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Abstract

Acute myocardial infarction (AMI) is triggered by the blockage of coronary arteries, leading to restricted blood flow to the myocardium,
which results in damage and cell death. While the traditional understanding of cell death primarily revolves around apoptosis, a new
player in the game has emerged: ferroptosis. This novel form of cell death relies on iron and is propelled by reactive oxygen species
(ROS). Lipid metabolism, an indispensable physiological process, plays a vital role in preserving cellular homeostasis. However, when
this metabolic pathway is disrupted, the accumulation of excess waste increases, specifically lipid peroxides, which are strongly linked to
the occurrence and progression of AMI. As a result, comprehending this complex interaction between ferroptosis and lipid metabolism
could pave the way for new therapeutic approaches in tackling AMI.

Keywords: ferroptosis; acute myocardial infarction; lipid peroxidation; lipid metabolism

1. Introduction

Acute myocardial infarction (AMI), a subset of acute
coronary syndrome, is a prevalent and serious disease af-
fecting countless individuals across the globe. It is char-
acterized by alarmingly high rates of morbidity, mortality,
and recurrence, making it a major health concern world-
wide [1,2]. The primary culprit behind AMI is the for-
mation of acute thrombus, AMI occurs when atheroscle-
rotic plaques rupture, causing a sudden blockage of blood
vessels. One of the well-established factors contributing
to the occurrence and progression of AMI is abnormal
blood lipid metabolism. For example, elevated plasma
triglyceride levels also play a pivotal role in promoting
microthrombus formation [3]. When the cholesterol ef-
flux is impaired, plaques in the arteries can become un-
stable and prone to rupture, leading to the formation of
acute thrombus and subsequent AMI [4]. In premenopausal
women, high breast fat accumulation can produce and re-
lease inflammatory molecules implicit in vascular damage,
atherosclerosis, leading to an increased risk of subsequent
cardiovascular adverse events [5]. Lipid metabolism is of
utmost importance in preserving a well-functioning car-
diovascular system [6]. A study showed that metformin
may reduce perimeter coronary fat levels by targeting the
mediated-glucose cotransporter 2 (SGLT2)/leptin axis, im-
proving adverse cardiovascular outcomes in diabetic pa-
tients [7]. Additionally, follow-ups of patients undergo-
ing minimally invasive cardiopulmonary bypass found that
long-term administration of sodium-glucose transporter 2
inhibitors could improve the adverse cardiovascular clin-
ical outcomes by reducing the inflammatory burden [8].
In addition, an observational study showed that proprotein

convertase subtilis protease-kexin 9 (PCSK9) inhibitors re-
duced cholesterol and blood lipids more significantly than
other lipid-lowering drugs, providing effective cardiovas-
cular benefits [9]. Furthermore, another significant mecha-
nism involved in the pathogenesis of AMI is the increased
production of reactive oxygen species (ROS) [10]. Inter-
estingly, one study has shed light on the role of long non-
coding RNA (lncRNA) lung cancer associated transcript
1(LUCAT1) in modulating ROS levels during AMI and its
potential cardioprotective effects, acting through a compet-
ing endogenous RNA (ceRNA) mechanism [11].

The susceptibility of polyunsaturated fatty acid phos-
pholipids (PUFA-PLs), which are found in cellular mem-
branes, to peroxidation is the fundamental mechanism un-
derlying ferroptosis. This vulnerability occurs when cells
are exposed to high levels of iron and ROS [12]. This pro-
cess involves a chain reaction of chemical reactions that
give rise to the toxic accumulation of lipid peroxides within
the cell membrane, ultimately compromising its integrity
and triggering ferroptosis. Arachidonic acid (AA) and
adrenic acid are the primary substrates involved in lipid per-
oxidation during ferroptosis [13]. The regulation of ferrop-
tosis is heavily influenced by biological lipid metabolism,
the related lipid metabolic processes include phospholipid
peroxidation and other cellular events linked to this form
of cell death [14]. This intricate interaction between lipid
metabolism and ferroptosis holds significant potential for
developing novel treatment strategies for AMI. This review
briefly characterizes the interplay between ferroptosis and
lipid metabolism and highlights the importance of this in-
terplay in AMI.
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2. Features of Ferroptosis
The term “ferroptosis” was introduced in 2012 to de-

