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Myocardial infarction remains a significant worldwide public health issue, primarily owing to its mortality and morbidity rates.
This condition is due to myocardial ischemia, appearing once the heart’s blood flow is obstructed or significantly reduced, caus-
ing the death of heart muscle cells. Reperfusion prevents further death of cardiomyocytes, restoring coronary flow. However,
the initial lack of coronary blood flow and the subsequent restoration induce ischemia/reperfusion injury (IRI) due to abrupt
metabolic and biochemical changes, such as calcium overload, activation of inflammatory cells, and oxidative stress (OS). OS
is associated with damage to cellular biomolecules such as proteins, lipids, DNA, or carbohydrates and with organelles such as
mitochondria, activating mitochondrial dynamics. These oxidative conditions may also trigger ferroptosis, cell death linked to
cellular oxidation. While ferroptosis induction is desirable in certain diseases like cancer, it is not beneficial in situations such
as myocardial IRI. Although considerable research has been conducted on ferroptosis in myocardial IRI, the potential impact of
reducing ferroptosis via mitochondrial dynamics in IRI remains to be reviewed. Consequently, this review concentrates on mi-
tochondrial dynamics during myocardial ferroptosis in IRI and explores the potential therapy to inhibit myocardial ferroptosis

by targeting mitochondrial dynamics to mitigate IRIL.
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Introduction

Myocardial infarction (MI) remains a public health
problem worldwide with the highest levels of mortality and
morbidity [1] and occurs when blood flow to the heart is
blocked or severely reduced, a process known as ischemia.
It is known that a plaque induces this blockage [2]. The
process of plaque formation is called atherosclerosis, where
there is a buildup of fat and cholesterol in the coronary ar-
teries. The plaques block and can even rupture the arteries,
forming a clot that interrupts blood flow, inducing a heart
attack that damages and promotes cell death of cardiomy-
ocytes due to lack of blood flow [3]. The coronary flow will
be restored as a first intervention to avoid the further death
of cardiomyocytes during the infarction, a process known
as reperfusion. Note that MI is only one of the conditions
of myocardial ischemia/reperfusion (I/R), as other condi-
tions are susceptible to I/R, such as organ transplantation or
sepsis [4]. However, ischemic heart disease (IHD) is still
the leading cause of death globally. For instance, Khan et
al. [5] showed that IHD affects around 126 million individ-
uals of the world’s population, representing approximately
1.72%, where nine million deaths were due to IHD world-
wide. This group of researchers also found that men are
more affected than women, starting with affection in the
fourth decade and increasing with age. Although different
strategies have been implemented to reduce this condition,

such as primary percutaneous coronary intervention (PPCI)
or thrombolytic drugs, it has been observed that even these
techniques induce an increase in infarction due to a process
of myocardial damage by reperfusion [6]. Related to this,
new strategies have been developed, such as ischemic con-
ditioning, which has emerged as the most promising method
to mitigate ischemia/reperfusion injury (IRI) and is asso-
ciated with intermittent cycles of ischemic and reperfusion
[7]. This therapy has been shown to rescue or reduce infarct
size (IS) by up to 68% in rabbits and up to 35% in patients
[8]. However, the damage persists with collateral conse-
quences. Therefore, it is projected that the global preva-
lence of IHD will continue to grow, being the first cause of
death and disability worldwide [9].

It has been shown that IRI indicates two phases: the
first without coronary blood flow supply (ischemia) and
the second with it (reperfusion) [10]. During ischemia,
the flow of oxygen (O2) and nutrients decreases due to
a general blockage of the coronary arteries. O depriva-
tion stops oxidative phosphorylation (OXPHOS), leading to
depolarization of the mitochondrial membrane along with
adenosine triphosphate (ATP) depletion and inhibition of
cardiac contraction [11]. ATP depletion is exacerbated by
the breakdown of any available ATP, as the F1Fo-ATPase
works in reverse, hydrolyzing ATP to maintain the mito-
chondrial membrane potential (A¥m) [12]. Without O,
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cellular metabolism switches to anaerobic glycolysis, re-
sulting in lactate accumulation, which lowers intracellular
pH to below 7 [13]. The intracellular accumulation of pro-
tons (HT) activates the sodium (Na™)-H* ion exchanger,
which moves H™ out of the cell in exchange for Na™ en-
try. This would activate the 3Na™-2 potassium (K*) AT-
Pase, which would eject Na™ to introduce K*; however,
since this enzyme is ATP-dependent, an intracellular accu-
mulation of Na™ is propagated. In this case, another ion ex-
changer comes into action, such as 2Na*-calcium (Ca2t),
which is not ATP-dependent and whose function is to re-
move Na' and introduce Ca?*, resulting in intracellular
Ca?* overload. Ca®T overload is an inducer of cell death,
such as apoptosis [13]. If acute ischemia is maintained for
more than 20 minutes, a wavefront of cardiomyocyte death
begins in the subendocardium that can extend to the epi-
cardium, so rapid reperfusion is required to avoid the induc-
tion of cardiomyocyte death [11,14]. Thus, the reestablish-
ment of blood flow is necessary to save the ischemic my-
ocardium from infarction. Although reperfusion is the most
efficacious therapy for minimizing IS in MI, the restora-
tion of blood flow also introduces myocardial injury; both
ischemia and reperfusion injuries are known as IRI, lead-
ing to cardiomyocyte death [13]. This is because reperfu-
sion allows a rapid replenishment of ATP, reestablishing
ionic homeostasis, but also reactivates the ATPase of the
sarcoplasmic reticulum (SR), hyperactivating the Ca®* re-
lease channel, resulting in an overload of Ca?* in the cy-
tosol, which leads to hypercontraction of cardiomyocytes
[15]. This Ca®" released from the SR can be captured by
the mitochondria, leading to an overload of mitochondrial
Ca?* and the opening of the mitochondrial permeability
transition pore (mPTP) [16]. Once the mPTP is open, the
mitochondria cannot maintain the A¥m; so ATP is quickly
depleted again, ionic pumps stop working, and cells can die
by different processes such as necrosis [16]. Ca%t over-
load also induces the conversion of the enzyme xanthine
oxidase dehydrogenase to xanthine oxidase, producing re-
active oxygen species (ROS) such as superoxide ion radical
(O2"7) and hydrogen peroxide (H2O-), which induces ox-
idative stress (OS) [17]. Reperfusion also increases O5"~
by complex I and III, where the electrons that reduce Oq
in the Oy"~ production are provided by mitochondrial suc-
cinate that has accumulated during ischemia, resulting in a
synergistic increase of ROS and OS [11]. If OS is not re-
duced, ROS promotes oxidative damage, oxidizing lipids,
proteins, carbohydrates, and DNA, damaging the myocar-
dial cells, and promoting cell death, such as ferroptosis
(Fig. 1) [18]. Ferroptosis, a cell death dependent on OS and
cellular oxidative damage, is desired in some diseases, such
as cancer, but not in others, such as IRI in the myocardium
[19]. Some processes reduce ROS damage to mitochon-
dria and alleviate cellular damage, such as mitochondrial
dynamics, which refers to mitochondrial fusion and fission.
Although considerable research has been conducted on fer-
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roptosis in myocardial IRI, the possible effects of reduc-
ing ferroptosis via mitochondrial dynamics in IRI have not
been reviewed. Thus, this review focuses on the possible
deactivation of ferroptosis via mitochondrial dynamics in
myocardial IRI.

