10):2269-2286. doi:10.1007/s00210-023-02506-5

Xu J, Zhang M, Liu F, et al. Mesenchymal stem cells alleviate post-resuscitation cardiac and cerebral injuries by inhibiting cell pyroptosis and
ferroptosis in a swine model of cardiac arrest. Front Pharmacol. 2021;12:793829. doi:10.3389/fphar.2021.793829

Yan N, Xu Z, Qu C, Zhang J. Dimethyl fumarate improves cognitive deficits in chronic cerebral hypoperfusion rats by alleviating inflammation,
oxidative stress, and ferroptosis via NRF2/ARE/NF-«B signal pathway. Int Immunopharmacol. 2021;98:107844. doi:10.1016/].
intimp.2021.107844

Chen HY, Xiao ZZ, Ling X, Xu RN, Zhu P, Zheng SY. ELAVLI is transcriptionally activated by FOXC1 and promotes ferroptosis in
myocardial ischemia/reperfusion injury by regulating autophagy. Mol Med. 2021;27(1):14. doi:10.1186/s10020-021-00271-w

Kandula N, Kumar S, Mandlem VKK, Siddabathuni A, Singh S, Kosuru R. Role of AMPK in myocardial ischemia-reperfusion injury-induced
cell death in the presence and absence of diabetes. Oxid Med Cell Longev. 2022;2022(1):7346699. doi:10.1155/2022/7346699

Cheng J, Huang H, Chen Y, Wu R. Nanomedicine for diagnosis and treatment of atherosclerosis. Adv Sci. 2023;10(36):2304294. doi:10.1002/
advs.202304294

Bosseboeuf E, Raimondi C. Signalling, metabolic pathways and iron homeostasis in endothelial cells in health, atherosclerosis and alzheimer’s
disease. Cells. 2020;9(9):2055. doi:10.3390/cells9092055

Pan Q, Chen C, Yang YJ. Top five stories of the cellular landscape and therapies of atherosclerosis: current knowledge and future perspectives.
Curr Med Sci. 2024;44(1):1-27. doi:10.1007/s11596-023-2818-2

Wang Y, Tang M. PM2.5 induces ferroptosis in human endothelial cells through iron overload and redox imbalance. Environ Pollut.
2019;254:112937. doi:10.1016/j.envpol.2019.07.105

Li L, Wang H, Zhang J, Chen X, Zhang Z, Li Q. Effect of endothelial progenitor cell-derived extracellular vesicles on endothelial cell
ferroptosis and atherosclerotic vascular endothelial injury. Cell Death Discov. 2021;7(1):235. doi:10.1038/541420-021-00610-0

Wang X, Chen L, Wei J, et al. The immune system in cardiovascular diseases: from basic mechanisms to therapeutic implications. Signal
Transduct Target Ther. 2025;10(1):166. doi:10.1038/s41392-025-02220-z

Lin P, Ji -H-H, Li Y-J, Guo S-D. Macrophage plasticity and atherosclerosis therapy. Front Mol Biosci. 2021;8:679797. doi:10.3389/
fmolb.2021.679797

Kroner A, Greenhalgh A, Zarruk YJ, Passos dos Santos R, Gaestel M, David S. TNF and increased intracellular iron alter macrophage
polarization to a Detrimental M1 phenotype in the injured spinal cord. Neuron. 2014;83(5):1098-1116. doi:10.1016/j.neuron.2014.07.027

Lai K, Song C, Gao M, et al. Uridine alleviates sepsis-induced acute lung injury by inhibiting ferroptosis of macrophage. Int J Mol Sci. 2023;24
(6):5093. doi:10.3390/ijms24065093

Ito F, Yanatori I, Maeda Y, et al. Asbestos conceives Fe(I)-dependent mutagenic stromal milieu through ceaseless macrophage ferroptosis and
B-catenin induction in mesothelium. Redox Biol. 2020;36:101616. doi:10.1016/j.redox.2020.101616

Chistiakov DA, Melnichenko AA, Myasoedova VA, Grechko AV, Orekhov AN. Mechanisms of foam cell formation in atherosclerosis. J Mol
Med. 2017;95(11):1153-1165. doi:10.1007/s00109-017-1575-8

Xiang P, Chen Q, Chen L, et al. Metabolite NeuSAc triggers SLC3A2 degradation promoting vascular endothelial ferroptosis and aggravates
atherosclerosis progression in ApoE '~ mice. Theranostics. 2023;13(14):4993-5016. doi:10.7150/thno.87968

Bonacina F, Zhang X, Manel N, Yvan-Charvet L, Razani B, Norata GD. Lysosomes in the immunometabolic reprogramming of immune cells in
atherosclerosis. Nat Rev Cardiol. 2025;22(3):149-164. doi:10.1038/s41569-024-01072-4

Liu Y-X, Yuan P-Z, Wu J-H, Hu B. Lipid accumulation and novel insight into vascular smooth muscle cells in atherosclerosis. J Mol Med.
2021;99(11):1511-1526. doi:10.1007/s00109-021-02109-8

Mathew O, Ranganna K, Milton S. Involvement of the antioxidant effect and anti-inflammatory response in butyrate-inhibited vascular smooth
muscle cell proliferation. Pharmaceuticals. 2014;7(11):1008-1027. doi:10.3390/ph7111008

Yoshida M, Minagawa S, Araya J, et al. Involvement of cigarette smoke-induced epithelial cell ferroptosis in COPD pathogenesis. Nat
Commun. 2019;10(1):3145. doi:10.1038/s41467-019-10991-7

Yang Z, Shi J, Chen L, Fu C, Shi D, Qu H. Role of pyroptosis and ferroptosis in the progression of atherosclerotic plaques. Front Cell Dev Biol.
2022;10:811196. doi:10.3389/fcell.2022.811196

Hill BG, Haberzettl P, Ahmed Y, Srivastava S, Bhatnagar A. Unsaturated lipid peroxidation-derived aldehydes activate autophagy in vascular
smooth-muscle cells. Biochem J. 2008;410(3):525-534. doi:10.1042/BJ20071063

Yin H, Xu L, Porter NA. Free radical lipid peroxidation: mechanisms and analysis. Chem Rev. 2011;111(10):5944-5972. doi:10.1021/cr200084z
Fang X, Wang H, Han D, et al. Ferroptosis as a target for protection against cardiomyopathy. Proc Natl Acad Sci. 2019;116(7):2672-2680.
doi:10.1073/pnas.1821022116

He L, Liu -Y-Y, Wang K, et al. Tanshinone IIA protects human coronary artery endothelial cells from ferroptosis by activating the NRF2
pathway. Biochem Biophys Res Commun. 2021;575:1-7. doi:10.1016/j.bbrc.2021.08.067

Feng Y, Madungwe NB, Imam Aliagan AD, Tombo N, Bopassa JC. Liproxstatin-1 protects the mouse myocardium against ischemia/reperfusion
injury by decreasing VDACI levels and restoring GPX4 levels. Biochem Biophys Res Commun. 2019;520(3):606—611. doi:10.1016/].
bbrc.2019.10.006

Li J, Gao Z, Zhang L, et al. Qing-Xin-Jie-Yu Granule for patients with stable coronary artery disease (QUEST Trial): a multicenter, double-
blinded, randomized trial. Complement Ther Med. 2019;47:102209. doi:10.1016/j.ctim.2019.102209

Zhang J, Wang X, Guan B, et al. Qing-Xin-Jie-Yu Granule inhibits ferroptosis and stabilizes atherosclerotic plaques by regulating the GPX4/
xCT signaling pathway. J Ethnopharmacol. 2023;301:115852. doi:10.1016/j.jep.2022.115852

Li S, Ma W, Yang F, Xu Y, Xu B, Cai B. ACE2 as a key target for treatment of COVID-19 related cardiovascular diseases: current progress and
prospect. Curr Drug Targets. 2021;22(16):1832—1843. doi:10.2174/1389450122666210319110320

Wang X, Yan K, Wen C, Wang J. Simvastatin combined with resistance training improves outcomes in patients with chronic heart failure by
modulating mitochondrial membrane potential and the Janus Kinase/signal transducer and activator of transcription 3 signaling pathways.
Cardiovasc Ther. 2022;2022:1-9. doi:10.1155/2022/8430733

46

https: Drug Design, Development and Therapy 2026:20


https://doi.org/10.1016/j.freeradbiomed.2021.05.009
https://doi.org/10.1007/s00210-023-02506-5
https://doi.org/10.3389/fphar.2021.793829
https://doi.org/10.1016/j.intimp.2021.107844
https://doi.org/10.1016/j.intimp.2021.107844
https://doi.org/10.1186/s10020-021-00271-w
https://doi.org/10.1155/2022/7346699
https://doi.org/10.1002/advs.202304294
https://doi.org/10.1002/advs.202304294
https://doi.org/10.3390/cells9092055
https://doi.org/10.1007/s11596-023-2818-2
https://doi.org/10.1016/j.envpol.2019.07.105
https://doi.org/10.1038/s41420-021-00610-0
https://doi.org/10.1038/s41392-025-02220-z
https://doi.org/10.3389/fmolb.2021.679797
https://doi.org/10.3389/fmolb.2021.679797
https://doi.org/10.1016/j.neuron.2014.07.027
https://doi.org/10.3390/ijms24065093
https://doi.org/10.1016/j.redox.2020.101616
https://doi.org/10.1007/s00109-017-1575-8
https://doi.org/10.7150/thno.87968
https://doi.org/10.1038/s41569-024-01072-4
https://doi.org/10.1007/s00109-021-02109-8
https://doi.org/10.3390/ph7111008
https://doi.org/10.1038/s41467-019-10991-7
https://doi.org/10.3389/fcell.2022.811196
https://doi.org/10.1042/BJ20071063
https://doi.org/10.1021/cr200084z
https://doi.org/10.1073/pnas.1821022116
https://doi.org/10.1016/j.bbrc.2021.08.067
https://doi.org/10.1016/j.bbrc.2019.10.006
https://doi.org/10.1016/j.bbrc.2019.10.006
https://doi.org/10.1016/j.ctim.2019.102209
https://doi.org/10.1016/j.jep.2022.115852
https://doi.org/10.2174/1389450122666210319110320
https://doi.org/10.1155/2022/8430733

Zhang et al

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.
137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

Wu X, Pan J, Yu JJ, et al. DiDang decoction improves mitochondrial function and lipid metabolism via the HIF-1 signaling pathway to treat
atherosclerosis and hyperlipidemia. J Ethnopharmacol. 2023;308:116289. doi:10.1016/j.jep.2023.116289

Brogyanyi T, Kejik Z, Vesela K, et al. Iron chelators as mitophagy agents: potential and limitations. Biomed Pharmacother. 2024;179:117407.
doi:10.1016/j.biopha.2024.117407

Chen Y, Li X, Wang S, Miao R, Zhong J. Targeting iron metabolism and ferroptosis as novel therapeutic approaches in cardiovascular diseases.
Nutrients. 2023;15(3):591. doi:10.3390/nu15030591

Liu S, Wang A, Zhou D, et al. PM , 5 induce neurotoxicity via iron overload and redox imbalance mediated-ferroptosis in HT22 cells. J Environ
Sci Health A. 2024;59(2):55-63. doi:10.1080/10934529.2024.2331938

Ouyang S, You J, Zhi C, et al. Ferroptosis: the potential value target in atherosclerosis. Cell Death Dis. 2021;12(8):782. doi:10.1038/s41419-
021-04054-3

Singh L, Sharma S, Xu S, Tewari D, Fang J. Curcumin as a natural remedy for atherosclerosis: a pharmacological review. Molecules. 2021;26
(13):4036. doi:10.3390/molecules26134036

Gao M, Monian P, Quadri N, Ramasamy R, Jiang X. Glutaminolysis and transferrin regulate ferroptosis. Mol Cell. 2015;59(2):298-308.
doi:10.1016/j.molcel.2015.06.011

Ascenzi F, De Vitis C, Maugeri-Sacca M, Napoli C, Ciliberto G, Mancini R. SCD1, autophagy and cancer: implications for therapy. J Exp Clin
Canc Res. 2021;40(1):265. doi:10.1186/s13046-021-02067-6

Wang Y, Zhao Y, Ye T, Yang L, Shen Y, Li H. Ferroptosis signaling and regulators in atherosclerosis. Front Cell Dev Biol. 2021;9:809457.
doi:10.3389/fcell.2021.809457

Wu Z, Geng Y, Lu X, et al. Chaperone-mediated autophagy is involved in the execution of ferroptosis. Proc Natl Acad Sci. 2019;116(8):2996—
3005. doi:10.1073/pnas.1819728116

Zhao S, Tang X, Miao Z, et al. Hsp90 S-nitrosylation at Cys521, as a conformational switch, modulates cycling of Hsp90-AHA1-CDC37
chaperone machine to aggravate atherosclerosis. Redox Biol. 2022;52:102290. doi:10.1016/j.redox.2022.102290

Seferovi¢ PM, Paulus WJ, Rosano G, et al. Diabetic myocardial disorder. A Clinical Consensus Statement of the Heart Failure Association of
the ESC and the ESC Working Group on Myocardial & Pericardial Diseases. Eur J Heart Fail. 2024;26(9):1893-1903. doi:10.1002/ejhf.3347
Ma X, Mei S, Wuyun Q, Zhou L, Sun D, Yan J. Epigenetics in diabetic cardiomyopathy. Clin Clin Epigenet. 2024;16(1):52. doi:10.1186/
$13148-024-01667-1

ElSayed NA, McCoy RG, Rozalina G, et al; American Diabetes Association Professional Practice Committee. 2. Diagnosis and classification of
diabetes: standards of care in diabetes—2025. Diab Care. 2025;48(Supplement 1):S27-S49. doi:10.2337/dc25-S002.