scribe a unique iron-dependent form of cell death. Nor-
mally, polyunsaturated fatty acids (PUFAs) can be oxidized
by lipoxygenase, but they are promptly reduced by the en-
zyme glutathione peroxidase 4 (GPX4) and its co-factor
glutathione (GSH). However, when GPX4 is inhibited or
GSH levels are depleted, lipid peroxides accumulate within
cells, leading to cell death through a process known as fer-
roptosis [15]. Morphologically, cells undergoing ferropto-
sis display distinct changes: mitochondria become smaller,
the mitochondrial cristae are reduced or disappear, and the
mitochondrial membrane density is condensed. Despite
these alterations, the nucleus remains intact. Biochemically
characterized by disturbances in iron metabolism and ele-
vated levels of lipid peroxidation [16]. Moreover, ferropto-
sis is genetically accompanied by specific changes in gene
and protein expression. Notably, GPX4 is down-regulated,
it is an enzyme tasked with attenuating lipid peroxidation
[17], while acyl-CoA synthetase long-chain family member
4 (ACSL4), an enzyme involved in the synthesis of certain
types of PUFAs, is up-regulated [18]. Overall, the distinct
morphological, biochemical, and genetic features of ferrop-
tosis provide a comprehensive understanding of this unique
cell death pathway and differentiate it from other types of
cell death.

Iron is an essential micronutrient in the human body,
serving crucial roles in various systems such as the blood,
digestive, and immune systems. To maintain iron balance,
circulating iron binds to the transferrin receptor 1 (TFR1) on
the cell membrane and is internalized into the cell through
endocytosis. Within the cell, six-transmembrane epithelial
antigen of prostate 3 (STEAP3) is responsible for reducing
iron to its ferrous form before transferring it to the labile
iron pool located in the cytoplasm [19]. The function of
ferroportin (FPN) is to help prevent excess ferrous iron ac-
cumulation by converting it to ferric iron, thereby preserv-
ing iron homeostasis in the body [20]. However, when iron
overload occurs or cells are damaged, the delicate balance
of iron homeostasis is disrupted. This excessive ferrous iron
can induce ferroptosis in cells, leading to cell death. Recent
studies have unveiled a substantial connection between au-
tophagy and ferroptosis. Specifically, the degradation of
ferritin, a protein that stores iron, is a process involving au-
tophagy. During this autophagic reaction, ferrous ions are
released, increasing the levels of ferrous iron within cells
and triggering ferroptosis [21,22]. As a result, autophagy
may play a role in triggering ferroptosis by affecting iron
homeostasis in cardiomyocytes, thereby exacerbating car-
diomyocyte injury.

3. Ferroptosis and Lipid Peroxidation in
AMI

Imbalances in redox homeostasis are a common char-
acteristic of many diseases [23]. When the body loses con-

trol over lipid peroxidation, lipid peroxidation is activated
and executes ferroptosis [24]. In ferroptosis, lipid perox-
idation primarily depends on the presence of excess fer-
rous ions, metabolite ROS, and phospholipids containing
polyunsaturated fatty acid chains. Excess ferrous ions play
a pivotal role in promoting lipid peroxidation. They facil-
itate the generation of ROS through a process known as
the Fenton reaction and also activate specific enzymes like
lipoxygenase, which further contribute to lipid peroxida-
tion [25]. ROS themselves are a product of normal phys-
iological processes in the body and serve essential func-
tions in cell homeostasis and signal transduction. Vari-
ous types of ROS exist, including superoxide anion radi-
cals (O2

