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Ferroptosis is a newly discovered form of programmed cell death triggered by intracellular iron overload, which
leads to the accumulation of lipid peroxides in various cells. It has been implicated in the pathogenesis and
progression of various diseases, including tumors, neurological disorders, and cardiovascular diseases. The
intricate mechanism underlying ferroptosis involves an imbalance between the oxidation and antioxidant sys-
tems, disturbances in iron metabolism, membrane lipid peroxidation, and dysregulation of amino acid meta-

bolism. We highlight the key molecular mechanisms governing iron overload and ferroptosis, and discuss
potential molecular pathways linking ferroptosis with arrhythmias.

1. Introduction

Arrhythmia is a prevalent cardiovascular disease (CVD) generally
associated with various heart diseases. Epidemiological data have
revealed that approximately 3 million individuals worldwide suc-
cumbed to sudden cardiac death (SCD) annually, with arrhythmic sud-
den death accounting for 80 % of these cases [1]. The main
pathophysiological mechanisms of arrhythmia include cardiac electrical
remodeling, cardiac structural remodeling and oxidative stress. The
advent of pacemakers has significantly benefited patients with bra-
dyarrhythmia. Although catheter ablation and implantable cardioverter
defibrillator (ICDs) have proven effective in ameliorating tachyar-
rhythmias such as atrial fibrillation (AF), ventricular tachycardia (VT),
and ventricular fibrillation (VF), their widespread application remains
limited owing to exorbitant treatment costs, substantial recurrence rates
and overall outcomes [2]. Despite remarkable advancements in non-
pharmacological therapies for arrhythmia, anti-arrhythmic drugs
remain the most effective treatment in certein types of arrhythmias.
Notably, anti-arrhythmic drugs themselves may induce arrhythmias [3].
Consequently, elucidation of the novel pathogenic mechanisms under-
lying arrhythmia and identification of efficacious therapeutic targets are
urgently required.

Ferroptosis, a recently discovered form of cell death, is characterized
by the accumulation of Fe>* within cells, which triggers the generation
of numerous reactive oxygen species (ROS). Oxidative damage to the
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cell membrane ultimately leads to cell death [4]. Ferroptosis has been
implicated in various cardiovascular diseases including atherosclerosis,
ischemia-reperfusion injury, heart failure, myocardial infarction, and
doxorubicin cardiomyopathy [4,5]. Emerging evidence suggests that
ferroptosis is associated with arrhythmia.(Table 1) These findings
highlight the potential involvement of ferroptosis in arrhythmia path-
ogenesis [6]. This review summarizes the current research progress on
the relationship between arrhythmias and ferroptosis and elucidates the
underlying interaction mechanisms.

2. Ferroptosis

Ferroptosis was first described by Dixon et al. in 2012. It has distinct
morphological characteristics, biochemical attributes, and regulatory
genes compared to other programmed cell death processes, such as
apoptosis, autophagy, and necrosis. Morphologically, ferroptotic cells
display augmented mitochondrial membrane density accompanied by
reduced or absent mitochondrial cristae. They also exhibit diminished
cellular volume while maintaining a normal nuclear volume without
nuclear condensation. These morphological traits distinguish ferroptosis
from other forms of cell death. Biochemically, the prominent hallmarks
of ferroptosis include iron accumulation, excessive ROS generation, and
lipid peroxidation within cellular membranes [4]. Mechanistically, fer-
roptosis primarily involves dysregulation of the glutathione antioxidant
system, perturbations in iron metabolism homeostasis, lipid
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Table 1
Summary of researches about ferroptosis-related arrhythmias.

1st Ref Sample Type Of
Author Arrhythmia

Findings

Chang Dai [7] Mouse AF The frequent and
excessive consumption of
alcohol triggers
ferroptosis, thereby
increasing the
susceptibility rate to AF.
Inhibiting ferroptosis can
effectively
counterbalance iron
overload disorders and
reduce the production of
ROS, ultimately
decreasing the
vulnerability to AF.
Chronic iron overload
selectively reduces Ca(V)
1.3-mediated l¢c,.1,
leading tobradycardia,
slowing of electrical
conduction, and AF as
seen in patientswith iron
overload.