Yu MG, Gordin D, Fu J, Park K, Li Q, King GL. Protective factors and the pathogenesis of complications in diabetes. Endocr Rev. 2024;45
(2):227-252. doi:10.1210/endrev/bnad030

Jia G, Whaley-Connell A, Sowers JR. Diabetic cardiomyopathy: a hyperglycaemia- and insulin-resistance-induced heart disease. Diabetologia.
2018;61(1):21-28. doi:10.1007/s00125-017-4390-4

Ahola S, Langer T. Ferroptosis in mitochondrial cardiomyopathy. Trends Cell Biol. 2024;34(2):150-160. doi:10.1016/j.tcb.2023.06.002
Zhang W, Lu J, Wang Y, et al. Canagliflozin attenuates lipotoxicity in cardiomyocytes by inhibiting inflammation and ferroptosis through
activating AMPK pathway. /nt J Mol Sci. 2023;24(1):858. doi:10.3390/ijms24010858

Wei Z, Shaohuan Q, Pinfang K, Chao S. Curcumin attenuates ferroptosis-induced myocardial injury in diabetic cardiomyopathy through the
Nrf2 pathway. Cardiovasc Ther. 2022;2022:1-11. doi:10.1155/2022/3159717

Wang X, Chen X, Zhou W, et al. Ferroptosis is essential for diabetic cardiomyopathy and is prevented by sulforaphane via AMPK/NRF2
pathways. Acta Pharm Sin B. 2022;12(2):708-722. doi:10.1016/j.apsb.2021.10.005

Zang H, Wu W, Qi L, et al. Autophagy inhibition enables Nrf2 to exaggerate the progression of diabetic cardiomyopathy in mice. Diabetes.
2020;69(12):2720-2734. doi:10.2337/db19-1176

Kyriazis ID, Hoffman M, Gaignebet L, et al. KLFS5 is induced by FOXO1 and causes oxidative stress and diabetic cardiomyopathy. Circ Res.
2021;128(3):335-357. doi:10.1161/CIRCRESAHA.120.316738

Bruni A, Pepper AR, Pawlick RL, et al. Ferroptosis-inducing agents compromise in vitro human islet viability and function. Cell Death Dis.
2018;9(6):595. doi:10.1038/s41419-018-0506-0

Farhangkhoee H. Heme oxygenase in diabetes-induced oxidative stress in the heart. J Mol Cell Cardiol. 2003;35(12):1439—-1448. doi:10.1016/j.
yjmec.2003.09.007

Wu S, Zhu J, Wu G, et al. 6-gingerol alleviates ferroptosis and inflammation of diabetic cardiomyopathy via the Nrf2/HO-1 pathway. Oxid Med
Cell Longev. 2022;2022(1):3027514. doi:10.1155/2022/3027514

Du S, Shi H, Xiong L, Wang P, Shi Y. Canagliflozin mitigates ferroptosis and improves myocardial oxidative stress in mice with diabetic
cardiomyopathy. Front Endocrinol. 2022;13:1011669. doi:10.3389/fendo.2022.1011669

Zhao B, Li GP, Peng JJ, et al. Schizandrin B attenuates hypoxia/reoxygenation injury in H9¢2 cells by activating the AMPK/Nrf2 signaling
pathway. Exp Ther Med. 2021;21(3):220. doi:10.3892/etm.2021.9651

Sun Y, Chen P, Zhai B, et al. The emerging role of ferroptosis in inflammation. Biomed Pharmacother. 2020;127:110108. doi:10.1016/].
biopha.2020.110108

Zou C, Liu X, Xie R, et al. Deferiprone attenuates inflammation and myocardial fibrosis in diabetic cardiomyopathy rats. Biochem Biophys Res
Commun. 2017;486(4):930-936. doi:10.1016/j.bbrc.2017.03.127

Zhang B, Shen Q, Chen Y, et al. Myricitrin alleviates oxidative stress-induced inflammation and apoptosis and protects mice against diabetic
cardiomyopathy. Sci Rep. 2017;7(1):44239. doi:10.1038/srep44239

Wang M, Mo D, Zhang N, Yu H. Ferroptosis in diabetic cardiomyopathy: advances in cardiac fibroblast-cardiomyocyte interactions. Heliyon.
2024;10(15):€35219. doi:10.1016/j.heliyon.2024.¢35219

Shi J, Zhao Q, Hao DD, et al. Gut microbiota profiling revealed the regulating effects of salidroside on iron metabolism in diabetic mice. Front
Endocrinol. 2022;13:1014577. doi:10.3389/fendo.2022.1014577

Wei Z, Pinfang K, Jing Z, Zhuoya Y, Shaohuan Q, Chao S. Curcumin improves diabetic cardiomyopathy by inhibiting pyroptosis through AKT/
Nrf2/ARE pathway. Mediators Inflamm. 2023;2023:1-20. doi:10.1155/2023/3906043

Drug Design, Development and Therapy 2026:20 https: 47


https://doi.org/10.1016/j.jep.2023.116289
https://doi.org/10.1016/j.biopha.2024.117407
https://doi.org/10.3390/nu15030591
https://doi.org/10.1080/10934529.2024.2331938
https://doi.org/10.1038/s41419-021-04054-3
https://doi.org/10.1038/s41419-021-04054-3
https://doi.org/10.3390/molecules26134036
https://doi.org/10.1016/j.molcel.2015.06.011
https://doi.org/10.1186/s13046-021-02067-6
https://doi.org/10.3389/fcell.2021.809457
https://doi.org/10.1073/pnas.1819728116
https://doi.org/10.1016/j.redox.2022.102290
https://doi.org/10.1002/ejhf.3347
https://doi.org/10.1186/s13148-024-01667-1
https://doi.org/10.1186/s13148-024-01667-1
https://doi.org/10.2337/dc25-S002
https://doi.org/10.1210/endrev/bnad030
https://doi.org/10.1007/s00125-017-4390-4
https://doi.org/10.1016/j.tcb.2023.06.002
https://doi.org/10.3390/ijms24010858
https://doi.org/10.1155/2022/3159717
https://doi.org/10.1016/j.apsb.2021.10.005
https://doi.org/10.2337/db19-1176
https://doi.org/10.1161/CIRCRESAHA.120.316738
https://doi.org/10.1038/s41419-018-0506-0
https://doi.org/10.1016/j.yjmcc.2003.09.007
https://doi.org/10.1016/j.yjmcc.2003.09.007
https://doi.org/10.1155/2022/3027514
https://doi.org/10.3389/fendo.2022.1011669
https://doi.org/10.3892/etm.2021.9651
https://doi.org/10.1016/j.biopha.2020.110108
https://doi.org/10.1016/j.biopha.2020.110108
https://doi.org/10.1016/j.bbrc.2017.03.127
https://doi.org/10.1038/srep44239
https://doi.org/10.1016/j.heliyon.2024.e35219
https://doi.org/10.3389/fendo.2022.1014577
https://doi.org/10.1155/2023/3906043

Zhang et al

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.
179.

180.

181.

182.

183.

184.

185.

Sun Y, Zhou S, Guo H, et al. Protective effects of sulforaphane on type 2 diabetes-induced cardiomyopathy via AMPK-mediated activation of
lipid metabolic pathways and NRF2 function. Metabolis. 2020;102:154002. doi:10.1016/j.metabol.2019.154002

Ma ZW, Jiang DY, Hu BC, et al. Resveratrol ameliorates diabetic myocardial injury through HSF1-mediated ferroptosis. J Hainan Med Univ.
2022;28(6):6-11.

Yang S, He T, Su J, Wang W. Study on the mechanism of Schizandrin B regulating Nrf2/HO-1/GPX4 iron death pathway to reduce myocardial
injury in diabetes mellitus mice. J Chin Med Mater. 2022;7:1714-1722.

Li H, Yang W, Han C, He J, Wang W, Ren P. Effect of deferoxamine on ferroptosis of myocardial cell in diabetic rats. J Med Res. 2020;49
(9):116-119.

Jiang J, Hu S, Hu K, et al. Novel impact of metal ion-induced cell death on diabetic cardiomyopathy pathogenesis and therapy. Apoptosis.
2025;30(5-6):1152-1181. doi:10.1007/s10495-025-02090-4

Lin X, Ma X, Zhao S, et al. Cardiovascular toxicity in antitumor therapy: biological and therapeutic insights. Trends Cancer. 2024;10(10):920—
934. doi:10.1016/j.trecan.2024.07.004

Logotheti S, Pavlopoulou A, Rudsari HK, et al. Intercellular pathways of cancer treatment-related cardiotoxicity and their therapeutic
implications: the paradigm of radiotherapy. Pharmacol Ther. 2024;260:108670. doi:10.1016/j.pharmthera.2024.108670

Tadokoro T, Ikeda M, Ide T, et al. Mitochondria-dependent ferroptosis plays a pivotal role in doxorubicin cardiotoxicity. JCI Insight. 2020;5(9):
€132747. doi:10.1172/jci.insight. 132747

Kitakata H, Endo J, Matsushima H, et al. MITOL/MARCHS determines the susceptibility of cardiomyocytes to doxorubicin-induced ferroptosis
by regulating GSH homeostasis. J Mol Cell Cardiol. 2021;161:116-129. doi:10.1016/j.yjmcc.2021.08.006

Wang Y, Yan S, Liu X, et al. PRMT4 promotes ferroptosis to aggravate doxorubicin-induced cardiomyopathy via inhibition of the Nrf2/GPX4
pathway. Cell Death Differ. 2022;29(10):1982-1995. doi:10.1038/s41418-022-00990-5

Hou K, Shen J, Yan J, et al. Loss of TRIM21 alleviates cardiotoxicity by suppressing ferroptosis induced by the chemotherapeutic agent
doxorubicin. eBioMedicine. 2021;69:103456. doi:10.1016/j.ebiom.2021.103456

Zhang H, Wang Z, Liu Z, Du K, Lu X. Protective effects of dexazoxane on rat ferroptosis in doxorubicin-induced cardiomyopathy through
regulating HMGBI. Front Cardiovasc Med. 2021;8:685434. doi:10.3389/fcvm.2021.685434

Focaccetti C, Bruno A, Magnani E, et al. Effects of 5-fluorouracil on morphology, cell cycle, proliferation, apoptosis, autophagy and ros
production in endothelial cells and cardiomyocytes. PLoS One. 2015;10(2):e0115686. doi:10.1371/journal.pone.0115686

Li D, Song C, Zhang J, Zhao X. ROS and iron homeostasis dependent ferroptosis play a vital role in 5-Fluorouracil induced cardiotoxicity in
vitro and in vivo. Toxicology. 2022;468:153113. doi:10.1016/j.tox.2022.153113

Wang L, Liu S, Gao C, et al. Arsenic trioxide-induced cardiotoxicity triggers ferroptosis in cardiomyoblast cells. Hum Exp Toxicol.
2022;41:09603271211064537. doi:10.1177/09603271211064537

Dhesi S, Chu MP, Blevins G, et al. Cyclophosphamide-induced cardiomyopathy: a case report, review, and recommendations for management. J
Invest Med High Impact Case Rep. 2013;1(1):2324709613480346. doi:10.1177/2324709613480346