Mitochondria and ROS in Myocardial IRI

Myocardial IRI directly affects mitochondria because
this organelle is dependent on O5 and nutrients that are re-
stricted during myocardial ischemia and are damaged dur-
ing myocardial reperfusion. Note that mitochondria coordi-
nate bioenergetic processes such as ATP production through
OXPHOS and the Krebs cycle [20], and are also critical
for other functions, including metabolism, cell growth, sur-
vival, and cell death, as well as biosynthetic processes such
as synthesizing amino acids, lipids, and nucleotides, cal-
cium stabilization, and signaling, and even hormone pro-
duction [21]. Mitochondria also play a crucial role in heme
synthesis, ketone body production, regulation of the urea
cycle balancing nitrogen, pyrimidine and purine biosyn-
thesis, gluconeogenesis, and lipid degradation and elonga-
tion [22]. Besides inheritance, mitochondria are also essen-
tial for regulating cellular signaling by facilitating protein-
protein interactions and managing intracellular messenger
levels like Cat [23].

For normal cardiac contraction, heart cells require
enormous energy in ATP form, mainly obtained through
mitochondrial OXPHOS [24]. It has been shown that OX-
PHOS is fed through the electron transport system (ETS)
by different processes, like the tricarboxylic acid cycle
(TCA) and fatty acid oxidation (FAO) [25]. In TCA, re-
ducing agents such as nicotinamide adenine dinucleotide
(NADH) and flavin adenine dinucleotide (FADH>) are syn-
thesized as follows: during glycolysis, glucose is metabo-
lized to pyruvate in the cytosol and internalized into the mi-
tochondria, where it is transformed into acetyl-CoA [26].
Then, acetyl-CoA is incorporated into the TCA, producing
NADH, FADHs, guanosine triphosphate (GTP), and coA.
NADH and FADH, enter the ETS, functioning as electron
donors and promoting OXPHOS. Upon entering the ETS,
both molecules generate a proton gradient between the in-
ner and outer mitochondrial membrane [22]. This proton
gradient is a driving force to produce ATP through ATP
synthase in the OXPHOS, where the final electron accep-
tor is Og. Although O, functions as the last acceptor of
electrons in OXPHOS, this molecule is also the acceptor of
electron leakage in OXPHOS [27]. It has been shown that
when mitochondria have OXPHOS coupled under normal
conditions, ETS can release up to 4% of electrons. This
electron leak reduces O, to its most reactive radical, the
05", as secondary products of ETS, triggering the pro-
duction of ROS, such as HyO5 [28]. ROS production is
essential since ROS levels are necessary for cellular sig-
naling, acting as secondary messengers and activating var-
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Fig. 1. Myocardial ischemia/reperfusion injury (IRI). During ischemia, oxygen deprivation stops oxidative phosphorylation, leading
to adenosine triphosphate (ATP) depletion and inhibition of cardiac contraction. The absence of oxygen switches aerobic glycolysis to
anaerobic glycolysis, resulting in lactate accumulation and a decrease in pH below 7. The intracellular accumulation of protons (H™)
activates the ion exchangers: H"-sodium (Na*) and 2Na*-calcium (Ca®"), resulting in intracellular Ca®>T overload. Ca®>* overload is
an inducer of cell death, such as apoptosis, so rapid reperfusion is required to avoid the induction of cardiomyocyte death. Although
reperfusion allows for rapid ATP replenishment, it also reactivates the sarcoplasmic reticulum (SR) ATPase, hyperactivating the Ca**
release channel, promoting Ca®* leaks, resulting in Ca®" overload in the cytosol, and leading to cardiomyocyte hypercontraction. This
Ca®" released from the SR induces the opening of the mitochondrial permeability transition pore (mPTP), depleting ATP. Ca®" overload
also causes the conversion of the enzyme xanthine oxidase dehydrogenase to xanthine oxidase, producing reactive oxygen species (ROS)
and oxidative stress (OS) cell death, such as ferroptosis. pH, potential of hydrogen. Fig. 1 was created with Microsoft PowerPoint 2021