•−), hydroxyl radicals (•OH), as well as non-radical
oxidants like hydrogen peroxide (H2O2) and singlet oxy-
gen (1O2) [26]. Oxidative stress occurs when the produc-
tion of ROS exceeds the body’s antioxidant defense mecha-
nisms, leading to an imbalance that results in cellular dam-
age. Interestingly, research has identified a fascinating phe-
nomenon called ROS-induced ROS release. The accumu-
lation of ROS can trigger the opening of the mitochondrial
permeability transition pore, leading to a larger-scale re-
lease of ROS from the mitochondria [27]. This feedback
loop can further exacerbate oxidative stress and cellular
damage, creating a vicious cycle of ROS production and
release. Two primary sources contribute to the generation
of ROS in cells. The first source is the mitochondrial respi-
ratory chain. Reduced flavin yellow nucleotides in complex
1 of the respiratory chain can leak high-energy electrons to
oxygen (O2), resulting in the formation of ROS. The second
source is macrophages, where nicotinamide adenine dinu-
cleotide phosphate (NADPH) oxidase is a major contrib-
utor to ROS production [28]. PUFAs are highly suscepti-
ble to ROS-induced peroxidation. PUFA-PLs are particu-
larly vulnerable to lipid peroxidation, and they serve as the
main substrates for this process. Within the mitochondria,
H2O2 produced by the respiratory chain can enter the mito-
chondrial membrane and be converted into a potent oxidant
known as the hydroxyl radical. This hydroxyl radical then
oxidizes polyunsaturated fatty acids in the mitochondrial
membranes, leading to the formation of lipid hydroperox-
ides (ROOH) [29].

GPX4, the cornerstone of the body’s antioxidant de-
fense, uses glutathione as a cofactor to reduce cytotoxic
lipid peroxides to corresponding alcohols to terminate lipid
peroxidation [30]. Therefore, by promoting the process
of transcription and translation of GPX4, ferroptosis in
myocardial infarction can be alleviated and exert a strong
cardioprotective effect. G-rich RNA sequence binding
factor 1 (Grsf1) is a mitochondrial RNA-binding protein
that regulates the translation process of GPX4. Genipo-
side (GEN), a substance extracted from the traditional Chi-
nese medicine Gardenia, can reverse myocardial infarction-
induced oxidative stress and ferroptosis by targeting the
Grsf1/GPX4 axis, and play a cardioprotective role [31].
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Resveratrol has shown promising effects in alleviating my-
ocardial injury induced by myocardial infarction, and re-
cent research has shed light on its mechanism of action by
targeting the Lysine(K) acetyltransferases 5 (KAT5)/GPX4
axis [32]. Additionally, researchers confirmed the interac-
tion between lncRNAAC005332.7, microRNA (miR)-331-
3p, and cyclin D2 (CCND2) by a series of experiments.
Over-expression of AC005332.7 led to decreased levels of
ROS, malondialdehyde, iron ions, and ACSL4 expression.
Conversely, the expressions of GSH and GPX4 increased.
These findings suggest that lncRNA AC005332.7 inhibits
ferroptosis and alleviates AMI by regulating the miR-331-
3p/CCND2 axis [33].

The transcription factor nuclear factor erythroid 2-
related factor 2 (NRF2) is a critical regulator of cellular
antioxidant responses [34], and plays a pivotal role in the
“NRF2-lipid peroxidation-ferroptosis” axis, which is in-
volved in ferroptosis in various diseases. NRF2 has been
found to inhibit ferroptosis by downregulating heme oxy-
genase 1 (HO-1) [35,36], HO-1 is responsible for decom-
posing heme into ferrous ions and certain enzymes that
can induce ferroptosis, promoting lipid peroxidation [37].
NRF2 activation has been shown to have cardioprotec-
tive effects. A study showed the NRF2/HO-1 pathway
can be activated by Icariin, inhibiting ferroptosis by reduc-
ing reactive oxygen species and lipid peroxidation in hy-
poxic/reoxygenated cardiomyocytes [38]. NRF2 also reg-
ulates lipid peroxidation by affecting various intermediate
metabolites and enzymes involved in glutathione synthe-
sis and metabolism [39]. For instance, NRF2 can modu-
late the activity of GPX4 and iron homeostasis by targeting
solute carrier family seven member 11 (SLC7A11), con-
tributing to ferroptosis resistance by reducing the level of
lipid peroxidation in myocardial infarction [40]. Addition-
ally, lncRNA metastasis-associated lung adenocarcinoma
transcript 1 (MALAT1) has been found to be up-regulated
in hypoxia/reoxygenation-treated cardiomyocytes and rat
heart tissue. Inhibition of MALAT1 can increase the pro-
tein expression level of NRF2/SLC7A11 in myocardial in-
farction models, both in vitro and in vivo, while reducing
ferrous ion levels and lipid peroxidation in cells. This im-
plies that MALAT1 represents a promising target for the
prevention and treatment of AMI [41,42].