Chen X, Kang R, Kroemer G, Tang D. Broadening horizons: the role of ferroptosis in cancer. Nat Rev Clin Oncol. 2021;18(5):280-296.
doi:10.1038/541571-020-00462-0

Feng J, Lu PZ, Zhu GZ, et al. ACSL4 is a predictive biomarker of sorafenib sensitivity in hepatocellular carcinoma. Acta Pharmacol Sin.
2021;42(1):160-170. doi:10.1038/s41401-020-0439-x

Li Y, Yan J, Zhao Q, Zhang Y, Zhang Y. ATF3 promotes ferroptosis in sorafenib-induced cardiotoxicity by suppressing Slc7all expression.
Front Pharmacol. 2022;13:904314. doi:10.3389/fphar.2022.904314

Jiang H, Wang C, Zhang A, et al. ATF4 protects against sorafenib-induced cardiotoxicity by suppressing ferroptosis. Biomed Pharmacother.
2022;153:113280. doi:10.1016/j.biopha.2022.113280

Sun L, Wang H, Xu D, Yu S, Zhang L, Li X. Lapatinib induces mitochondrial dysfunction to enhance oxidative stress and ferroptosis in doxorubicin-
induced cardiomyocytes via inhibition of PI3K/AKT signaling pathway. Bioengineered. 2022;13(1):48—60. doi:10.1080/21655979.2021.2004980
ElZarrad MK, Mukhopadhyay P, Mohan N, et al. Trastuzumab alters the expression of genes essential for cardiac function and induces
ultrastructural changes of cardiomyocytes in mice. PLoS One. 2013;8(11):¢79543. doi:10.1371/journal.pone.0079543

Sun L, Wang H, Yu S, Zhang L, Jiang J, Zhou Q. Herceptin induces ferroptosis and mitochondrial dysfunction in H9¢2 cells. Int J Mol Med.
2021;49(2):17. doi:10.3892/ijmm.2021.5072

Ye T, Yang W, Gao T, et al. Trastuzumab-induced cardiomyopathy via ferroptosis-mediated mitochondrial dysfunction. Free Radic Biol Med.
2023;206:143-161. doi:10.1016/j.freeradbiomed.2023.06.019

Li W, Feng G, Gauthier JM, et al. Ferroptotic cell death and TLR4/Trif signaling initiate neutrophil recruitment after heart transplantation. J
Clin Invest. 2019;129(6):2293-2304. doi:10.1172/JCI1126428

Hou K, Liu L, Fang ZH, et al. The role of ferroptosis in cardio-oncology. Arch Toxicol. 2024;98(3):709—734. doi:10.1007/s00204-023-03665-3
Zhang Y, Ren X, Wang Y, et al. Targeting ferroptosis by polydopamine nanoparticles protects heart against ischemia/reperfusion injury. ACS
Appl Mater Interfaces. 2021;13(45):53671-53682. doi:10.1021/acsami.1c18061

Stevens DL, Bryant AE. Complexities of cardiomyopathy in septic shock. Curr Opin Infect Dis. 2025;38(3):214-221. doi:10.1097/QC0O.000
0000000001102

Jin Y, Fleishman J, Ma Y, et al. NLRP3 inflammasome targeting offers a novel therapeutic paradigm for sepsis-induced myocardial injury. Drug
Des Dev Ther. 2025;19:1025-1041. doi:10.2147/DDDT.S506537

Wang Z, Sun S, Huang L, et al. Pathological roles of ubiquitination and deubiquitination systems in sepsis-induced myocardial dysfunction.
Biomol Biomed. 2025;25(7):1444-1458. doi:10.17305/bb.2024.11738

Zeng M, Niu Y, Huang J, Deng L. Advances in neutrophil extracellular traps and ferroptosis in sepsis-induced cardiomyopathy. Front Immunol.
2025;16:1590313. doi:10.3389/fimmu.2025.1590313

Wang S, He S, Hu X, Liu F, Fang X, Huang P. Nrf2 mediated signaling axis in sepsis-induced cardiomyopathy: potential pharmacological
receptor. Inflamm Res. 2025;74(1):76. doi:10.1007/s00011-025-02037-0

Fang W, Xie S, Deng W. Ferroptosis mechanisms and regulations in cardiovascular diseases in the past, present, and future. Cell Biol Toxicol.
2024;40(1):17. doi:10.1007/s10565-024-09853-w

48

https: Drug Design, Development and Therapy 2026:20


https://doi.org/10.1016/j.metabol.2019.154002
https://doi.org/10.1007/s10495-025-02090-4
https://doi.org/10.1016/j.trecan.2024.07.004
https://doi.org/10.1016/j.pharmthera.2024.108670
https://doi.org/10.1172/jci.insight.132747
https://doi.org/10.1016/j.yjmcc.2021.08.006
https://doi.org/10.1038/s41418-022-00990-5
https://doi.org/10.1016/j.ebiom.2021.103456
https://doi.org/10.3389/fcvm.2021.685434
https://doi.org/10.1371/journal.pone.0115686
https://doi.org/10.1016/j.tox.2022.153113
https://doi.org/10.1177/09603271211064537
https://doi.org/10.1177/2324709613480346
https://doi.org/10.1038/s41571-020-00462-0
https://doi.org/10.1038/s41401-020-0439-x
https://doi.org/10.3389/fphar.2022.904314
https://doi.org/10.1016/j.biopha.2022.113280
https://doi.org/10.1080/21655979.2021.2004980
https://doi.org/10.1371/journal.pone.0079543
https://doi.org/10.3892/ijmm.2021.5072
https://doi.org/10.1016/j.freeradbiomed.2023.06.019
https://doi.org/10.1172/JCI126428
https://doi.org/10.1007/s00204-023-03665-3
https://doi.org/10.1021/acsami.1c18061
https://doi.org/10.1097/QCO.0000000000001102
https://doi.org/10.1097/QCO.0000000000001102
https://doi.org/10.2147/DDDT.S506537
https://doi.org/10.17305/bb.2024.11738
https://doi.org/10.3389/fimmu.2025.1590313
https://doi.org/10.1007/s00011-025-02037-0
https://doi.org/10.1007/s10565-024-09853-w

Zhang et al

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

Wang C, Yuan W, Hu A, et al. Dexmedetomidine alleviated sepsis-induced myocardial ferroptosis and septic heart injury. Mol Med Rep.
2020;22(1):175-184. doi:10.3892/mmr.2020.11114

LiM, XuL, Deng B, You L, Zeng Z, Lin F. Multi-target regulation of huashi baidu formula on ferroptosis and oxidative stress to protect against
myocardial injury in sepsis.

Xiao Z, Kong B, Fang J, et al. Ferrostatin-1 alleviates lipopolysaccharide-induced cardiac dysfunction. Bioengineered. 2021;12(2):9367-9376.
doi:10.1080/21655979.2021.2001913

Zeng Y, Cao G, Lin L, et al. Resveratrol attenuates sepsis-induced cardiomyopathy in rats through anti-ferroptosis via the Sirt1/Nrf2 Pathway. J
Invest Surg. 2023;36(1):2157521. doi:10.1080/08941939.2022.2157521

Li N, Wang W, Zhou H, et al. Ferritinophagy-mediated ferroptosis is involved in sepsis-induced cardiac injury. Free Radic Biol Med.
2020;160:303-318. doi:10.1016/j.freeradbiomed.2020.08.009

Xu Y, Bu G. Identification of two novel ferroptosis-associated targets in sepsis-induced cardiac injury: hmox1 and Slc7all. Front Cardiovasc
Med. 2023;10:1185924. doi:10.3389/fcvm.2023.1185924

Ye H, Hu H, Zhou X, Dong M, Ren J. Targeting ferroptosis in the maintenance of mitochondrial homeostasis in the realm of septic
cardiomyopathy. Curr Opin Pharmacol. 2024;74:102430. doi:10.1016/j.coph.2023.102430

Zhang Z, Guo M, Shen M, et al. The BRD7-P53-SLC25A28 axis regulates ferroptosis in hepatic stellate cells. Redox Biol. 2020;36:101619.
doi:10.1016/j.redox.2020.101619

She H, Tan L, Du Y, et al. VDAC2 malonylation participates in sepsis-induced myocardial dysfunction via mitochondrial-related ferroptosis. /nt
J Biol Sci. 2023;19(10):3143-3158. doi:10.7150/ijbs.84613

Kuhn H, Banthiya S, Van leyen K. Mammalian lipoxygenases and their biological relevance. Biochim Biophys Acta BBA Mol Cell Biol Lipids.
2015;1851(4):308-330. doi:10.1016/j.bbalip.2014.10.002

Guo L, Li P, Wang Y, et al. Yigifumai injection ameliorated sepsis-induced cardiomyopathy by inhibition of ferroptosis via XCT/GPX4 axis.
Shock. 2024;61(4):638-645. doi:10.1097/SHK.0000000000002257

LiZ, Guo H, LiJ, et al. Sulforaphane prevents type 2 diabetes-induced nephropathy via AMPK-mediated activation of lipid metabolic pathways
and Nrf2 antioxidative function. Clin Sci. 2020;134(18):2469-2487. doi:10.1042/CS20191088

Wang R, Li D, Ouyang J, et al. Leonurine alleviates LPS-induced myocarditis through suppressing the NF-kB signaling pathway. Toxicology.
2019;422:1-13. doi:10.1016/.t0x.2019.04.011

Chen L, Liu P, Feng X, Ma C. Salidroside suppressing Lps -induced myocardial injury by inhibiting ros -mediated p1 3K/Akt/ mToR pathway in
vitro and in vivo. J Cell Mol Medi. 2017;21(12):3178-3189. doi:10.1111/jcmm.12871

Shen Y, Wang X, Shen X, et al. Geniposide possesses the protective effect on myocardial injury by inhibiting oxidative stress and ferroptosis via
activation of the Grsf1/GPx4 axis. Front Pharmacol. 2022;13:879870. doi:10.3389/fphar.2022.879870

Yap GLR, Sachaphibulkij K, Foo SL, Cui J, Fairhurst AM, Lim LHK. Annexin-Al promotes RIG-I-dependent signaling and apoptosis via
regulation of the IRF3-IFNAR-STAT1-IFIT1 pathway in A549 lung epithelial cells. Cell Death Dis. 2020;11(6):463. doi:10.1038/s41419-020-
2625-7

Qin S, Ren Y, Feng B, et al. ANXA Isp protects against sepsis-induced myocardial injury by inhibiting ferroptosis-induced cardiomyocyte death
via SIRT3-Mediated p53 deacetylation. Mediators Inflamm. 2023;2023:1-13. doi:10.1155/2023/6638929

Chen H, Lin X, Yi X, et al. SIRT1-mediated p53 deacetylation inhibits ferroptosis and alleviates heat stress-induced lung epithelial cells injury.
Int J Hyperthermia. 2022;39(1):977-986. doi:10.1080/02656736.2022.2094476

Fan Z, Wirth AK, Chen D, et al. Nrf2-Keapl pathway promotes cell proliferation and diminishes ferroptosis. Oncogenesis. 2017;6(8):e371—
€371. doi:10.1038/oncsis.2017.65

Chen L, Yin Z, Qin X, et al. CD74 ablation rescues type 2 diabetes mellitus-induced cardiac remodeling and contractile dysfunction through
pyroptosis-evoked regulation of ferroptosis. Pharmacol Res. 2022;176:106086. doi:10.1016/j.phrs.2022.106086

Shoureshi P, Tan AY, Koneru J, Ellenbogen KA, Kaszala K, Huizar JF. Arrhythmia-induced cardiomyopathy. J Am Coll Cardiol. 2024;83
(22):2214-2232. doi:10.1016/j.jacc.2024.03.416

Shen J, Fu H, Ding Y, et al. The role of iron overload and ferroptosis in arrhythmia pathogenesis. ZJC Heart Vasc. 2024;52:101414. doi:10.1016/
j.ijcha.2024.101414

Demircan T, Onder Sivis Z, Tath Giines B, Karadeniz C. Evaluation of electrocardiographic markers of cardiac arrthythmic events and their correlation
with cardiac iron overload in patients with p-thalassemia major. Cardiol Young. 2020;30(11):1666—1671. doi:10.1017/S1047951120002498