(Microsoft Corporation, Redmond, WA, USA).

ious signaling pathways and cellular enzymes [29]. How-
ever, in pathological conditions such as IRI, mitochondria
can be decoupled, and the leakage of electrons can rise to
24% [30]. As mentioned in IRI, the lack of O, and respi-
ratory substrates stops OXPHOS, increasing electron leak-
age and augmenting ROS production. This induces mito-
chondrial transmembrane potential collapse, mitochondrial
swelling, Ca?* overload, cytochrome c release, disruption
of cell membranes, and eventually cell death, such as necro-
sis [31]. Although reestablishing blood flow and reoxy-
genating the tissue restores organ function, cardiac cells are
damaged due to ROS production due to reperfusion [13].
This is because when O5 supply is restored, mitochondrial
ROS production increases in an inadequate attempt to re-
store ATP production by the mitochondria, promoting sub-
sequent peroxidation of proteins, mitochondrial respiratory
complexes, and phospholipids. For instance, the peroxida-
tion of cardiolipin avoids the regular activities of OXPHOS
complexes I1I and IV [32]. Moreover, ROS induces com-
plex I sulfthydryl (SH) group oxidation, intensifying ROS
production during IRI [33]. IRI also impairs Ca?* home-

ostasis, inducing mPTP opening, A¥m loss, cytochrome ¢
release, and apoptosis during IRI [34]. It has been shown
that ROS production causes oxidative damage in DNA [28].
This is because during Fenton and Haber-Weiss reactions,
02"~ and HyO5 may react together or with different met-
als, such as ferrous ion (Fe?*), to produce hydroxyl radical
("OH), which is a highly reactive oxidant and oxidizes gua-
nine in DNA producing 8-oxoguanine [35].

Furthermore, O3~ reacts with nitric oxide (NO"), pro-
ducing peroxynitrite (ONOO™); both ONOO™ and "OH are
highly reactive, reacting with lipids, producing lipid radi-
cals and chain lipid peroxidation [28]. Lipid peroxidation
can produce aldehydes, such as malondialdehyde (MDA)
and 4-hydroxynonenal (4-HNE), which form adducts di-
rectly with proteins and DNA, inducing oxidative damage
and cell death, such as ferroptosis [19]. To mitigate ox-
idative damage and ferroptosis, cells utilize antioxidants
to maintain redox homeostasis by neutralizing ROS. An-
tioxidants encompass both enzymatic and non-enzymatic
types [36]. For example, O,"~ is converted to H,O5 by en-
zymes like superoxide dismutase (SOD) and dual oxidase
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(DUOXs), while Ho O+ is further reduced to water (HyO) by
catalase (cat) and glutathione peroxidase (GPX) [37]. Non-
enzymatic antioxidants like glutathione (GSH) also support
the activity of enzymatic antioxidants such as GPX. Tran-
scription factors that respond to oxidative stress, including
nuclear factor erythroid 2-related factor 2 (Nrf2) and fork-
head box O (FoxO), regulate the expression of antioxidant
enzymes and those related to GSH production [38]. How-
ever, oxidative damage may still occur if ROS levels ex-
ceed protective capabilities or if antioxidant defenses are
depleted, promoting ferroptosis [19].

Mitochondria Dynamics in Myocardial IRI

Maintaining healthy mitochondria is essential for car-
diac cell homeostasis during IRI, preventing cell death. In
this sense, mitochondrial homeostasis related to mitochon-
drial dynamics, including fusion and fission processes, is
critical to maintaining mitochondria in good condition [39].
The fusion process involves the union of two mitochondria
to enhance the necessary ATP requirements. Conversely,
the fission process involves mitochondrial division and oc-
curs when mitochondria are damaged [39]. Fusion and fis-
sion processes induce mitochondria to be long filaments,
spheres, or ovoids, where the morphology of mitochon-
dria dictates many of their functions [40]. Mitochondria
must balance fusion and fission events, allowing proper
mitochondrial functioning in the cell. For instance, high
fission levels correspond to extensive mitochondrial frag-
mentation associated with cellular metabolic dysfunction
and cell death [41]. On the other hand, continuous fusion
produces a hyperfused network of mitochondria, protect-
ing metabolic insults and preserving cellular integrity [39].
Thus, the existence of a balance between mitochondrial fis-
sion and fusion processes shapes mitochondria to meet cel-
lular metabolic demands and regulate mitochondrial dam-
age. It should be noted that mitochondrial fission and fu-
sion are involved in maintaining normal cellular functions,
such as mitochondrial distribution during cell growth, cell
division, and differentiation. Therefore, their deregulation
is closely associated with health and disease states such as
IRI [42]. Furthermore, mitochondrial fission is essential for
growing and dividing cells to contain the appropriate num-
ber of mitochondria [43]. In non-proliferating cells such
as cardiomyocytes, mitochondrial fusion is thought to in-
duce complementation between damaged mitochondria, al-
lowing the sharing of RNA, protein components, and lipids
with other mitochondria, mitigating the effects of mtDNA
mutations caused by cell damage [44].

