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Iron is indispensable in numerous biologic processes, but abnormal iron regulation and accumulation is related to pathological
processes in cardiovascular diseases. However, the underlying mechanisms still need to be further explored. Iron plays a key
role in metal-catalyzed oxidative reactions that generate reactive oxygen species (ROS), which can cause oxidative stress. As the
center for oxygen and iron utilization, mitochondria are vulnerable to damage from iron-induced oxidative stress and
participate in processes involved in iron-related damage in cardiovascular disease, although the mechanism remains unclear. In
this review, the pathological roles of iron-related oxidative stress in cardiovascular diseases are summarized, and the potential
effects and mechanisms of mitochondrial iron homeostasis and dysfunction in these diseases are especially highlighted.

1. Introduction

As an essential micronutrient, iron plays an important role in
several biological processes, such as heme synthesis, mitochon-
drial respiration, DNA synthesis, and iron-dependent catalytic
reactions [1]. However, abnormal iron regulation and accumu-
lation has been found to be involved in pathological processes
that are associated with many diseases, including cardiovascu-
lar diseases, although the underlying mechanisms require
further exploration [2, 3]. Excess iron plays key roles in
metal-catalyzed oxidative reactions, such as the Fenton reac-
tion, to generate reactive oxygen species (ROS). ROS can cause
oxidative stress, lipid peroxidation, aberrant posttranslational
modification of proteins, and DNA damage [3].

Mitochondria form the center of oxygen utilization to
produce energy, which fundamentally causes the generation
of ROS [4]. Furthermore, in mitochondria, iron is used to
synthesize heme and to build iron-sulfur clusters in mito-
chondria; this requires proteins to regulate iron homeostasis
that are vulnerable to iron-induced oxidative stress. Aging
accompanied by ROS in mitochondria has also been
reported to be induced by disruption of iron homeostasis,
which is related to mitochondrial decay and dysfunction
[5]. However, the relationship between iron-related oxida-
tive stress and mitochondrial dysfunction and their mecha-
nisms in cardiovascular diseases remain unclear.

In this review, iron-related oxidative stress’ pathological
roles in cardiovascular diseases are summarized, with a focus
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upon the potential effects and mechanisms of mitochondrial
iron homeostasis and dysfunction in these diseases.

2. Overview of Iron Homeostasis

2.1. Systemic Iron Homeostasis. The amount of iron in adult
bodies has been estimated at a total of 3-5 g, where myoglo-
bin and hemoglobin account for two-thirds [3]. The major-
ity of the remaining iron binds to ferritin in the cytoplasm,
while extracellular iron accounts for only ~0.1% total body
iron [1]. It is the upper jejunum and the duodenum that
absorb iron from dietary sources. Gut mucosa cells are able
to utilize two distinct mechanisms depending upon whether
the iron is in a heme or inorganic form [6]. Iron in the form
of heme comprises half of the iron in meat, poultry, and fish.
Heme carrier protein 1 (HCP1) is utilized for the absorption
of heme in the intestinal epithelial cells’ apical membrane
[3]. Ferrous iron (Fe2+) can be released from heme via deg-
radation by heme oxygenase-1 (HO-1). The absorption of
inorganic ferric ion (Fe3+) in dietary iron first requires con-
version to absorbable Fe2+ by cytochrome b reductase 1
(DCYTB) or dietary ascorbate, before being transported
across the membrane by divalent metal transporter protein
1 (DMT-1).

Internalized Fe2+ enters the cytosolic labile iron pool
(LIP) to fulfill cellular needs or is converted to Fe3+ for stor-
age via binding to ferritin [1]. Ultimately,1-2mg/day of die-
tary iron is usually absorbed, which is usually enough to
replace the loss of iron through the blood, skin, urine, and
intestinal mucous [7].

Fe2+ can be exported through the basolateral membrane
by using ferroportin (FPN), after which it is reoxidized to
form Fe3+ by membrane bound hephaestin. For long-
distance delivery via the circulatory system, Fe3+ can be
bound to transferrin (Tf) [1]. Circulating Tf-bound iron is
absorbed by endocytosis into peripheral tissue cells by trans-
ferrin receptor 1 (TfR1) [8]. Iron can also be released from
the spleen and other organs into the circulation when senes-
cent or damaged erythrocytes undergo macrophage medi-
ated phagocytosis. This iron can be recycled in the bone
marrow for heme synthesis [9].

As a peptide hormone, hepcidin is predominately
released from the liver. It also plays an important role as a
systemic regulator of iron homeostasis [10]. Hepcidin can
prevent the efflux of cellular iron through the promotion
of FPN internalization and degradation to achieve its effect
on systemic iron regulation. Specifically, in enhanced
erythropoiesis or iron deficiency conditions (such as hemor-
rhagic/hemolytic anemia), hepcidin is transcriptionally
downregulated causing decreased internalization and degra-
dation of FPN. Thus, macrophages, hepatocytes, and intesti-
nal epithelial cells are more likely to release iron into
circulation. On the contrary, when the body is overloaded
with iron, e.g., in inflammatory states, hepcidin is overex-
pressed and promotes FPN internalization and degradation,
which prevents cellular iron efflux by the reduction of intes-
tinal iron absorption and iron sequestration in hepatocytes
and macrophages. Therefore, the hepcidin-FPN axis is criti-
cal for the regulation of systemic iron homeostasis to meet

body needs (Figure 1). Further mechanistic understanding
of the processes underlying the hepcidin-FPN axis could
contribute to the improvement of clinical outcomes for
patients with systemic iron imbalance.

2.2. Cellular Iron Metabolism. Iron is absorbed into cells in
two major ways. Endocytosis is where TfR1 binds to Tf-
bound iron to internalize it, whereas DMT-1 is used to
transport non-Tf-bound iron (NTBI) into cells [11]. The
voltage-gated calcium channels have also been described as
transporters of NTBI in cardiomyocytes under iron overload
conditions [12]. Iron absorbed by cells enters the redox-
active LIP to further be stored in ferritin, assimilated into
iron-containing proteins, or utilized by mitochondria to syn-
thesize heme and iron-sulfur (Fe-S) clusters [1, 13].

The posttranscriptional regulation of cellular iron
homeostasis is conducted via iron regulatory proteins
(IRP1 and IRP2) through interactions with iron-responsive
elements (IREs) [14]. IREs are conserved 25-30 nucleotide-
long RNA stem-loop structures in the untranslated regions
of mRNAs, which encode proteins that participate in iron
import (TfR1 and DMT1), export (FPN), and storage (H
and L ferritin subunits) [15]. IRPs can stabilize the TfR1
and DMT1 mRNA by binding to IREs located in their 3′
Pregion, thereby inhibiting the translation of ferritin and
FPN by binding to single 5′IREs [16]. The binding capacity
of IRPs to IRE depends upon intracellular iron concentra-
tion. The IRE-binding activity of IRPs can be increased
when cells are iron deficient with shrunken LIP, TfR1, and
DMT-1 mRNA stabilized to enhance iron import and
decrease iron export by the suppression of FPN translation.
Conversely, IRP-IRE interaction is decreased when cells are
iron-repleted with large LIP, resulting in lower TfR1 and
DMT1 mRNAs stability and improved ferritin and FPN
translation, ultimately enhancing iron storage and release
[17] (Figure 1).

Hepcidin is an autocrine protein that has been reported
to be produced by the heart for the regulation of iron levels
in cardiomyocytes through the hepcidin-FPN1 axis, which
can be distinct from systemic iron regulation [18]. For
example, cardiac hepcidin is upregulated under hypoxic
conditions; whereas systemic hepcidin is downregulated. It
is possible that this could be an adaptive mechanism for
the maintenance of cardiac function [1, 19].

2.3. Mitochondrial Iron Regulation. Iron is important in
maintaining mitochondrial function, especially during heme
and iron-sulfur (Fe-S) cluster synthesis [20]. Mitochondrial
ferritin (FtMt) is a type of ferritin that is particularly expressed
in tissues with a high mitochondrial concentration to bind to
iron for storage, such as the circulation, central nervous
system, testes, thymus, and kidney [21]. Mitoferrin-1 (also
known as SLC25A37) with high specificity in hematopoietic tis-
sues was first found in anemic phenotype of Frascati-mutant
zebrafish [22]. Mitoferrin-2 (also known as SLC25A28) with
widely expression in various tissues was also reported [23].
Mitoferrins located in the inner membrane of mitochondria
are thought to be responsible for transporting iron from the
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cytoplasm into themitochondria [24]. However, the function of
mitoferrins in cardiovascular diseases is still unclear.