Fang J, Kong B, Shuai W, et al. Ferroportin-mediated ferroptosis involved in new-onset atrial fibrillation with LPS-induced endotoxemia. Eur J
Pharmacol. 2021;913:174622. doi:10.1016/j.ejphar.2021.174622

Parsace M, Fazelifar AF, Ansaripour E, et al. The role of heart rate variability and fragmented QRS for determination of subclinical cardiac
involvement in beta-thalassemia major. Pulse. 2020;8(1-2):15-20. doi:10.1159/000505556

Henriksen LF, Petri A, Hasselbalch HC, Kanters JK, Ellervik C. Increased iron stores prolong the QT interval — a general population study
including 20 261 individuals and meta-analysis of thalassaemia major. Br J Haematol. 2016;174(5):776-785. doi:10.1111/bjh.14099

Advani N, Kautsar A, Andriastuti M. The corrected QT interval prolongation in adolescents with cardiac iron overload B-thalassemia major.
Turk J Pediatr. 2020;62(2):267-273. doi:10.24953/turkjped.2020.02.013

Fianza PI, Rahmawati A, Widihastha SH, et al. Iron overload in transfusion-dependent indonesian thalassemic patients. Anemia. 2021;2021:1-8.
doi:10.1155/2021/5581831

Gordan R, Wongjaikam S, Gwathmey JK, Chattipakorn N, Chattipakorn SC, Xie LH. Involvement of cytosolic and mitochondrial iron in iron
overload cardiomyopathy: an update. Heart Fail Rev. 2018;23(5):801-816. doi:10.1007/s10741-018-9700-5

Kumfu S, Chattipakorn SC, Chattipakorn N. Iron overload cardiomyopathy: using the latest evidence to inform future applications. Exp Biol
Med. 2022;247(7):574-583. doi:10.1177/15353702221076397

Rose RA, Sellan M, Simpson JA, et al. Iron overload decreases Cay 1.3-Dependent L-Type Ca®" currents leading to bradycardia, altered
electrical conduction, and atrial fibrillation. Circ Arrhythmia Electrophysiol. 2011;4(5):733-742. doi:10.1161/CIRCEP.110.960401

Kumfu S, Chattipakorn S, Chinda K, Fucharoen S, Chattipakorn N. T-type calcium channel blockade improves survival and cardiovascular
function in thalassemic mice. Eur J Haematol. 2012;88(6):535-548. doi:10.1111/j.1600-0609.2012.01779.x

Drug Design, Development and Therapy 2026:20 https: 49


https://doi.org/10.3892/mmr.2020.11114
https://doi.org/10.1080/21655979.2021.2001913
https://doi.org/10.1080/08941939.2022.2157521
https://doi.org/10.1016/j.freeradbiomed.2020.08.009
https://doi.org/10.3389/fcvm.2023.1185924
https://doi.org/10.1016/j.coph.2023.102430
https://doi.org/10.1016/j.redox.2020.101619
https://doi.org/10.7150/ijbs.84613
https://doi.org/10.1016/j.bbalip.2014.10.002
https://doi.org/10.1097/SHK.0000000000002257
https://doi.org/10.1042/CS20191088
https://doi.org/10.1016/j.tox.2019.04.011
https://doi.org/10.1111/jcmm.12871
https://doi.org/10.3389/fphar.2022.879870
https://doi.org/10.1038/s41419-020-2625-7
https://doi.org/10.1038/s41419-020-2625-7
https://doi.org/10.1155/2023/6638929
https://doi.org/10.1080/02656736.2022.2094476
https://doi.org/10.1038/oncsis.2017.65
https://doi.org/10.1016/j.phrs.2022.106086
https://doi.org/10.1016/j.jacc.2024.03.416
https://doi.org/10.1016/j.ijcha.2024.101414
https://doi.org/10.1016/j.ijcha.2024.101414
https://doi.org/10.1017/S1047951120002498
https://doi.org/10.1016/j.ejphar.2021.174622
https://doi.org/10.1159/000505556
https://doi.org/10.1111/bjh.14099
https://doi.org/10.24953/turkjped.2020.02.013
https://doi.org/10.1155/2021/5581831
https://doi.org/10.1007/s10741-018-9700-5
https://doi.org/10.1177/15353702221076397
https://doi.org/10.1161/CIRCEP.110.960401
https://doi.org/10.1111/j.1600-0609.2012.01779.x

Zhang et al

218.

219.

220.

221.

222.

223.

224.

225.

226.

2217.

228.

229.

230.

231.
232.

233.

234.

235.

236.

237.
238.

239.

240.

241.

242.

243.

244,

245.

246.

247.

248.

249.

250.

Kuryshev YA, Brittenham GM, Fujioka H, et al. Decreased sodium and increased transient outward potassium currents in iron-loaded cardiac
myocytes: implications for the arrhythmogenesis of human siderotic heart disease. Circulation. 1999;100(6):675-683. doi:10.1161/01.
CIR.100.6.675

Seravalle G, Dell’Oro R, Quarti-Trevano F, et al. Sympathetic overactivation in patients with essential hypertension and hepatic iron overload.
Hypertension. 2020;76(5):1444—1450. doi:10.1161/HYPERTENSIONAHA.120.15511

Kaiser L, Davis J, Patterson J, et al. Iron does not cause arrhythmias in the Guinea pig model of transfusional iron overload. Comp Med.
2007;57(4):383-389.

Kaiser L, Davis JM, Patterson J, et al. Iron sufficient to cause hepatic fibrosis and ascites does not cause cardiac arrhythmias in the gerbil. Trans/
Res. 2009;154(4):202-213. doi:10.1016/;.trs1.2009.07.002

Gao W, Wang X, Zhou Y, Wang X, Yu Y. Autophagy, ferroptosis, pyroptosis, and necroptosis in tumor immunotherapy. Signal Transduct Target
Ther. 2022;7(1):196. doi:10.1038/s41392-022-01046-3

Yin Y, Han W, Cao Y. Association between activities of SOD, MDA and Na+-K+-ATPase in peripheral blood of patients with acute myocardial
infarction and the complication of varying degrees of arrhythmia. Hellenic J Cardiol. 2019;60(6):366-371. doi:10.1016/j.hjc.2018.04.003
Middeldorp ME, Ariyaratnam J, Lau D, Sanders P. Lifestyle modifications for treatment of atrial fibrillation. Heart. 2020;106(5):325-332.
doi:10.1136/heartjnl-2019-315327

Sovari AA. Cellular and molecular mechanisms of arrhythmia by oxidative stress. Cardiol Res Pract. 2016;2016:1-7. doi:10.1155/2016/
9656078

Liu C, Ma N, Guo Z, et al. Relevance of mitochondrial oxidative stress to arrhythmias: innovative concepts to target treatments. Pharmacol Res.
2022;175:106027. doi:10.1016/j.phrs.2021.106027

Zhao Y, Pan B, Lv X, et al. Ferroptosis: roles and molecular mechanisms in diabetic cardiomyopathy. Front Endocrinol. 2023;14:1140644.
doi:10.3389/fendo.2023.1140644

Yu LM, Dong X, Huang T, et al. Inhibition of ferroptosis by icariin treatment attenuates excessive ethanol consumption-induced atrial
remodeling and susceptibility to atrial fibrillation, role of SIRT1. Apoptosis. 2023;28(3—4):607-626. doi:10.1007/s10495-023-01814-8

Jiang Y, Song S, Liu J, et al. Epigenetic regulation of programmed cell death in hypoxia-induced pulmonary arterial hypertension. Front
Immunol. 2023;14:1206452. doi:10.3389/fimmu.2023.1206452

Tang D, Chen X, Kang R, Kroemer G. Ferroptosis: molecular mechanisms and health implications. Cell Res. 2021;31(2):107-125. doi:10.1038/
s41422-020-00441-1

Huh JH, Jo SH. Omega-3 fatty acids and atrial fibrillation. Korean J Intern Med. 2023;38(3):282-289. doi:10.3904/kjim.2022.266
Martinez-Gonzalez MA, Toledo E, Arés F, et al. Extravirgin olive oil consumption reduces risk of atrial fibrillation: the PREDIMED
(Prevencion con Dieta Mediterranea) trial. Circulation. 2014;130(1):18-26. doi:10.1161/CIRCULATIONAHA.113.006921

Chiuve SE, Sandhu RK, Moorthy MV, Glynn RJ, Albert CM. Dietary fat intake is differentially associated with risk of paroxysmal compared
with sustained atrial fibrillation in women. J Nuzr. 2015;145(9):2092-2101. doi:10.3945/jn.115.212860

Fedida A, Ben Harouch S, Kalfon L, et al. Sedaghatian-type spondylometaphyseal dysplasia: whole exome sequencing in neonatal dry blood
spots enabled identification of a novel variant in GPX4. Eur J Med Genet. 2020;63(11):104020. doi:10.1016/j.ejmg.2020.104020

Bezna M, Pisoschi C, Bezna M, et al. Decrease of glutathione peroxidase in arrhythmic cardiac pathology in young individuals and its
therapeutic implications. Biomed Rep. 2022;17(6):93. doi:10.3892/br.2022.1576

Ardahanli I, Ozkan HI. Comparison of serum selenium levels between patients with newly diagnosed atrial fibrillation and normal controls. Biol
Trace Elem Res. 2022;200(9):3925-3931. doi:10.1007/s12011-022-03281-9

Pan Q, Luo Y, Xia Q, He K. Ferroptosis and liver fibrosis. /nt J Med Sci. 2021;18(15):3361-3366. doi:10.7150/ijms.62903

Liu D, Yang M, Yao Y, et al. Cardiac fibroblasts promote ferroptosis in atrial fibrillation by secreting Exo-miR-23a-3p targeting SLC7A11. Oxid
Med Cell Longev. 2022;2022(1):3961495. doi:10.1155/2022/3961495

Han Y, Zhu J, Yang L, et al. SARS-CoV-2 infection induces ferroptosis of sinoatrial node pacemaker cells. Circ Res. 2022;130(7):963-977.
doi:10.1161/CIRCRESAHA.121.320518

Deng X, Chu W, Zhang H, Peng Y. Nrf2 and ferroptosis: a new research direction for ischemic stroke. Cell Mol Neurobiol. 2023;43(8):3885—
3896. doi:10.1007/s10571-023-01411-y

Dong J, Feng X, Zhang J, et al. ©-3 fish oil fat emulsion preconditioning mitigates myocardial oxidative damage in rats through aldehydes
stress. Biomed Pharmacother. 2019;118:109198. doi:10.1016/j.biopha.2019.109198

Zhang X, Yu Y, Lei H, et al. The Nrf-2/HO-1 signaling axis: a ray of hope in cardiovascular diseases. Cardiol Res Pract. 2020;2020:1-9.
doi:10.1155/2020/5695723

Yang J, Mo J, Dai J, et al. Cetuximab promotes RSL3-induced ferroptosis by suppressing the Nrf2/HO-1 signalling pathway in KRAS mutant
colorectal cancer. Cell Death Dis. 2021;12(11):1079. doi:10.1038/s41419-021-04367-3

Wang F, Gong Y, Chen T, et al. Maresinl ameliorates ventricular remodelling and arrhythmia in mice models of myocardial infarction via
NRF2/HO-1 and TLR4/NF-kB signalling. Int Immunopharmacol. 2022;113:109369. doi:10.1016/j.intimp.2022.109369

Li X, Wang Y, Xu M, Zhao Z. Protective effect of Linggui Zhugan Decoction on myocardial injury in rats with chronic arrhythmia and its
influence on Nrf2/HO-1 pathway. J Zhejiang Univ Trad Chin Med. 2021;45(8):849-856.