In mitochondrial fusion, the tethering of two ad-
jacent mitochondria is done via mitofusin (Mfn)l and
Mifn2, which mediate the fusion of the outer mitochon-
drial membranes (OMMs) of two mitochondria in a guano-
sine triphosphate (GTP)-dependent manner. The inner mi-
tochondrial membrane (IMM) fusion is produced by optic
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atrophy 1 (OPA1), which mediates the formation of a sin-
gle elongated mitochondrion [45]. Mfns have been shown
to stabilize mitochondrial cristae shape, favoring ATP syn-
thase oligomerization and protecting mitochondria from
stress induced by respiratory chain inhibition [46,47]. The
mitofusin synthesis is regulated by transcriptional mech-
anisms such as the transcriptional mitochondrial coacti-
vators phosphatidylglycerol phospholipase C-1-alpha and
beta (PGC-1-« and ), which regulate the expression of
the respiratory complex machinery and mitochondrial bio-
genesis [48]. Different activators of the protein deacety-
lase sirtuin 1 (SIRT1), like resveratrol, decreased PGC-1a
acetylation in mice, increasing its activity, leading to the
induction of mitochondrial biogenesis and increased mi-
tochondrial size in skeletal muscle, giving metabolic ad-
vantages like increased aerobic capacity [49]. PGC-1-3
also induces mitochondrial fusion by increasing the tran-
scription of Mfn2 through estrogen-related receptor alpha
(ERRa) coactivation; conversely, mitofusins are ubiquity-
lated and degraded via proteasome during apoptosis [50].
Thus, mitofusins deletion or abrogation of GTPase activ-
ity avoids mitochondrial fusion, inducing the fragmentation
of mitochondria. Mitochondrial phospholipids are essen-
tial for mitochondrial membrane fusion, and alterations of
the local phospholipid composition on the OMM can in-
duce membrane bilayer curvature or destabilization to pro-
mote fusion or fission. For instance, phospholipids that
cause negative lipid membrane curvature, such as phos-
phatidic acid (PA), upregulate mitochondrial fusion. This
was demonstrated when mitoPLD, a phospholipase D lo-
calized in the mitochondria that produces PA from car-
diolipin, facilitated Mfn-mediated fusion [51]. However,
the overexpression of phosphatidic acid—preferring phos-
pholipase Al (PA-PLAT1) or lipin 1 phosphatase, an en-
zyme that degrades PA, induces mitochondrial fragmenta-
tion or mitochondrial fission [51]. It has been shown that
during myocardial IRI, the oxidized phosphatidylcholines
(OxPCs) are significantly elevated resulting in cell death,
where OxPCs such as 1-palmitoyl-2-(5’-oxo-valeroyl)-sn-
glycero-3-phosphocholine (POVPC) and 1-palmitoyl-2-
(9’-ox0-nonanoyl)-sn-glycero-3-phosphocholine (PONPC)
disrupt mitochondrial bioenergetics by reducing maximal
respiratory rate and spare respiratory capacity, even these
oxidized lipids dramatically reduce GPX4 levels resulting
in cell death by ferroptosis [52]. Interestingly, suppressing
OxPCs by EO6, an IgM antibody that binds and inactivates
OxPCs, or using ferrostatin, an inhibitor of ferroptosis, in-
hibited cell death (Table 1, Ref. [52-65]) [52]. Although
mitochondrial dynamics markers were not measured in the
previous research work, it has been observed that mitochon-
drial fragmentation or mitochondrial fission is induced in
mitochondrial dysfunction in IRI, as mitochondrial fission
promotes the autophagic clearance of dysfunctional mito-
chondria, a process called mitophagy that allows mitochon-
drial adaptation to physiological demands [66].
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Table 1. Different compounds that target ferroptosis or mitochondrial dynamics.

Compound Ferroptosis Mitochondrial fusion Mitochondrial fission Reference
EO6 Binds and inactivates oxidized [52]
phosphatidylcholines (OxPCs),
reducing ferroptosis and avoid-
ing cardyomicite cell death, dur-
ing IRI.
Melatonin Reduce oxidative stress and fer-  Induces the optic atrophy 1 [54,55]
roptosis in IRI. (OPA1), mitofusin 1 (Mfnl),
and mitofusin 2 (Mfn2) expres-
sion, reducing infarct area, and
cardiac dysfunction in IRI.
Dynasore, and selec- Inhibits DRPI1, reducing mi- [53,56]
tive dynamin-related tochondrial fission, preserving
protein 1 (DRP1) In- mitochondrial morphology, de-
hibitor Peptide (P110) pleting cytosolic Ca%™, and in-
hibiting mPTP opening, pre-
venting apoptosis in cardiomy-
ocytes in IRI.
Mitochondrial di- Inhibitis DRPI, decreasing [57]
vision inhibitor 1 mitochondrial fission, reducing
(Mdivi-1) IRL
Epigallocatechin gal- Inhibits OMA1 Zinc Metal- [58]
late lopeptidase (OMAL1), reducing
mitochondrial fission, prevent-
ing apoptosis, and reducing cell
death after IRI.
Ubiquitin-specific Decreases iron content and in- [62]
protease 7 (USP7) creases glutathione peroxidase 4
inhibition (GPX4), preventing ferroptosis,
and decreasing cell death in IRI.
Compound 968 Reduce ferroptosis, improving [59]
cardiac function in IRI.
Deferoxamine (DFO)  Decreases ferroptosis, improv- [60]
ing IRI.
Overexpression  of Decreases ferroptosis in my- [61]
ubiquitin-specific ocardial IRI.
protease 22 (USP22)
Fer-1 or dexrazoxane  Prevents ferroptosis, alleviating [63]
IRL
Inhibition of ELAV-  Suppresses iron and ROS in- [64]
like RNA Binding crease, increasing GPX4 and
Protein 1 (ELAVLI) GSH, avoiding ferroptosis in
myocardial cells via inhibiting
autophagy.
Vitexin Reduce ROS production and [65]

