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Abstract: Cardiovascular diseases (CVDs) are a leading factor driving mortality worldwide. Iron, an essential trace mineral, is 
important in numerous biological processes, and its role in CVDs has raised broad discussion for decades. Iron-mediated cell 
death, namely ferroptosis, has attracted much attention due to its critical role in cardiomyocyte damage and CVDs. Furthermore, 
ferritinophagy is the upstream mechanism that induces ferroptosis, and is closely related to CVDs. This review aims to delineate 
the processes and mechanisms of ferroptosis and ferritinophagy, and the regulatory pathways and molecular targets involved in 
ferritinophagy, and to determine their roles in CVDs. Furthermore, we discuss the possibility of targeting ferritinophagy-induced 
ferroptosis modulators for treating CVDs. Collectively, this review offers some new insights into the pathology of CVDs and 
identifies possible therapeutic targets.
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1 Introduction 

Cardiovascular diseases (CVDs) are a leading 
cause of mortality worldwide. The epidemic is pre‐
dicted to spread rapidly in developed and developing 
countries, in association with a high tendency to de‐
velop hypertension, diabetes, and obesity (Luan et al., 
2021c). A myriad of risk factors, both heritable and 

behavioral, are believed to result in the high incidence 
of CVDs. Multiple pathways might contribute to the 
pathogenesis of CVD, such as the generation of re‐
active oxygen species (ROS), mitochondrial dysfunc‐
tion, calcium imbalance, phosphorylation signaling 
pathway defects, cellular senescence, and genomic 
instability (Luan et al., 2021a). Metal ions play essen‐
tial roles in cardiovascular development. Homeostasis 
of many metals, such as iron and copper, is critical for 
maintaining the function of the cardiovascular system, 
and its imbalance is a fundamental cause of CVDs 
(Corradi and Mutti, 2011).

Iron is an essential mineral element required in 
numerous biological processes. Deficiency or excess 
iron accumulation can cause many pathological dis‐
orders (Puig et al., 2017). The role of iron in CVDs 
has elicited broad debate for decades. Imbalances in 
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iron homeostasis, such as deficiency and overload, 
can lead to CVDs (Koleini et al., 2021). Increasing evi‑
dence shows that deficiency of iron can contribute to 
adverse outcomes for heart failure (HF) patients (von 
Haehling et al., 2015). Iron shortage leads to impaired 
cardiomyocyte mitochondrial function, energy def‐
icits, and cardiac dysfunction (Savarese et al., 2023). 
However, iron overload can also cause harmful out‐
comes by generating hydroxyl radicals, leading to 
the oxidative damage to DNA, lipids, and proteins 
(Lakhal-Littleton, 2019).

Ferroptosis, iron-mediated cell death, has attracted 
much attention because of its critical role in cardiomyo‐
cyte damage and CVDs (Wang et al., 2022). Addition‐
ally, ferroptosis is known to be an iron-dependent 
autophagic cell death process. Ferritinophagy can 
initiate ferroptosis by modulating iron homeostasis 
and the production of ROS in cells, thereby contrib‑
uting to the development of CVDs (Qin YH et al., 
2021).

2 Ferroptosis 

Ferroptosis is an autophagic cell death process 
that depends on iron. It is induced by over production 
of ROS or lipid peroxides and abnormal iron metab‐
olism (Han et al., 2023). Some morphological alter‐
ations have been observed in ferroptosis, including 
mild chromatin condensation, disruption of plasma 
membrane integrity, cytoplasm swelling, and mito‐
chondrial alterations (such as an increase in mem‐
brane density, interrupted cristae, and rupture of the 
outer membrane) (Lv et al., 2022). Ferroptosis is usu‐
ally associated with cell proliferation, differentiation, 
and senescence, and is relevant to numerous pathologic‑
al disorders (Liu X et al., 2022; Lv et al., 2022; 
Prasad et al., 2023).

Core events of ferroptosis are ROS production 
and lipid peroxidation, which damage the plasma 
membrane. A hallmark of ferroptosis is the presence 
of phospholipid hydroperoxides, comprising phospho‐
lipids containing polyunsaturated fatty acids (PUFAs), 
in the membranes of cells (Li SY et al., 2022). Lipido‐
mics results revealed that among the phospholipid 
types, phosphatidylethanolamine is the most closely 
associated with ferroptosis (Lv et al., 2022). Long-
chain acyl-coenzyme A (CoA) synthetase 4 (ACSL4) 

is responsible for phosphatidylethanolamine produc‐
tion by esterifying adrenal acid and arachidonic acid 
(Reeves et al., 2021). Binding of ACSL4 and PUFA-
CoAs inhibits ferroptosis (Gan, 2022). Currently, two 
main pathways are involved in ferroptosis regulation: 
the glutathione peroxidase 4 (GPX4)-glutathione (GSH) 
and ferroptosis suppressor protein 1 (FSP1)-coenzyme 
Q (CoQ) pathways.

Among ferroptosis regulators, GPX4, an enzyme 
dependent on GSH, contains selenocysteine and is re‐
sponsible for catalyzing lipid hydroperoxide reduction 
(Ma et al., 2022). Constitutive depletion or inactive 
mutation of GPX4 leads to early embryonic mortality 
(Liu JP et al., 2022). Conditional depletion of GPX4 
results in mitochondrial damage and ferroptosis 
events (Li C et al., 2022). In contrast, GPX4 overex‐
pression prevents oxidative damage in various cell 
types (Li FJ et al., 2022; Zhang et al., 2023). GPX4-
overexpressing ApoE-depleted mice exhibit fewer oxi‐
dized lipids and atherosclerotic lesions than ApoE−/− 
mice (Guo et al., 2008). GPX4 overexpression is also 
beneficial for reducing cardiac ischemia/reperfusion 
(I/R) damage (Li N et al., 2021).

GSH is derived from glutamate, glycine, and cys‐
teine through GSH synthetase and glutamate-cysteine 
ligase, and mediates ferroptosis (Li FJ et al., 2022). 
Cysteine is the limiting substrate for generating GSH 
(Banjac et al., 2008). Therefore, inhibiting cysteine by 
limiting a cystine/glutamate antiporter across the plasma 
membrane, system Xc−, is sufficient to induce ferrop‐
tosis. Suppression of system Xc− results in a shortage 
of GSH and attenuates the effect of GPX4 in protect‐
ing against lipid peroxidation and ferroptosis (Liu 
et al., 2021). The FSP1-coenzyme Q10 (CoQ10) path‐
way acts synergistically with GPX4-GSH to alleviate 
ferroptosis, and exists as an independent parallel 
system (Doll et al., 2019).

FSP1, namely apoptosis-inducing factor mito‑
chondrion-associated 2 (AIFM2), is presumably in‐
volved in apoptosis independent of caspase 1 because 
of its structural similarity to AIFM1 (Sevrioukova, 
2011). FSP1 is translocated to the cell membrane and 
serves as an oxidoreductase that promotes CoQ10 re‐
generation instead of stimulating apoptosis (Bersuker 
et al., 2019). A further study revealed that CoQ10 is 
responsible for inhibition of ferroptosis by FSP1. Pharma‑
cological inhibition of FSP1 is strongly synergistic 
with GPX4 inhibitors in inducing ferroptosis in several 
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types of cancer (Zheng et al., 2021). Furthermore, 
FSP1 can protect cells from detrimental lipid peroxi‐
dation and ferroptosis (Mishima et al., 2022).