Stockwell BR, Friedmann Angeli JP, Bayir H, et al. Ferroptosis: a regulated cell death nexus linking metabolism, redox biology, and disease.
Cell. 2017;171(2):273-285. doi:10.1016/j.cell.2017.09.021

Xia Y, Yang Q, Zhang L, et al. Blue light induced ferroptosis in retinal damage via iron overload-associated oxidative stress. J Environ Sci.
2025;155:221-234. doi:10.1016/j.jes.2024.04.001

Wardhani LFK, Dewi IP, Putra KNS, Andrianto A, Soemantri D. The physiological insight of Coenzyme-Q10 administration in preventing the
incidence of reperfusion arrhythmia among patients undergoing coronary artery bypass grafting surgery. J Basic Clin Physiol Pharmacol.
2022;33(6):695-701. doi:10.1515/jbecpp-2021-0329

Zhao D, Tian Z, Kuang H, et al. Associations between long-term dietary coenzyme Q10 intake and new-onset hypertension in adults: insights
from a nationwide prospective cohort study. Nutrients. 2024;16(15):2478. doi:10.3390/nu16152478

Dzau VJ, Hodgkinson CP. Precision hypertension. Hypertension. 2024;81(4):702-708. doi:10.1161/HYPERTENSIONAHA.123.21710

50

https: Drug Design, Development and Therapy 2026:20


https://doi.org/10.1161/01.CIR.100.6.675
https://doi.org/10.1161/01.CIR.100.6.675
https://doi.org/10.1161/HYPERTENSIONAHA.120.15511
https://doi.org/10.1016/j.trsl.2009.07.002
https://doi.org/10.1038/s41392-022-01046-3
https://doi.org/10.1016/j.hjc.2018.04.003
https://doi.org/10.1136/heartjnl-2019-315327
https://doi.org/10.1155/2016/9656078
https://doi.org/10.1155/2016/9656078
https://doi.org/10.1016/j.phrs.2021.106027
https://doi.org/10.3389/fendo.2023.1140644
https://doi.org/10.1007/s10495-023-01814-8
https://doi.org/10.3389/fimmu.2023.1206452
https://doi.org/10.1038/s41422-020-00441-1
https://doi.org/10.1038/s41422-020-00441-1
https://doi.org/10.3904/kjim.2022.266
https://doi.org/10.1161/CIRCULATIONAHA.113.006921
https://doi.org/10.3945/jn.115.212860
https://doi.org/10.1016/j.ejmg.2020.104020
https://doi.org/10.3892/br.2022.1576
https://doi.org/10.1007/s12011-022-03281-9
https://doi.org/10.7150/ijms.62903
https://doi.org/10.1155/2022/3961495
https://doi.org/10.1161/CIRCRESAHA.121.320518
https://doi.org/10.1007/s10571-023-01411-y
https://doi.org/10.1016/j.biopha.2019.109198
https://doi.org/10.1155/2020/5695723
https://doi.org/10.1038/s41419-021-04367-3
https://doi.org/10.1016/j.intimp.2022.109369
https://doi.org/10.1016/j.cell.2017.09.021
https://doi.org/10.1016/j.jes.2024.04.001
https://doi.org/10.1515/jbcpp-2021-0329
https://doi.org/10.3390/nu16152478
https://doi.org/10.1161/HYPERTENSIONAHA.123.21710

Zhang et al

251.

252.

253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

271.

272.

273.

274.

275.

276.

271.

278.

279.

280.

281.

282.

Maatta KM, Nikkari ST, Kunnas TA. Genetic variant coding for iron regulatory protein HFE contributes to hypertension, the TAMRISK study.
Medicine. 2015;94(4):¢464. doi:10.1097/MD.0000000000000464

Nikkari ST, Visto AL, Méittd KM, Kunnas TA. Minor variant of rs 16827043 in the iron regulator hemojuvelin gene (HJV) contributes to
hypertension: the TAMRISK study. Medicine. 2017;96(5):¢6052. doi:10.1097/MD.0000000000006052

Naito Y, Hirotani S, Sawada H, Akahori H, Tsujino T, Masuyama T. Dietary iron restriction prevents hypertensive cardiovascular remodeling in
dahl salt-sensitive rats. Hypertension. 2011;57(3):497-504. doi:10.1161/HYPERTENSIONAHA.110.159681

Sawada H, Naito Y, Oboshi M, et al. Iron restriction inhibits renal injury in aldosterone/salt-induced hypertensive mice. Hypertens Res. 2015;38
(5):317-322. doi:10.1038/hr.2015.13

Yang K, Zeng L, Zeng J, et al. Research progress in the molecular mechanism of ferroptosis in Parkinson’s disease and regulation by natural
plant products. Ageing Res Rev. 2023;91:102063. doi:10.1016/j.arr.2023.102063

Yang WS, SriRamaratnam R, Welsch ME, et al. Regulation of ferroptotic cancer cell death by GPX4. Cell. 2014;156(1-2):317-331.
doi:10.1016/j.cell.2013.12.010

Jin R, Yang R, Cui C, et al. Ferroptosis due to cystathionine y Lyase/Hydrogen sulfide downregulation under high hydrostatic pressure
exacerbates VSMC dysfunction. Front Cell Dev Biol. 2022;10:829316. doi:10.3389/fcell.2022.829316

Zhang X, Zheng C, Gao Z, et al. SLC7A11/xCT prevents cardiac hypertrophy by inhibiting ferroptosis. Cardiovasc Drugs Ther. 2022;36
(3):437-447. doi:10.1007/510557-021-07220-z

Roman M, lJitaru P, Barbante C. Selenium biochemistry and its role for human health. Metallomics. 2014;6(1):25-54. doi:10.1039/
C3MTO00185G

Ingold I, Berndt C, Schmitt S, et al. Selenium utilization by GPX4 is required to prevent hydroperoxide-induced ferroptosis. Cell. 2018;172
(3):409-422.¢21. doi:10.1016/j.cell.2017.11.048

Gaé P, Czerwinska K, Porgba M, et al. Serum zinc and selenium concentrations in patients with hypertrophy and remodelling of the left
ventricle secondary to arterial hypertension. Antioxidants. 2021;10(11):1803. doi:10.3390/antiox10111803

Xie C, Xian J, Zeng M, et al. Regional difference in the association between the trajectory of selenium intake and hypertension: a 20-year cohort
study. Nutrients. 2021;13(5):1501. doi:10.3390/nul13051501

Sobrino P, Ojeda ML, Nogales F, Murillo ML, Carreras O. Binge drinking affects kidney function, osmotic balance, aldosterone levels, and
arterial pressure in adolescent rats: the potential hypotensive effect of selenium mediated by improvements in oxidative balance. Hypertens Res.
2019;42(10):1495-1506. doi:10.1038/s41440-019-0265-z

Zhong H, Yin H. Role of lipid peroxidation derived 4-hydroxynonenal (4-HNE) in cancer: focusing on mitochondria. Redox Biol. 2015;4:193—
199. doi:10.1016/j.redox.2014.12.011

Li J, Teng X, Jin S, et al. Hydrogen sulfide improves endothelial dysfunction by inhibiting the vicious cycle of NLRP3 inflammasome and
oxidative stress in spontaneously hypertensive rats. J Hypertens. 2019;37(8):1633—-1643. doi:10.1097/HJH.0000000000002101

Verma MK, Jaiswal A, Sharma P, Kumar P, Singh AN. Oxidative stress and biomarker of TNF-a, MDA and FRAP in hypertension. J Med Life.
2019;12:(3):253-259. doi:10.25122/jml1-2019-0031

Serinkan Cinemre FB, Cinemre H, Bahtiyar N, et al. Apelin, Omentin-1, and Vaspin in patients with essential hypertension: association of
adipokines with trace elements, inflammatory cytokines, and oxidative damage markers. Ir J Med Sci. 2021;190(1):97-106. doi:10.1007/
s11845-020-02272-w

Chen Y, Li S, Guo Y, et al. Astaxanthin attenuates hypertensive vascular remodeling by protecting vascular smooth muscle cells from oxidative
stress-induced mitochondrial dysfunction. Oxid Med Cell Longev. 2020;2020:1-19. doi:10.1155/2020/4629189

Montezano AC, Dulak-Lis M, Tsiropoulou S, Harvey A, Briones AM, Touyz RM. Oxidative stress and human hypertension: vascular
mechanisms, biomarkers, and novel therapies. Can J Cardiol. 2015;31(5):631-641. doi:10.1016/j.cjca.2015.02.008

Qin S, Zhu C, Chen C, Sheng Z, Cao Y. An emerging double-edged sword role of ferroptosis in cardiovascular disease (Review). Int J Mol Med.
2024;55(1):16. doi:10.3892/ijmm.2024.5457

Shintoku R, Takigawa Y, Yamada K, et al. Lipoxygenase-mediated generation of lipid peroxides enhances ferroptosis induced by erastin and
RSL3. Cancer Sci. 2017;108(11):2187-2194. doi:10.1111/cas.13380

Shah R, Shchepinov MS, Pratt DA. Resolving the role of lipoxygenases in the initiation and execution of ferroptosis. ACS Cent Sci. 2018;4
(3):387-396. doi:10.1021/acscentsci.7b00589

Dobrian AD, Lieb DC, Cole BK, Taylor-Fishwick DA, Chakrabarti SK, Nadler JL. Functional and pathological roles of the 12- and 15-
lipoxygenases. Prog Lipid Res. 2011;50(1):115-131. doi:10.1016/j.plipres.2010.10.005

Limor R, Kaplan M, Sharon O, et al. Aldosterone up-regulates 12- and 15-lipoxygenase expression and LDL oxidation in human vascular
smooth muscle cells. J Cell Biochem. 2009;108(5):1203—1210. doi:10.1002/jcb.22352

Wang AW, Song L, Miao J, et al. Baicalein attenuates Angiotensin II-Induced cardiac remodeling via Inhibition of AKT/mTOR, ERK1/2, NF-
kB, and calcineurin signaling pathways in mice. Am J Hypertens. 2015;28(4):518-526. doi:10.1093/ajh/hpul94

Doll S, Proneth B, Tyurina YY, et al. ACSL4 dictates ferroptosis sensitivity by shaping cellular lipid composition. Nat Chem Biol. 2017;13
(1):91-98. doi:10.1038/nchembio.2239

Miiller T, Dewitz C, Schmitz J, et al. Necroptosis and ferroptosis are alternative cell death pathways that operate in acute kidney failure. Cell
Mol Life Sci. 2017;74(19):3631-3645. doi:10.1007/s00018-017-2547-4

Zhu L, Yang F, Wang L, et al. Identification the ferroptosis-related gene signature in patients with esophageal adenocarcinoma. Cancer Cell Int.
2021;21(1):124. doi:10.1186/s12935-021-01821-2

Chen B, Chen Z, Liu M, et al. Inhibition of neuronal ferroptosis in the acute phase of intracerebral hemorrhage shows long-term cerebropro-
tective effects. Brain Res Bull. 2019;153:122—-132. doi:10.1016/j.brainresbull.2019.08.013

Weichert W, Paliege A, Provoost AP, Bachmann S. Upregulation of juxtaglomerular NOS1 and COX-2 precedes glomerulosclerosis in fawn-
hooded hypertensive rats. Am J Physiol-Renal. 2001;280(4):F706-F714. doi:10.1152/ajprenal.2001.280.4.F706

Tomida T, Numaguchi Y, Nishimoto Y, et al. Inhibition of COX-2 prevents hypertension and proteinuria associated with a decrease of 8-iso-
PGF2o formation in I-NAME-treated rats. J Hypertens. 2003;21(3):601-609. doi:10.1097/00004872-200303000-00027

Das UN. Saturated fatty acids, MUFAs and PUFAs regulate ferroptosis. Cell Chem Biol. 2019;26(3):309-311. doi:10.1016/j.
chembiol.2019.03.001

Drug Design, Development and Therapy 2026:20 https: 51


https://doi.org/10.1097/MD.0000000000000464
https://doi.org/10.1097/MD.0000000000006052
https://doi.org/10.1161/HYPERTENSIONAHA.110.159681
https://doi.org/10.1038/hr.2015.13
https://doi.org/10.1016/j.arr.2023.102063
https://doi.org/10.1016/j.cell.2013.12.010
https://doi.org/10.3389/fcell.2022.829316
https://doi.org/10.1007/s10557-021-07220-z
https://doi.org/10.1039/C3MT00185G
https://doi.org/10.1039/C3MT00185G
https://doi.org/10.1016/j.cell.2017.11.048
https://doi.org/10.3390/antiox10111803
https://doi.org/10.3390/nu13051501
https://doi.org/10.1038/s41440-019-0265-z
https://doi.org/10.1016/j.redox.2014.12.011
https://doi.org/10.1097/HJH.0000000000002101
https://doi.org/10.25122/jml-2019-0031
https://doi.org/10.1007/s11845-020-02272-w
https://doi.org/10.1007/s11845-020-02272-w
https://doi.org/10.1155/2020/4629189
https://doi.org/10.1016/j.cjca.2015.02.008
https://doi.org/10.3892/ijmm.2024.5457
https://doi.org/10.1111/cas.13380
https://doi.org/10.1021/acscentsci.7b00589
https://doi.org/10.1016/j.plipres.2010.10.005
https://doi.org/10.1002/jcb.22352
https://doi.org/10.1093/ajh/hpu194
https://doi.org/10.1038/nchembio.2239
https://doi.org/10.1007/s00018-017-2547-4
https://doi.org/10.1186/s12935-021-01821-2
https://doi.org/10.1016/j.brainresbull.2019.08.013
https://doi.org/10.1152/ajprenal.2001.280.4.F706
https://doi.org/10.1097/00004872-200303000-00027
https://doi.org/10.1016/j.chembiol.2019.03.001
https://doi.org/10.1016/j.chembiol.2019.03.001

Zhang et al

283.