even increase Mfn2 expression,
reducing the recruitment of
DRP1 and infarct size.

Mitochondrial fission is mediated by a cytosolic dy-
namin family member dynamin-related protein 1 (DRP1)
that translocates from the cytosol and binds to fission pro-
tein 1 (FIS1), mitochondrial dynamics of 49 kDa protein

(MiD49), MiD of 51 kDa protein (MiD51) and mitochon-
drial fission factor (MFF) on the OMM [40]. Then, DRP1
produces coiled coils around mitochondria, which promotes
a conformational change of DRP1 in a GTP-dependent
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manner, resulting in membrane constriction to cut both the
IMM and OMM [67]. Thus, this interaction oligomerizes,
surrounds, and contracts the mitochondria to divide them
into 2 individual mitochondria [67]. It has been shown that
this process often occurs at sites where mitochondria come
into contact with the endoplasmic reticulum [43]. Since
DRP1 is the critical protein to induce fission, its regulation
is essential, so it is regulated post-translationally at differ-
ent levels, including protein phosphorylation, sumoylation,
ubiquitination, and S-nitrosylation [68]. Under normal con-
ditions, there is a balance between fission and fusion pro-
cesses, and any alteration in them or the overactivation of
one over the other induces abnormalities that impact mito-
chondrial structure and function [43].

Regarding IRI, it has been shown that during ischemia,
DRP1 induces the fragmentation of mitochondria, and even
the restitution of Oy does not prevent this fragmentation
but, on the contrary, induces a rapid translocation (in less
than 5 min) of DRP1 from the cytosol to the mitochondria
[53]. Furthermore, DRP1, MFF, and FIS have also been
shown to increase their expression during coronary ligation-
induced I/R in murine models and cellular models treated
with hypoxia/reoxygenation (H/R) [69,70]. In contrast, the
expression of OPA1, Mfnl, and Mfn2 is decreased [54], in-
dicating the promotion of fission over fusion. It was also
shown that in IRI, the expression of fusion factors such
as OPA1, Mfnl, and Mfn2 is reduced, but fission factor
proteins such as DRP1 and MFF are increased in a Yap-
Hippo pathway-dependent manner [71]. One strategy to re-
duce IRI was to reduce mitochondrial fission, inducing mi-
tochondrial fusion through OPA1, Mfnl, and Mfn2 induc-
tion, which was achieved with melatonin treatment, where
this compound augments OPA1, reducing IRI induced by
coronary artery ligation and H/R of cardiomyocytes iso-
lated from mice. Thus, melatonin reduces infarct area and
decreases cardiac dysfunction, myocardial inflammation,
and OS [54,55]. Contrary to this, it has been shown that
the ablation of proteins such as Mfnl and Mfn2 have been
shown to inhibit the mPTP opening, reducing MI size dur-
ing acute I/R injury (30 min ischemia) [72]. The mechanism
shows that Mfn2 tethers mitochondria to the SR, inducing
microdomains through Ca?* transit in a pleiotropic func-
tion unrelated to fusion [73,74]. Further exploration of the
different timings of decrease or increase in mitochondrial
fusion proteins in IRI is needed, as the protective effect of
these proteins appears to be time-dependent. On the other
hand, inhibition of fission during reperfusion is beneficial
[53], as demonstrated by the treatment with Dynasore, a
non-specific inhibitor of dynamins and DRP1, or mitochon-
drial division inhibitor 1 (Mdivi-1) and selective DRP1 in-
hibitor peptide (P110), selective inhibitors of DRP1, which
function as myocardium cardioprotective during IRI [56].
These compounds preserve mitochondrial morphology, de-
plete cytosolic Ca?*, and inhibit mPTP opening, prevent-
ing apoptosis in cardiomyocytes [53]. Moreover, excessive
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mitochondrial fission is detrimental to the myocardium.
For example, excessive mitochondrial fission leads to mi-
tochondrial dysfunction and decreased cardiac contractil-
ity [56], and a persistent inhibition of mitochondrial fission
via DRP1 depletion by genetic or repetitive application of
Mdivi-1 reduces IRI [57]. Therefore, the inhibition of mi-
tochondrial fission by DRP depletionl could be a target for
inducing a cardioprotective effect in IRI.

Interestingly, epigallocatechin gallate, an inhibitor of
OMAI1 Zinc metallopeptidase (OMAI1, OMAL is a pro-
tein that degrades OPA1, reducing mitochondrial fusion),
inhibits mitochondrial fission, thereby preventing apopto-
sis and reducing cell death after I/R, as another pleiotropic
function unrelated to mitochondrial fusion to reduce M1 size
[58]. Previous research suggests that reducing fission rel-
ative to fusion could be a useful approach to reducing IRI
damage.