Dihydroorotate dehydrogenase (DHODH), an inner 
mitochondrial membrane-located flavin-dependent 
enzyme, is responsible for the 4th step of pyrimidine 
nucleotide synthesis to orotate, and reduction of ubi‐
quinone to dihydroubiquione (CoQH2) (Liu M et al., 
2022). DHODH can block mitochondrial ferroptosis 
by modulating the CoQH2 level. DHODH ablation 
promotes lipid peroxidation in cancer cells with low 
GPX4 levels (Mao et al., 2021).

2.1 Function of mitochondria in ferroptosis

The occurrence of ferroptosis is correlated with 
an imbalance of ROS production and antioxidant de‐
fense, as well as the disturbance of various regulatory 
signals in some organelles (Tang DL et al., 2021). 
Changes in mitochondrial morphology occur during 
ferroptosis, including contraction, cristae enlargement, 
and outer membrane rupture. Abnormal mitochondrial 
dynamics and dysfunction increase cellular suscepti‐
bility to ferroptosis, but mitochondria also have unique 
defense mechanisms against oxidative damage caused 
by ferroptosis (Javadov, 2022).

Mitochondria are the main source of ROS, and 
significant ROS accumulation makes cells prone to 
ferroptosis (Luan et al., 2021a, 2021b). In addition, 
the breakdown of mitochondrial glutamine promotes 
iron death caused by amino acid starvation (Jiang 
et al., 2021). Mitochondria play a critical role in cellu‐
lar iron metabolism, and the high concentration of 
iron makes mitochondria prime sites for inducing fer‐
roptosis (Gao et al., 2021). Earlier studies have shown 
that tumor cell lines with mitochondrial DNA deletion 
are just as sensitive to iron death as wild-type cells, 
while cells that undergo mitophagy and thus consume 
mitochondria can still undergo ferroptosis (Kopinski 
et al., 2021).

On the other hand, mitochondria resist cell ferrop‐
tosis (Wang and Jiang, 2023). Fatty acid β-oxidation 
occurs mainly in mitochondria and suppresses lipid 
peroxidation by reducing PUFAs (Xiao et al., 2022). 
In addition, mitochondrial DHODH could protect cells 
from ferroptosis by inhibiting lipid peroxidation under 
conditions of GPX4 inactivation (Gan, 2021). Some 
proteins, such as cysteine desulfurase (NFS1) and 
frataxin (FXN), play roles in Fe–S cluster synthesis 

and are also resistant to ferroptosis (Fox et al., 2015). 
Mitochondrial DNA loss and subsequent mitochon‐
drial dysfunction increase the susceptibility of liver 
cells with mitochondrial DNA loss to iron overload. 
Mitochondrial DNA stress also triggers ferroptosis via 
activating the cyclic GMP-AMP synthase (cGAS)-
stimulator of interferon gene (STING) pathway (Lin 
et al., 2022). Therefore, fully functioning mitochon‐
dria help cells resist ferroptosis.

Previous research has demonstrated that dysregu‐
lated ferroptosis affects the progression of various 
CVDs (Wang et al., 2022). A thorough understanding 
of ferroptosis regulatory mechanisms and related net‐
works might offer additional strategies for combating 
CVDs associated with ferroptosis.

2.2 Ferroptosis in cardiovascular disorders

Increasing evidence shows that ferroptosis is rele‑
vant to the progression of CVDs. Aberrant regulation 
of ferroptosis-related genes is implicated in the aggra‐
vation of CVDs (Wang et al., 2022). Association be‐
tween ferroptosis and heart diseases has been widely 
reported, but the theory of iron death has provided an 
opportunity to elucidate the molecular mechanism. 
Recently, ferroptosis has been associated with cardiac 
diseases such as myocardial ischemia/reperfusion 
(MIR) injury (MIRI) and adriamycin cardiomyopathy 
(Li and Zhang, 2021). Consequently, intervention of 
ferroptosis might provide a strategy for treating vari‐
ous CVDs.

2.2.1　Ferroptosis and cardiomyocyte proliferation

Ferroptosis is crucial for the proliferation of car‐
diomyocytes (Sugezawa et al., 2022). Erastin is a cys‐
tine transporter inhibitor that induces ferroptotic cell 
death and greatly suppresses cardiomyoblast growth 
(Shibata et al., 2019). Ectonucleotide pyrophosphatase/
phosphodiesterase 2 (ENPP2) overexpression mildly 
induces H9C2 cell proliferation and migration by 
modulating critical ferroptosis-related genes, includ‐
ing ACSL4, GPX4, and nuclear factor erythroid-2-
related factor 2 (Nrf2), and suppresses ferroptosis in‐
duced by erastin (Bai et al., 2018).

2.2.2　Ferroptosis and myocardial infarction

Numerous studies revealed that several antioxi‐
dants can alleviate myocardial infarction (MI) symp‐
toms, implicating the role of ROS accumulation in MI 
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progression (Aladağ et al., 2021). Tandem mass tag 
(TMT) quantitative proteomic analysis led by Park 
et al. (2019) showed that ferroptosis might be the un‐
derlying pathogenic factor in the hearts of MI patients 
(Zhao et al., 2021). A further bioinformatic study re‐
vealed down-regulation of the GSH metabolic path‐
way and ROS accumulation, accompanied by reduced 
GPX4 levels in the MI process (Yang and Lian, 
2020). Depletion of GPX4 led to lipid peroxidation, 
contributing to ferroptosis in H9C2 cardiomyoblasts 
(Imai et al., 2017). MiR-30d was reduced in myocardial 
tissues by interacting with autophagy-related gene 5 
(ATG5). Activation of ATG5 further triggered ferrop‐
tosis in H9C2 cells (Yang et al., 2013). Furthermore, 
mammalian target of rapamycin (mTOR) is believed 
to be critical in preventing iron overload and ferropto‐
sis, suggesting that it has potential value in MI protec‐
tion (Yi et al., 2020). Deciphering the potential mech‐
anism of ferroptosis and the related regulatory net‐
work could provide novel therapeutic targets for the 
prevention of MI.

2.2.3　Ferroptosis in heart failure

Studies indicate that ferroptosis is potentially 
associated with the absence of cardiomyocytes and 
leads to HF (Leng et al., 2022). Activation of ferropto‐
sis promotes elevated iron in HF rats and triggers dis‐
ease progression (Yan et al., 2021). Enhanced interac‐
tions between Toll-like receptor 4 (TLR4) and NADPH 
oxidase 4 (NOX4) were observed in HF by integrated 
bioinformatics analysis (Chen et al., 2019). Down-
regulation of TLR4 or NOX4 significantly abrogated 
activated ferroptosis, indicating a potential therapeutic 
approach for targeting HF (Chen et al., 2019). Simi‐
larly, cardiac hypertrophy in cellular and animal models 
exhibits an excess accumulation of lipid peroxidation, 
increased iron production, and reduced cell viability 
(Han JW et al., 2020). The function of circular RNAs 
(circRNAs) in iron metabolism was documented by 
Zheng et al. (2021). CircSnx12 was found to regulate 
ferroptosis associated with iron metabolism by in‐
teracting with miR-224-5p, which could target the 
ferroptosis-associated ferritin heavy chain (FTH) gene 
(Qin YH et al., 2021). Therefore, targeting circRNAs 
might act as a treatment for HF.

In conclusion, the recently discovered ferroptosis-
related regulatory network might provide a new 
target for treating HF. Acetaldehyde dehydrogenase 2 

(ALDH2) transgenes have been shown to promote 
cardiac abnormality in β-amyloid precursor protein 
(APP)/presenilin 1 (PS1) mutant mice by mediating 
lipid peroxidation as well as ferroptosis (Wang et al., 
2020). Elevation of the essential lipid peroxidative 
enzymes ACSL4 and nuclear receptor coactivator 4 
(NCOA4) and reduced solute carrier family 7 member 
11 (SLC7A11)/GPX4 were observed simultaneously 
in the myocardium, but could be eliminated by the 
ALDH2 transgenes. ALDH2 relieved the abnormal 
left ventricular end-systolic size (Lee HL et al., 
2021).