Fpn-mediated ferroptosis
is involved in the new-
onset AF with LPS-
inducedendotoxemia via
worsening the calcium
handling proteins
dysregulation
CF-exos-miR-23a-3p may
promote ferroptosis. The
development of AF in a
persistent direction could
be prevented by
intervening with
exosomal miRNAs to
reduce oxidative stress
injury and ferroptosis.
P-wave dispersion, as an

Robert A [8] Mouse Bradycardia,
Rose AF

Jin Fang [9] Rat AF

Dishiwen [10] Beagles and AF
Liu H9C2 cells

Vincenzo [11]  Patients with AF
Russo beta- independent risk factor
thalassemia for development of AF, is
major correlated to myocardial
iron deposit, as assessed
by CMR T2* imaging.
Hong-Jie [12] Rat AF A traditional Chinese
Yang medicine called
Shensong Yangxin
reduced AF
susceptibility, inhibited
electrical remodeling and
structural remodeling via
up-regulating Fpn,
decreasing intracellular
iron overload and
reducing ROS
production.
SARS-CoV-2 infections

Yuling [6] hamster model

Han and human ESC derange human
(hESC)-derived sinoatrial node-like
SAN-like pacemaker cells,
pacemaker facilitating ferroptosis.

cells Early deferoxamine and
imatinib administration
reduces viral infection in
human embryonic stem
cell cardiomyocytes.
Suggests ferroptosis is
involved in the
arrhythmia progression
in COVID-19 patients
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peroxidation within cellular membranes and impairment of mitochon-
drial function.

2.1. Dysregulation in glutathione antioxidative system

The metabolism of glutathione (GSH) is closely linked to ferroptosis,
as the depletion of GSH, deficiency of cysteine (Cys), and inactivation of
glutathione peroxidase 4 (GPX4) can induce ferroptotic cell death [13].
The dimeric cystine-glutamate reverse transport system (System Xc") is
composed mainly of solute carrier family 3 member 2 (SLC3A2) and
solute carrier family 7 member 11 (SLC7A11). This system facilitates the
uptake of Cys into cells while exporting an equal amount of glutamate
outward. The cellular uptake of Cys leads to its reduction into two
cysteine molecules, serving as the precursor for GSH synthesis. Under
the catalysis of intracellular glutathione peroxidase, GSH can effectively
mitigate intracellular ROS and lipid peroxidation, thereby maintaining
the stability of the lipid bilayer membrane. Inhibition of System Xc
activity results in reduced cystine absorption and impaired synthesis of
reducing glutathione, ultimately elevating susceptibility to oxidative
damage and ferroptosis [14]. Recent studies have demonstrated that
P53 protein downregulates SLC7A11 to inhibit System Xc  activity,
consequently reducing cellular antioxidant capacity and making cells
more vulnerable to ferroptosis [15].

GPXs is a family of eight human subtypes that exhibit tissue
expression and substrate specificity. Among these subtypes, GPX4 plays
a pivotal role in the regulation of ferroptosis by utilizing GSH to convert
peroxide lipids into their corresponding alcohols. Depletion of GSH or
inhibition of GPX4 increases the susceptibility to ferroptosis, including
that induced by RSL3 (ferroptosis inducer) and its derivatives. Addi-
tionally, cells with GPX4 knockout or low expression display heightened
sensitivity to ferroptosis [16]. Selenium plays a pivotal role in GPX4
activity. Supplementation with selenium can enhance resistance against
ferroptosis, whereas selenium depletion can increase sensitivity to fer-
roptosis [17]. Superoxide is considered a crucial substance implicated in
myocardial reperfusion injury, arrhythmia, and other pathological
processes. Selenium-containing glutathione peroxidase (GSH-Px) within
the body can effectively eliminate superoxide [18]. In cardiomyocyte
metabolism, excess free radicals can oxidize unsaturated fatty acids,
causing their degradation. However, the presence of selenium along
with a series of glutathione peroxidases synthesized by GPX4 can pre-
vent such degradation.

2.2. Abnormal iron metabolism

Iron is an essential trace element present in almost all life forms and
is involved in many biological processes. Intracellular iron homeostasis
can only be achieved when there is a balance among the absorption,
export, and utilization of iron within cells. Numerous studies have
demonstrated that iron deficiency can lead to disorders, whereas
excessive iron accumulation can cause severe damage to the body
through excessive ROS generation, resulting in cellular dysfunction,
tissue and organ impairment, or death [19]. In the event of iron over-
load, elevated Fe?" levels within the cell instigate a Fenton reaction with
hydrogen peroxide, thereby catalyzing hydroxyl radical (OH-) formation
and subsequently inducing lipid peroxidation on the cellular membrane,
ultimately leading to ferroptosis. The iron chelator deferoxamine (DFO)
can effectively inhibit intracellular iron overload-induced ferroptosis,
highlighting the crucial role of iron metabolism in the initiation and
progression of this process [19].