Ferroptosis and Mitochondrial Dynamics in
Myocardial IRI

Cell Death by Ferroptosis

Ferroptosis was described as a cell death associated
with OS due to iron accumulation and GSH decrease gener-
ally induced by GPX4 depletion [18]. In these conditions,
ROS significantly increases, producing oxidative damage
in different biomolecules, such as lipids. Since cellular
membranes are made of lipids, a rupture of the membranes
is obtained, reducing membrane integrity and altering mem-
brane fluidity. This decreases mitochondrial cristae and in-
duces mitochondria size reduction. If lipid peroxides are
not reduced, they undergo cyclization, producing aldehy-
des such as MDA and 4-HNE, which form adducts with
proteins and DNA, increasing oxidative cell damage and
promoting cell death via ferroptosis [18,28]. Thus, these
processes differ from the typical characteristics of apopto-
sis, necrosis, or other cell deaths, such as autophagy [18],
involving the dysregulation of cellular iron metabolism and
depletion of antioxidant systems, generating ROS overpro-
duction, lipid peroxidation, redounding in cellular oxida-
tive damage, and cell death. Mitochondria play a crucial
role in ferroptosis induced by OS in cardiomyocytes. For
instance, mitochondrial DNA depletion or ROS mitochon-
drial decrease has been shown to inhibit ferroptosis induced
by RAS-selective lethal 3 (RSL3), a GPX4 inhibitor and
ferroptosis-inducer [75,76], and even mitochondrial TCA
cycle or ETS diminution prevents ferroptosis induced by
cysteine deprivation or erastin [77]. Ferroptosis was also
shown to be dependent on mitochondrial free iron levels
associated with high amounts of lipid peroxidation, and the
inhibition of mitochondrial iron overload by overexpres-
sion of mitochondrial ferritin reduced OS-induced mito-
chondrial lipid peroxidation and ferroptosis-mediated cell
death [78]. Also, targeted inhibition of mitochondrial ROS,
using mitoquinone (mitoQ), 10-(6’-Plastoquinonyl) decyl-
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triphenylphosphonium (SKQ1), or mitochondrial catalase
also largely inhibited ferroptosis [78]. Thus, these results
demonstrated that mitochondrial iron overload and lipid
ROS accumulation are inductors of ferroptosis induced by
OS in cardiomyocytes, but their depletion reduces ferrop-
tosis.

Ferroptosis in IR

In myocardial damage by IRI, ferroptosis contributes
to significant cell death; for example, Gao et al. [59]
demonstrated that transferrin transport and glutaminolysis
induce ferroptosis triggered by complete amino acid or cys-
teine deprivation. Since this group identified glutaminol-
ysis as a ferroptosis inducer, they tested whether Com-
pound 968, a glutaminolysis inhibitor, can reduce myocar-
dial IRI in an ex vivo cardiac model. They found that at
the end of reperfusion, hearts treated with Compound 968
or deferoxamine (DFO, an iron chelator and ferroptosis in-
hibitor) improved cardiac function, pointing to ferroptosis
as a potential therapeutic target for myocardial I/R. Interest-
ingly, ferroptosis cell death is significantly present in my-
ocardial reperfusion than in ischemia, where ischemic in-
jury presents infarction and creatine kinase (CK) release,
but no ferroptosis markers such as acyl-CoA synthetase
long-chain family member 4 (ACSL4), GPX4, iron, and
MDA, on the contrary, myocardial reperfusion showed high
levels of ACSL4, iron, and MDA associated with a de-
crease of GPX4 [59]. Moreover, the reduction of ferrop-
tosis with DFO was reduced in rat hearts with I/R com-
pared to ischemia-treated rat hearts [60]. Overexpression of
ubiquitin-specific protease 22 (USP22) also decreases fer-
roptosis in myocardial IRI, where this overexpression deu-
biquitinated SIRT1, which induces p53 depletion, increas-
ing the cysteine transporter solute carrier family 7 mem-
ber 11 (SLC7A11) and therefore increased GSH levels, de-
creasing ROS production, lipid peroxidation, and iron ac-
cumulation, preventing ferroptosis [61]. On the contrary,
it has been shown that during myocardial I/R, ubiquitin-
specific protease 7 (USP7) induces p53 deubiquitination,
activating transferrin receptor 1 (TfR1), which is a specific
marker of ferroptosis, charging cellular iron uptake. In-
hibiting USP7 leads to ubiquitination and decreased p53
and TfR1, decreasing iron content and increasing GPX4,
preventing ferroptosis [62]. Fang et al. [63] demonstrated
that ferroptosis contributes to a substantial portion of cell
death, above apoptosis, necrosis, and autophagy in car-
diomyopathy and IRI. This group of researchers found that
inhibiting ferroptosis improves the survival of mice with
doxorubicin-induced cardiomyopathy. In brief, their re-
search demonstrated that the ferroptosis inhibitor Fer-1 re-
duced doxorubicin-induced mortality; however, mortality
was not significantly reduced in mice treated with emric-
asan (an apoptosis inhibitor), necrostatin-1 (Nec-1, a spe-
cific inhibitor of necroptosis), or 3-methyladenine (3-MA,
an autophagy inhibitor). When this group examined the role