ABCB10 is an ATP-binding cassette transporter located
within the inner mitochondrial membrane, and it was
reported to interact with and stabilize mitoferrin-1 [25].
However, ABCB8 (a different ATP-binding cassette trans-
porter) was found to export iron from the mitochondria
[26]. Furthermore, the mitochondrial iron-sulfur cluster
exporter ABCB7 also contributes to mitochondrial iron
homeostasis [27]. Recent findings indicated that proteins
belonging to the NEET family also participate in mitochon-
drial iron metabolism and homeostasis by transferring clus-
ter/iron to mitochondria [28].

Additionally, iron is used in the mitochondria for syn-
thesizing haem, which aids in catalysis and electron transfer
[29]. The production of haem needs eight enzymes, and
aminolevulinic acid synthase (ALAS) is responsible for the
first rate-limiting stage [30]. The feline leukemia virus sub-
group C receptor-related protein 1B (FLVCR1B) transports
excess haem in the mitochondria into the cytoplasm and
catabolizes it into Fe2+, CO, and biliverdin through HO-1
[31]. Furthermore, oxidative stress can induce the produc-
tion of HO-1 ubiquitously [32]. Haem is exported out of
plasma membrane via FLVCR1A [33] and imported into
plasma membrane by FLVCR2 [34]. The haem transporter

HRG1 and ABCC5 (ATP-binding cassette subfamily C
member 5) are two different types of haem transporters,
which need further exploration to clarify their functions
[35] (Figure 2).

3. Iron-Related Oxidative Stress and
Mitochondrial Dysfunction

3.1. Oxidative Stress Induced by Iron. Reactive oxygen
species (ROS) are unstable and reactive molecules that are
generated following the utilization of oxygen in the mito-
chondria and by NADPH oxidase enzymes and cytochromes
in cells. Firstly, anion superoxide (O2−) is produced for
enzymatic conversion to hydrogen peroxide (H2O2) via
superoxide dismutase [36]. H2O2 has greater stability com-
pared to O2− and can cross cellular membranes to act as a
signaling molecule provided that their levels remain under
a physiologically tolerable threshold, which is controlled by
an enzymatically regulated synthesis [37]. However, through
the Fenton reaction (requiring transitional metals), H2O2 is
rapidly and efficiently catalyzed to produce hydroxyl radicals
(HO), which are the most reactive ROS. As an abundant
transitional metal, iron plays key roles in metal-catalyzed
oxidative reactions [38].
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Figure 1: Systemic iron homeostasis and cellular iron metabolism [1]. In the gut mucosa, Fe3+ is converted to Fe2+ by DCYTB and then
transported by DMT1, whereas haem is transported by HCP1. Intracellularly, Fe2+ is released from haem by heme oxygenase-1 (HO-1).
Fe2+ is converted to Fe3+ and bound by ferritin for storage or released via ferroportin (FPN) and converted to Fe3+ by hephaestin. Fe3+ is
transported by binding to transferrin in circulation and is taken up by transferrin receptor-mediated endocytosis into cells for storage
(ferritin), release (FPN), and utilization of mitochondria. Iron regulatory proteins (IRP1 and IRP2) regulate cellular iron homeostasis
through interactions with iron-responsive elements (IREs), to enhance iron uptake by stabilizing the mRNA of transferrin receptor and
DMT-1 and inhibit iron excretion by suppressing FPN translation. Hepcidin can bind to FPN and inhibit its function in iron absorption
and iron mobilization from stored pools. Abbreviations: DCYTB: cytochrome b reductase 1; DMT-1: divalent metal transporter protein
1; FPN: ferroportin; HCP1: heme carrier protein 1; HO-1: heme oxygenase-1; IREs: iron-responsive elements; IRP: iron regulatory
proteins; LIP: labile iron pool.
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Iron-catalyzed oxidation mediates lipid peroxidation via
reductive cleavage of hydroperoxysides (ROOH) that are
obtained from membrane phospholipids, which produce
alkoxyl (RO.) and peroxyl (RO2.) radicals [36]. This forma-
tion of lipid radicals is also central to the pathophysiological
processes in ferroptosis, where iron-dependent lipid peroxi-
dation drives the process of regulating the death of cells
(Figure 3).

3.2. Mitochondrial Dysfunction Is Related to Iron-Induced
Oxidative Stress. As mitochondria has fundamental roles in
creating ROS via oxygen metabolism to produce energy
and iron utilization for iron-sulfur cluster assembly and
heme synthesis, they tend to be vulnerable to damage from
oxidative stress induced by iron.

It was reported that disruption of iron homeostasis in
mitochondria can be induced by ROS, which accompanies
aging and is related to mitochondrial decay [5]. Mice with
heart iron accumulation injected with iron dextran caused
mitochondrial DNA damage, which interfered with subunit
synthesis in mitochondrial respiration chain, and caused
dysfunction of the respiratory system and cardiomyopathy
[39]. The accumulation of mitochondrial iron in patients
with Friedreich ataxia can be induced by frataxin deficiency
(resulting in defective iron sulfur cluster biogenesis), which
is accompanied by progressive cardiomyopathy [40, 41].

Mitochondrial iron accumulation and iron-related
oxidative stress can also be caused by unregulated iron
import and/or export. The absence of ABCB8 (ATP-binding
cassette transporter, a mitochondrial iron export protein)

can lead to the accumulation of increased mitochondrial
iron and oxidative stress, causing cardiomyopathy and
increased DOX-induced cardiotoxicity susceptibility [26].
On the contrary, in mitochondria, FtMt prevents oxidative
damage caused by iron by modifying the distribution of iron
in the cell. A higher expression of FtMt in the heart can
protect cardiac mitochondria from DOX-induced oxidative
damage [42] .

4. Iron-Related Oxidative Stress and
Mitochondrial Dysfunction in Ferroptosis

4.1. Ferroptosis. In 2012, ferroptosis was reported to be an
innovative way of cell death. In contrast to apoptosis,
necroptosis, and pyroptosis, ferroptosis has unique genetic,
biochemical, morphological, and metabolic characteristics
[43]. During ferroptosis, excess intracellular iron accumula-
tion is associated with ROS overproduction, which leads to
the extensive oxidation of polyunsaturated fatty acids and
damage to the cellular membrane structure, and ultimately
cell death [44].

Therefore, iron and iron-related oxidative stress contrib-
ute to ferroptosis, since it is an iron-catalyzed accumulation
of lethal lipid peroxides that causes the regulation of cell
death by iron [45]. Furthermore, when cells undergo ferrop-
tosis, abnormalities of the mitochondria can be detected by
electron microscopy. These abnormalities are characterized
by the outer membrane rupture, swell, and changes in den-
sity. This indicates that mitochondrial dysfunction is associ-
ated with ferroptosis [46]. The roles of iron-related oxidative
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Figure 2: Mitochondrial iron regulation [109]. The transport of iron across the mitochondrial membrane is mediated by mitoferrin-1 with
assistance from ABCB10 and mitoferrin-2. Iron in the mitochondria is mainly used to synthesize iron–sulfur (Fe-S) clusters by NFS1
(cysteine desulfurase) and haem by ALAS (aminolevulinic acid synthase), while excess iron can be stored in mitochondrial ferritin
(FtMt). The export of Fe-S clusters into the cytoplasm might require iron–sulfur cluster transporters ABCB7, ABCB8, NAF-1, and
mitoNEET, whereas haem efflux into the cytoplasm is promoted by FLVCR1B (feline leukemia virus subgroup C receptor-related protein
1B). Abbreviations: ABCB: ATP-binding cassette transporter; Ala: 5-aminolevulinate; CO: carbon monoxide; Cys: cysteine; ETC: electron
transport chain; FLVCR: feline leukemia virus subgroup C receptor-related protein; FtMt: mitochondrial ferritin; HO-1: heme oxygenase-1;
NAF1: nuclear assembly factor 1; NFS1: cysteine desulfurase; OXPHOS: oxidative phosphorylation; DADH: reduced form of nicotinamide-
adenine dinucleotide; TCA: tricarboxylic acid.
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stress and mitochondrial dysfunction in mediating ferropto-
sis are discussed below.

4.2. Iron-Related Oxidative Stress in Ferroptosis. Iron is an
important factor that drives ferroptosis, and the accumulation
of cellular iron facilitates the Fenton reaction and cytotoxic
hydroxyl radicals’ production, which subsequently promotes
ferroptosis. On the other hand, protective properties against
ferroptosis and the Fenton reaction can be derived from a con-
sequence of free ionic iron binding to proteins [47].