284.

285.

286.

287.

288.

289.

290.

291.

292.

293.

294.

295.

296.

2917.

298.

299.

300.

301.

302.

303.

304.

305.

306.

307.

308.

309.

310.

311.

312.

313.

314.

315.

Lee H, Jang HB, Yoo MG, Chung KS, Lee HJ. Protective effects of dietary MUFAs mediating metabolites against hypertension risk in the
Korean genome and epidemiology study. Nutrients. 2019;11(8):1928. doi:10.3390/nul1081928

Hickey AJR, Chai CC, Choong SY, et al. Impaired ATP turnover and ADP supply depress cardiac mitochondrial respiration and elevate superoxide in
nonfailing spontaneously hypertensive rat hearts. Am J Physiol-Cell Ph. 2009;297(3):C766—C774. doi:10.1152/ajpcell.00111.2009

Dikalov S, Itani H, Richmond B, et al. Tobacco smoking induces cardiovascular mitochondrial oxidative stress, promotes endothelial
dysfunction, and enhances hypertension. Am J Physiol-Heart C. 2019;316(3):H639-H646. doi:10.1152/ajpheart.00595.2018

Dikalova AE, Pandey A, Xiao L, et al. Mitochondrial deacetylase Sirt3 reduces vascular dysfunction and hypertension while sirt3 depletion in essential
hypertension is linked to vascular inflammation and oxidative stress. Circ Res. 2020;126(4):439-452. doi:10.1161/CIRCRESAHA.119.315767
Doughan AK, Harrison DG, Dikalov SI. Molecular mechanisms of Angiotensin [I-Mediated mitochondrial dysfunction: linking mitochondrial
oxidative damage and vascular endothelial dysfunction. Circ Res. 2008;102(4):488—496. doi:10.1161/CIRCRESAHA.107.162800

Dikalova AE, Bikineyeva AT, Budzyn K, et al. Therapeutic targeting of mitochondrial superoxide in hypertension. Circ Res. 2010;107(1):106—
116. doi:10.1161/CIRCRESAHA.109.214601

Takashi Y, Tomita K, Kuwahara Y, et al. Mitochondrial dysfunction promotes aquaporin expression that controls hydrogen peroxide perme-
ability and ferroptosis. Free Radic Biol Med. 2020;161:60-70. doi:10.1016/j.freeradbiomed.2020.09.027

Chen Y, Li S, Yin M, et al. Isorhapontigenin attenuates cardiac microvascular injury in diabetes via the inhibition of mitochondria-associated
ferroptosis through PRDX2-MFN2-ACSL4 pathways. Diabetes. 2023;72(3):389-404. doi:10.2337/db22-0553

Jiaqi L, Siqing H, Qin W, Di Z, Bei Z, Jialin Y. Andrographolide promoted ferroptosis to repress the development of non-small cell lung cancer
through activation of the mitochondrial dysfunction. Phytomedicine. 2023;109:154601. doi:10.1016/j.phymed.2022.154601

Novgorodov SA, Voltin JR, Gooz MA, Li L, Lemasters JJ, Gudz TI. Acid sphingomyelinase promotes mitochondrial dysfunction due to
glutamate-induced regulated necrosis. J Lipid Res. 2018;59(2):312-329. doi:10.1194/j1lr.M080374

Eirin A, Ebrahimi B, Kwon SH, et al. Restoration of mitochondrial cardiolipin attenuates cardiac damage in swine renovascular hypertension. J
Am Heart Assoc. 2016;5(6):¢003118. doi:10.1161/JAHA.115.003118

Saeed BI, Uthirapathy S, Kubaev A, et al. Ferroptosis as a key player in the pathogenesis and intervention therapy in liver injury: focusing on
drug-induced hepatotoxicity. Naunyn-Schmiedeberg’s Arch Pharmacol. 2025;398(10):12927-12949. doi:10.1007/s00210-025-04115-w
Dovinova I, Kvandova M, Balis P, et al. The role of Nrf2 and PPARY in the improvement of oxidative stress in hypertension and cardiovascular
diseases. Physiol Res. 2020:S541-S553. doi:10.33549/physiolres.934612.

Farooqui Z, Mohammad RS, Lokhandwala MF, Banday AA. Nrf2 inhibition induces oxidative stress, renal inflammation and hypertension in
mice. Clin Exp Hypertens. 2021;43(2):175-180. doi:10.1080/10641963.2020.1836191

Wang C, Luo Z, Carter G, et al. NRF2 prevents hypertension, increased ADMA, microvascular oxidative stress, and dysfunction in mice with
two weeks of ANG II infusion. Am J Physiol-Regul Integr Comp Physiol. 2018;314(3):R399-R406. doi:10.1152/ajpregu.00122.2017

Li XT, Song JW, Zhang ZZ, et al. Sirtuin 7 mitigates renal ferroptosis, fibrosis and injury in hypertensive mice by facilitating the KLF15/Nrf2
signaling. Free Radic Biol Med. 2022;193:459—473. doi:10.1016/j.freeradbiomed.2022.10.320

Doll S, Freitas FP, Shah R, et al. FSP1 is a glutathione-independent ferroptosis suppressor. Nature. 2019;575(7784):693-698. doi:10.1038/
s41586-019-1707-0

Zozina VI, Covantev S, Goroshko OA, Krasnykh LM, Kukes VG. Coenzyme Q10 in cardiovascular and metabolic diseases: current state of the
problem. Curr Cardiol Rev. 2018;14(3):164-174. doi:10.2174/1573403X14666180416115428

Gao HL, Yu XJ, Qi J, et al. Oral CoQ10 attenuates high salt-induced hypertension by restoring neurotransmitters and cytokines in the
hypothalamic paraventricular nucleus. Sci Rep. 2016;6(1):30301. doi:10.1038/srep30301

Miotto G, Rossetto M, Di Paolo ML, et al. Insight into the mechanism of ferroptosis inhibition by ferrostatin-1. Redox Biol. 2020;28:101328.
doi:10.1016/j.redox.2019.101328

Liang C, Zhu D, Xia W, et al. Inhibition of YAP by lenvatinib in endothelial cells increases blood pressure through ferroptosis. Biochim Biophys
Acta Mol Basis Dis. 2023;1869(1):166586. doi:10.1016/j.bbadis.2022.166586

Yin J, Xu X, Guo Y, et al. Repair and regeneration: ferroptosis in the process of remodeling and fibrosis in impaired organs. Cell Death Discov.
2024;10(1):424. doi:10.1038/s41420-024-02181-2

Zhang Q, Wang X, Xue H, Huang B, Lin Z, Cai Z. Determination and comparison of the solubility, oil-water partition coefficient, intestinal
absorption, and biliary excretion of carvedilol enantiomers. AAPS Pharm Sci Tech. 2021;22(1):43. doi:10.1208/512249-020-01906-7

Mishima E, Sato E, Ito J, et al. Drugs repurposed as antiferroptosis agents suppress organ damage, including AKI, by functioning as lipid
peroxyl radical scavengers. J Am Soc Nephrol. 2020;31(2):280-296. doi:10.1681/ASN.2019060570

Ning D, Yang X, Wang T, Jiang Q, Yu J, Wang D. Atorvastatin treatment ameliorates cardiac function and remodeling induced by isoproterenol
attack through mitigation of ferroptosis. Biochem Biophys Res Commun. 2021;574:39-47. doi:10.1016/j.bbrc.2021.08.017

Sarath TS, Waghe P, Gupta P, et al. Atorvastatin ameliorates arsenic-induced hypertension and enhancement of vascular redox signaling in rats.
Toxicol Appl Pharmacol. 2014;280(3):443-454. doi:10.1016/j.taap.2014.08.032

Li Q, Liao J, Chen W, et al. NAC alleviative ferroptosis in diabetic nephropathy via maintaining mitochondrial redox homeostasis through
activating SIRT3-SOD2/Gpx4 pathway. Free Radic Biol Med. 2022;187:158—170. doi:10.1016/j.freeradbiomed.2022.05.024

Hsu CN, Hou CY, Chang-Chien GP, Lin S, Tain YL. Maternal N-Acetylcysteine therapy prevents hypertension in spontaneously hypertensive
rat offspring: implications of hydrogen sulfide-generating pathway and gut microbiota. Antioxidants. 2020;9(9):856. doi:10.3390/antiox9090856
Huang Y, Wu H, Hu Y, et al. Puerarin attenuates oxidative stress and ferroptosis via AMPK/PGClo/Nrf2 pathway after subarachnoid
hemorrhage in rats. Antioxidants. 2022;11(7):1259. doi:10.3390/antiox11071259

Ding Y, Li W, Peng S, et al. Puerarin protects against myocardial ischemia/reperfusion injury by inhibiting ferroptosis. Biol Pharm Bull.
2023;46(4):524-532. doi:10.1248/bpb.b22-00174

Zhou T, Wang Z, Guo M, et al. Puerarin induces mouse mesenteric vasodilation and ameliorates hypertension involving endothelial TRPV4
channels. Food Funct. 2020;11(11):10137-10148. doi:10.1039/DOFO02356F

Shi W, Yuan R, Chen X, et al. Puerarin reduces blood pressure in spontaneously hypertensive rats by targeting eNOS. Am J Chin Med. 2019;47
(01):19-38. doi:10.1142/S0192415X 19500022

DeGraaff B, DeRoo SC, George 1. Aortic dissection following transcatheter aortic valve replacement. Semin Thorac Cardiovasc Surg. 2025;37
(2):136-142. doi:10.1053/j.semtcvs.2024.11.006

52

https: Drug Design, Development and Therapy 2026:20


https://doi.org/10.3390/nu11081928
https://doi.org/10.1152/ajpcell.00111.2009
https://doi.org/10.1152/ajpheart.00595.2018
https://doi.org/10.1161/CIRCRESAHA.119.315767
https://doi.org/10.1161/CIRCRESAHA.107.162800
https://doi.org/10.1161/CIRCRESAHA.109.214601
https://doi.org/10.1016/j.freeradbiomed.2020.09.027
https://doi.org/10.2337/db22-0553
https://doi.org/10.1016/j.phymed.2022.154601
https://doi.org/10.1194/jlr.M080374
https://doi.org/10.1161/JAHA.115.003118
https://doi.org/10.1007/s00210-025-04115-w
https://doi.org/10.33549/physiolres.934612
https://doi.org/10.1080/10641963.2020.1836191
https://doi.org/10.1152/ajpregu.00122.2017
https://doi.org/10.1016/j.freeradbiomed.2022.10.320
https://doi.org/10.1038/s41586-019-1707-0
https://doi.org/10.1038/s41586-019-1707-0
https://doi.org/10.2174/1573403X14666180416115428
https://doi.org/10.1038/srep30301
https://doi.org/10.1016/j.redox.2019.101328
https://doi.org/10.1016/j.bbadis.2022.166586
https://doi.org/10.1038/s41420-024-02181-2
https://doi.org/10.1208/s12249-020-01906-7
https://doi.org/10.1681/ASN.2019060570
https://doi.org/10.1016/j.bbrc.2021.08.017
https://doi.org/10.1016/j.taap.2014.08.032
https://doi.org/10.1016/j.freeradbiomed.2022.05.024
https://doi.org/10.3390/antiox9090856
https://doi.org/10.3390/antiox11071259
https://doi.org/10.1248/bpb.b22-00174
https://doi.org/10.1039/D0FO02356F
https://doi.org/10.1142/S0192415X19500022
https://doi.org/10.1053/j.semtcvs.2024.11.006

Zhang et al

316.
317.

318.

319.

320.

321.

322.

323.

324.

325.

326.

327.

328.

329.

330.

331.

332.
333.

334.

335.

336.

337.

338.

339.

340.

341.

342.

343.

344.

345.

346.
347.

348.

349.