of ferroptosis in IRI, they found that ferroptosis is present
and that if it is prevented using ferroptosis inhibitors such as
Fer-1 or dexrazoxane (an iron chelator), the damage caused
by IRI in the myocardium is decreased [63]. This group of
researchers also found that hemoxygenase (HO-1) is over-
expressed during IRI, which induces iron overload through
heme degradation and lipoperoxidation. Iron overload pro-
motes ROS accumulation (via the Fenton and Haber-Weiss
reaction), which promotes lipid oxidation. It has also been
shown that elevated ROS production can induce iron over-
load in cardiomyocytes in positive feedback on the increase
of the OS [79]. It is demonstrated that OS promotes the ex-
pression of HO-1 via Nrf2, and reducing HO-1 abolishes
ferroptosis. Although these data remark that OS induces
iron overload via HO-1, it should be noted that iron over-
load can occur through additional mechanisms, such as nu-
clear receptor coactivator 4 (NCOA4), which mediates fer-
ritinophagy and lysosomal iron release [80]. It is essential
to mention that HO-1 is activated via Nrf2, playing a cy-
toprotective role as an antioxidant, since along with the re-
lease of iron, HO-1 also releases biliverdin, an organic an-
tioxidant and ROS scavenger. Still, these levels of activa-
tion should be moderate, since excessive and/or prolonged
activation of HO-1 increases iron labile, leading to ferrop-
totic cell death [81]. In this regard, Miyamoto ef al. [82]
demonstrated that HO-1 silencing prevents ferroptosis in-
duced during I/R in cardiomyocytes.

Ferroptosis and Mitochondrial Dynamics in
Myocardial IRI

Interestingly, a relationship exists between increased
mitochondrial iron and mitochondria dynamics, where the
augment of cellular iron causes disturbances in mitochon-
drial dynamics and hampers the balance between mitochon-
drial fission and fusion through ROS increase [83,84]. It
has been shown that the deficiency of mitochondrial pro-
teins such as asparagine- glutamic acid (Glu)-Glu-threonine
(NEET), which are a group of [2Fe—2S] proteins that reg-
ulate iron and ROS levels, increases mitochondrial labile
iron, disrupts mitochondrial dynamics, promoting fission,
triggering mitophagy and ferroptosis [83—85]. However,
iron chelators can alleviate this effect due to the NEET de-
ficiency, avoiding high levels of mitochondrial labile iron
[85] and leading to mitochondrial elongation due to a DRP1
decrease [84]. An increase in ROS production can pro-
mote endoplasmic reticulum stress (ERS), playing an es-
sential role in ferroptosis, where the transcription factor 4
(ATF4)-C/EBP homologous protein (CHOP) pathway is ac-
tivated, and ferroptosis inducers cause the unfolded pro-
tein response (UPR). Specifically, diabetic rats subjected
to myocardial IRI show high levels of ROS induced by the
NADPH oxidase (NOX) 2 prooxidant enzyme [86]. This
model also showed that ferroptosis markers, such as GPX4
are depleted along with ERS markers, such as ATF4 and
CHOP, which are increased, showing a direct relationship
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between ferroptosis and ERS. Interestingly, inhibition of
ferroptosis by Fer-1 decreases ferroptosis and ERS during
myocardial IRI in diabetic rats, suggesting that inhibition
of ferroptosis by Fer-1 might also decrease ERS, improv-
ing cardiac function during myocardial I/R in diabetic rats
[87]. Since the endoplasmic reticulum is key to mitochon-
drial fission, ERS-associated ferroptosis would also be ex-
pected to play a key role in mitochondrial dynamics, some-
thing that has not been studied; however, it warrants fur-
ther investigation. It has been shown that mitochondrial
dynamics is related to autophagy via mitochondrial fission,
and recently, an association was demonstrated between au-
tophagy and ferroptosis. For instance, Chen et al. [64]
found that in myocardial IRI, forkhead box C1 (FOXC1)
transcriptionally activated ELAV-like RNA Binding Protein
1 (ELAVLI), a gene involved in the regulation of genetic ex-
pression, which induces iron increase together GPX4 and
GSH decrease, and increases Becline-1 and Light Chain 3
(LC3) II/LC3 I ratio but diminished p62 levels; however,
inhibition of ELAVL1 suppresses iron and ROS increase but
increasing GPX4 and GSH, and reverse Becline and LC3
II/LC3 I increase, augmenting p62 avoiding ferroptosis in
myocardial cells via inhibiting autophagy. The latter was
demonstrated using 3-MA, which induces GPX4 and GSH
augment, but iron, lipoperoxidation, and ROS decrease in
H/R. Thus, the study and understanding of ferroptosis regu-
lation mechanisms could be a potential tool to develop new
therapeutic strategies in treating diseases such as IRI. Thus,
the relationship to mitochondrial dynamics boosts this strat-
egy. For instance, it has been shown that OPA-1 is related
to cristae remodeling, facilitating the assembly of electron
transport supercomplexes, improving mitochondrial respi-
ratory efficiency, and regulating mitochondrial cytochrome
c release. Thus, OPAL is a protein related to mitochondrial
structure and OXPHOS, where this protein promotes mito-
chondrial fusion when the IMM potential is intact [88,89].
However, AV loss activates the metalloprotease OMAI,
cleaving the long isoform of optic atrophy 1 (L-OPA1) to
the short isoform of optic atrophy 1 (S-OPA1), inducing mi-
tochondrial fragmentation [89]. It has been shown that mi-
tochondrial ETS inhibitors like valinomycin, oligomycin,
and carbonyl cyanide m-chlorophenyl hydrazine promote
the cleavage of L-OPA1 to S-OPA1 [88]. This cleavage
process of OPA1 is activated during mitochondrial stress
response and is an early indicator of OS [90]. Thus, OS
and after the depletion of AW, mitochondrial fragmenta-
tion is triggered, inducing loss of OXPHOS and activating
OMA1. OMALI activation promotes L-OPA1 proteolysis
and mitochondrial fragmentation [88]. During OMAL1 ac-
tivation, this protein also undergoes autocatalytic degrada-
tion at the N- and C-terminal regions, restoring mitochon-
drial potential following the removal of stress stimuli or af-
ter mitochondrial damage is repaired. If ROS production
persists, mitochondrial fragmentation results in cell death
[91]. Thus, the increased processing of L-OPA1 to S-OPA1
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by activated OMAL1 is a general response to cellular OS
[92]. Due to S-OPAL1 being activated during OS, a cellu-
lar condition that induces ferroptosis, it has been proposed
that S-OPA1 increase might be a prosurvival adaptation in
ferroptosis induced by oxidant-stressed cells following IRI.
Regarding the latter, it has been shown that cells that can-
not cleave L-OPA1 to S-OPA1 are more susceptible to OS
and, consequently, to ferroptosis cell death [93]. The lat-
ter is because high quantities of L-OPA1 generate a signif-
icant Os"~ increase, producing sensitivity to mitochondrial
permeability transition. Furthermore, OMAI1 silencing in-
creases oxidant-induced cell death, such as ferroptosis [93].
Thus, an increase in S-OPA1 and OMA1 may be a target to
avoid oxidant-induced ferroptosis due to OS followed by
IRI.