2.2.4　Ferroptosis in ischemia/reperfusion injury

Revascularization remains the most prominent 
approach to ischemic cardiomyopathy. MIR dam‐
age benefits little from this therapy. Numerous types 
of cell death have been observed during I/R injury, in‐
cluding ferroptosis. Ferroptosis is involved in the eti‐
ology of I/R damage (Wang et al., 2023). Activated fer‐
roptosis is featured by overproduction of iron and 
lipid peroxidation and reduced GPX4 activity in H9C2 
cells induced by hypoxia/reoxygenation. Treatment 
with an iron chelator and a glutaminolysis inhibitor 
significantly alleviated myocardial infarct size and at‐
tenuated cardiac injury in an I/R injury mice model 
(Lee et al., 2016).

Reperfusion is responsible for marked ferropto‐
sis found in murine hearts (Tang LJ et al., 2021a). Pro‐
duction of oxidized and extremely toxic phosphatidyl‐
cholines in the reperfusion process is believed to be 
involved in ferroptosis (Stamenkovic et al., 2021). 
Ubiquitin-specific protease 7 (USP7) participates in 
the regulation of ferroptosis by activating the p53/
transferrin receptor 1 (TfR1) pathway during cardiac 
I/R stimulation (Tang LJ et al., 2021b). Additionally, 
ferroptosis is highly associated with endoplasmic re‐
ticulum stress (ERS) following I/R stimulation (Lee 
et al., 2018). The inhibitor of ferroptosis, ferrostatin-1 
(Fer-1), reduced ERS markers (Shi et al., 2022). A 
combination treatment targeting necrosis and ferropto‐
sis using ponatinib and deferoxamine (DFO) evoked a 
beneficial synergistic cardioprotective effect and attenu‑
ated I/R injury (Lu et al., 2021).

2.2.5　Ferroptosis and cardiac injury

Previous research showed that administering a fer‐
roptosis inhibitor to block iron death can dramatically 
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reduce heart damage induced by I/R (Lan et al., 2022). 
A chemotherapeutic anthracycline drug, doxorubicin 
(DOX), induces chronic and lethal cardiotoxins, lead‐
ing to DOX-induced cardiomyopathy (DIC), and since 
DIC is lethal, the clinical use of DOX is highly re‐
stricted (Henninger and Fritz, 2018). Ferroptosis was 
found to be the underlying mechanism of DIC. DOX 
therapy induced remarkable ferroptosis-associated 
symptoms in mice lacking apoptosis and necroptosis, 
and Fer-1 rescued the deleterious effects (Kitakata 
et al., 2022). Specifically, DOX administration led to 
Nrf2-mediated upregulation of heme oxygenase-1 
(HO-1), acting as the primary cause of iron overload 
(Qin YH et al., 2021). DOX treatment also reduced 
GPX4 levels and promoted the excess lipid peroxida‐
tion accumulation in the mitochondria of cardiomyo‐
cytes (Tsubouchi et al., 2019). GPX4 transgenic mice 
had an ameliorated cardiac ventricular ejection frac‐
tion (Yoo et al., 2012). In conclusion, accumulation of 
lipid peroxidation in the mitochondria induces ferrop‐
tosis, and GPX4 alleviates DOX-induced ferroptosis. 
Additionally, overexpression of acyl-CoA thioesterase 
1 (Acot1), a gene which mediates catalytic hydrolysis 
of acyl-CoA, ameliorates DIC by weakening ferrop‐
tosis (Liu YC et al., 2020). Currently, dexrazoxane 
(DXZ) is the only US Food and Drug Administration 
(FDA)-approved iron chelator in clinical use to allevi‐
ate DIC (Yu et al., 2020).

Liu XM et al. (2022) showed that ferroptosis 
is associated with cardiac myocyte death in DOX-
induced culture. DOX-induced ferroptosis is triggered 
in mitochondria. Chelation with ferrous ions (Fe2+) in 
mitochondria, but not with iron ions (Fe3+ ), protects 
against DOX-induced lipopolysaccharide (LPS) and 
ferroptosis. DOX-Fe2+ is critical in DOX-associated 
Fenton reactions, and the chelating agents targeting 
Fe2+ on mitochondria (but not Fe3+) can effectively pre‐
vent DOX-induced LPS and mitochondria-dependent 
ferroptosis (Tadokoro et al., 2020). Therefore, ferrop‐
tosis is the primary cell death modulator in DOX car‐
diotoxicity. However, Fang et al. (2019) and Tado‐
koro et al. (2020) showed that DOX-induced cell 
death in cultured cardiomyoblast cell lines could not 
be rescued by ferroptosis inhibitors and showed posi‐
tivity for cleaved caspase (Fang et al., 2019; Tadokoro 
et al., 2020). The reasons behind the inconsistency of 
DOX-induced toxicity between in vitro and in vivo 
conditions must be explored.

2.2.6　Ferroptosis and atherosclerosis

Ferroptosis is involved in the progression of ath‐
erosclerosis (Wang et al., 2021) and is believed to be 
relevant to its pathogenesis. Ferroptosis inhibitors 
lessen atherosclerosis, and ameliorate endothelial func‐
tion (Meng et al., 2021). In ApoE−/− mice fed a high-fat 
diet, Fer-1 treatment partially relieved atheroscler‑
otic plaque formation by rescuing decreased SLC7A11 
and GPX4, and inhibiting iron-induced lipid peroxida‐
tion (Bai et al., 2020). Fer-1 and DFO reversed the de‐
crease in aortic endothelial cell viability in response to 
oxidized low-density lipoprotein (Zhang et al., 2012). 
A human study indicated that lipid metabolism-
related pathways were highly enriched in advanced 
atherosclerotic samples (Beaumont et al., 1958). In 
summary, ferroptosis is believed to be involved in 
the pathology of atherosclerosis. In addition, inhibition 
of iron-induced ROS has been shown to be a potential 
strategy for treating ferroptosis-mediated CVDs.

Several selective forms of autophagy, such as fer‐
ritinophagy, have been shown to be involved in the 
process of ferroptotic cell death by degrading anti-
ferroptosis proteins or organelles (Ajoolabady et al., 
2021).

3 Ferritinophagy 

Ferritinophagy, a particular form of autophagic 
degradation, leads to ferroptosis by ferritin degrad‑
ation, which also contributes to unstable iron over‐
load, lipid peroxidation, membrane rupture, and cell 
death (Ajoolabady et al., 2021). Iron is critical for 
many proteins in fundamental cellular processes (Chua 
et al., 2007). Both iron insufficiency and overload 
cause adverse effects (Xiong et al., 2014). When the 
iron content is inadequate, the body modulates iron re‐
lease and replenishes ferritin by selective autophagic 
degradation (Fig. 1) (Maine, 1979). Once autophagy 
is activated, NCOA4 recruits ferritin to the lysosome, 
inducing ferritin degradation to produce free iron. 
This process is known as ferritinophagy (Fleming, 
2008). However, cells without NCOA4 are unable to 
degrade ferritin, leading to insufficient intracellu‐
lar iron. Therefore, NCOA4 acts as a critical modula‐
tor of iron homeostasis.