Iron uptake via TFR1 can be instrumental for cellular sen-
sitivity to ferroptosis [48], while cytosolic ferritin can control
iron availability and confer resistance to ferroptosis [49]. Fur-
thermore, selective ferritin autophagy via NCOA4 can facilitate
cellular susceptibility to ferroptosis [50]. The knock down of
iron or ferritin exporter expression can promote ferroptosis
[51]. The loss of ceruloplasmin promotes the induction of fer-
roptosis via both erastin and RSL3 (a transcription factor),
which helps ferroportin exit cells through its ferroxidase activ-
ity [52]. By contrast, poly (rC)-binding protein 1 (PCBP1)
knockout mouse hepatocytes have been shown to use this iron
chaperone to bind and deliver Fe2+ to ferritin. The increased
liable iron and lipid peroxidation suggested that PCBP1 can
play a role in the prevention of ferroptosis-related disease [53].

4.3. Iron-Related Mitochondrial Dysfunction in Ferroptosis.
Mitochondrial iron homeostasis is also critical for the preven-
tion of ferroptosis. Mitoferrin-1 and mitoferrin-2 are impor-
tant mitochondrial iron-import proteins that participate in
the biogenesis of heme and Fe-S [23]. Mitoferrin-2 deletion

is associated with a reduction of erastin-induced cell death,
whereas mitoferrin-2 overexpression can increase ferroptosis
[54]. Mitochondrial ferritin can offer protection against fer-
roptosis, and mitochondria that overexpress ferritin have been
shown to be resistant to erastin-induced ferroptosis [55].

The F-S-binding proteins, mitoNEET, andNAF1 participate
in mitochondrial iron transportation and have been shown to
increase cancer cells’ resistance to cell death induced by ROS
[55]. Furthermore, increased mitoNEET expression in human
hepatocellular carcinoma cells has been shown to prevent fer-
roptosis induced by erastin [56]. The overexpression of NAF1
in a mouse tumor xenograft model was also demonstrated to
confer resistance to sulfasalazine-induced ferroptosis [57]. Sup-
pressingmitochondrial NFS1 (cysteine desulfurase) can sensitize
cancer cells to ferroptosis, whereby Fe–S clusters are synthesized
using cysteine sulfur [58]. These studies suggest that Fe–S pro-
teins are important for lipid peroxidation during ferroptosis.

The activation of the mitochondrial enzyme, heme
oxygenase-1 (HO-1), degrades heme to ferrous iron, which
can increase ferroptosis via mitochondrial iron overload
[59]. Interestingly, a mild increase in the expression of
HO-1 could be cytoprotective [60].

5. Iron-Related Oxidative Stress and
Mitochondrial Dysfunction in
Cardiovascular Diseases

5.1. Myocardial Ischemia/Reperfusion Injury. Myocardial
ischemia/reperfusion (I/R) injury is a common clinical
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Figure 3: Iron-related ROS generation and oxidative stress [4]. Anion superoxide (O2∙
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production of alkoxyl (RO∙) and peroxyl (RO2∙) radicals. Abbreviations: H2O2: hydrogen peroxide; HO∙: hydroxyl radicals; O2∙−: anion
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problem following percutaneous coronary intervention
(PCI) or thrombolysis for acute myocardial infarction (MI)
[61]. The reperfusion of an obstructed coronary artery is
required for the restoration of blood flow to enable ischemic
zone rescue. However, the I/R-associated excess production
of ROS can also cause cardiac damage [62]. Iron overload
has been suggested as one of the potential mechanisms
underlying myocardial I/R injury. High iron levels have been
reported in coronary blood flow in rat hearts subjected to
prolonged ischemia, accompanied by increased cardiac cyto-
solic iron levels [63, 64]. TfR1 expression was increased by
hypoxia-inducible factor-1 signaling in myocardial I/R, and
upregulation of TfR1 expression was accompanied with
increased iron content in I/R-treated rat hearts, which may
be the cause for iron overload in I/R [65, 66].

As mitochondria are central to metabolic stresses as
essential sources of ROS, mitochondrial dysfunction being
caused by oxidative stress can lead to cell death during I/R
injury [67]. The increase in iron deposition, ROS produc-
tion, and cardiomyocyte apoptosis was reported in heredi-
tary hemochromatosis (HFE) mice after I/R injury [68].
Furthermore, increased mitochondrial iron was detected fol-
lowing myocardial I/R injury in mice and ischemic cardio-
myopathy in human cardiac specimens. It is notable that
in vivo protection against I/R damage was achieved via the
pharmacological reduction of mitochondrial iron [69].

FOXC1-mediated transcriptional activation of ELAVL1
was reported to increase myocardial I/R-associated ferropto-
sis via autophagy modulation and cause myocardial injury
[70]. MiR-135b-3p also promoted myocardial I/R injury by
reducing GPX4 expression [71]. The long noncoding RNAs
(lncRNAs) LncAABR07025387.1 was also found to upregu-
late acyl-CoA synthetase long-chain family member 4
(ACSL4)-mediated ferroptosis and finally enhanced myocar-
dial I/R injury [72].

It has been reported that ferroptosis occurs in diabetic
myocardial I/R injury with endoplasmic reticulum stress
[73]. The inhibition of DNMT-1 during diabetes-associated
myocardial I/R injury was shown to alleviate ferroptosis via
NCOA4-mediated ferritinophagy [74], whereas Naringenin
(a flavonoid) was reported to reduce ferroptosis and myocar-
dial I/R injury through a nuclear factor-erythroid factor 2-
related factor 2 (Nrf2)/System xc-/GPX4 regulatory axis
[75]. Baicalin, a natural flavonoid glycoside, can also impede
myocardial I/R injury by inhibiting ACSL4-mediated ferrop-
tosis [76]. Likewise, etomidate has been shown to attenuate
ferroptosis via the Nrf2/HO-1 pathway in a rodent model
of myocardial I/R [77].

5.2. Atherosclerosis. In patients with atherosclerotic lesions,
iron deposition was reported to be associated with increased
cholesterol levels [78]. It was also found that plaques were
more likely to have higher concentrations of iron and a
higher risk of cap rupture in symptomatic patients when
compared with plaques from asymptomatic patients [79].
The notion that iron may stimulate the development of
atherogenesis has been widely investigated.

Endothelial cells, monocytes/macrophages, vascular
smooth muscle cells, and platelets that experience iron over-

load have all been shown to participate in atherosclerosis.
Iron’s pathological involvement in atherogenesis may
depend upon a catalytically active form for generating ROS
and inducing lipid peroxidation within cells that form ath-
erosclerotic lesions [1, 80]. Excess iron also appears to have
an atherogenic role in the promotion of macrophage differ-
entiation to produce foam cells via the modification of
low-density lipoproteins [1]. Iron overload was reported to
drive endothelial cell dysfunction due to its prooxidant/
inflammatory effects and promote the phenotypic switch in
smooth muscle cells of the vascular system, which was also
associated with increased proliferation, ROS production,
and apoptosis [81]. It was also found that iron overload
can enhance macrophage glycolysis and inflammation and
exacerbate the development of atherosclerosis [82].

Ferroptosis has been observed during atherosclerosis ini-
tiation and development, whereas inhibition of ferroptosis in
murine aortic endothelial cells has been shown to alleviate
atherosclerosis via the attenuation of lipid peroxidation
and endothelial dysfunction [83]. Prenyl diphosphate syn-
thase subunits 2 (PDSS2) was reported to play a cardiopro-
tective role by inhibiting ferroptosis by activating Nrf2 in
atherosclerotic vascular endothelial cells [84]. In diabetic
atherosclerosis, HMOX1 (heme oxygenase) knockdown in
human endothelial cells attenuated Fe2+ overload, which
reduced ROS levels and alleviated lipid peroxidation and
reduced ferroptosis [85].

microRNA-132 (miR-132) was determined to promote
atherosclerosis by inducing mitochondrial oxidative stress-
mediated ferroptosis [86]. High level of uric acid (HUA)-
induced ferroptosis in macrophages was associated with ath-
erosclerotic plaque formation, which promoted atheroscle-
rosis by targeting NRF2 [87]. Therefore, iron-related
oxidative stress and ferroptosis can help enhance the under-
standing of atherosclerotic pathological processes and per-
haps provide novel therapeutic targets.

5.3. Doxorubicin (DOX)-Induced Cardiomyopathy. Doxoru-
bicin (DOX) is a member of the antitumor anthracycline
family, which comprise some of the chemotherapeutic drugs
that are most effective for many malignancies. However,
DOX usage is limited in the clinic due to the potential for
cardiomyopathy and the development of congestive heart
failure [15]. Iron’s role in cardiotoxicity induced by DOX
has been determined by many studies. For example, mice
lacking HFE had increased DOX-dependent cardiac damage
susceptibility; this model is particularly interesting since it
mimics the iron overload associated with hereditary hemo-
chromatosis in humans [88]. However, the molecular mech-
anisms underlying the process by which iron overload
promotes the exacerbation of these cardiotoxic effects are
not yet fully understood.