Absorption of iron ions into the small intestinal epithelium is facili-
tated by ferroportinl (FPN1), which is located in the basal membrane of
the small intestinal epithelium and allows its entry into the bloodstream
[20]. Subsequently, Fe3* in the blood forms a complex with transferrin
(TF), upon binding to the transferrin receptor 1 (TFR1) on cell mem-
branes, it undergoes endocytosis and is reduced to Fe?* by prostate 6
transmembrane epithelial antigen 3 (STEAP3) [21,22]. Fe?t can
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participate in oxidation reactions. Disruption of iron homeostasis leads
to the excessive production of Fe?* through the Fenton reaction,
resulting in the generation of hydroxyl radicals and ROS, which causes
cellular and tissue damage [23]. Dixon et al. demonstrated that modu-
lation of intracellular iron levels can influence cell sensitivity to fer-
roptosis, with increased expression of TF and TFR1 promoting
ferroptosis susceptibility [4]. Ferroportin (FPN), the only known iron
exporter protein in vertebrate cells, plays an essential role in main-
taining intracellular iron homeostasis and normal cardiac function; its
deficiency can lead to iron overload-induced ferroptosis. Compared to
wild-type mice, FPN knockout mice (Fpn fl/fl Myh6. Cre + ) exhibited
elevated cardiac ferritin levels, enlarged left ventricle size, decreased
left ventricular ejection fraction (LVEF), and increased intracellular iron
concentration and oxidative stress and exaggerated the AF vulnerability,
which was alleviated by ferroptosis inhibition. [24].

2.3. Lipid peroxidation

Accumulated ROS attack polyunsaturated fatty acid (PUFA) chains in
cell membranes, generating large amounts of harmful lipid peroxide that
ultimately triggers ferroptosis. PUFAs such as arachidonic acid (AA) and
eicosapentaenoic acid contain easily extractable diallyl hydrogen atoms,
which are prone to lipid peroxidation and play key roles in ferroptosis
[25]. In ferroptotic cells, polyunsaturated fat AA is significantly depleted
while AA-derived lipid fragments can be detected in the culture super-
natant of GPX4-/- mouse embryonic fibroblasts [26]. Long-chain acyl-
CoA synthetase 4 (ACSL4) and lysophosphatidylcholinesterase 3
(LPCAT3), which encode enzymes involved in the insertion of AA into
membrane phospholipids, prevent ferroptosis induced by the GPX4 in-
hibitors RLS3 and ML162 upon deletion. This suggests that highly
oxidative PUFAs, such as AA, present within membranes allow for direct
or indirect GPX4 inhibition-induced GSH depletion before performing
ferroptosis [14].. Using a newly developed molecular dynamics model of
lipid membranes Agmon et al. hypothesized that during the ferroptosis
of phospholipids containing oxidized PUFAs, membrane thinning and
increased curvature drive increased oxidant accessibility, ultimately
leading to micelle formation causing irreversible damage to membrane
integrity [27].