Two transcript variants of NCOA4 have been 
identified in humans: NCOA4α and the splice isoform 
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Fig. 1  Ferroptosis: lipid peroxidation and iron overload. Upon iron overload, Fe3+-bound transferrin binds to transferrin 
receptor and forms endosome, where Fe3+ turns to Fe2+ and subsequently induces Fe2+ overload in the cytosol (Yu et al., 
2021). Iron overload induces ROS production, mediating lipid peroxidation via the Fenton reaction (Tang et al., 2020). 
Consequently, lipid peroxidation induces membrane damage and ferroptosis. Mammalian cells are apt to prevent lipid 
peroxidation. Cystine/glutamate antiporter systems activate GPX4 and resist lipid peroxidation and ferroptosis (Lee JY 
et al., 2021; Li FJ et al., 2022). Under some conditions, these anti-ferroptosis systems are unable to exert normal 
function, which makes cells susceptible to ferroptosis. Moreover, proper induction of ferritinophagy complements Fe2+ 
by mediating ferritin degradation, thus as a protective way. However, when excessive ferritinophagy, Fe2+ is over 
accumulated and induces lipid peroxidation and ferroptosis. SLC: solute carrier family; TF: transferrin; TP53: tumor 
protein p53; CD44v: cluster of differentiation 44 variant; MUC1: mucin 1; GSH: glutathione; GSR: glutathione reductase; 
GSSG: oxidized glutathione; NADPH/NADP+: nicotinamide adenine dinucleotide phosphate; ER: endoplasmic reticulum; 
EIF2A: eukaryotic initiation factor 2α; EIF2AK3: EIF2A kinase 3; ATF4: activating transcription factor 4; HSPA5: heat 
shock 70 kDa protein 5; GPX4: glutathione peroxidase 4; MT1G: metallothionein 1G; FTH1: ferritin heavy chain 1; 
HO-1: heme oxygenase 1; ROS: reactive oxygen species; PLA2G2A: phospholipase A2 group IIA; ACSL4: long-chain 
acyl-coenzyme A (CoA) synthetase 4; LPCAT3: lysophosphatidylcholine acyltransferase 3; ALOX15: arachidonate 
15-lipoxygenase; CSD1: the first cold-shock domain; GST: glutathione S-transferase; CYP2D6: cytochrome P450 family 
2 subfamily D member 6; NFE2L2: nuclear factor erythroid 2-related factor 2; IREB2: iron-responsive element-binding 
protein 2; TFRC: transferrin receptor; PCBP: poly(rC)-binding protein; PROM2: prominin 2; NCOA4: nuclear receptor 
coactivator 4.
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NCOA4β (Kollara and Brown, 2012). Isoforms have 
the same N-terminal coiled-coil domain and a small 
part of the C-terminus. The C-terminal domain, pres‐
ent only in NCOA4α, is responsible for binding with 
a conserved surface on ferritin heavy chain 1 (FTH1) 
(Santana-Codina and Mancias, 2018). The ferritinoph‐
agy pathway is precisely mediated via intracellular 
iron levels (Liu MZ et al., 2022). Under basal iron 
or iron-deficient conditions, poly(rC)-binding protein 
1 (PCBP1) binds to iron and transfers it to ferritin 

(Fig. 2) (Protchenko et al., 2021). NCOA4 binds to 
ferritin and transfers it to the autophagosome (Fujimaki 
et al., 2019).

Autophagosome and lysosome fusion results in 
the degradation of ferritin and the release of free iron 
mediated by “ferritinophagy” (Liu R et al., 2015). In‐
creased ferritinophagy might induce excessive ROS 
accumulation and ferroptosis (Fig. 1) (Tang et al., 
2018). Under iron-replete conditions, the binding of 
NCOA4 and HECT and RLD domain containing E3 

Fig. 2  Modulation of NCOA4-mediated ferritinophagy by the intercellular level of iron. Under iron deficiency, PCBP1 
recruits iron to ferritin, containing heavy and light chains. NCOA4 binds to ferritin and transfers it to the nascent 
autophagosome through unknown mechanisms (Santana-Codina and Mancias, 2018). Subsequent fusion of the 
autophagosome and lysosome leads to ferritinophagy, degradation of ferritin, and induction of iron release. Increased 
ferritinophagy is positively correlated with increased ROS and ferroptosis. Iron is also critical in iron homeostasis of the 
liver and in brain development. During iron-abundant conditions, HERC2 binds to NCOA4 and mediates its proteasomal 
degradation, leading to decreased NCOA4 level, ferritinophagy, and intracellular iron level (Mancias et al., 2015). PCBP1: 
poly(rC)-binding protein 1; NCOA4: nuclear receptor coactivator 4; HERC2: HECT and RLD domain containing E3 
ubiquitin protein ligase 2; Ub: ubiquitin; ROS: reactive oxygen species.
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ubiquitin protein ligase 2 (HERC2), an E3 ubiquitin 
ligase, is enhanced, resulting in proteasomal degrad‑
ation of NCOA4, followed by inhibition of ferritinoph‐
agy and increased ferritin iron storage (Fig. 2) (del 
Rey and Mancias, 2019). The binding of NCOA4 and 
FTH1 is weakened following iron overload, suppress‐
ing ferritinophagy and promoting ferritin iron storage 
(Santana-Codina et al., 2021). The binding site in 
NCOA4 overlaps with the site for binding FTH1, sug‐
gesting the possibility of competitive binding between 
HERC2 and FTH1 (Wu et al., 2010). Further studies 
are needed to determine whether they can bind simul‐
taneously to NCOA4.

The binding of HERC2 to NCOA4 is alleviated 
upon iron depletion, inducing increased stabilization 
of NCOA4, ferritin degradation, and iron release 
(Li XQ et al., 2020). The mechanisms underlying 
the recruitment of NCOA4-FTH1 to the lysosome re‐
main largely unclear. Previous research suggested that 
an endosomal sorting complex required for trans‐
port (ESCRT)-dependent endosomal sorting path‐
way is ATG8-independent lysosomal trafficking for 
NCOA4 and ferritin (Tu et al., 2010).

NCOA4 can be activated by ATG, which medi‐
ates the binding of FTH and ferritin light chain (FTL) 
to the autophagosome (del Rey and Mancias, 2019). 
Depletion of NCOA4 and ATGs can significantly sup‐
press ferritinophagy and ferroptosis (Hou et al., 2016). 
Furthermore, intracellular iron levels can be modu‐
lated by post-transcriptional levels of iron-regulatory 
protein 1 (IRP1) and IRP2 (Park and Chung, 2019). 
When cells have an adequate iron content, IRP1 is 
converted to aconitase containing an Fe–S cluster, and 
IRP2 is subjected to proteasomal degradation, thereby 
inhibiting the IRP system (Clarke et al., 2006). The 
iron preservation route is activated during iron defi‐
ciency and supplies intracellular iron (Erber et al., 
2021). Moreover, the NCOA4 level is elevated during 
erythropoiesis, and its expression is relevant to heme 
biosynthesis genes (Fig. 2). Generally, ferritinophagy 
occurs in the cytoplasm, while ferritin degradation 
and ferroptosis occur in the mitochondria (Tang et al., 
2018).

Free iron in the cytoplasm enters mitochondria 
via mitochondrial ferritin (MFRN), and excessive 
iron can be preserved in a specific form of mitochon‐
drial ferritin (Gao and Chang, 2014). Increased fer‐
ritin in hypoxic macrophages correlates with reduced 

NCOA4 levels (Drysdale et al., 2002). During hy‐
poxia, NCOA4 levels are inhibited by miR-6862-5p, 
which can be modulated by c-Jun N-terminal kinase 
(Fuhrmann et al., 2020). Iron depletion induces MFRN 
via the hypoxia-inducible factor-1α (HIF-1α)-specific 
protein 1 axis and promotes mitophagy in damaged 
mitochondria (Peyssonnaux et al., 2007). Ferritin‐
ophagy maintains iron homeostasis by modulating 
iron release (Santana-Codina and Mancias, 2018). 
Once iron deficiency occurs, transferrin activity is acti‐
vated, ferritinophagy is enhanced, and free intracellu‐
lar iron is increased by different means (Park and 
Chung, 2019).