It was found that ferroptosis inhibition significantly
enhanced cardiac function and reduced mortality in a
DOX-induced cardiomyopathy mouse model, which proved
to be related to free cellular iron release via the upregulation
of HO-1 [89]. Furthermore, DOX treatment induced ferrop-
tosis, which was predominantly triggered in the mitochon-
dria by downregulating GPX4 [1]. Acyl-CoA thioesterase 1
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(a key fatty acid metabolism enzyme) was found to exert an
antiferroptosis effect in DOX-mediated cardiotoxicity [90].

Protein arginine methyltransferase 4 (PRMT4) partici-
pates in the regulation of transcription, particularly oxida-
tive stress and autophagy modulation, and can promote
ferroptosis during DOX-induced cardiomyopathy by inhi-
biting Nrf2/GPX4 signaling [91]. Fisetin, an abundant flavo-
noid in fruits and vegetables, attenuated DOX-induced
cardiomyopathy via the inhibition of ferroptosis by activat-
ing SIRT1/Nrf2 signaling [92]. Salidroside was also demon-
strated to have a cardioprotective role in DOX-induced
cardiomyopathy by significantly reducing ferroptotic cell
death via AMPK-dependent signaling pathway activation
[93]. The protective effect of dexrazoxane in the reduction
of cytotoxicity in DOX-induced cardiomyopathy in rats
was proven to inhibit ferroptosis by regulating high mobility
group box 1 (HMGB1) [94]. These studies highlight that
iron-related oxidative and ferroptosis have an important role
in DOX-induced cardiomyopathy and could provide poten-
tial therapeutic targets.

5.4. Diabetic Cardiomyopathy. Left ventricular dysfunction,
cardiac fibrosis, myocardial hypertrophy, and intracellular
accumulation of lipid peroxide are characteristic features of
diabetic cardiomyopathy (DCM), which is the predominant
factor affecting diabetic patients’ morbidity and mortality
[95]. It was reported that inhibition of the ZFAS1 reduces
ferroptosis by acting as a sponge for miR-150-5p and leads
to the activation of CCND2 against DCM in cardiomyocytes
following high glucose exposure and in left ventricular myo-
cardial tissues from db/db mice [96]. The inhibition of car-
diac autophagy can also activate Nrf2-mediated ferroptosis,
which can lead to myocardial damage in murine models of
type 1 diabetes [97]. Ferroptosis was further reported to be
essential for DCM, where Nrf2 is activated following the
sulforaphane-mediated inhibition of cardiac cell ferroptosis
due to the upregulation of ferritin and SLC7A11 levels [98].

There is a need for further research to explore the effects
and underlying mechanisms associated with iron-related
oxidative stress and mitochondrial dysfunction in the devel-
opment of DCM.

5.5. Hypertension. The prevalence of hypertension was posi-
tively correlated with serum ferritin by two studies conducted
in Korea [99]. The risk of high blood pressure and incidence of
hypertension were also found to be positively correlated with
hemoglobin and transferrin levels according to a large longitu-
dinal study in China [100]. The sympathetic overactivation
detected in patients with hypertension and iron overload was
related to elevated serum ferritin, which possibly participated
in the increased cardiovascular risk.

Interestingly, cardiac risk was increased in patients with
hypertension and iron overload because of elevated serum
ferritin levels [101]. Dahl salt-sensitive rats with hyperten-
sion were attenuated from hypertrophy, fibrosis, and inflam-
mation of the cardiovascular system when dietary iron was
restricted [102]. Additionally, restricting dietary iron
prevented the progress of hypertension and kidney fibrosis

in a murine model of aldosterone/salt-induced hyperten-
sion [103].

Eucommia ulmoides Oliver- L. has recently been
reported to regulate ferroptosis through the neurovascular-
related ligand-receptor interaction pathway and considered
to have the potential of treating hypertension and preventing
ischemic stroke [104].

This data suggests that the dysregulation of iron
metabolism may contribute to hypertension independently.
Ferroptosis and components from natural products for its
prevention represent new fields that are exploring iron-
related oxidative stress in systemic hypertension.

6. Therapeutic Potential of Targeting Iron-
Related Oxidative Stress and Mitochondrial
Dysfunction in Cardiovascular Diseases

Iron depletion by using iron chelators is considered to be a
potential treatment for cardiovascular diseases due to the
important role that iron-related oxidative stress and mito-
chondrial dysfunction play in their development. Iron chela-
tion has been observed as improving contractile function in
some animal models by increasing cell viability, attenuating
cardiac remodeling, and reducing infarction size after I/R
injury [89]. However, this relationship was not reproducible
in some other in vivomodels. It was also reported that a cell-
permeable iron chelator, 2,2′-bipyridyl, protected the heart
from I/R injury, but desferrioxamine (DFO) which has low
cellular permeability did not have the same protective effects
[69]. The clinical application of this therapeutic strategy
requires further studies.

Ferroptosis has also been reported in cardiomyocyte
damage induced by I/R. Indeed, the targeting of ferroptosis
may prove to be valuable for patients with a diverse array
of I/R conditions [89]. I/R-associated heart injury can also
be attenuated by blocking ferroptosis via the inhibition of
glutaminolysis [48]. A protective effect was observed via
the inhibition of USP19/Beclin1-mediated ferroptosis with
Cyanidin-3-glucosides in a rat model of myocardial I/R
injury [105]. Mitochondria-specific GPX4 overexpression
contributes significantly to preventing lipid peroxidation,
alleviating cardiac dysfunction following I/R by attenuating
ferroptosis [106]. Thus, the targeting of ferroptosis may be
able to provide potential prevention strategies for myocar-
dial injury caused by I/R.

As iron deposition and lipid oxidative modification are
observed in plaques during atherosclerotic development, fer-
roptosis is considered to participate in the process. DFO-
based iron chelation therapy has inhibited the development
of atherosclerotic lesions, which suggests the potential therapy
to prevent atherosclerosis by targeting ferroptosis [107]. In
DOX-treated murine hearts, it was reported that acyl-CoA
thioesterase 1 might have an antiferroptosis impact in cardio-
toxicity induced by DOX [90]. The findings of these studies
indicate that ferroptosis might also be a potential therapeutic
target to prevent DOX-induced cardiomyopathy.

The mitochondria have their own set of proteins to reg-
ulate iron homeostasis. FtMt is only present in mitochondria
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and possesses ferroxidase activity and is essential in acute
exhaustive exercise-induced myocardial injury via the mod-
ulation of cellular survival and ROS regulation [108]. These
findings suggest that regulation of mitochondrial iron can
provide potential therapeutic targets to treat myocardial
injury due to its unique cohort of proteins. These targets
may prove to be especially effective due to the essential role
of mitochondria in I/R injury.

7. Conclusions and Future Directions

The mineral iron is essential to maintaining normal physio-
logical processes. However, iron-related oxidative stress and
mitochondrial dysfunction can also participate in the patho-
logical development of cardiovascular disease, especially I/R,
atherosclerosis, DOX induced cardiomyopathy DCM, and
hypertension (Figure 4). Ferroptosis regulates cell death
through the signaling of lipid peroxidation mediated by iron,
and it is an important mechanism responsible for iron-
related oxidative stress and mitochondrial dysfunction. The
therapy of iron chelation has been proven to be efficacious
for the prevention of cardiovascular diseases in many stud-
ies. This therapy may target iron-related oxidative stress
and mitochondrial dysfunction and ferroptosis. However,
future studies are necessary to determine its safety and effi-
cacy with more attention to specific cardiovascular diseases
and the peculiarity of iron chelators. Moreover, the critical
role of mitochondrial iron homeostasis and dysfunction is

slowly being understood in the processes involved with
iron-related oxidative stress and the acceleration of cardio-
vascular disease pathology. The specific targeting of mito-
chondrial iron regulation and iron-related oxidative stress
in mitochondria may provide potential therapies for the
treatment of cardiovascular diseases.

Data Availability

The data used to support the finds of this study are available
from the corresponding author upon request.

Conflicts of Interest

The authors declare that there is no conflict of interest
regarding the publication of this article.

Authors’ Contributions

Fang Yan, Mingliang Yi, and Haifeng Zhang contributed to
conception and design of the manuscript. Fan Yang, Kaifeng
Li, Wenjuan Xing, and Mingqing Dong wrote the first draft of
the manuscript. Fang Yan and Kaifeng Li contributed equally.