2.4. Mitochondrial dysfunction

Mitochondria, the powerhouses of the cell, serves as the primary sites
for oxidative phosphorylation, generating most of the adenosine
triphosphate(ATP) in eukaryotic cells through the electron transport
chain (ETC) [28,29]. However, mitochondria is also a major source of
ROS. Recent studies have demonstrated that energy expenditure, such as
during glucose deprivation, can activate AMP-activated protein kinase
(AMPK), an energy-sensing enzyme. This activation effectively sup-
presses the synthesis of specific PUFAs and inhibits ferroptosis by
phosphorylating and deactivating acetyl-CoA carboxylase (ACC), a
pivotal enzyme involved in fatty acid biosynthesis. Conversely, AMPK
inactivation promotes ferroptosis progression [30]. Inhibitors targeting
ETC complexes or mitochondrial uncoupling agents significantly
enhance drug-induced ferroptosis mediated by compounds, such as
erastin and its analogues. These findings suggest that electron transport
and proton pumping within mitochondria play crucial roles in triggering
ferroptosis [31], potentially linked to ATP production and subsequent
AMPK inhibition. Dihydroorotate dehydrogenase (DHODH), a lutein-
dependent enzyme located on the inner mitochondrial membrane, cat-
alyzes the oxidation of dihydroorotate to orotate, while providing
electrons for CoQ reduction to CoOQH2. This process hampers lipid per-
oxidation and consequently decelerates ferroptotic progression [32].
Using a rat model of cardiac ischemia/reperfusion injury, Luo et al.
observed elevated levels of ROS within the mitochondria along with
depolarization of the inner mitochondrial membrane, swelling of the
mitochondria, and imbalanced dynamics during ischemia/reperfusion.
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Fer-1 treatment effectively mitigated these changes while reducing
cardiac inflammation in rats subjected to ischemia/reperfusion injury
[33]. Recent studies have shown that ferroptosis alters mitochondrial
morphology and function. Ferroptotic cells exhibit morphological
damage characterized by increased mitochondrial potential and mem-
brane density, reduced volume, diminished or absent mitochondrial
cristae, and disrupted outer mitochondrial membrane integrity [34]
(Fig. 1).

3. Ferroptosis and arrhymias

The mechanism of arrhythmia includes abnormalities in impulse
formation and conduction. Changes in the excitability of the autonomic
nervous system or disorders affecting its function may result in inap-
propriate impulse release. Moreover, pathological conditions can induce
abnormal automaticity in typically non-autonomous cardiomyocytes,
such as atrial and ventricular myocytes. Triggered activity refers to the
depolarization of the atrium, ventricle, or His-Purkinje tissue outside the
normal activation sequence and is commonly due to early or delayed
afterdepolarizations. When occurring repetitively, these after-
depolarizations can by themselves maintain tachyarrhythmias. Con-
duction block generally plays a pivotal role in the initiation of reentry,
which  represents the predominant mechanism underlying
tachyarrhythmia.

Recent research has found that iron overload selectively diminishes
the density of Cavl.3-mediated Ic,y, in mouse atrial myocytes, resulting
in bradycardia, impaired conduction velocity (CV), and susceptibility to
AF [8,35], suggesting a link between ferroptosis and arrhythmias. Car-
diac electrical remodeling, cardiac structural remodeling and oxdative
stress play important roles in arrhythmia pathologies and ferroptosis can
cause arrhythmias through all of these mechanisms.

3.1. Cardiac electrical remodeling and ferroptosis

Arrhythmia is closely related to cardiac electrical remodeling. Ion
channel remodeling is the basis of cardiac electrical remodeling.
Notably, intracellular Na®™ and Ca" overload, caused by the Na * and
Ca?" channel remodeling, and the disorder of K currents, play impor-
tant roles in the occurrence and maintenance of arrhythmias.

Transient outward K™ current (I;,) channels are the main component
of action potential phase 1 in cardiac myocytes, and plays a crucial role
in action potential duration (APD) [36]. Yue et al. discovered that
reduced Iy, density was associated with alterations in cardiac electro-
physiology and facilitated arrhythmia development in a canine model of
AF [37]. In the early and middle stages of myocardial infarction, the
glutathione metabolic pathway is significantly downregulated, espe-
cially GPX4, which protects cells from ferroptosis. Rozanski et al.
demonstrated a significant reduction in endogenous GSH levels in rat
hearts after myocardial infarction, resulting in oxidative stress-induced
changes in the GSH redox status that promoted the remodeling of I,
channels and the subsequent downregulation of I;,. This downregulation
was mitigated by supplementation with GSH [38]. Similarly, decreased
GSH levels and subsequent I;, downregulation were observed in ven-
tricular myocytes of diabetic rats [39].