When iron is in excess, the C-terminus of 
NCOA4 is recruited to HERC2, leading to ubiquitin-
dependent NCOA4 degradation in a ubiquitin-
dependent manner, accompanied by inhibited ferritin‐
ophagy and blocked iron release from ferritin (Phil‐
pott, 2020). Increased Fe2+ levels can negatively modu‑
late NCOA4 abundance via two independent mech‐
anisms: promoting its ubiquitination by interacting 
with HERC2 or participating in its degradation by un‐
known mechanisms (Santana-Codina et al., 2021). 
When ferritinophagy is excessively provoked, excess 
Fe2+ accumulates, contributing to lipid peroxidation 
(particularly PUFAs), plasma membrane damage, and 
downstream ferroptotic cell death (Fig. 1) (Santana-
Codina et al., 2021). Thus, suppression of ferritino‑
phagy can significantly block Fe2+ overload and fer‐
roptosis (Ajoolabady et al., 2021).

3.1  Signaling pathways and molecular targets 
involved in ferritinophagy

Ferritinophagy inhibition may block ferroptosis in 
metabolic diseases (Ajoolabady et al., 2021). NCOA4 
depletion inhibits ferritinophagy and protects against 
erastin-induced ferroptosis (Gryzik et al., 2021). 
NCOA4 overexpression delays Ras-selective lethal 3 
(RSL3)-induced ferroptotic cell death (Gryzik et al., 
2021). Therefore, NCOA4 depletion blocks ferritin‐
ophagy, making cells more resistant to erastin but 
more sensitive to RSL3 (Gryzik et al., 2021). Add‑
itionally, NCOA4 ablation reduces sideroflexin 1 
(SFXN1) and suppresses SFXN1-mediated mitochon‐
drial Fe2+ accumulation. This protects against apelin-
13-induced cardiomyocyte hypertrophy, indicating that 
depletion of ferritinophagy-specific genes inhibits fer‐
roptosis (Tang et al., 2019).
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Hypoxia was found to activate mitogen-activated 
protein kinase 8 (MAPK8) and sequentially acti‐
vate miR-6862-5p in primary human macrophages 
(Fuhrmann et al., 2020). Subsequently, miR-6862-5p 
promotes NCOA4 degradation, suggesting an inhibi‐
tory role of the MAPK8–miR-6862-5p–NCOA4 axis 
in ferritinophagy and iron overload (Fuhrmann et al., 
2020). This cascade also increases ferritin to prevent 
ferroptosis. Moreover, ubiquitination of NCOA4 can 
inhibit ferritinophagy as well as ferroptosis (Li C et al., 
2021). Therapeutic approaches that aim to improve 
NCOA4 degradation or ubiquitination by HERC2 re‐
main challenging (Li C et al., 2021). In HepG2 cells, 
high expression of NCOA4 and low expression of 
FTH1 resulted in more obvious formosanin C-induced 
ferritinophagy and ferroptosis (Lin et al., 2020). FTH1 
overexpression led to attenuated ferritinophagy, de‐
creased NCOA4 and microtubule-associated protein 
1 light chain 3α (MAP1LC3A/LC3A), and inhibited 
ferroptosis in a PC-12 cell line and a Parkinson’s 
disease (PD) rat model (Gryzik et al., 2021).

Consequently, modulation of FTH1 can affect 
the levels of other genes involved in ferritinophagy, 
indicating that genetic interference is a promising 
therapeutic approach for suppression of ferritinoph‐
agy and ferroptosis (Xiu et al., 2022). Defects in car‐
go degradation also inhibit ferritinophagy (Hou et al., 
2016). Similarly, targeting ferritin overload in the outer 
retina by disrupting hydrolase trafficking to synuclein 
α (SNCA) inhibits ferritinophagy in retinal degener‐
ation in PD both in vitro and in vivo (Zhang et al., 
2020).

Ras-related protein Rab-1A (RAB1A) overex‐
pression can abolish SNCA-mediated ferritinophagy 
inhibition (Yang et al., 2016). Therefore, therapeutic 
intervention with RAB1A and SNCA alleviates ferri‐
tinophagy, ferritin degradation, and subsequent ferrop‐
tosis (Ajoolabady et al., 2021). Moreover, SNCA in‐
hibits ferritinophagy and affects common autophagy, 
triggering autophagosome accumulation in the patho‐
genesis of certain diseases (Minakaki et al., 2018). 
Overexpression of ELAV-like protein 1 (ELAVL1) 
induces autophagosome formation, ferritinophagy, and 
ferroptosis by increasing the stability of Beclin-1 
(BECN1) messenger RNA (mRNA) in liver stellate 
cells (Ren et al., 2022). Moreover, cold-inducible RNA-
binding protein (CIRBP) promotes ferroptosis by 
binding with ELAVL1 and activating ferritinophagy 

(Sui et al., 2021). Although many studies have re‐
vealed the involvement of ferritinophagy in the pro‐
gression of several human diseases, the mechanisms 
involved remain unclear.

Since ferritinophagy is a specialized form of auto‑
phagy, modulation of general autophagy pathways 
could affect ferritinophagy and, subsequently, ferrop‐
tosis (Ajoolabady et al., 2021). Mice with ATG5 de‐
pletion exhibit reduced iron storage, increased GSH 
levels and GPX4 activity during early brain injury, 
suggesting that inhibition of autophagy can block fer‐
roptosis by alleviating ferritinophagy and ferritin deg‐
radation (Lv et al., 2014). Conversely, modulation of 
ferritinophagy may manipulate general autophagy path‐
ways. Di-2-pyridyl ketone dithiocarbamate (an iron 
chelator) facilitates ferritinophagy and ferritin degrad‑
ation, contributing to ROS accumulation, further lead‐
ing to upregulation of tumor protein p53 (TP53) and, 
finally, downregulation of the protein kinase B (AKT)–
mammalian target of rapamycin C1 (mTORC1) axis, 
indicating a modulatory effect of the ROS–TP53–
AKT–mTORC1 axis in ferritinophagy (Huang et al., 
2018). In this respect, manipulation of general auto‑
phagy might offer a promising opportunity to attenu‐
ate ferritinophagy and ferroptosis.

The pharmacological agents that can be used for 
inhibition of autophagy can be categorized into four 
groups: (1) phosphatidylinositol 3-kinase catalytic 
subunit type 3 (PIK3C3/VPS34) complex blockers; 
(2) AAA adenosine triphosphatase (ATPase) blockers; 
(3) V-type ATPase blockers; and (4) lysosomal alkaliz‐
ers (Pridham et al., 2017). For instance, spautin-1 acti‐
vates deubiquitinating enzymes, such as USP10 and 
USP13, promoting the degradation of the PIK3C3 
complex and inhibiting autophagy (Pesce et al., 2018). 
Xanthohumol suppresses autophagy by binding to 
valosin-containing protein, which participates in auto‑
phagosome maturation and belongs to a subunit of the 
AAA ATPase family (Sasazawa et al., 2012). Con‐
canamycin A and bafilomycin A1 block autophagic 
flux by inactivating lysosomal hydrolase (Kane et al., 
1999). Furthermore, monensin, matrine, and chloro‐
quine are effective lysosomal alkalizers that can block 
lysosomal acidification and autophagic degradation 
(Stenseth and Thyberg, 1989). However, inhibition of 
autophagy can affect basal autophagic flux, which is 
essential for normal physiological processes in mam‐
malian cells. Therefore, future investigations targeting 
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the precise manipulation of ferritinophagy with min‑
imal effects on the general autophagy process are crucial.