Acknowledgments

This work was supported by the National Key Research and
Development Project (No. 2019YFF0301603), the National

Ferroptosis

Ferroptosis

Ferroptosis

Ferroptosis

Ferroptosis

ELAVL1/FOXC1

GPX4/MiR-1356-3P
HO-1/Nr f2

Iron TfR1/HIF-1

ACSL4/miR-205/LncAABR07025387-1
NCOA4/DNMT-1

CCND2/miR-150-3P/LnRNA-ZFAS1

Ferritin/SLCTA11/Nrf2 

Iron-related oxidative stress
and mitochondrial dysfunction

Atherosclerosis

Myocardial ischemia/
reperfusion injury

Doxorubicin-induced

Diabetic
cardiomyopathy

Hypertension

GPX4/System xc
-/Nrf2

Iron HMOX1
Nrf2/HUA
miR-132

Nrf2/PDSS2

AMPK

GPX4/Nrf2/PRMT4

HO-1/Nrf2

ACOTs
Nrf2/SIRT1

HMGB1

Iron

PCBP2/C-Myc/ADRB2

Hemoglobin

Iron
Transferrin
Ferritin

P53/NR3C1
PCBP2/OPRD1

FTH1/SLC3A2/CHRM1

cardiomyopathy

Figure 4: A schematic summary of iron-related oxidative stress and mitochondrial dysfunction in cardiovascular diseases. Abbreviations:
ACSL4: acyl-CoA synthetase long-chain family member 4; ACOTs: acyl-COA thioesterases; ADRB2: adrenoceptor beta 2; AMPK:
adenosine monophosphate-activated protein kinase; CCND2: cyclin D2; CHRM1: cholinergic receptorM1; DNMT-1: DNA (cytosine-5)-
methyltransferase 1; ELAVL1: embryonic lethal-abnormal vision like protein 1; FOXC1: forkhead box C1; FTH1: ferritin heavy chain-1;
GPX4: glutathione peroxidase 4; HIF-1: hypoxia-inducible factor 1; HMGB1: high mobility group box 1; HMOX1: heme oxygenase-1;
HO-1: heme oxygenase-1; HUA: high levels of uric acid; NCOA4: nuclear receptor coactivator 4; Nrf2: erythroid factor 2-related factor
2; NR3C1: nuclear receptor subfamily 3 group C member 1; OPRD1: opioid receptor protein; PCBP2: poly (C)-binding protein 2;
PDSS2: prenyl diphosphate synthase subunit 2; PRMT4: protein arginine methyltransferase 4; ROS: reactive oxygen species; SIRT1:
NAD-dependent protein deacetylase sirtuin-1; SLC3A2: solute carrier family 3 member 2; SLC7A11: solute carrier family 7 member 11;
TfR1: transferrin receptor 1; ZFAS1: zinc finger antisense 1.

8 Oxidative Medicine and Cellular Longevity



Natural Science Foundation of China (Nos. 81870280 and
32071107), the Shaanxi Nova Program (Nos. 2021SF-067
and 2021KJXX-21), the Young Talent Fund in FourthMilitary
Medical University, Chengdu Science Technology Bureau
Project (No. 2021-YF05-01625-SN), and the Chengdu High-
Level Key Clinical Specialty Construction Project.

References

[1] S. Li and X. Zhang, “Iron in cardiovascular disease: challenges
and potentials,” Frontiers in Cardiovascular Medicine, vol. 8,
2021.

[2] L. Batista-Nascimento, C. Pimentel, R. Menezes, and
C. Rodrigues-Pousada, “Iron and neurodegeneration: from
cellular homeostasis to disease,” Oxidative Medicine and Cel-
lular Longevity, vol. 2012, Article ID 128647, 8 pages, 2012.

[3] S. von Haehling, E. Jankowska, D. van Veldhuisen,
P. Ponikowski, and S. Anker, “Iron deficiency and cardiovas-
cular disease,” Nature Reviews Cardiology, vol. 12, no. 11,
pp. 659–669, 2015.

[4] M. Kobayashi, T. Suhara, Y. Baba, N. Kawasaki, J. Higa, and
T. Matsui, “Pathological roles of iron in cardiovascular dis-
ease,” Current Drug Targets, vol. 19, no. 9, pp. 1068–1076,
2018.

[5] J. Xu, E. Marzetti, A. Seo, J. Kim, T. Prolla, and
C. Leeuwenburgh, “The emerging role of iron dyshomeosta-
sis in the mitochondrial decay of aging,”Mechanisms of Age-
ing and Development, vol. 131, no. 8, pp. 487–493, 2010.

[6] T. Ganz, “Systemic iron homeostasis,” Physiological Reviews,
vol. 93, no. 4, pp. 1721–1741, 2013.

[7] E. Monsen, “Iron nutrition and absorption: dietary factors
which impact iron bioavailability1,” Journal of the American
Dietetic Association, vol. 88, no. 7, pp. 786–790, 1988.

[8] A. Katsarou and K. Pantopoulos, “Basics and principles of
cellular and systemic iron homeostasis,” Molecular Aspects
of Medicine, vol. 75, article 100866, 2020.

[9] G. Papanikolaou and K. Pantopoulos, “Systemic iron homeo-
stasis and erythropoiesis,” IUBMB Life, vol. 69, no. 6,
pp. 399–413, 2017.

[10] T. Ganz, “Hepcidin and iron regulation, 10 years later,”
Blood, vol. 117, no. 17, pp. 4425–4433, 2011.

[11] M. Hentze, M. Muckenthaler, B. Galy, and C. Camaschella,
“Two to tango: regulation of mammalian iron metabolism,”
Cell, vol. 142, no. 1, pp. 24–38, 2010.

[12] S. Kumfu, S. Chattipakorn, K. Chinda, S. Fucharoen, and
N. Chattipakorn, “T-type calcium channel blockade
improves survival and cardiovascular function in thalassemic
mice,” European Journal of Haematology, vol. 88, no. 6,
pp. 535–548, 2012.

[13] P. Subramanian, A. Rodrigues, S. Ghimire-Rijal, and
T. Stemmler, “Iron chaperones for mitochondrial Fe-S cluster
biosynthesis and ferritin iron storage,” Current Opinion in
Chemical Biology, vol. 15, no. 2, pp. 312–318, 2011.

[14] K. Pantopoulos, S. Porwal, A. Tartakoff, and L. Devireddy,
“Mechanisms of mammalian iron homeostasis,” Biochemis-
try, vol. 51, no. 29, pp. 5705–5724, 2012.

[15] E. Gammella, S. Recalcati, I. Rybinska, P. Buratti, and
G. Cairo, “Iron-induced damage in cardiomyopathy:
oxidative-dependent and independent mechanisms,” Oxida-
tive Medicine and Cellular Longevity, vol. 2015, Article ID
230182, 10 pages, 2015.

[16] G. Gao, J. Li, Y. Zhang, and Y. Chang, “Cellular iron metab-
olism and regulation,” Advances in Experimental Medicine
and Biology, vol. 1173, pp. 21–32, 2019.

[17] G. Cairo and S. Recalcati, “Iron-regulatory proteins: molec-
ular biology and pathophysiological implications,” Expert
Reviews in Molecular Medicine, vol. 9, no. 33, pp. 1–13,
2007.

[18] T. Ravingerová, L. Kindernay, M. Barteková et al., “The
molecular mechanisms of iron metabolism and its role in
cardiac dysfunction and cardioprotection,” International
Journal of Molecular Sciences, vol. 21, no. 21, p. 7889, 2020.

[19] S. Lakhal-Littleton, M. Wolna, Y. Chung et al., “An essential
cell-autonomous role for hepcidin in cardiac iron homeosta-
sis,” eLife, vol. 5, 2016.

[20] S. Levi, B. Corsi, M. Bosisio et al., “A human mitochondrial
ferritin encoded by an intronless gene,” The Journal of Biolog-
ical Chemistry, vol. 276, no. 27, pp. 24437–24440, 2001.

[21] P. Santambrogio, G. Biasiotto, F. Sanvito, S. Olivieri,
P. Arosio, and S. Levi, “Mitochondrial ferritin expression in
adult mouse tissues,” The journal of histochemistry and cyto-
chemistry: official journal of the Histochemistry Society,
vol. 55, no. 11, pp. 1129–1137, 2007.

[22] G. Shaw, J. Cope, L. Li et al., “Mitoferrin is essential for
erythroid iron assimilation,” Nature, vol. 440, no. 7080,
pp. 96–100, 2006.