Furthermore, the accumulation of ROS during ferroptosis can induce
oxidative stress, leading to alterations in ion channels [40-42]. HyO9
and angiotensin IT (AngIl) downregulate a cardiac Na* channel (SCN5A)
transcription in isolated ventricular myocytes through NF-xB binding to
SCN5A promoter, resulting in arrhythmia by reducing the total sodium
current and slowing the CV [42]. Additionally, HyO, promotes late so-
dium current (Inap), prolongs APD, induces early afterdepolarization
(EADs), triggers activity, and initiates or maintains ventricular fibrilla-
tion in elderly rats [40]. Song et al. observed similar effects in guinea pig
and rabbit models, in which H2O; prolonged the APD by enhancing the
late sodium current in ventricular myocytes. This leads to EADs and
post-contraction events while inducing intracellular calcium overload
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Fig. 1. Schematic diagram of the relationship of ferroptosis and arrhythmias in the cardiomyocyte. (1) Blue lines represent ferroptosis due to disruption of the
glutathione antioxidative system and arrhythmias. The dysfunction of the System Xc" leads to reduced glutathione(GSH) synthesis and decreased antioxidant capacity
of the cell. Furthermore, the decrease in GSH leads to the remodeling of the transient outward K* current (I,) channel. (2) Red lines represent ferroptosis due to
abnormal iron metabolism and arrhythmias. Iron metabolism disorder, leading to intracellular iron accumulation and increased reactive oxygen species (ROS)
produced through the Fenton reaction. (3) Green lines represent ferroptosis due to oxidative stress and lipid peroxidation and arrhythmias. Lipids in the cell
membrane are oxidized in response to ROS, and GSH can reduce the oxidized lipids to alcohols. (4) Yellow lines represent ferroptosis due to mitochondrial
dysfunction and arrhythmias. Mitochondrial dysfunction leads to the accumulation of ROS, ATP synthesis reduction, calcium overload, and ultimately causing the
mitochondrial membranes to rupture. ROS accumulation leads to changes in ion channels, including increasing late sodium current (Iy,1), RYR2 phosphorylation
and CaMKII activity, inhibiting the delayed-rectifier K + current (Ix), the delayed rectifier potassium current (I,), and the ATPsensitive K + current (Katp), and I,
decreasing Connexin43, and increasing the risk of arrhythmia. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

via the Na*/Ca?" exchanger (NCX) mechanism [41]. Ranolazine, a
known blocker of late sodium current, inhibits ROS-mediated effects
mentioned above [40,41]. Moreover, an increased late sodium current
leads to Na™ accumulation within cardiomyocytes which enhances NCX
activity. This results in an elevated cytoplasmic Ca?' concentration,
which causes calcium overload [43]. In addition to affecting sodium and
calcium channels, ROS can also inhibit cardiac potassium channels, such
as the delayed-rectifier K + currents (Ix), and the ATPsensitive K +
current (Karp), resulting in reduced repolarization reserve and pro-
longed APD, while downregulating I, [44],

3.2. Inflammation, cardiac structural remodeling and ferroptosis

Inflammation of the heart occurs mainly in myocardial infarction,
heart failure, myocarditis, and is closely related to arrhythmia. If
inflammation is not healed in a short time, it will cause pathological

healing and lead to fibrosis. Myocardial fibrosis serves as an indicator of
cardiac structural remodeling and constitutes the underlying mecha-
nism for persistent arrhythmias.

Many studies have found that atrial structural remodeling plays an
important role in the development of AF. Myocardial fibrosis is the main
marker of atrial structural remodeling, which can disrupt the continuity
of muscle bundles, interfere with the formation of tight junctions con-
taining Connexin, and interfere with cardiac electrical conduction,
resulting in slow conduction and conduction block [45]. In addition,
coupling between cardiomyocytes and fibroblasts/myofibroblasts can
change the electrical activity of cardiomyocytes, promote ectopic dis-
charges, and promote the development of AF [46].

Previous studies have indicated that oxidative stress can induce
myocardial fibrosis and increase the risk of arrhythmia [47,48]. In pa-
tients with chronic myocardial infarction complicated by persistent
ventricular tachycardia, electrical conduction slows down in areas
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where living cardiomyocytes and fibrous tissue bundles interweave, and
in regions where cardiomyocytes are parallel and separated by con-
nective tissue bundles, leading to the reentry phenomenon [48].
Furthermore, a study demonstrated that the administration of hydrogen
peroxide to rat and rabbit hearts resulted in varying degrees of fibrosis,
thereby eliciting EADs and triggering activity (TA) in ventricular myo-
cytes. Consequently, this led to the development of ventricular tachy-
cardia and ventricular fibrillation [48].