To fulfill this goal, we could search for 
ferritinophagy-specific molecules in addition to 
NCOA4, which can selectively recruit ATG proteins 
and autophagic compartments around ferritin during 
ferritinophagy, thereby discriminating ferritinophagy 
from other types of autophagy. High mobility group 
box 1 (HMGB1) has been proven to trigger ferritin‐
ophagy in renal tubules (Mohanty et al., 2021). Its in‐
hibition relieves acute lung injury (ALI) induced by 
LPS by reducing ferritinophagy and ferroptosis (Liu 
PF et al., 2020). Overall, ferritinophagy-specific auto‑
phagy can distinguish ferritinophagy from general 
autophagy pathways (Ajoolabady et al., 2021). Since 
ferritinophagy-specific molecules, except NCOA4 and 
perhaps HMGB1, remain largely undefined, we sug‐
gest two possible research directions, namely the ferri‐
tin degradation process during ferritinophagy and the 
recruitment of ATGs during autophagosome forma‐
tion, to search for potential ferritinophagy-specific mol‐
ecules. Identifying such molecules would be the pre‐
ferred approach for targeting ferritinophagy while 
keeping basal autophagy intact. Only by manipulating 
ferritinophagy in this way can we make progress in 
ferritinophagy-mediated human diseases.

Ferritinophagy alters intercellular iron content 
and induces ROS accumulation, leading to ferropto‐
sis. This cell death pattern is related to the progres‐
sion of many pathological diseases.

3.2 Ferritinophagy in various diseases

Ferroptosis is correlated with several pathological 
disorders, including neurodegenerative diseases (NDs), 
infectious diseases, cancers, and CVDs (Han C et al., 
2020). A thorough understanding of the underlying 
mechanisms may provide pharmacological means to 
block ND or induce cancer ferroptosis for therapeutic 
purposes.

3.2.1　Neurodegenerative diseases

NDs have previously been linked to iron over‐
load and oxidative stress (Han C et al., 2020). Fer‐
roptosis has been verified to be involved in the 
pathophysiology of neurodegeneration. In PD, fer‐
roptosis and ROS can induce dopamine oxidation 
and dopaminergic neuronal cell death (Guo et al., 
2018). Elevation of divalent metal transporter 1 

(DMT1) expression and activation of mutations in 
transferrin both induce aggravated ferroptosis and 
correlate with poor prognosis in PD patients (Shindo 
et al., 2006). In contrast, TfR mutation reduces the 
import of cellular iron and links with good out‐
comes. Similar phenomena have been witnessed in 
Alzheimer’s disease (AD). Iron has been shown to co‐
localize with deleterious amyloid deposits (van Bergen 
et al., 2016).

Ferroptosis was shown to directly induce neuro‐
nal cell death in immediately derived rat organo‐
typic hippocampal slices cultured with glutamate (Lai 
et al., 2022). Iron chelators and ferrostatin can block 
glutamate-induced ferroptosis (Li et al., 2017). Al‐
though ferritinophagy makes cells sensitive to ferrop‐
tosis, the connection between autophagy and ND indi‐
cates that defective global autophagy tightly corre‐
lates with the development of ND (Santana-Codina 
and Mancias, 2018). For example, WD repeat domain 
45 (WDR45) mutation impairs autophagy, which has 
been observed in several ND patients with brain iron 
accumulation (Xiong et al., 2021).

Generally, autophagy weakens with age, along 
with an increase in iron levels (Park and Chung, 
2019). Long-term depletion of NCOA4 induces a 
higher serum iron content and increased susceptibility 
to iron overload. This finding indicates that long-term 
defective ferritinophagy leads to iron overload in vivo, 
although iron utilization in erythropoiesis is deficient, 
leading to anemia (Santana-Codina et al., 2019). Fur‐
ther studies focused on the regulation of NCOA4 
expression, and its function in the central nervous 
system (CNS) is warranted.

3.2.2　Cancers

A large amount of iron accumulates in various 
cancers to sustain irregular proliferation. Preliminary 
data suggest that NCOA4 is probably involved in tu‐
morigenesis and that the cooperation of ferroptosis 
and ferritinophagy could offer a novel insight into 
cancer therapy (Santana-Codina et al., 2021). NOCA4 
levels positively correlate with transformation in ovar‐
ian carcinoma. Overexpression of oncogenes, includ‐
ing v-Myc avian myelocytomatosis viral oncogene ho‐
molog (MYC) and H-Ras, induces transformation and 
upregulation of NCOA4 levels (Shroff et al., 2015).

Furthermore, NCOA4 modulates cell survival, 
since the knockdown of NCOA4 in transformed cells 
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inhibits cell survival and its overexpression reduces 
colony formation (Rockfield et al., 2018). In prostate 
cancer, NCOA4, a tumor suppressor, correlates with 
proliferation as well as invasion. The different func‐
tioning of NCOA4 in tumors may be attributed to the 
various cancer contexts or the specific role of 
NCOA4 in ferritinophagy (Gu et al., 2022).

Although the link between ferritinophagy and tu‐
morigenesis is unclear, the importance of autophagy 
in cancers is well documented. Autophagy is associ‐
ated with ferroptosis sensitivity and tumor autophagy 
dependence (Xie et al., 2023). The role of autophagy 
is complicated and can be both tumor suppression and 
tumor progression, depending on the cancer context 
(Zalpoor et al., 2022). In K-Ras-driven cancers, such 
as pancreatic cancer, autophagy is highly activated, 
along with iron accumulation (Yang et al., 2011). Fur‐
thermore, cell lines from pancreatic cancer show ele‐
vated expression of NCOA4 as well as consequent ac‐
tivation of the ferritinophagy pathway (Santana-Codina 
et al., 2022). These features suggest hypersensitivity 
of ferroptosis in pancreatic cancer.

The direct role of NCOA4 in modulating ferrop‐
tosis in pancreatic cancer cells was raised by Yang 
et al. (2014), who showed that NCOA4 depletion 
attenuated artesunate-mediated ferroptosis. Generally, 
autophagy (and therefore ferritinophagy) has been es‐
tablished to modulate ferroptosis positively. There‐
fore, triggering ferroptosis in cancers with high auto‑
phagy levels can potentially indicate greater vulnera‐
bility of tumor cells (Lei et al., 2022). Accordingly, in‐
creasing iron flux via the ferritinophagy pathway may 
be a possible therapeutic strategy by increasing labile 
iron and ROS, thereby making cancer cells vulnerable 
to ferroptosis-inducing agents.

3.2.3　Infectious diseases

Ferritinophagy mediates susceptibility to the oc‐
currence of infectious diseases. Uropathogenic Esche‐
richia coli propagates by establishing reservoirs with‐
in urothelial cell autophagosomes (Bauckman and 
Mysorekar, 2016). These bacteria proliferate accord‐
ing to the traffic of ferritin-bound iron to the autopha‐
gosome. Ferritin trafficking is based on NCOA4, and 
the depletion of NCOA4 significantly alleviates the 
bacterial load (Ryu et al., 2018). Autophagy inhibitors 
and iron chelators could weaken bacterial infection 
and relieve host cell death, implicating a potential 

therapeutic approach in certain bacterial infections by 
modulating NCOA4-dependent ferritinophagy (Pullar‐
kat et al., 2014). Human cytomegalovirus (HCMV) 
protein pUL38 inhibits the function of USP24 to 
protect against iron-dependent, stress-induced pre‐
mature death of the endoplasmic reticulum (ER) (Sun 
et al., 2018). USP24 deubiquitinase activity promotes 
NCOA4 stabilization and subsequently induces ferri‐
tinophagy, leading to increased cellular iron levels 
and iron-dependent premature cell death (Santana-
Codina and Mancias, 2018).