SLC7A11, a component of System Xc-, plays a cru-
cial role in the generation of the antioxidant GSH. It trans-
ports extracellular cystine into the cell, where it is reduced
to cysteine, a key component of GSH. GSH, in turn, helps
reduce ROS under the action of glutathione reductase, con-
tributing to cellular antioxidant defense [43,44]. Ubiquitin-
specific peptidase 22 (USP22), a member of the deubiq-
uitinase family, possesses deubiquitinase activity and sta-
bilizes sirtuin-1 (SIRT1). This stabilization of SIRT1 has
been found to influence the acetylation level of P53, which,
in turn, regulates the key protein SLC7A11 in the ferrop-
tosis signaling pathway, contributing to cardiomyocyte re-

sistance against ferroptosis [45]. Furthermore, myocardial
infarction plasma exosomes have been implicated in the
regulation of various pathological mechanisms after my-
ocardial infarction. Experiments conducted by Li et al.
[46] demonstrated that exosomes from patients with MI
contained low levels of miR-26b-5p, which directly tar-
geted the SLC7A11/GSH/GPX4 axis. This interaction me-
diated the effect of exosomes on ferroptosis, suggesting that
the exosomes from patients with MI (MI-Exo)/miR-26b-
5p/SLC7A11/GSH/GPX4 axis may represent a promising
target for future treatments of AMI.

4. Ferroptosis and Lipid Metabolism in AMI
The control of lipid metabolism is of significant im-

portance in influencing susceptibility to ferroptosis. PUFA-
PLs, such as AA and adrenaline acid (AdA), are extremely
prone to free radical oxidation mediated by lipoxygenases
(ALOXs), leading to the generation of peroxidation prod-
ucts. This process disrupts the lipid bilayer and promotes
ferroptosis [47]. Two important enzymes, Extralong-chain
fatty acid protein 5 (ELOVL5) and fatty acid desaturase 1
(FADS1), regulate the biosynthesis of AA and AdA. De-
pletion of ELOVL5 and FADS1 can lead to decreased lipid
peroxidation and increased resistance to ferroptosis [48].
Arachidonic acid can be esterified to AA-CoA by acyl-CoA
synthetase long-chain family member 4 (ACSL4) and fur-
ther processed into lysophospholipids (LysoPLs), which are
prone to peroxidation in the presence of iron and ROS [49].
However, Fas-associated factor 1 (FAF1) exerts a protec-
tive function in ferroptosis by directly engaging with un-
bound arachidonic acid via its upstream activating sequence
(UAS) domain, sequestering arachidonic acid, and prevent-
ing Fe2+-mediated fatty acid peroxidation [50]. Linoleic
acid (LA), containing only one diallyl group, is the primary
polyunsaturated fatty acid in plant food sources. It can be
converted into arachidonic acid by the fatty acid desaturase
FADS2 [51]. Monounsaturated fatty acids (MUFAs) have
been shown to effectively block ferroptosis by competing
with PUFAs for phospholipid production [52]. Dietary lev-
els of MUFAs and PUFAs significantly impact cellular sus-
ceptibility to ferroptosis [53].

Excess cholesterol has been shown to inhibit the
ferroptosis signaling pathway, influencing cellular sus-
ceptibility to ferroptosis. For instance, the circulat-
ing cholesterol metabolite 27-hydroxycholesterol (27HC)
confers ferroptosis resistance in cells, and activation of
7-dehydrocholesterol reductase in cholesterol biosynthe-
sis can also increase ferroptosis resistance [54]. Un-
der metabolic stress conditions characterized by adenosine
triphosphate (ATP) depletion, the activity of the energy-
sensing kinase adenosine monophosphate-activated protein
kinase (AMPK) is activated. This, in turn, inhibits acetyl-
CoA carboxylase (ACC), which is responsible for convert-
ing acetyl-CoA to malonyl-CoA and reduces the levels of
PUFA-PLs, ultimately leading to the blocking of ferroptosis
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Fig. 1. The interaction of ferroptosis and lipid metabolism in acute myocardial infarction. SLC7A11, GPX4 and NRF2 are three
key antioxidant molecules that regulate the pathological process of ferroptosis in AMI. Many non-coding RNAs, biomolecules, and
traditional Chinese medicines can affect the level of lipid peroxidation in cardiomyocytes by participating in the regulation of antioxidant
molecules. (1) The pathways marked by the light grey background represent relevant processes regulating lipid peroxidation. (2) The
pathway marked by the blue background represents the related process of regulating the antioxidant molecule GPX4. (3) The pathway
marked by the pink background represents a related process of regulating the antioxidant molecule NRF2. (4) The pathway marked by
the purple background represents a related process of regulating the antioxidant molecule SLC7A11. GPX4, glutathione peroxidase 4;
NRF2, nuclear factor-erythroid factor 2-related factor 2; AMI, acute myocardial infarction; LA, linoleic acid; FADS2, a kind of fatty
acid desat urase; AA, arachidonic acid; AdA, Adrenoic acid; PUFA-PLs, phospholipid-containing polyunsaturated fatty acids; LPO, lipid
peroxidation; ACSL4, acyl-CoA synthetase long-chain family member 4; GSH, glutathione; ATG5, autophagy-related gene 5; Grsf1, a
mitochondrial RNA-binding protein; CCND2, cyclin D2; 27HC, 27-hydroxycholesterol; USP22, ubiquitin specific peptidase 22; SIRT1,
sirtuin-1; HO-1, heme oxy genase 1; ALOX15, lipoxygenase 15; Ptgs2, prostaglandin-endoperoxide synthase 2; ROS, reactive oxygen
species; KAT5, K (lysine) acetyltransferase 5; GSSG, glutathione disulfide; Glu, glutamate; SLC7A11, solute carrier family 7a member
11; miR, microRNA; IncRNA, long non-coding RNA.

[55]. The enzyme ACSL4 significantly contributes to the
conversion of arachidonic acid and adrenaline acid to phos-
phatidylethanolamine (PE), which is highly susceptible to
peroxidation. In conditions rich in iron and ROS, this pro-
cess induces ferroptosis [56]. In the hypoxia/reoxygenation
myocardial injury model, lncAABR07025387.1 expression
was increased, and it was found to up-regulate the expres-
sion of the ferroptosis-promoting factor ACSL4 by acting
as a sponge for miR-205. This created a ceRNA (compet-
ing endogenous RNA) network related to ferroptosis in my-
ocardial infarction, involving lncRNA AABR07025387.1,
miR-205, and ACSL4. This network is enriched in
mechanisms of non-coding RNAs regulating ferroptosis
in the context of myocardial infarction [57]. In an
AMI model, lncRNA Gm47283/miR-706/prostaglandin-
endoperoxide synthase 2 (Ptgs2) regulatory axis promotes
the form of the peroxidation of PUFAs through acti-
vating the downstream signal molecule lipoxygenase 15

(ALOX15) [58]. Understanding the intricate regulatory
mechanisms of ferroptosis and the involvement of choles-
terol, non-coding RNAs, and other factors provides valu-
able information for pinpointing potential therapeutic tar-
gets for modulating ferroptosis and safeguarding against
conditions like AMI.

5. Conclusions and Perspectives

Our review has highlighted the intricate and inextri-
cable link between lipid metabolism, ferroptosis, and AMI.
Abnormal lipid metabolism and the accumulation of waste
products play a significant role in the occurrence and pro-
gression of AMI. Ferroptosis, characterized by lipid per-
oxidation, is a pivotal player in the regulation of myocar-
dial injury and maintains a close interaction with the body’s
lipid metabolism (Fig. 1). In the context of ferroptosis, key
anti-lipid peroxidation molecules such as GPX4, NRF2,
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and SLC7A11 play critical roles. Traditional Chinese
medicines, active molecules, and non-coding RNAs have
been identified as potential mediators of these anti-lipid
peroxidation molecules, enriching the regulatory mecha-
nism of ferroptosis in AMI. These active medicines and
biomolecules against lipid peroxidation will be most pos-
sibly used to prevent and treat AMI in the near future. No-
tably, arachidonic acid and adrenaline acid are indispens-
able substrates in the lipid peroxidation pathway of ferrop-
tosis, subject to regulation by a range of enzymes and sig-
naling pathways. Cholesterol and its metabolites have also
been shown to inhibit signaling pathways related to fer-
roptosis lipid metabolism and exert a cardioprotective role.
So some lipid intake and their metabolism-related products
can affect lipid peroxidation substrate/enzyme levels, and
exert myocardial protective effects by regulating ferropto-
sis in AMI. Autophagic degradation of ferritin has been
found to promote AMI by producing ferrous ions and me-
diating GPX4. The continuous study of medicines, active
biomolecules, and the intake of some lipids will be very
likely to develop into effective strategies for the prevention
and treatment of AMI. In addition, necrosis is the predomi-
nant form of cardiomyocyte death after AMI. However, Tu
et al. [59] showed that the combination of necrosis inhibitor
(ponatinib) and ferroptosis inhibitor (deferoxamine) could
better reduce ischemic heart injury in vitro and in vivo stud-
ies, this suggested a possible synergistic regulatory mech-
anism between ferroptosis and necrosis. Myocardial injury
is a complex pathological process that needs to be consid-
ered in many ways, and drug development should be com-
prehensive to reflect this.

In our review, there are several studies that show fer-
roptosis in ischemia-reperfusion injury is closely related
to lipid metabolism. In both in vivo and in vitro mod-
els, the activation of NRF2, lncRNAs (lncRNA MALAT1
and lncRNA AABR07025387.1) and USP22 can regulate
ischemia-reperfusion injury by regulating lipid peroxida-
tion of ferroptosis. It is highly likely that these targets will
be used clinically to prevent and treat ischemia-reperfusion
injury in the future. Therefore, as the most common
and serious complication after restoring blood supply in
AMI, future studies on ferroptosis and lipid metabolism in
ischemia-reperfusion injury are warranted.

Moreover, changes in cardiac function and structure
after myocardial infarction will lead to ventricular remod-
eling, which seriously affects the prognosis of patients with
AMI. Previous studies found that the inhibition of ferropto-
sis could also alleviate ventricular remodeling after myocar-
dial infarction. For example, Komai et al. [60] found that
ferroptosis is associated with the inflammatory response
during ventricular remodeling after AMI. Inhibition of in-
flammation and ferroptosis delays the extent of ventricular
remodeling after myocardial infarction. Another study also
showed that a marine-derived antioxidant reduces oxidative
stress after AMI, thus exerting a protective role in ventric-

ular remodeling and chronic heart failure after AMI. This
natural antioxidant can play a protective role in ventricular
remodeling after AMI by inhibiting ferroptosis [61]. The
above studies suggest an inevitable link between ventricu-
lar remodeling after AMI and ferroptosis. Therefore, future
continuous studies on ferroptosis and ventricular remodel-
ing after AMI will be very likely to develop effective strate-
gies for the prevention and treatment of ventricular remod-
eling after AMI.

In conclusion, the interaction between ferroptosis and
lipid metabolism offers a potential therapeutic strategy for
the treatment of AMI. However, many detailedmechanisms
in this relationship require further study to fully compre-
hend the complexities of this association. Continued re-
search in this area may lead to the development of novel
and effective treatment approaches for AMI, ultimately im-
proving patient outcomes and addressing the global burden
of cardiovascular diseases.
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