Mitochondrial fission depletion maintains mitochon-
drial function, providing mitochondrial quality. Nrf2 links
ferroptosis and mitochondrial fission since Nrf2 upreg-
ulates proteasomal genes that induce the degradation of
DRP1, inhibiting mitochondrial fission [94]. Moreover,
ferroptosis induced by cisplatin in intestinal injury involves
the overexpression of DRP1 and Fisl. However, vitamin
D3 treatment alleviates ferroptosis by increasing antioxi-
dant capacity, decreasing ROS production and MDA, at-
tenuating excessive mitochondrial fission, and boosting mi-
tochondrial ATPase activity [95]. Ferroptosis is also in-
duced in non-small cell lung cancer cells by erastin by
activating mitochondrial fission [96]. Mitochondrial fis-
sion and ferroptosis are also activated by inhibiting car-
bonic anhydrase 9 in malignant mesothelioma [97]. Sim-
ilarly, in cholangiocarcinoma, the inhibition of SHANK-
Associated RH Domain-Interacting Protein (SHARPIN)
gene expression induced ROS accumulation associated
with ferroptosis and mitochondrial fission by suppressing
the pS3/SLC7A11/GPX4 signaling pathway [98]. These
findings exhibit the relationship between mitochondrial fis-
sion and ferroptosis. Under myocardial IRI following acute
myocardial infarction, damaged mitochondria generate less
ATP and produce ROS, which is detrimental to cell sur-
vival. For instance, it has been described that fission is
highly regulated over mitochondrial fusion because there is
an increase in the levels of DRP1 and a decrease in Mfn2,
causing the overproduction of ROS and the mitochondrial
membrane potential reduction, causing aberrant and dys-
functional mitochondria and apoptosis [65]. Interestingly,
compounds such as vitexin, a flavonoid derived from the
leaf of hawthorn, reduce ROS production and even increase
Mifn2 expression, reducing the recruitment of DRP1 and OS
in myocardial IRI [65]. Although this work did not study
additional ferroptosis markers, such as GPX4, ferroptosis
may play a critical role. Thus, it is necessary to continue ex-
ploring ferroptosis associated with mitochondrial dynamics
in myocardial IRI, having as an essential target the machin-
ery of fusion and fission in cell death, such as ferroptosis
during I/R to avoid MI. Although relating mitochondrial dy-
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namics with ferroptosis in myocardial IRI has been poorly
explored, it is very certain that there exists a close relation-
ship between both processes and that they may open new
avenues of research to counteract the damage to the my-
ocardium during the IRI process.

Conclusions

Myocardial IRI is a public health problem with mil-
lions of deaths per day. Although there are different strate-
gies to reduce its effects, such as PPCI or thrombolytic
drugs, the damage to the myocardium remains substantial,
and this is because both in ischemia and reperfusion, there
are metabolic changes, such as OS or Ca?t overload, that
induce cell death, such as ferroptosis. This review proposes
new horizons for treating myocardial IRI, such as mito-
chondrial dynamics associated with decreased ferroptosis in
myocardial IRI as therapeutic targets. Although they have
been little explored, they suggest great benefits. For exam-
ple, it has been described that during IRI there is an increase
in fission and a deficiency in fusion. Restoring this imbal-
ance could decrease OS and, therefore, death by ferropto-
sis. Treatments such as melatonin that reduce OS and pro-
mote increased fusion decrease cell death. However, it has
not been found whether increased fusion decreases OS, de-
creases OS increases fusion, or both processes are indepen-
dent. Even so, as shown in the review, essential molecules
of mitochondrial fusion, such as OPA1, are crucial sensors
of the redox state, so the evidence would lean toward a de-
pendence between mitochondrial dynamics and ferroptosis
through OS in IRI. So, this relationship remains to be dis-
covered in future research, which would provide better tools
for treating IRI.
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