Furthermore, oxidative stress can also affect gap junction conduction
between cardiomyocytes, thereby influencing arrhythmias. In a mouse
model of cardiac renin-angiotensin system activation using ACE 8/8
mice overexpressing a cardiac-specific angiotensin-converting enzyme,
decreased Connexin43 (Cx43) expression led to Cx43 dephosphoryla-
tion and reduced function. This weakens the gap junction function and
disrupts the connections between cardiomyocytes, resulting in increased
susceptibility to ventricular tachycardia and sudden death. However,
the administration of angiotensin-converting enzyme inhibitor along
with a c-Src inhibitor, which is a tyrosine kinase inhibitor competing for
the binding site on Cx43, can reverse these changes [49,50].

3.3. Mitochondrial dysfunction, oxidative stress and ferroptosis

Mitochondrial dysfunction is also closely associated with arrhyth-
mias. Mitochondria produce ATP through oxidative phosphorylation to
provide energy for essential ion channels and transport proteins in the
sarcoplasmic reticulum and the sarcoplasm of cardiomyocytes. How-
ever, mitochondrial dysfunction can deplete the energy required by
these channels and proteins, leading to cardiac arrhythmias [51-53].

Abnormalities in the handling of Ca%* ions are frequently observed in
atrial cardiomyocytes of patients with AF. And oxidative stress has been
linked to both Ca?"-handling irregularities and an increased risk of AF.
Calmodulin-dependent protein kinase II (CaMKII) is activated by
oxidative stress through oxidation at Met281/282, which is found to be
elevated in patients with AF. CaMKII seems to impact the electrophys-
iology of the atria, potentially through its phosphorylation of RyR2 and
Navl.5. Numerous studies have demonstrated an increase in CaMKII-
phosphorylated RyR2, leading to enhanced afterdepolarizations in
both ventricular and atrial myocytes due to an elevation in calcium
leakage from RyR2 receptors [54,55]. AMPK can be activated by
metabolic stress and AF, and it plays a crucial role in preserving the
integrity of atrial Ic,., cat handling, and cell contractility. Reduced
expression of AMPK in the atria resulted in alterations in electrophysi-
ological properties and increased atrial ectopic activity prior to the onset
of spontaneous AF [56-58].

Changes in mitochondria morphology during ferroptosis may be
closely associated with voltage-dependent anion channels (VDACs),
which are channel-forming proteins located on the outer mitochondrial
membrane and are responsible for regulating the passive diffusion of
hydrophilic anions and respiratory substrates. Closure of VDACs helps
inhibit mitochondrial metabolism and reduce mitochondrial membrane
potential [59]. Conversely, opening of VDACs along with excessive ROS
production leads to calcium overload within mitochondria, promoting
the opening of the mitochondrial permeability transition pore (mPTP),
exacerbating the reduction in transmembrane potential, and depletion
of ATP within mitochondria [60].

Animal experiments conducted by Dai et al. revealed that excessive
alcohol consumption led to a substantial increase in serum non-heme
iron concentration, iron accumulation, and oxidative stress response
within mouse atrial tissue. These changes result in shortened RR in-
tervals, effective refractory periods (ERPs), 90 % action potential
duration (APD90), prolonged QTc intervals, and increased risk of AF.
However, most of these alterations could be partially or completely
reversed using the ferric death inhibitor Fer-1 [7]. Furthermore, Shi-
zukuda’s analysis of data from 22 newly diagnosed C282Y homozygous
patients with hereditary hemochromatosis revealed a correlation be-
tween plasma malondialdehyde (MDA) levels, a biomarker of oxidative
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stress, and supraventricular arrhythmia activity [61], suggesting that
increased oxidative stress is associated with arrhythmias.

Animal experiments have demonstrated that mice lacking selenium
exhibit myocardial fibrosis and systolic dysfunction accompanied by
increased myocardial oxidative stress levels [62]. Rats fed selenium-rich
feed display a reduced incidence and severity of arrhythmias, such as
ventricular tachycardia and irreversible ventricular fibrillation prior to
cardiac reperfusion injury, compared to rats on normal feeding regimens
[63]. Further investigations revealed that this phenomenon was asso-
ciated with increased mitochondrial and cytoplasmic GSH-Px activity in
the cardiomyocytes. In animal models of myocardial infarction, re-
searchers observed that intravenous administration of sodium selenite
not only significantly augmented heart rate and aortic maximum flow
rate, but also enhanced cardiac output and coronary blood flow. Addi-
tionally, it reduced peripheral vascular resistance while exhibiting anti-
arrhythmic properties. Specifically, it mitigated the occurrence of pre-
mature ventricular contractions(PVC) and ventricular flutter (VF), and
eradicated ventricular late potentials (VLP) [64].