[23] P. Paradkar, K. Zumbrennen, B. Paw, D.Ward, and J. Kaplan,
“Regulation of mitochondrial iron import through differen-
tial turnover of mitoferrin 1 and mitoferrin 2,” Molecular
and Cellular Biology, vol. 29, no. 4, pp. 1007–1016, 2009.

[24] D. R. Richardson, D. J. Lane, E. M. Becker et al., “Mitochon-
drial iron trafficking and the integration of iron metabolism
between the mitochondrion and cytosol,” Proceedings of the
National Academy of Sciences, vol. 107, no. 24, pp. 10775–
10782, 2010.

[25] W. Chen, P. Paradkar, L. Li et al., “Abcb10 physically inter-
acts with mitoferrin-1 (Slc25a37) to enhance its stability
and function in the erythroid mitochondria,” Proceedings of
the National Academy of Sciences, vol. 106, no. 38,
pp. 16263–16268., 2009.

[26] Y. Ichikawa, M. Ghanefar, M. Bayeva et al., “Cardiotoxicity of
doxorubicin is mediated through mitochondrial iron accu-
mulation,” The Journal of Clinical Investigation, vol. 124,
no. 2, pp. 617–630, 2014.

[27] S. Pearson and J. Cowan, “Evolution of the humanmitochon-
drial ABCB7 [2Fe-2S](GS)4 cluster exporter and the molecu-
lar mechanism of an E433K disease-causing mutation,”
Archives of Biochemistry and Biophysics, vol. 697, article
108661, 2021.

[28] S. Tamir, M. Paddock, M. Darash-Yahana-Baram et al.,
“Structure-function analysis of NEET proteins uncovers their
role as key regulators of iron and ROS homeostasis in health
and disease,” Biochimica et Biophysica Acta, vol. 1853, no. 6,
pp. 1294–1315, 2015.

[29] T. Poulos, “Heme enzyme structure and function,” Chemical
Reviews, vol. 114, no. 7, pp. 3919–3962, 2014.

[30] B. Stojanovski, G. Hunter, I. Na, V. Uversky, R. Jiang, and
G. Ferreira, “5-Aminolevulinate synthase catalysis: the
catcher in heme biosynthesis,” Molecular Genetics and
Metabolism, vol. 128, no. 3, pp. 178–189, 2019.

[31] D. Chiabrando, S. Marro, S. Mercurio et al., “The mitochon-
drial heme exporter FLVCR1b mediates erythroid

9Oxidative Medicine and Cellular Longevity



differentiation,” The Journal of Clinical Investigation,
vol. 122, no. 12, pp. 4569–4579, 2012.

[32] M. Maines, “Heme oxygenase: function, multiplicity, regula-
tory mechanisms, and clinical applications,” FASEB journal:
official publication of the Federation of American Societies
for Experimental Biology, vol. 2, no. 10, pp. 2557–2568, 1988.

[33] F. Vinchi, G. Ingoglia, D. Chiabrando et al., “Heme exporter
FLVCR1a regulates heme synthesis and degradation and con-
trols activity of cytochromes P450,” Gastroenterology,
vol. 146, no. 5, pp. 1325–1338, 2014.

[34] S. Duffy, J. Shing, P. Saraon et al., “The Fowler syndrome-
associated protein FLVCR2 is an importer of heme,”Molecu-
lar and Cellular Biology, vol. 30, no. 22, pp. 5318–5324, 2010.

[35] I. Chambers, M. Willoughby, I. Hamza, and A. Reddi, “One
ring to bring them all and in the darkness bind them: the traf-
ficking of heme without deliverers,” Biochimica Et Biophysica
Acta Molecular Cell Research, vol. 1868, no. 1, article 118881,
2021.

[36] M. Valko, K. Jomova, C. Rhodes, K. Kuča, and K. Musílek,
“Redox- and non-redox-metal-induced formation of free
radicals and their role in human disease,” Archives of Toxicol-
ogy, vol. 90, no. 1, pp. 1–37, 2016.

[37] G. Shadel and T. Horvath, “Mitochondrial ROS signaling in
organismal homeostasis,” Cell, vol. 163, no. 3, pp. 560–569,
2015.

[38] B. Halliwell, “Biochemistry of oxidative stress,” Biochemical
Society Transactions, vol. 35, no. 5, pp. 1147–1150, 2007.

[39] X. Gao, M. Qian, J. Campian et al., “Mitochondrial dysfunc-
tion may explain the cardiomyopathy of chronic iron
overload,” Free Radical Biology & Medicine, vol. 49, no. 3,
pp. 401–407, 2010.

[40] R. Payne, “The heart in Friedreich’s ataxia: basic findings and
clinical implications,” Progress in Pediatric Cardiology,
vol. 31, no. 2, pp. 103–109, 2011.

[41] A. Martelli and H. Puccio, “Dysregulation of cellular iron
metabolism in Friedreich ataxia: from primary iron-sulfur
cluster deficit to mitochondrial iron accumulation,” Frontiers
in Pharmacology, vol. 5, p. 130, 2014.

[42] F. Maccarinelli, E. Gammella, M. Asperti et al., “Mice lacking
mitochondrial ferritin are more sensitive to doxorubicin-
mediated cardiotoxicity,” Journal of Molecular Medicine
(Berlin, Germany), vol. 92, no. 8, pp. 859–869, 2014.

[43] D. Green, “The coming decade of cell death research: five rid-
dles,” Cell, vol. 177, no. 5, pp. 1094–1107, 2019.

[44] S. Dixon, K. Lemberg, M. Lamprecht et al., “Ferroptosis: an
iron-dependent form of nonapoptotic cell death,” Cell,
vol. 149, no. 5, pp. 1060–1072, 2012.

[45] B. Stockwell, J. Friedmann Angeli, H. Bayir et al., “Ferropto-
sis: a regulated cell death nexus linking metabolism, redox
biology, and disease,” Cell, vol. 171, no. 2, pp. 273–285, 2017.

[46] N. Yagoda, M. von Rechenberg, E. Zaganjor et al., “RAS-RAF-
MEK-dependent oxidative cell death involving voltage-
dependent anion channels,” Nature, vol. 447, no. 7146,
pp. 864–868, 2007.

[47] X. Fang, Z. Cai, H. Wang et al., “Loss of cardiac ferritin H
facilitates cardiomyopathy via Slc7a11-mediated ferroptosis,”
Circulation Research, vol. 127, no. 4, pp. 486–501, 2020.

[48] M. Gao, P. Monian, N. Quadri, R. Ramasamy, and X. Jiang,
“Glutaminolysis and transferrin regulate ferroptosis,” Molec-
ular Cell, vol. 59, no. 2, pp. 298–308, 2015.

[49] S. Mumbauer, J. Pascual, I. Kolotuev, and F. Hamaratoglu,
“Ferritin heavy chain protects the developing wing from reac-
tive oxygen species and ferroptosis,” PLoS Genetics, vol. 15,
no. 9, article e1008396, 2019.

[50] M. Gao, P. Monian, Q. Pan, W. Zhang, J. Xiang, and X. Jiang,
“Ferroptosis is an autophagic cell death process,” Cell
Research, vol. 26, no. 9, pp. 1021–1032, 2016.

[51] C. Brown, J. Amante, P. Chhoy et al., “Prominin2 drives fer-
roptosis resistance by stimulating iron export,” Developmen-
tal Cell, vol. 51, no. 5, pp. 575–86.e4, 2019.

[52] Y. Shang, M. Luo, F. Yao, S. Wang, Z. Yuan, and Y. Yang,
“Ceruloplasmin suppresses ferroptosis by regulating iron
homeostasis in hepatocellular carcinoma cells,” Cellular Sig-
nalling, vol. 72, article 109633, 2020.

[53] O. Protchenko, E. Baratz, S. Jadhav et al., “Iron chaperone
poly rC binding protein 1 protects mouse liver from lipid per-
oxidation and steatosis,” Hepatology (Baltimore, Md), vol. 73,
no. 3, pp. 1176–1193, 2021.

[54] Z. Zhang, M. Guo, M. Shen et al., “The BRD7-P53-SLC25A28
axis regulates ferroptosis in hepatic stellate cells,” Redox Biol-
ogy, vol. 36, article 101619, 2020.

[55] Y.Wang, S. Chang, Q.Wu et al., “The protective role of mito-
chondrial ferritin on erastin-induced ferroptosis,” Frontiers
in Aging Neuroscience, vol. 8, p. 308, 2016.

[56] H. Yuan, X. Li, X. Zhang, R. Kang, and D. Tang, “CISD1
inhibits ferroptosis by protection against mitochondrial lipid
peroxidation,” Biochemical and Biophysical Research Com-
munications, vol. 478, no. 2, pp. 838–844, 2016.