In summary, pUL38 negatively modulates ferri‐
tinophagy to prevent premature death of HCMV-
infected cells by regulating USP24 activity (Savaryn 
et al., 2013). These studies revealed that NCOA4-
mediated ferritinophagy may act as an effective strat‐
egy in combating certain infectious diseases.

Ferritinophagy plays a critical role in the induc‐
tion of ferroptosis and promotes numerous pathologic‑
al disorders in CVDs, including HF, cardiac hypertro‐
phy, and cardiac I/R injury (Fang et al., 2023).

3.2.4　Ferritinophagy in nanoparticle-induced endo‐
thelial cytotoxicity

ZnO nanoparticles (ZnONPs) show great po‐
tential in mediating drug delivery and bioimaging 
because of their high biocompatibility and ease of 
production (Xiong, 2013). ZnONPs were also found 
to induce endothelial cytotoxicity via undetermined 
underlying mechanisms. Qin et al. (2020) discov‐
ered that ZnONPs lead to endothelial cell toxicity 
by promoting ferroptosis in vitro and in vivo (Qin 
et al., 2020). NCOA4 depletion attenuates ZnONP-
induced lipid peroxidation and ferroptosis, indicat‐
ing that ferritinophagy affects the progression of 
ZnONP-induced ferroptosis (Fig. 3) (Gryzik et al., 
2021).

3.2.5　Ferritinophagy and heart failure

NCOA4-mediated ferritinophagy is activated in 
failing hearts induced by transverse aortic constriction 
(TAC) (Santana-Codina and Mancias, 2018). NCOA4 
depletion significantly relieves left ventricle chamber 
size, fibrosis, and cardiac function induced by pres‐
sure overload (Ito et al., 2021). Cardiac remodeling 
markers were dramatically reduced in TAC-induced 
NCOA4-depleted mice (Silva et al., 2021). Reduced 
FTH1 levels and enhanced ferritinophagy in NCOA4+/+ 
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hearts were rescued in NCOA4−/− mice after TAC induc‐
tion (Qin YH et al., 2021). Furthermore, isoproterenol-
induced cardiomyocyte ferritinophagy depends on 
NCOA4 and an increased unstable iron pool (Zhuo 
et al., 2013). Therefore, NCOA4 mediates pressure 
overload-induced cardiac remodeling by regulating 
ferritinophagy.

3.2.6　Ferritinophagy and cardiac hypertrophy

Activation of the apelin/angiotensin receptor-like 
1 (APJ) system is believed to initiate cardiac hypertro‐
phy (Lu et al., 2017). Apelin-13/APJ induces the gen‐
eration of ferritinophagy-associated free iron and 
ROS production in H9C2 cells (Tang et al., 2019). 
Moreover, apelin-13 promotes elevation of SFXN1, a 

mitochondrial protein that delivers iron to mitochon‐
dria, leading to mitochondrial iron overload and ferri‐
tinophagy, which finally aggravates cardiac hypertro‐
phy (Fig. 3) (Tang et al., 2019).

3.2.7　Ferritinophagy and myocardial ischemia-
reperfusion injury

Cardiac I/R injury and subsequent percutaneous 
coronary intervention are serious complications of 
acute MI, leading to severe cardiomyocyte death and 
impairment of cardiac function (Silvain et al., 2021). 
In myocardial I/R animal and cell models, ferroptosis 
was enhanced and NCOA4-mediated ferritinophagy 
was activated, but could be blocked by baicalin treat‐
ment (Fig. 3) (Gao et al., 2020).

3.2.8　Ferritinophagy in sepsis-induced cardiac injury

Septic cardiomyopathy is associated with high 
morbidity and mortality and is a common compli‐
cation in sepsis patients (Hollenberg and Singer, 
2021). Previous research indicated that ferritinophagy-
induced ferroptosis is required to drive sepsis-induced 
cardiac injury. The ferroptosis marker cyclooxygenase-
2 was increased and typical mitochondrial morpholog‐
ical alterations were observed in the hearts of LPS-
induced septic mice (Li N et al., 2020). Mechanisti‐
cally, LPS promotes NCOA4 expression and its bind‐
ing with ferritin, and induces NCOA4-mediated ferri‐
tinophagy, resulting in the accumulation of free iron, 
mitochondrial ROS overload, and ferroptosis (Fig. 3) 
(Santana-Codina et al., 2021). Therefore, ferritinoph‐
agy and related ferroptosis might be promising targets 
for preventing sepsis-mediated cardiac injury.

4 Targeting ferritinophagy-induced ferroptosis 
modulators in cardiovascular diseases 

Ferroptosis dysfunction has been implicated in 
multiple CVDs. Elucidation of the underlying mech‐
anisms of ferroptosis may help combat ferroptosis-
induced cardiovascular disorders. Here, we present a 
summary of promising ferroptosis- and ferritinophagy-
associated modulators in CVDs.

4.1 Ferroptosis-associated compounds

Three main iron chelators, deferiprone, DFO, and 
deferasirox, treat iron overload-induced cardiomyopathy 

Fig. 3  Potential induction of ferritinophagy in CVDs. 
Ferritinophagy and its induced ferroptosis are involved in 
the pathogenesis of several CVDs. For instance, NCOA4-
mediated ferritinophagy is activated in TAC-induced 
pressure overload failed heart tissues (Omiya et al., 2021). 
Apelin-13 induces ferritinophagy and cardiac hypertrophy 
(Yang et al., 2022). Administration of baicalin relieves 
ferritinophagy and injured cardiac function in heart 
I/R rats. LPS affects the mitochondrial shrinkage and 
condensation, induces crista reduction, mediates membrane 
density and rupture, and further induces ferroptosis. 
ZnONPs induce endothelial cell injury by promoting 
ferroptosis in vitro and in vivo (Qin X et al., 2021). 
CVDs: cardiovascular diseases; NCOA4: nuclear receptor 
coactivator 4; TAC: transverse aortic constriction; I/R: 
ischemia/reperfusion; ZnONPs: ZnO nanoparticles; FTH1: 
ferritin heavy chain 1; LPS: lipopolysaccharide.
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(Table 1) (Taher et al., 2016). Deferiprone is an iron 
chelator, which is cardioprotective in cardiac I/R injury. 
Oral deferiprone therapy alleviated myocardial iron 
accumulation and resulted in cardioprotective effect 
in patients treated with deferasirox or desferrioxamine 
in iron overload-correlated thalassemia (Fisher et al., 
2013b). Deferoxamine, a ferroptosis inhibitor, was 
proved to alleviate HF and cardiac infarction (Jin et al., 
2022). Dexazoxane, an ethylene diamine tetraacetic 
acid (EDTA) cyclic derivative, is the only approved 
iron-chelating drug for DIC that inhibits ferroptosis 
(Zhang et al., 2021). In the I/R model, Fer-1 treatment 
significantly abrogated cell death during I/R injury 
(Luo et al., 2022). Liproxstatin-1 (Lip-1) mitigates 
heart I/R injury by increasing GPX4 levels (Feng et al., 
2019). Cyanidin-3-glucoside (C3G), an agent derived 
from purple or red vegetables and fruits, exhibits anti-
inflammatory, antioxidant, and heart-protecting effects 
(Ding et al., 2006). C3G has also been proven to 
suppress ferroptosis in cardiomyocytes by reduc‐
ing iron content and TfR1 expression and elevating 
FTH1 and GPX4 expression, ultimately protecting 

cardiac function. Resveratrol has also been found to 
function similarly (Ding et al., 2006).