Zhou S, Ma B, Luo M. Matrix metalloproteinases in aortic dissection. Vasc Pharmacol. 2024;156:107420. doi:10.1016/j.vph.2024.107420

Li N, Yi X, He Y, et al. Targeting ferroptosis as a novel approach to alleviate aortic dissection. /nt J Biol Sci. 2022;18(10):4118-4134.
doi:10.7150/ijbs.72528

Chen Y, Yi X, Huo B, et al. BRD4770 functions as a novel ferroptosis inhibitor to protect against aortic dissection. Pharmacol Res.
2022;177:106122. doi:10.1016/j.phrs.2022.106122

Tao Y, Li G, Wang Z, et al. MiR-1909-5p targeting GPX4 affects the progression of aortic dissection by modulating nicotine-induced
ferroptosis. Food Chem Toxicol. 2024;191:114826. doi:10.1016/j.fct.2024.114826

Edvinsson M, Ilbdck NG, Frisk P, Thelin S, Nystrom-Rosander C. Trace element changes in thoracic aortic dissection. Biol Trace Elem Res.
2016;169(2):159-163. doi:10.1007/s12011-015-0432-2

Li B, Wang Z, Hong J, et al. Iron deficiency promotes aortic medial degeneration via destructing cytoskeleton of vascular smooth muscle cells.
Clin Transl Med. 2021;11(1):¢276. doi:10.1002/ctm2.276

Zhong X, Wu Q, Wang Z, et al. Iron deficiency exacerbates aortic medial degeneration by inducing excessive mitochondrial fission. Food
Funct. 2022;13(14):7666-7683. doi:10.1039/D2FO01084D

Shi F, Wang Z, Wu Q, et al. Iron deficiency promotes aortic media degeneration by activating endoplasmic reticulum stress-mediated IRE1
signaling pathway. Pharmacol Res. 2022;183:106366. doi:10.1016/j.phrs.2022.106366

Lu P, Feng X, Li R, et al. A novel serum biomarker model to discriminate aortic dissection from coronary artery disease. Dis Markers.
2022;2022:1-13. doi:10.1155/2022/9716424

Consoli V, Sorrenti V, Grosso S, Vanella L. Heme Oxygenase-1 signaling and redox homeostasis in physiopathological conditions.
Biomolecules. 2021;11(4):589. doi:10.3390/biom11040589

Tekin D, Dursun AD, Xi L. Hypoxia inducible factor 1 (HIF-1) and cardioprotection. Acta Pharmacol Sin. 2010;31(9):1085-1094. doi:10.1038/
aps.2010.132

Henning Y, Blind US, Larafa S, Matschke J, Fandrey J. Hypoxia aggravates ferroptosis in RPE cells by promoting the Fenton reaction. Cell
Death Dis. 2022;13(7):662. doi:10.1038/s41419-022-05121-z

Shi J, Wang QH, Wei X, et al. Histone acetyltransferase P300 deficiency promotes ferroptosis of vascular smooth muscle cells by activating the
HIF-1o/HMOX1 axis. Mol Med. 2023;29(1):91. doi:10.1186/s10020-023-00694-7

Ryter SW. Heme Oxgenase-1, a cardinal modulator of regulated cell death and inflammation. Cells. 2021;10(3):515. doi:10.3390/cells10030515
Liao M, Zou S, Wu J, et al. METTL3-mediated m6A modification of NORAD inhibits the ferroptosis of vascular smooth muscle cells to
attenuate the aortic dissection progression in an YTHDF2-dependent manner. Mol Cell Biochem. 2024;479(12):3471-3487. doi:10.1007/
s11010-024-04930-4

Kuwata H, Hara S. Role of acyl-CoA synthetase ACSL4 in arachidonic acid metabolism. Prostag Oth Lipid M. 2019;144:106363. doi:10.1016/
j-prostaglandins.2019.106363

D’Herde K, Krysko DV. Oxidized PEs trigger death. Nat Chem Biol. 2017;13(1):4-5. doi:10.1038/nchembio.2261

Wu H, Chen L, Lu K, et al. HMGB2 deficiency mitigates abdominal aortic aneurysm by suppressing ang-ii-caused ferroptosis and inflammation
via NF-k pathway. Mediators Inflamm. 2023;2023:1-10. doi:10.1155/2023/2157355

Koppula P, Zhuang L, Gan B. Cystine transporter SLC7A11/xCT in cancer: ferroptosis, nutrient dependency, and cancer therapy. Protein Cell.
2021;12(8):599-620. doi:10.1007/s13238-020-00789-5

He Y, Wang X, Chen S, et al. SP2509 functions as a novel ferroptosis inhibitor by reducing intracellular iron level in vascular smooth muscle
cells. Free Radic Biol Med. 2024;219:49-63. doi:10.1016/j.freeradbiomed.2024.04.220

Pan H, Lu W, Liu Z, Wang Y. Identification of ferroptosis-associated biomarkers in Stanford type A aortic dissection based on machine learning.
Am J Transl Res. 2023;15(5):3092-3114.

Zou HX, Qiu BQ, Lai SQ, et al. Role of ferroptosis-related genes in Stanford type a aortic dissection and identification of key genes: new
insights from bioinformatic analysis. Bioengineered. 2021;12(2):9976-9990. doi:10.1080/21655979.2021.1988840

Yang Y, Yamagishi K, Kihara T, et al. Smoking cessation and mortality from aortic dissection and aneurysm: Findings from the Japan
Collaborative Cohort (JACC) Study. J Atheroscler Thromb. 2023;30(4):348-363. doi:10.5551/jat.63258

Sampilvanjil A, Karasawa T, Yamada N, et al. Cigarette smoke extract induces ferroptosis in vascular smooth muscle cells. 4m J Physiol-Heart
C. 2020;318(3):H508-H518. doi:10.1152/ajpheart.00559.2019

Ding X, Cui L, Mi Y, et al. Ferroptosis in cancer: revealing the multifaceted functions of mitochondria. Cell Mol Life Sci. 2025;82(1):277.
doi:10.1007/s00018-025-05812-8

Wang X, Kong X, Feng X, Jiang DS. Effects of DNA, RNA, and protein methylation on the regulation of ferroptosis. Int J Biol Sci. 2023;19
(11):3558-3575. doi:10.7150/ijbs.85454

Zhang J, Liu X, Li X, et al. The emerging role of noncoding RNA regulation of the ferroptosis in cardiovascular diseases. Oxid Med Cell
Longev. 2022;2022(1):3595745. doi:10.1155/2022/3595745

Ding W, Liu Y, Su Z, Li Q, Wang J, Gao Y. Emerging role of non-coding RNAs in aortic dissection. Biomolecules. 2022;12(10):1336.
doi:10.3390/biom12101336

Yang M, Luo H, Yi X, Wei X, Jiang D. The epigenetic regulatory mechanisms of ferroptosis and its implications for biological processes and
diseases. MedComm. 2023;4(3):¢267. doi:10.1002/mc02.267

Yang Q, Xia Y, Chen K, et al. Blue light induced ferroptosis via STAT3/GPX4/SLC7A11/FTH1 in conjunctiva epithelium in vivo and in vitro. J
Photochem Photobiol B. 2024;255:112908. doi:10.1016/j.jphotobiol.2024.112908

Kiinzli M, Masopust D. CD4+ T cell memory. Nat Immunol. 2023;24(6):903-914. doi:10.1038/s41590-023-01510-4

Li H, Wang PF, Luo W, et al. CD36-mediated ferroptosis destabilizes CD4+ T cell homeostasis in acute Stanford type-A aortic dissection. Cel/
Death Dis. 2024;15(9):669. doi:10.1038/s41419-024-07022-9

Yang Y, Wang Y, Guo L, Gao W, Tang TL, Yan M. Interaction between macrophages and ferroptosis. Cell Death Dis. 2022;13(4):355.
doi:10.1038/s41419-022-04775-z

Filiberto AC, Ladd Z, Leroy V, et al. Resolution of inflammation via rvDl / FPR2 signaling mitigates Nox2 activation and ferroptosis of
macrophages in experimental abdominal aortic aneurysms. FASEB J. 2022;36(11):¢22579. doi:10.1096/£j.202201114R

Drug Design, Development and Therapy 2026:20 https: 53


https://doi.org/10.1016/j.vph.2024.107420
https://doi.org/10.7150/ijbs.72528
https://doi.org/10.1016/j.phrs.2022.106122
https://doi.org/10.1016/j.fct.2024.114826
https://doi.org/10.1007/s12011-015-0432-2
https://doi.org/10.1002/ctm2.276
https://doi.org/10.1039/D2FO01084D
https://doi.org/10.1016/j.phrs.2022.106366
https://doi.org/10.1155/2022/9716424
https://doi.org/10.3390/biom11040589
https://doi.org/10.1038/aps.2010.132
https://doi.org/10.1038/aps.2010.132
https://doi.org/10.1038/s41419-022-05121-z
https://doi.org/10.1186/s10020-023-00694-7
https://doi.org/10.3390/cells10030515
https://doi.org/10.1007/s11010-024-04930-4
https://doi.org/10.1007/s11010-024-04930-4
https://doi.org/10.1016/j.prostaglandins.2019.106363
https://doi.org/10.1016/j.prostaglandins.2019.106363
https://doi.org/10.1038/nchembio.2261
https://doi.org/10.1155/2023/2157355
https://doi.org/10.1007/s13238-020-00789-5
https://doi.org/10.1016/j.freeradbiomed.2024.04.220
https://doi.org/10.1080/21655979.2021.1988840
https://doi.org/10.5551/jat.63258
https://doi.org/10.1152/ajpheart.00559.2019
https://doi.org/10.1007/s00018-025-05812-8
https://doi.org/10.7150/ijbs.85454
https://doi.org/10.1155/2022/3595745
https://doi.org/10.3390/biom12101336
https://doi.org/10.1002/mco2.267
https://doi.org/10.1016/j.jphotobiol.2024.112908
https://doi.org/10.1038/s41590-023-01510-4
https://doi.org/10.1038/s41419-024-07022-9
https://doi.org/10.1038/s41419-022-04775-z
https://doi.org/10.1096/fj.202201114R

Zhang et al

350. MaJ, Zhang H, Chen Y, Liu X, Tian J, Shen W. The role of macrophage iron overload and ferroptosis in atherosclerosis. Biomolecules. 2022;12
(11):1702. doi:10.3390/biom12111702

351. Zilka O, Poon JF, Pratt DA. Radical-trapping antioxidant activity of Copper and Nickel Bis(Thiosemicarbazone) complexes underlies their
potency as inhibitors of ferroptotic cell death. J Am Chem Soc. 2021;143(45):19043-19057. doi:10.1021/jacs.1c08254

352. Liu P, Feng Y, Li H, et al. Ferrostatin-1 alleviates lipopolysaccharide-induced acute lung injury via inhibiting ferroptosis. Cell Mol Biol Lett.
2020;25(1):10. doi:10.1186/s11658-020-00205-0

353. Scarpellini C, Klejborowska G, Lanthier C, Hassannia B, Vanden Berghe T, Augustyns K. Beyond ferrostatin-1: a comprehensive review of
ferroptosis inhibitors. Trends Pharmacol Sci. 2023;44(12):902-916. doi:10.1016/j.tips.2023.08.012

354. Zilka O, Shah R, Li B, et al. On the mechanism of cytoprotection by Ferrostatin-1 and Liproxstatin-1 and the role of lipid peroxidation in
ferroptotic cell death. ACS Cent Sci. 2017;3(3):232-243. doi:10.1021/acscentsci.7b00028

355. Wu B, Pan X, Chen X, et al. Epigenetic drug library screening identified an LSD1 inhibitor to target UTX-deficient cells for differentiation
therapy. Signal Transduct Target Ther. 2019;4(1):11. doi:10.1038/s41392-019-0040-2

356. Wang W, Liu Q, Yang Q, et al. 3D-printing hydrogel programmed released exosomes to restore aortic medial degeneration through inhibiting
VSMC ferroptosis in aortic dissection. J Nanobiotechnol. 2024;22(1):600. doi:10.1186/s12951-024-02821-w

357. Yu HP, Liu FC, Chung YK, Alalaiwe A, Sung CT, Fang JY. Nucleic acid-based nanotherapeutics for treating sepsis and associated organ
injuries. Theranostics. 2024;14(11):4411-4437. doi:10.7150/thno.98487

358. Liu J, Yang Y, Liu X, Widjaya AS, Jiang B, Jiang Y. Macrophage-biomimetic anti-inflammatory liposomes for homing and treating of aortic
dissection. J Control Release. 2021;337:224-235. doi:10.1016/j.jconrel.2021.07.032