3.4. Iron overload

The accumulation of iron in cardiomyocytes induces oxidative stress
and mitochondrial impairment, ultimately resulting in systolic/diastolic
dysfunction and cardiac fibrosis. Multiple studies have demonstrated a
correlation between myocardial iron overload and arrhythmias. Patients
with chronic iron overload may develop iron overload cardiomyopathy,
which is characterized by ventricular arrhythmias and heart failure,
leading to increased mortality in individuals with severe p-thalassemia
and reduced life expectancy in those with transfusion-dependent re-
fractory anemia, hereditary hemochromatosis, and other iron overload
disorders. Cardiac magnetic resonance imaging plays a crucial role in
assessing cardiac structure and function for predicting cardiac compli-
cations in patients with severe f-thalassemia. The presence of iron
deposition significantly reduced the T1, T2, and T2* values (relaxation
parameters arising principally from local magnetic field in-
homogeneities that are increased with iron deposition), with T2 being
the most sensitive parameter for assessing tissue iron overload and
providing a quantitative measure of its severity [65,66]. In a study on
complications in 88 patients with severe p-thalassemia in Taiwan Lu
et al. demonstrated that there was a positive correlation between the
magnitude of T2 value on cardiac magnetic resonance imaging and the
relative risk of arrhythmia, suggesting an augmented myocardial iron
load and an increased incidence of arrhythmia [67]. In another study,
Mancuso et al. observed that among 28 adult patients with thalassemia
and heart failure, 79 % exhibited T-wave inversion, 46 % experienced
supraventricular arrhythmias, 43 % displayed low voltage, 18 % showed
a rightward shift of the QRS axis, and 15 % presented an S1Q3 pattern,
all indicative of severe cardiac pathological changes [68].

In addition to clinical experiments, animal studies have confirmed
that iron overload can result in arrhythmia [69-73]. A gerbil model of
iron overload cardiomyopathy was established by subcutaneous injec-
tion of iron dextran. Electrocardiography and high-resolution optical
imaging were performed on the anterior surface of gerbil hearts. The
analysis revealed that gerbils treated with iron exhibited prolonged QRS
and PR intervals on their electrocardiogram (ECG), and slowed the ac-
tion potential CV and conduction block [70]. In another study, a gerbil
model of iron overload cardiomyopathy was established using repeated
injections of iron glucan. The whole-cell giga-seal technique was used to
analyze the action potential of gerbil cardiomyocytes. The peak value of
the action potential decreased, whereas the duration decreased in these
cells. Additionally, sodium currents in ventricular myocytes from over-
loaded gerbils decreased, whereas transient outward potassium currents
increased; however, inward rectifying potassium currents remained
unchanged [72]. Subcutaneous injection of iron dextran in Mongolian
gerbils resulted in the prolongation of the PR interval on ECGs along
with bradycardia, prolonged QT interval, PVC, varying degrees of
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atrioventricular blockage, ST segment changes, and late T-wave inver-
sion. The iron chelator DFO significantly extended the survival period
and prevented ECG alterations, but had minimal effect on total cardiac
iron content [71]. Walker et al., found a higher incidence rate for PVC
among gerbils treated with iron dextran (10/16 = 63 %) and a higher
mortality rate before experimental completion (4/16, 25 %) [73].
Furthermore, iron overload selectively diminishes the density of Cav1.3-
mediated Ic,p in mouse atrial myocytes, resulting in bradycardia,
impaired CV, and susceptibility to AF [8,35].

4. Conclusion

Ferroptosis is a recently discovered form of regulated cell death that
differs from apoptosis, necrosis, and other modes of cell death. Its pri-
mary mechanisms involve iron overload, an imbalance between oxida-
tion and antioxidants due to iron metabolism disorders, and membrane
lipid peroxidation. Ferroptosis is associated with the onset and pro-
gression of various diseases. Recent studies have also demonstrated its
association with arrhythmias. The key mechanisms underlying
arrhythmia encompass disturbances in iron and metabolism, lipid
metabolism, and mitochondrial dysfunction. However, further experi-
mental research is required to uncover additional mechanisms that can
serve as a foundation for anti-ferroptotic treatments targeting
arrhythmias.
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