N-Acetylcysteine (NAC), a GSH donor, can ac‐
celerate antioxidant therapy (Dodd et al., 2008). HO-1 
can degrade heme into ferrous iron. HO-1 overex‐
pression can relieve hypertrophy, fibrosis, and oxi‐
dative stress in HF (Allwood et al., 2014). Fer-1 is 
protective in DOX-induced animals. Mito-2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPO), a mitochon‐
drial ROS scavenger, inhibits DOX-associated ferrop‐
tosis, and protects cardiomyocytes (Jiang et al., 2022). 
DXZ, an iron chelator, is protective in DIC by inhibit‐
ing ferroptosis (Zhang et al., 2021). mTOR can act as 
a target to protect cardiomyocytes from ferroptosis 
(Baba et al., 2018). Statins suppress the production of 
GPX4 and CoQ10, thereby promoting mesenchymal 
cell ferroptosis (Littarru and Langsjoen, 2007).

4.2 Exosomes

Recently, exosomes extracted from mesenchymal 
stem cells (MSCs) were found to exert cardioprotective 

Table 1  Compounds modulating ferroptosis in cardiovascular diseases

Compound

DFO

Nanochelators

Desferrioxamine mesylate

Deferiprone

Dexazoxane

Deferasirox

DXZ

C3G

Rapamycin

Fer-1

Fer-1

Fer-1

Lip-1

Vitamin E

Zileuton

Mito-TEMPO

Puerarin

Mechanism

Reduce iron 
overload

Reduce lipid 
ROS

Model

Mice

Mice

Human

Human

Human

Human

Mice

Rats

Mice

Mice

Mice

Mice

Mice

Mice

Mice

Mice

Rats/cell

Effect

Alleviates cardiac infarction and mitigates HF

The same as DFO, but have fewer side-effects and 
rapid renal excretion

Improves LV ejection fraction

Improves LV ejection fraction, and alleviates 
myocardial iron accumulation

Alleviates DIC

Improves LV ejection fraction

Alleviates DIC by suppressing ferroptosis

Protects from MIRI via ferroptosis

Protects ferroptotic cardiomyocytes by targeting mTOR

Protects cardiomyocytes from ferroptotic damage

Promotes SLC7A11 and GPX4 expression

Alleviates DIC

Protects from heart I/R injury by reducing VDAC1 
levels and increasing GPX4 levels

Protects from ferroptotic cell damage

Protects from neurodegenerative disease by 
inhibiting 5-lipoxygenase

Inhibits DOX-related ferroptosis

Exerts cardioprotective effects in H9C2 myocytes 
and an HF rat model

Reference

Jin et al., 2022

Kang et al., 2019

Fisher et al., 2013a

Fisher et al., 2013b

Zhang et al., 2021

Fisher et al., 2013b

Zhang et al., 2021

Ding et al., 2006

Baba et al., 2018

Fang et al., 2020

Bai et al., 2020

Shizukuda et al., 2005

Feng et al., 2019

Hinman et al., 2018

Liu Y et al., 2015

Jiang et al., 2022

Liu et al., 2018

DFO: deferoxamine; HF: heart failure; LV: left ventricular; DIC: DOX-induced cardiomyopathy; DXZ: dexrazoxane; C3G: cyanidin-3-
glucoside; MIRI: myocardial ischemia-reperfusion injury; mTOR: mammalian target of rapamycin; Fer-1: ferrostatin-1; ROS: reactive oxygen 
species; SLC7A11: solute carrier family 7 member 11; GPX4: glutathione peroxidase 4; Lip-1: liproxstatin-1; I/R: ischemia/reperfusion; 
VDAC1: voltage-dependent anion channel 1; TEMPO: 2,2,6,6-tetramethylpiperidine-1-oxyl.
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effects by inhibiting ferroptosis (Song et al., 2021). 
Administration of human umbilical cord blood (HUCB)-
MSC-derived exosomes significantly attenuated the 
increased level of DMT1 and myocardial injury 
(Song et al., 2021). Protective effects of HUCB-MSC-
derived exosomes were dependent on miR-23a-3p.

4.3 Puerarin

Targeting lipid peroxidation exerts cardioprotec‐
tive effects in CVDs (Gianazza et al., 2021). Adminis‐
tration of puerarin suppresses iron-dependent lipid 
peroxidation and prevents cardiomyocyte loss, indi‐
cating that puerarin may offer a promising approach 
to combat HF (Liu et al., 2018).

4.4 Nanomaterials

Nanoparticles (NPs) are considered highly potent 
drug-delivery materials (Qi et al., 2017). Resveratrol-
NPs protect against erastin-induced ferroptosis and 
prevent intracerebral hemorrhage (Mo et al., 2021). 
Given the function of NCOA4 in ferritinophagy-
associated ferroptosis, it is likely that NP-mediated 
ferritinophagy and ferroptosis might act as potential 
therapies against CVDs. Due to the risk of ferroptosis-
induced cardiac damage, additional studies are needed.

5 Conclusions 

Ferroptosis differs from other cell death types in 
terms of morphology and mechanism. Increasingly, 
studies report that ferroptosis is a key factor in CVDs. 
Currently, there are many shortcomings to be over‐
come. The first is exploration of the mechanism of 
ferroptosis. Ferroptosis is involved in multiple signal‐
ing pathways. However, identifying the precise mech‐
anism or coordination between various mechanisms, 
including ferroptosis and autophagy, remains chal‐
lenging. The second is the development of drugs act‐
ing on the process of ferroptosis in cells. Ferritinoph‐
agy is related to a newly discovered form of cell death, 
ferroptosis, and plays an essential regulatory role in 
CVDs. While there have been some studies on the 
treatment of cancer, there has been less research in 
other areas. Therefore, exploring the mechanism of 
ferroptosis will provide a sufficient basis for clinical 
diagnosis and prevention.

In the future, cell morphology will be observed 
directly by transmission electron microscopy (TEM) 

to monitor the occurrence of ferroptosis (Graham 
and Orenstein, 2007). During ferroptosis, iron over‐
load occurs in cells, and detecting significantly in‐
creased iron levels can be a key indicator for moni‐
toring ferroptosis. The occurrence of ferroptosis can 
be used as a biomarker of CVDs and provides criti‐
cal information for their prevention and diagnosis. In 
the future, these biomarkers could be used as early 
monitoring indicators for various CVDs.

Ferritinophagy and ferroptosis are related to the 
development of most CNS diseases (Qin YH et al., 
2021). Inhibition of ferritinophagy and ferroptosis can 
reduce the damage to myocardial cells and increase 
the recovery of the function of myocardial cells and 
endothelial cells, suggesting that ferritinophagy and 
ferroptosis mediate the damage to cells. However, the 
regulatory mechanism by which ferritinophagy and 
ferroptosis mediate the damage to myocardial cells 
needs further study. The initiation, signal transduction, 
and specificity of ferritinophagy and ferroptosis to 
cell damage are not yet fully understood. Further re‐
search on the molecular mechanisms and pathways of 
ferritinophagy and ferroptosis in CVDs is expected to 
provide a new theoretical basis for future targeted 
treatment of ferritinophagy- and ferroptosis-related 
CVDs. Targeting ferritinophagy and ferroptosis and 
its critical regulatory molecules for the treatment of 
CVDs requires more animal and preclinical studies to 
evaluate its therapeutic efficacy.
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