[57] E. Kim, D. Shin, J. Lee, A. Jung, and J. Roh, “CISD2 inhibition
overcomes resistance to sulfasalazine-induced ferroptotic cell
death in head and neck cancer,” Cancer Letters, vol. 432,
pp. 180–190, 2018.

[58] V. Sviderskiy, E. Terzi, T. Papagiannakopoulos et al., “NFS1
undergoes positive selection in lung tumours and protects
cells from ferroptosis,” Nature, vol. 551, no. 7682, pp. 639–
643, 2017.

[59] L. Chang, S. Chiang, S. Chen, Y. Yu, R. Chou, and W. Chang,
“Heme oxygenase-1 mediates BAY 11-7085 induced ferrop-
tosis,” Cancer Letters, vol. 416, pp. 124–137, 2018.

[60] O. Adedoyin, R. Boddu, A. Traylor et al., “Heme oxygenase-1
mitigates ferroptosis in renal proximal tubule cells,” Ameri-
can journal of physiology Renal physiology, vol. 314, no. 5,
pp. F702–F714, 2018.

[61] B. Ibáñez, G. Heusch, M. Ovize, and F. Van de Werf, “Evolv-
ing therapies for myocardial ischemia/reperfusion injury,”
Journal of the American College of Cardiology, vol. 65,
no. 14, pp. 1454–1471, 2015.

[62] S. Cadenas, “ROS and redox signaling in myocardial
ischemia-reperfusion injury and cardioprotection,” Free Rad-
ical Biology & Medicine, vol. 117, pp. 76–89, 2018.

[63] C. Coudray, S. Pucheu, F. Boucher, J. Arnaud, J. de Leiris, and
A. Favier, “Effect of ischemia/reperfusion sequence on cyto-
solic iron status and its release in the coronary effluent in iso-
lated rat hearts,” Biological Trace Element Research, vol. 41,
no. 1-2, pp. 69–75, 1994.

[64] S. Pucheu, C. Coudray, N. Tresallet, A. Favier, and J. de Leiris,
“Effect of iron overload in the isolated ischemic and reper-
fused rat heart,” Cardiovascular Drugs and Therapy, vol. 7,
no. 4, pp. 701–711, 1993.

[65] W. Tang, S. Wu, T. Wong, S. Chung, and S. Chung, “Polyol
pathway mediates iron-induced oxidative injury in

10 Oxidative Medicine and Cellular Longevity



ischemic-reperfused rat heart,” Free Radical Biology & Medi-
cine, vol. 45, no. 5, pp. 602–610, 2008.

[66] L. Tang, Y. Zhou, X. Xiong et al., “Ubiquitin-specific protease
7 promotes ferroptosis via activation of the p53/TfR1 path-
way in the rat hearts after ischemia/reperfusion,” Free Radical
Biology & Medicine, vol. 162, pp. 339–352, 2021.

[67] J. Zweier andM. Talukder, “The role of oxidants and free rad-
icals in reperfusion injury,” Cardiovascular Research, vol. 70,
no. 2, pp. 181–190, 2006.

[68] T. Turoczi, L. Jun, G. Cordis et al., “HFE mutation and die-
tary iron content interact to increase ischemia/reperfusion
injury of the heart in mice,” Circulation Research, vol. 92,
no. 11, pp. 1240–1246, 2003.

[69] H. Chang, R. Wu, M. Shang et al., “Reduction in mitochon-
drial iron alleviates cardiac damage during injury,” EMBO
Molecular Medicine, vol. 8, no. 3, pp. 247–267, 2016.

[70] H. Chen, Z. Xiao, X. Ling, R. Xu, P. Zhu, and S. Zheng,
“ELAVL1 is transcriptionally activated by FOXC1 and pro-
motes ferroptosis in myocardial ischemia/reperfusion injury
by regulating autophagy,” Molecular medicine (Cambridge,
Mass), vol. 27, no. 1, p. 14, 2021.

[71] W. Sun, R. Shi, J. Guo et al., “miR-135b-3p promotes cardio-
myocyte ferroptosis by targeting GPX4 and aggravates myocar-
dial ischemia/reperfusion injury,” Frontiers in cardiovascular
medicine, vol. 8, article 663832, 2021.

[72] W. Sun, X. Wu, P. Yu et al., “LncAABR07025387. 1 Enhances
Myocardial Ischemia/Reperfusion Injury Via miR-205/
ACSL4-Mediated Ferroptosis,” Frontiers in Cell and Develop-
mental Biology, vol. 10, article 672391, 2022.

[73] W. Li, W. Li, Y. Leng, Y. Xiong, and Z. Xia, “Ferroptosis is
involved in diabetes myocardial ischemia/reperfusion injury
through endoplasmic reticulum stress,” DNA and Cell Biol-
ogy, vol. 39, no. 2, pp. 210–225, 2020.

[74] W. Li, W. Li, Y. Wang, Y. Leng, and Z. Xia, “Inhibition of
DNMT-1 alleviates ferroptosis through NCOA4 mediated
ferritinophagy during diabetes myocardial ischemia/reperfu-
sion injury,” Cell Death Discovery, vol. 7, no. 1, p. 267, 2021.

[75] S. Xu, B. Wu, B. Zhong et al., “Naringenin alleviates myocar-
dial ischemia/reperfusion injury by regulating the nuclear
factor-erythroid factor 2-related factor 2 (Nrf 2) /system
xc-/glutathione peroxidase 4 (GPX4) axis to inhibit ferropto-
sis,” Bioengineered, vol. 12, no. 2, pp. 10924–10934, 2021.

[76] Z. Fan, L. Cai, S. Wang, J. Wang, and B. Chen, “Baicalin pre-
vents myocardial ischemia/reperfusion injury through inhi-
biting ACSL4 mediated ferroptosis,” Frontiers in
Pharmacology, vol. 12, article 628988, 2021.

[77] Z. Lv, F. Wang, X. Zhang, X. Zhang, J. Zhang, and R. Liu,
“Etomidate attenuates the Ferroptosis in myocardial ische-
mia/reperfusion rat model via Nrf 2/HO-1 pathway,” Shock
(Augusta, Ga), vol. 56, pp. 440–449, 2021.

[78] N. Stadler, R. Lindner, and M. Davies, “Direct detection and
quantification of transition metal ions in human atheroscle-
rotic plaques: evidence for the presence of elevated levels of
iron and copper,” Arteriosclerosis, Thrombosis, and Vascular
Biology, vol. 24, no. 5, pp. 949–954, 2004.

[79] H. Gustafsson, M. Hallbeck, M. Norell et al., “Fe(III) distribu-
tion varies substantially within and between atherosclerotic
plaques,” Magnetic Resonance in Medicine, vol. 71, no. 2,
pp. 885–892, 2014.

[80] P. Kraml, “The role of iron in the pathogenesis of atherosclero-
sis,” Physiological Research, vol. 66, Suppl 1, pp. S55–S67, 2017.

[81] F. Vinchi, G. Porto, A. Simmelbauer et al., “Atherosclerosis is
aggravated by iron overload and ameliorated by dietary and
pharmacological iron restriction,” European Heart Journal,
vol. 41, no. 28, pp. 2681–2695, 2020.

[82] X. Hu, X. Cai, R. Ma, W. Fu, C. Zhang, and X. Du, “Iron-load
exacerbates the severity of atherosclerosis via inducing
inflammation and enhancing the glycolysis in macrophages,”
Journal of Cellular Physiology, vol. 234, no. 10, pp. 18792–
18800, 2019.

[83] T. Bai, M. Li, Y. Liu, Z. Qiao, and Z. Wang, “Inhibition of fer-
roptosis alleviates atherosclerosis through attenuating lipid
peroxidation and endothelial dysfunction in mouse aortic
endothelial cell,” Free Radical Biology & Medicine, vol. 160,
pp. 92–102, 2020.

[84] K. Yang, H. Song, and D. Yin, “PDSS2 inhibits the ferroptosis
of vascular endothelial cells in atherosclerosis by activating
Nrf 2,” Journal of Cardiovascular Pharmacology, vol. 77,
no. 6, pp. 767–776, 2021.

[85] Z. Meng, H. Liang, J. Zhao et al., “HMOX1 upregulation pro-
motes ferroptosis in diabetic atherosclerosis,” Life Sciences,
vol. 284, article 119935, 2021.

[86] Z. Liu, S. Cao, Q. Chen, F. Fu, M. Cheng, and X. Huang,
“MicroRNA-132 promotes atherosclerosis by inducing
mitochondrial oxidative stressmediated ferroptosis,” Nan
Fang Yi Ke Da Xue Xue Bao, vol. 42, no. 1, pp. 143–149,
2022.