359. Yang B, Hu C, Zhang Y, et al. Biomimetic-structured cobalt nanocatalyst suppresses aortic dissection progression by catalytic antioxidation. J
Am Chem Soc. 2024;146(25):17201-17210. doi:10.1021/jacs.4c03344

360. Liu Y, Feng F, Lv GX, Gao ZS. Fluorescent Tb(III)-MOF for Fe(IIl) Ion detection and treatment effect in aortic dissection by reducing f-
receptor expression and D-Dimer production. J Fluoresc. 2020;30(4):793-799. doi:10.1007/s10895-020-02557-4

361. Conrad M, Pratt DA. The chemical basis of ferroptosis. Nat Chem Biol. 2019;15(12):1137-1147. doi:10.1038/s41589-019-0408-1

362. Yang Y, Ren J, Zhang J, Shi H, Wang J, Yan Y. FTO ameliorates doxorubicin-induced cardiotoxicity by inhibiting ferroptosis via P53—P21/Nrf2
activation in a HuR-dependent m6A manner. Redox Biol. 2024;70:103067. doi:10.1016/j.redox.2024.103067

363. Mishima E, Ito J, Wu Z, et al. A non-canonical vitamin K cycle is a potent ferroptosis suppressor. Nature. 2022;608(7924):778—783.
doi:10.1038/541586-022-05022-3

364. Xie LH, Fefelova N, Pamarthi SH, Gwathmey JK. Molecular mechanisms of ferroptosis and relevance to cardiovascular disease. Cells. 2022;11
(17):2726. doi:10.3390/cells11172726

365. Behrouzi B, Weyers JJ, Qi X, et al. Action of iron chelator on intramyocardial hemorrhage and cardiac remodeling following acute myocardial
infarction. Basic Res Cardiol. 2020;115(3):24. doi:10.1007/s00395-020-0782-6

366. Li Y, Feng D, Wang Z, et al. Ischemia-induced ACSL4 activation contributes to ferroptosis-mediated tissue injury in intestinal ischemia/
reperfusion. Cell Death Differ. 2019;26(11):2284-2299. doi:10.1038/s41418-019-0299-4

367. Askari B, Kanter JE, Sherrid AM, et al. Rosiglitazone inhibits Acyl-CoA synthetase activity and fatty acid partitioning to diacylglycerol and
triacylglycerol via a peroxisome proliferator—activated receptor-y—independent mechanism in human arterial smooth muscle cells and macro-
phages. Diabetes. 2007;56(4):1143—1152. doi:10.2337/db06-0267

368. Du Y, Guo Z. Recent progress in ferroptosis: inducers and inhibitors. Cell Death Discov. 2022;8(1):501. doi:10.1038/s41420-022-01297-7

369. YeY, Chen A, Li L, et al. Repression of the antiporter SLC7A11/glutathione/glutathione peroxidase 4 axis drives ferroptosis of vascular smooth
muscle cells to facilitate vascular calcification. Kidney Int. 2022;102(6):1259-1275. doi:10.1016/j.kint.2022.07.034

370. Wang B, Jin Y, Liu J, et al. EP1 activation inhibits doxorubicin-cardiomyocyte ferroptosis via Nrf2. Redox Biol. 2023;65:102825. doi:10.1016/].
redox.2023.102825

371. Xu S, Wu B, Zhong B, et al. Naringenin alleviates myocardial ischemia/reperfusion injury by regulating the nuclear factor-erythroid factor 2-
related factor 2 (Nrf2) /System xc-/ glutathione peroxidase 4 (GPX4) axis to inhibit ferroptosis. Bioengineered. 2021;12(2):10924-10934.
doi:10.1080/21655979.2021.1995994

372. Zhang Z, Jiang W, Zhang C, et al. Frataxin inhibits the sensitivity of the myocardium to ferroptosis by regulating iron homeostasis. Free Radic
Biol Med. 2023;205:305-317. doi:10.1016/j.freeradbiomed.2023.06.016

373. Griffith OW. Biologic and pharmacologic regulation of mammalian glutathione synthesis. Free Radic Biol Med. 1999;27(9-10):922-935.
doi:10.1016/S0891-5849(99)00176-8

374. Li FJ, Fu S, Ye H, et al. Metallothionein alleviates glutathione depletion—induced oxidative cardiomyopathy through CISDI1-dependent
regulation of ferroptosis in murine hearts. Am J Pathol. 2024;194(6):912-926. doi:10.1016/j.ajpath.2024.02.009

Drug Design, Development and Therapy Dovepress

Taylor & Francis Group

Publish your work in this journal

Drug Design, Development and Therapy is an international, peer-reviewed open-access journal that spans the spectrum of drug design and development
through to clinical applications. Clinical outcomes, patient safety, and programs for the development and effective, safe, and sustained use of medicines
are a feature of the journal, which has also been accepted for indexing on PubMed Central. The manuscript management system is completely online
and includes a very quick and fair peer-review system, which is all easy to use. Visit http://www.dovepress.com/testimonials.php to read real quotes
from published authors.

Submit your manuscript here: https://www.dovepress.com/drug-design-development-and-therapy-journal

. Drug Design, Development and Therapy 2026:20
4 EHXinO


https://doi.org/10.3390/biom12111702
https://doi.org/10.1021/jacs.1c08254
https://doi.org/10.1186/s11658-020-00205-0
https://doi.org/10.1016/j.tips.2023.08.012
https://doi.org/10.1021/acscentsci.7b00028
https://doi.org/10.1038/s41392-019-0040-2
https://doi.org/10.1186/s12951-024-02821-w
https://doi.org/10.7150/thno.98487
https://doi.org/10.1016/j.jconrel.2021.07.032
https://doi.org/10.1021/jacs.4c03344
https://doi.org/10.1007/s10895-020-02557-4
https://doi.org/10.1038/s41589-019-0408-1
https://doi.org/10.1016/j.redox.2024.103067
https://doi.org/10.1038/s41586-022-05022-3
https://doi.org/10.3390/cells11172726
https://doi.org/10.1007/s00395-020-0782-6
https://doi.org/10.1038/s41418-019-0299-4
https://doi.org/10.2337/db06-0267
https://doi.org/10.1038/s41420-022-01297-7
https://doi.org/10.1016/j.kint.2022.07.034
https://doi.org/10.1016/j.redox.2023.102825
https://doi.org/10.1016/j.redox.2023.102825
https://doi.org/10.1080/21655979.2021.1995994
https://doi.org/10.1016/j.freeradbiomed.2023.06.016
https://doi.org/10.1016/S0891-5849(99)00176-8
https://doi.org/10.1016/j.ajpath.2024.02.009
https://www.dovepress.com
http://www.dovepress.com/testimonials.php
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress

	Introduction
	Ferroptosis and Its Regulatory Mechanisms
	Role of Iron Metabolism in Ferroptosis
	Lipid Metabolism and Ferroptosis
	Redox Regulation of Ferroptosis
	Mitochondrial Regulation of Ferroptosis
	Alternative Pathways Regulating Ferroptosis
	Regulation by the FSP1–CoQH<sub>2</sub> Axis
	Regulation by the GCH1–BH4 Axis
	MBOAT1/2 in Ferroptosis Suppression
	Nrf2-Mediated Ferroptosis Control

	Ferroptosis and Subcellular Organelles

	Role and Mechanisms of Ferroptosis in Cardiac Diseases
	Ferroptosis in Heart Failure
	Iron Dyshomeostasis and Heart Failure
	Macrophage Iron Overload Promotes Myocardial Inflammation and Fibrosis
	Lipid Peroxidation and Heart Failure
	Targeting Ferroptosis as a Therapeutic Strategy for Heart Failure
	Modulation of Iron Metabolism for Heart Failure Therapy

	Ferroptosis in Myocardial Ischemia–Reperfusion Injury
	Role of Antioxidant Systems in Ferroptotic Cell Death During MI/R Injury
	Iron Overload and Ferroptosis in MI/R Injury
	Lipid Peroxidation and Ferroptosis in MI/R Injury
	Endoplasmic Reticulum Stress in Ferroptosis During MI/R Injury
	Inflammation and Ferroptosis in MI/R Injury
	Ferritinophagy and Autophagy-Mediated Ferroptosis in MI/R Injury

	Ferroptosis and Atherosclerosis
	Endothelial Cells and Ferroptosis
	Macrophages and Ferroptosis
	Vascular Smooth Muscle Cells and Ferroptosis
	Therapeutic Strategies Targeting Ferroptosis in Atherosclerosis
	Therapeutic Potential of Ferroptosis Inhibitors in Atherosclerosis

	Ferroptosis and Diabetic Cardiomyopathy
	Ferroptosis and Metabolic Dysregulation in DCM
	Ferroptosis and Oxidative Stress in DCM
	Ferroptosis and Inflammatory Responses in DCM
	Therapeutic Modulation of Ferroptosis in DCM

	Ferroptosis in Cardiotoxicity Induced by Anticancer Therapies
	Cardiotoxic Mechanisms of Chemotherapeutic Agents via Ferroptosis
	Cardiotoxic Mechanisms of Targeted Therapeutics via Ferroptosis
	Therapeutic Strategies for Ferroptosis-Mediated Cardiotoxicity

	Pathogenic Mechanisms of Ferroptosis in Sepsis-Induced Myocardial Injury
	Mitochondrial Dysfunction in Ferroptosis-Mediated SIMI
	Lipid Peroxidation and Ferroptosis in SIMI
	Oxidative Stress and Inflammatory Responses in SIMI
	Regulatory Factors Modulating Ferroptosis in SIMI

	Ferroptosis and Cardiac Arrhythmias
	Iron Dyshomeostasis and Ferroptosis in Arrhythmogenesis
	Lipid Metabolism and Ferroptosis in Arrhythmogenesis
	Amino Acid Metabolism and Ferroptosis in Arrhythmias
	Inflammatory Responses and Ferroptosis in Arrhythmias
	Regulatory Factors of Ferroptosis in Arrhythmia Pathology

	Ferroptosis and Hypertension
	Iron Dyshomeostasis and Ferroptosis in Hypertension
	Amino Acid Metabolism Dysregulation and Ferroptosis in Hypertension
	Lipid Peroxidation and Ferroptosis in Hypertension
	Mitochondrial Dysfunction and Ferroptosis in Hypertension
	Regulatory Factors of Ferroptosis in Hypertension
	Therapeutic Potential of Targeting Ferroptosis in Hypertension

	Ferroptosis in the Pathological Process of Aortic Dissection
	Iron Dyshomeostasis and Ferroptosis in Aortic Dissection
	Heme Oxygenase-1 (HO-1) and Hypoxia-Inducible Factor-1α (HIF-1α) Signaling in AD Ferroptosis
	Lipid Peroxidation Induces Ferroptosis in Aortic Dissection
	Other Factors Contributing to Ferroptosis in Aortic Dissection
	Smoking-Induced Ferroptosis in Aortic Dissection
	Epigenetic Abnormalities in Ferroptosis During Aortic Dissection
	Immune Cell Dysfunction and Ferroptosis in Aortic Dissection

	Intervention Strategies Targeting Ferroptosis in Aortic Dissection


	Mechanisms of Ferroptosis Inhibitors and Inducers in Cardiovascular Diseases
	Ferroptosis Inhibitors and Their Roles in Cardiac Pathology
	Antioxidants
	Iron Chelators
	ACSL4 Inhibitors

	Ferroptosis Inducers and Their Roles in Cardiac Disease

	Prospects: Multidimensional Regulation of Ferroptosis and Iron Homeostasis in Cardiovascular Diseases and Clinical Translation
	Diversity and Complexity of Ferroptosis Regulatory Networks in Cardiovascular Pathology
	A System of Stratum-Specific Biomarkers for Ferroptosis in Cardiovascular Diseases
	The Threshold Effect Triggering Ferroptosis and the Core Regulatory Role of Mitochondria
	Mechanisms of Differential Regulation of Ferroptosis in Core Cardiovascular Cell Types
	Progress in the Clinical Translation of Ferroptosis-Targeted Therapy
	Core Obstacles and Countermeasures for the Clinical Translation of Ferroptosis

	Summary: Future Perspectives on Ferroptosis in Cardiovascular Diseases

	Data Sharing Statement
	Ethical Approval and Informed Consent
	Acknowledgments
	Author Contributions
	Funding
	Disclosure
	References