[87] W. Yu, W. Liu, W. Q. Xie et al., “High level of uric acid pro-
motes atherosclerosis by targeting NRF2-mediated autoph-
agy dysfunction and ferroptosis,” Oxidative Medicine and
Cellular Longevity, vol. 2022, Article ID 9304383, 21 pages,
2022.

[88] S. Lipshultz, S. Lipsitz, J. Kutok et al., “Impact of hemochro-
matosis gene mutations on cardiac status in doxorubicin-
treated survivors of childhood high-risk leukemia,” Cancer,
vol. 119, no. 19, pp. 3555–3562, 2013.

[89] X. Fang, H. Wang, D. Han et al., “Ferroptosis as a target for
protection against cardiomyopathy,” Proceedings of the
National Academy of Sciences, vol. 116, no. 7, pp. 2672–
2680, 2019.

[90] Y. Liu, L. Zeng, Y. Yang, C. Chen, D. Wang, and H. Wang,
“Acyl-CoA thioesterase 1 prevents cardiomyocytes from
doxorubicin-induced ferroptosis via shaping the lipid com-
position,” Cell Death & Disease, vol. 11, no. 9, p. 756, 2020.

[91] Y. Wang, S. Yan, X. Liu et al., “PRMT4 promotes ferroptosis
to aggravate doxorubicin-induced cardiomyopathy via inhi-
bition of the Nrf 2/GPX4 pathway,” Cell Death and Differen-
tiation, pp. 1–14, 2022.

[92] D. Li, X. Liu, W. Pi et al., “fisetin attenuates doxorubicin-
induced cardiomyopathy In Vivo and In Vitro by inhibiting
ferroptosis through SIRT1/Nrf2 signaling pathway activa-
tion,” Frontiers in Pharmacology, vol. 12, article 808480,
2022.

[93] H. Chen, J. Zhu, Y. Le et al., “Salidroside inhibits
doxorubicin-induced cardiomyopathy by modulating a
ferroptosis-dependent pathway,” Phytomedicine: interna-
tional journal of phytotherapy and phytopharmacology,
vol. 99, article 153964, 2022.

[94] H. Zhang, Z. Wang, Z. Liu, K. Du, and X. Lu, “Protective
effects of dexazoxane on rat ferroptosis in doxorubicin-
induced cardiomyopathy through regulating HMGB1,” Fron-
tiers in cardiovascular medicine, vol. 8, article 685434, 2021.

11Oxidative Medicine and Cellular Longevity



[95] K. Li, M. Zhai, L. Jiang et al., “Tetrahydrocurcumin amelio-
rates diabetic cardiomyopathy by attenuating high glucose-
induced oxidative stress and fibrosis via activating the SIRT1
pathway,” Oxidative Medicine and Cellular Longevity,
vol. 2019, Article ID 6746907, 15 pages, 2019.

[96] T. Ni, X. Huang, S. Pan, and Z. Lu, “Inhibition of the long
non-coding RNA ZFAS1 attenuates ferroptosis by sponging
miR-150-5p and activates CCND2 against diabetic cardiomy-
opathy,” Journal of Cellular and Molecular Medicine, vol. 25,
no. 21, pp. 9995–10007, 2021.

[97] H. Zang, W. Wu, L. Qi et al., “Autophagy inhibition enables
Nrf2 to exaggerate the progression of diabetic cardiomyopa-
thy in mice,” Diabetes, vol. 69, no. 12, pp. 2720–2734, 2020.

[98] X. Wang, X. Chen, W. Zhou et al., “Ferroptosis is essential for
diabetic cardiomyopathy and is prevented by sulforaphane
_via_ AMPK/NRF2 pathways,” Acta Pharmaceutica Sinica
B, vol. 12, no. 2, pp. 708–722, 2022.

[99] D. Lee, S. Kang, W. Choi et al., “Association between serum
ferritin and hypertension according to the working type in
Korean men: the fifth Korean National Health and nutrition
examination survey 2010-2012,” Annals of occupational and
environmental medicine, vol. 30, no. 1, p. 40, 2018.

[100] Y. Zhu, G. Chen, Y. Bo, and Y. Liu, “Markers of iron status,
blood pressure and incident hypertension among Chinese
adults,” Nutrition, Metabolism, and Cardiovascular Diseases:
NMCD, vol. 29, no. 8, pp. 830–836, 2019.

[101] G. Seravalle, R. Dell'Oro, F. Quarti-Trevano et al., “Sympa-
thetic overactivation in patients with essential hypertension
and hepatic iron overload,” Hypertension, vol. 76, no. 5,
pp. 1444–1450, 2020.

[102] Y. Naito, S. Hirotani, H. Sawada, H. Akahori, T. Tsujino, and
T. Masuyama, “Dietary iron restriction prevents hypertensive
cardiovascular remodeling in Dahl salt-sensitive rats,”Hyper-
tension, vol. 2011, pp. 497–504, 2011.

[103] H. Sawada, Y. Naito, M. Oboshi et al., “Iron restriction
inhibits renal injury in aldosterone/salt-induced hypertensive
mice,” Hypertension research: official journal of the Japanese
Society of Hypertension, vol. 38, no. 5, pp. 317–322, 2015.

[104] Q. Zhang, J. Yang, C. Yang, X. Yang, and Y. Chen, “Eucom-
mia ulmoides Oliver-Tribulus terrestris L. Drug pair regu-
lates ferroptosis by mediating the neurovascular-related
ligand-receptor interaction pathway- a potential drug pair
for treatment hypertension and prevention ischemic stroke,”
Frontiers in Neurology, vol. 13, article 833922, 2022.

[105] X. Shan, Z. Lv, M. Yin, J. Chen, J. Wang, and Q. Wu, “The
protective effect of cyanidin-3-glucoside onmyocardial ische-
mia- reperfusion injury through ferroptosis,” Oxidative Med-
icine and Cellular Longevity, vol. 2021, Article ID 8880141, 15
pages, 2021.

[106] E. Dabkowski, C. Williamson, and J. Hollander, “Mitochon-
dria-specific transgenic overexpression of phospholipid
hydroperoxide glutathione peroxidase (GPx4) attenuates
ischemia/reperfusion-associated cardiac dysfunction,” Free
Radical Biology &Medicine, vol. 45, no. 6, pp. 855–865, 2008.

[107] W. Zhang, H. Wei, and B. Frei, “The iron chelator, desfer-
rioxamine, reduces inflammation and atherosclerotic lesion
development in experimental mice,” Experimental Biology
and Medicine (Maywood, NJ), vol. 235, no. 5, pp. 633–641,
2010.

[108] M. Morvan, D. Arangalage, G. Franck et al., “Relationship of
iron deposition to calcium deposition in human aortic valve
leaflets,” Journal of the American College of Cardiology,
vol. 73, no. 9, pp. 1043–1054, 2019.

[109] X. Fang, H. Ardehali, J. Min, and F. Wang, “The molecular
and metabolic landscape of iron and ferroptosis in cardiovas-
cular disease,” Nature Reviews Cardiology, pp. 1–17, 2022.

12 Oxidative Medicine and Cellular Longevity


	Role of Iron-Related Oxidative Stress and Mitochondrial Dysfunction in Cardiovascular Diseases
	1. Introduction
	2. Overview of Iron Homeostasis
	2.1. Systemic Iron Homeostasis
	2.2. Cellular Iron Metabolism
	2.3. Mitochondrial Iron Regulation

	3. Iron-Related Oxidative Stress and Mitochondrial Dysfunction
	3.1. Oxidative Stress Induced by Iron
	3.2. Mitochondrial Dysfunction Is Related to Iron-Induced Oxidative Stress

	4. Iron-Related Oxidative Stress and Mitochondrial Dysfunction in Ferroptosis
	4.1. Ferroptosis
	4.2. Iron-Related Oxidative Stress in Ferroptosis
	4.3. Iron-Related Mitochondrial Dysfunction in Ferroptosis

	5. Iron-Related Oxidative Stress and Mitochondrial Dysfunction in Cardiovascular Diseases
	5.1. Myocardial Ischemia/Reperfusion Injury
	5.2. Atherosclerosis
	5.3. Doxorubicin (DOX)-Induced Cardiomyopathy
	5.4. Diabetic Cardiomyopathy
	5.5. Hypertension

	6. Therapeutic Potential of Targeting Iron-Related Oxidative Stress and Mitochondrial Dysfunction in Cardiovascular Diseases
	7. Conclusions and Future Directions
	Data Availability
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments

