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Objective: We aimed at comprehensively analyzing ferroptosis regulation and its potential role in the 
treatment of associated diseases. 
Background: Ferroptosis is a recently discovered form of cell death that involves small molecule-induced 
oxidative cell death. This process is usually accompanied by large amounts of iron accumulation and lipid 
peroxidation. Ferroptosis inducers directly or indirectly affect glutathione peroxidase (GPXs) through 
different pathways. Disturbances in GPXs result in suppressed cellular antioxidant capacities, accumulation 
of lipid reactive oxygen species (ROS) and oxidative cell death. It has been reported that ferroptosis is closely 
associated with the pathophysiological processes of many diseases, including tumors, nervous system diseases, 
ischemia-reperfusion injury, kidney injury and iron metabolism diseases among others. 
Methods: First, we reviewed the mechanisms of ferroptosis, with emphasis on the characteristics and 
functions of ferroptosis in multiple pathways. Then, inducers and inhibitors of ferroptosis were reviewed, 
and their mechanisms of action elucidated. Finally, ferroptosis-associated pathophysiological processes of 
various diseases were reviewed.
Conclusions: Ferroptosis is associated with the occurrence and development of various diseases. 
Elucidation of the mechanisms involved in ferroptosis will inform new therapeutic targets and strategies for 
these diseases.
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Introduction

Cell death marks the end of cell life and is an inevitable 
link in the process of life in a physiological or pathological 
state (1). Traditionally, apoptosis and necrosis were 
recognized as the two main forms of cell death. However, 
recently, it has been reported that autophagy, necrotic 
apoptosis, ferroptosis are also forms of cell death, with 
unique biological processes and pathophysiological 
characteristics. Ferroptosis, an iron-dependent form of 

non-apoptotic cell death, is characterized by accumulation 
of lipid ROS. This mode of cell death is different from 
other forms of previously reported cell death by the fact 
that it does not induce nuclear morphological changes, 
DNA fragmentation, and caspase-3 activation. In addition, 
ferroptosis cannot be reversed by caspase inhibitors. Erastin, 
which was discovered in 2003, has selective lethal effects 
on RAS-expressing cancer cells (2). Yang et al. and Yagoda  
et al. reported that this form of cell death is not inhibited 
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by iron-chelating agents (3,4). Moreover, the RSL3 factor 
is implicated in this form of cell death. In 2012, Dixon et al. 
formally named this form of iron-dependent cell death as 
‘ferroptosis’ (5). Ferroptosis differs from necrosis, apoptosis, 
and autophagy in both morphological effects and function. 
For instance, ferroptosis does not exhibit the morphological 
characteristics that are associated with necrosis, including 
swelling of the cytoplasm and organelles. Furthermore, it 
does not exhibit morphological characteristics of the typical 
apoptotic process, including chromatin condensation, cell 
contraction, formation of apoptotic bodies, and cytoskeleton 
disintegration. Moreover, ferroptosis is not characterized by 
formation of classical closed bilayer membrane structures. 
Ferroptosis is characterized by significant mitochondrial 
shrinkage with increased membrane densities and a 
reduction in, or vanishing of mitochondrial cristae (6). 
Ferroptosis plays an important role in the occurrence and 
development of various diseases of the nervous system, 
brain, liver, kidneys, lungs, and other related diseases. 
Therapeutic targets and strategies for various diseases have 
been investigated by regulating cell ferroptosis (7). Notably, 
ferroptosis inducers are used to kill malignant tumor cells 
while ferroptosis inhibitors are effective in the treatment of 
several diseases (8,9). Inducers and inhibitors of ferroptosis 
are summarized in Table 1 and Table 2, respectively.

The discovery of ferroptosis has enhanced our knowledge 
on disease progression and treatment. We review recent 
research progress on the mechanisms and diseases associated 
with ferroptosis. The aim of this study was to elucidate on 
the mechanisms of ferroptosis and regulation of ferroptosis 
as a new treatment strategy for associated diseases.

This article is reported in accordance with the Narrative 
Review reporting checklist (available at https://dx.doi.
org/10.21037/atm-21-1595).

Mechanisms of ferroptosis 

The regulatory mechanisms of ferroptosis can be 
divided into three categories including: regulation by 
iron metabolism, regulation by glutathione peroxidase 4 
(GPX4) and regulation by lipid metabolism. Ferroptosis 
suppressor protein 1 (FSP1)-CoQ10-NAD(P)H pathway 
and tetrahydrobiopterin (BH4)-dihydrofolate reductase 
(DHFR) pathway exist as independent parallel systems and 
interact with GPX4 and glutathione to inhibit phospholipid 
peroxidation and ferroptosis. 

The FSP1-CoQ10-NAD(P)H pathway 

The apoptosis-inducing factor mitochondria-associated 2 

Table 1 The common inducers of ferroptosis

Inducers Mechanisms References

Erastin Inhibit system Xc- (5)

Sorafenib Inhibit system Xc- (10)

Sulfasalazine Inhibit system Xc- (5)

CD8+ T cells Inhibit system Xc- (11)

RSL3 Inhibit GPX4 (12)

ML162, ML210 Inhibit GPX4 (12,13)

DPI7, DPI10 Inhibit GPX4 (12)

Artemisinin derivatives Inhibit GPX4 (14)

FIN56 Inhibit GPX4 (15)

FINO2 Iron oxidation and inactivate GPX4 inactivate GPX4 (16)

BSO, Ace Reduce GSH level (12,17)

Siramesine, Lapatinib Increase of accumulation of iron (18)

Neutrophils Increase lipid-based ROS (19)

RSL3, (1S,3R)-RSL-3; FIN, ferroptosis inducing compound; BSO, L-buthionine sulfoximine; Ace, acetaminophen; GSH, glutathione;  
system Xc-, cystine-glutamate transporter receptor; GPX4, glutathione peroxidase 4; ROS, reactive oxygen species. 
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(AIFM2, also known as FSP1), a traditional mitochondrial 
apoptosis inducer, plays an important role in ferroptosis 
(27,28). FSP1 is an effective anti-ferroptosis factor that 
uses the synthetic lethal CRISPR-Cas9 approach (27). 
Overexpression of FSP1 significantly protects cells from 
ferroptosis. Moreover, a classical cardamom acylation 
modification sequence at the N-terminal of FSP1 has been 
reported, indicating that FSP1 may be associated with lipid 
biomolecules. FSP1 catalyzes CoQ10 regeneration through 
NAD(P)H to inhibit ferroptosis. As an independent system, 
the FSP1-CoQ10-NAD(P)H pathway coordinates with 
GPX4 and GSH to inhibit ferroptosis and phospholipid 
peroxidation. Furthermore, FSP1 suppresses lipid oxidation 
by reducing CoQ10 and, subsequently, inhibiting ferroptosis 
(27,28). These findings provide a basis for the development 
of therapeutic drugs that target ferroptosis in cancer cells.

The BH4-DHFR pathway

BH4 is a potent radical-trapping antioxidant that 
is regenerated by DHFR and protects lipids from 
peroxidation (29). Kraft et al. investigated a cohort of genes 
that antagonize ferroptotic cell death, including GTP 
cyclohydrolase-1 (GCH1) and its metabolic derivatives 
tetrahydrobiopterin/dihydrobiopterin (BH4/BH2) through 
genome-wide activation screening. The synthesis of BH4/

BH2 by GCH1-expressing cells causes lipid remodeling, 
and suppresses ferroptosis by selectively preventing the 
depletion of phospholipids with two polyunsaturated fatty 
acyl tails (30). Therefore, the GCH1-BH4-phospholipid axis 
acts as a major regulatory pathway for ferroptosis resistance, 
by regulating the endogenous production of the BH4 
antioxidant, levels of CoQ10, and peroxidation of unusual 
phospholipids with two polyunsaturated fatty acyl tails (30). 
This is a unique mechanism of ferroptosis protection that is 
independent of the GPX4/glutathione system.

The P53 pathway

P53 is a tumor suppressor gene that affects the cell cycle, 
senescence, and apoptosis. In addition, it has positive or 
negative regulatory effects on ferroptosis. Mechanisms 
of P53 in regulation of ferroptosis majorly occur through 
transcription-dependent or transcription-independent 
processes. Acetylation deficient P53 mutants promote 
ferroptosis. Jiang et al. reported that after P53 activation, 
90% of cells died from lipid ROS, indicating that P53 
activation suppresses the antioxidant capacity of cells. 
Ferrostatin-1, a ferroptosis inhibitor, was found to 
significantly decrease cell death rate, implying that P53 
induces ferroptosis (31). They further reported that P53 
inhibits cystine uptake and sensitizes cells to ferroptosis by 

Table 2 The common inhibitors of ferroptosis

Inhibitors Mechanisms References

Fer-1 Inhibit lipid peroxidation (5)

Liproxstatin-1 Inhibit lipid peroxidation (20)

SRS11–9, SRS16–86 Inhibit lipid peroxidation (1)

Vitamin E Inhibit lipid peroxidation (21)

Phenoxazin Inhibit lipid peroxidation (22)

Nitroxide-based compounds Inhibit lipid peroxidation (23)

DFO Inhibit accumulation of iron (1)

Deferoxamine mesylate Inhibit accumulation of iron (1)

2,2’-pyridine Inhibit accumulation of iron (1)

Compound 968 Glutaminase inhibitor (24)

Amino-oxyacetic acid Glutaminase inhibitor (24)

Rosiglitazone ACSL4 inhibitor (25)

Allosteric GPX4 activators Increases GPX4 activity (26)

Fer-1, Ferrostatin-1; DFO, deferoxamine; GPX4, glutathione peroxidase 4; ACSL4, acyl-CoA synthetase long-chain family member 4.
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suppressing the expression of SLC7A11, a key component 
of the cystine/glutamate antiporter. Inhibitory effects of 
P53 suppresses GPX4 activity, and ultimately induces cell 
ferroptosis (31,32). Studies have used xenotransplantation 
models to investigate the unique mechanisms of P53-
induced ferroptosis (33). It was found that P53 indirectly 
activates SLC7A11 function through transcriptional 
inhibition of arachidonate lipoxygenase 12 (ALOX12). This 
activation causes ALOX12-dependent ferroptosis under 
lipid ROS stress. These findings indicate that ALOX12 
is essential for P53-mediated ferroptosis. Moreover, the 
P53-SAT1 (spermine N1-acetyltransfersae 1)-ALOX15 
(arachidonate lipoxygenase 15) pathway is involved in 
ferroptosis regulation (34). Glutamine metabolism is another 
target for P53-mediated ferroptosis. An African-specific 
single nucleotide polymorphism Ser47 variant in P53 has 
been shown to weaken P53 functions in transactivated 
target proteins, including glutaminase 2 (GLS2), thereby 
inducing cell death. In addition, the expression of P53 can 
inhibit ferroptosis (35). Tarangelo et al. (36) reported that 
P53 suppresses cell sensitivity to ferroptosis. The process of 
reducing sensitivity to ferroptosis requires the involvement 
of cyclin-dependent kinase inhibitor 1A/P21 (CDKN1A). 
These findings indicate that the P53-P21 axis negatively 
regulates ferroptosis, and that P53 can inhibit ferroptosis 
by promoting dipeptidy1 peptidase-4 (DPP4) translocation 
to the nucleus. The expression of P53 is correlated with 
suppressed iron deposition in colorectal cancer cells (37). 
Therefore, P53 may be a regulator of ferroptosis and the 
specific mechanisms should be further investigated.

The Glutathione (GSH)/GPX4 pathway

GPX4 plays a key role in ferroptosis occurrence, mainly by 
inhibiting the formation of lipid peroxides. GPX4 inhibits 
cell death by converting GSH to oxidized glutathione (GSSG) 
and by reducing cytotoxic lipid peroxides (L-OOH) to their 
corresponding alcohols (L-OH). Therefore, inhibition of 
GPX4 activity can lead to lipid peroxides accumulation, 
resulting in ferroptosis. Ferroptosis inducers, including RSL3 
and erastin cause an increase in lipid reactive oxygen species, 
however, their mechanisms of action differ. To decrease 
glutathione levels, Erastin inhibits cysteine absorption by 
suppressing the Xc-pathway. Yang et al. (12) investigated 
the mechanism of RSL3 and reported that RSL3, DPI7 
and DPI10 directly act on GPX4, thereby reducing the 
antioxidant capacity of cells, which leads to accumulation 
of lipid ROS and to ferroptosis. The mevalonate pathway 

(MVA) affects GPX4 synthesis by regulating selenocysteine 
tRNA maturation, thereby regulating ferroptosis occurrence. 
Isopentene pyrophosphate (IPP) and CoQ10 are two 
important products of the MVA pathway (38,39). 

System Xc- pathway

System Xc- is an amino acid antiporter that is widely 
distributed in the phospholipid bilayer, an important part 
of the antioxidant system that contains a heterodimer 
of SLC7A11 and SLC3A2 subunits (40), which play an 
important role in negative regulation of ferroptosis. In the 
system Xc- pathway, cystine and glutamate are transported 
in and out of cells at a ratio of 1:1. Extracellular cystine is 
absorbed into the cell and is rapidly reduced to cysteine, 
which is involved in glutathione synthesis. A decrease 
in GSH causes a decrease in GPX4 activity (3). GPX4 
catalyzes hydrogen peroxide and hydroperoxide degradation 
and inhibits lipid ROS production, with glutathione as 
an important cofactor. Therefore, this pathway affects 
GSH synthesis by inhibiting the activity of system Xc- and 
cysteine absorption. Suppressed GPX4 activity inhibits 
cellular antioxidant capacity and leads to lipid ROS 
accumulation, ultimately causing oxidative damage and 
ferroptosis (41). P53 down-regulates the expression of 
SLC7A11, which inhibits cystine uptake, affecting GPX4 
activity, ultimately leading to decreased antioxidant capacity, 
lipid ROS accumulation, and ferroptosis (32).

Iron metabolism pathway 

Iron, an important trace element in the body, mainly 
exists as a divalent iron and trivalent iron. Abnormal iron 
distribution and concentrations in the body can affect 
normal physiological processes. Non-heme iron in food is 
mainly in the Fe3+ form, which is insoluble, and should be 
reduced to Fe2+ for absorption. Fe3+ binds transferrin (TF) 
in serum, is recognized by transferrin receptor 1 (TFR1) on 
the cell membrane and is then internalized by endocytosis 
(42,43). Fe3+ is reduced to Fe2+, which is stored in an unstable 
iron pool (LIP) under the mediation of divalent metal ion 
transporter 1 (DMT1) or zinc-iron regulatory protein family 
8/14 (ZIP8/14). The iron-efflux protein solute carrier family 
40 member 1 (SLC40A1/ferroportin1/FPN) extrudes iron 
into the extracellular space, as excess Fe2+ is re-oxidized to 
Fe3+ by ferroxidases and the iron cycle in the body strictly 
controls cellular iron homeostasis (43,44). 

Heat shock protein β-1 (HSPB1) can suppress intracellular 



Annals of Translational Medicine, Vol 9, No 19 October 2021 Page 5 of 11

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2021;9(19):1503 | https://dx.doi.org/10.21037/atm-21-1595

iron concentrations by inhibiting TRF1 expression. 
Therefore, overexpression of HSPB1 inhibits ferroptosis (45). 
The iron-storage protein, ferritin, consists of 24 subunits of 
ferritin light chain (FTL) and ferritin heavy chain 1 (FTH1), 
which can be degraded by lysosomes to increase free iron 
levels. Expression of iron response element-binding protein 
2 (IREB2), the main transcriptional factor that inhibits iron 
metabolism, elevates the expression of FTL and FTH1, 
suppresses ferrous ion concentrations and the production 
of lipid reactive oxygen species in cells (46). Heme 
oxygenase-1 (HO-1) promotes erastin-induced ferroptosis by 
supplementing iron (47). These findings indicate that ferritin 
regulation and iron metabolism homeostasis are important 
regulatory mechanisms of ferroptosis.

Lipid metabolism pathway

Ferroptosis is closely associated with lipid metabolism 
imbalance, and accumulation of iron-dependent lipid ROS 
is involved in all ferroptotic pathways. Polyunsaturated fatty 
acids (PUFAs) are highly sensitive to lipid peroxidation. 
PUFAs form lipid hydroperoxides through enzymatic or 
non-enzymatic oxidation, therefore, they are important 
ferroptotic elements (48). Phosphatidylethanolamine (PE) 
containing arachidonic acid (AA) or its metabolic product, 
adrenic acid, are the key phospholipids that are implicated 
in cell ferroptosis (49). Acyl-CoA synthetase long-chain 
family member 4 (ACSL4) and phospholipid choline 
acyltransferase 3 (LPCAT3) are involved in PE biosynthesis 
and remodeling, activation of polyunsaturated fatty acids 
and affect the transmembrane properties of polyunsaturated 
fatty acids. The expression of ACSL4 enhances sensitivity 
to ferroptosis-inducing compounds (25). Therefore, 
suppression of the expression of ACSL4 and LPCAT3 
reduces intracellular lipid peroxide substrate accumulation, 
which inhibits ferroptosis. Moreover, PUFA-PE can play an 
oxidation role under catalysis by lipoxygenase (LOX), thus 
inducing cell ferroptosis. Therefore, lipid reactive oxygen 
species-mediated cell damage is essential for ferroptosis (25).

The ATG5-ATG7-Nuclear receptor coactivator 4 
(NCOA4) pathway

Autophagy is a self-protecting cellular catabolic pathway 
that relies on lysosomes (50). Although autophagic 
responses promote survival, excessive autophagy, especially 
selective autophagy, promotes ferroptosis by promoting 
iron accumulation and lipid peroxidation (51). The most 

classical pathway is the ATG5-ATG7-NCOA4 pathway (52).  
Autophagic degradation of ferritin plays an important 
role in maintaining iron homeostasis (53). NCOA4 has 
been identified by quantitative proteomics to be a direct 
cargo receptor for autophagic degradation of ferritin in 
lysosomes. NCOA4-dependent iron phages promote 
ferroptosis by releasing free iron from ferritin. Cigarette 
smoke promotes unstable iron accumulation through 
NCOA4-mediated iron autophagy, leading to phospholipid 
peroxidation and ferroptosis in human lung epithelial 
cells (54). The significance of autophagy to ferroptosis has 
been investigated in human cancer cell lines and mouse 
tumor models (55). It was found that autophagy-dependent 
ferroptosis mediates tumor-associated macrophage 
polarization and pancreatic tumor growth as well as 
progression through KRAS protein secretion.

Other pathways

Vol tage-dependent  an ion  channe l  (VDAC)  i s  a 
transmembrane channel for transporting ions and 
metabolites and plays an important role in ferroptosis 
regulation (56). The effects of erastin on VDAC causes 
mitochondrial dysfunction, leading to the release of several 
oxides, eventually causing iron-mediated cell death (4). 
In addition, ferroptosis occurrence is regulated by several 
other pathways, such as glutamine metabolic pathway, p62-
Keap1-NRF2 pathway and squalene activity (24,57,58). The 
nuclear factor erythroid 2-related factor 2 (NRF2), which 
has been implicated in the p62-Keap1-NRF2 pathway, is 
a key regulator of antioxidant responses. NRF2 plays a 
key role in protecting hepatocellular carcinoma (HCC) 
cells against ferroptosis. Furthermore, p62 expression 
prevents NRF2 degradation and enhances the subsequent 
NRF2 nuclear accumulation through inactivation of 
Kelch-like ECH-associated protein 1 (57). Squalene is 
a metabolite with antioxidant-like properties. Squalene 
monooxygenase (SQLE) catalyzes the oxidation of squalene 
to 2,3-oxidosqualene in the cholesterol synthesis pathway. 
Downregulation of SQLE results in accumulation of the 
upstream metabolite, squalene. Garcia-Bermudez et al.  
reported that squalene altered cellular lipid profiles and 
protected cancer cells from ferroptotic cell death by 
downregulating SQLE expression in ALK+ anaplastic large 
cell lymphoma (ALCL) cell lines and primary tumors (58). 
These pathways can effectively regulate the formation of 
intracellular iron ions and reactive oxygen species, thus 
playing a regulatory role in ferroptosis. 
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Pharmacological applications of ferroptosis in 
diseases

Ferroptosis is involved in the occurrence of several 
diseases. Studies on ferroptosis inducers and inhibitors 
have elucidated on the associated disease mechanisms. This 
section summarizes the mechanisms of ferroptosis inducers 
and inhibitors in disease occurence.

Ferroptosis inducers in tumors

A close relationship exists between tumor cells and ferroptosis. 
Several tumor cells are highly sensitive to drug-induced 
ferroptosis. Artesunate can specifically induce pancreatic 
cancer cell lines to produce ROS and activate ferroptosis, 
thereby inhibiting pancreatic cancer occurrence (59).  
Moreover, piperamide, cyclophosphamide, and sulfasalazine 
effectively promoted the death of pancreatic cancer cell 
lines, MIAPaCa-2 and PANC-1 (60). Sorafenib, which 
induces ferroptosis in liver cancer, is used in the treatment of 
advanced liver tumors (61). Sigma-1 receptor (S1R) is highly 
expressed in hepatocytes, and inhibition of S1R promotes 
ferroptosis in hepatoma cells (62). The P62-Keap1-NRF2 
pathway is important in the inhibition of ferroptosis in 
hepatocellular carcinoma cells. Erastin induces ferroptosis 
in gastric cancer cells, whereas cysteine dioxygenase type 
1 (CDO1) plays a key regulatory role in ferroptosis (63). 
CDO1 competitively absorbs cysteine, inhibits GSH 
synthesis and promotes ferroptosis. Downregulation of the 
MUC1-C/System Xc- signaling pathway induces ferroptosis 
in triple-negative breast cancer (TNBC) cells, thereby killing 
cancer cells, or suppresses self-renewal abilities of cancer 
cells (64). Furthermore, P53 has been shown to induce 
ferroptosis in lung cancer A549 cells. Treatment of lung 
cancer A549 cells with erastin up-regulated and activated 
P53, thereby activating P21, Bax, and other inhibitory factors 
of SLC7A11, ultimately inducing ROS accumulation and 
ferroptosis (65). A study on melanoma reported that miR-
137 negatively regulates ferroptosis by directly acting on 
the glutamine transporter, SLC1A5, in melanoma cells, and 
miR-137 knockout promotes ferroptosis (66). Moreover, 
dihydroartemisinin has been shown to induce ferroptosis 
in head and neck squamous cell carcinoma (15). GPX4 
inhibitors including RSL3 and ML-162 induce ferroptosis in 
head and neck cancer (HNC) cells to varying degrees (67). 
Therefore, ferroptosis has a great potential in anti-tumor 
therapy, and this opens up new opportunities for further 
applications of classical drugs and development of more 

effective tumor-targeting drugs.

Ferroptosis inhibitors in neurodegenerative 
diseases

The main pathophysiological feature of Parkinson’s disease 
is the loss of dopaminergic neurons in the substantia nigra. 
GSH depletion, lipid peroxidation, ROS levels, and elevated 
iron levels in dense areas have been reported in brain tissues 
of patients with Parkinson’s disease. Deferoxamine reduces 
oxidative stress injury and increases dopamine activity, 
thus improving motor nerve symptoms (68). Ferrostatin-1 
reduces neuronal death in vivo and in vitro, and has a specific 
protective effect on neurons in patients at their early stages 
of Parkinson’s disease (69). Huntington’s disease (HD) is 
a common neurodegenerative disease. Iron accumulation 
and abnormal glutamate as well as glutathione levels are 
major pathological features of HD (70). Studies have 
reported iron accumulation, lipid oxidation, GSH content, 
and decreased GPX4 activities in HD animal models and 
in plasma of HD patients (71). Administration of Fer-1 
and iron-chelating agents has been shown to have good 
protective effects on neurons (72). These findings show that 
ferroptosis plays an important role in the progression of 
neurodegenerative HD. Alzheimer’s disease (AD), the most 
common neurodegenerative disease, is characterized by 
cognitive impairments. Iron levels are significantly elevated 
in severely damaged hippocampus of HD patients (73).  
Abnormal iron homeostasis in brain tissues induce brain 
cells to produce high levels of reactive oxygen species, 
resulting in oxidative damage to sensitive subcellular 
structures (74). These findings provide promising ideas for 
the treatment of neurodegenerative diseases.

Ferroptosis inhibitors in other diseases

Ferroptosis is implicated in the pathophysiological processes 
of several other diseases. In an ischemic stroke mouse 
model, GSH levels in neurons were found to have decreased 
significantly, the degree of lipid peroxidation was elevated 
and GPX4 activity had been decreased, when compared to 
control mice. In addition, ferroptosis inhibitors significantly 
improve the prognostic outcomes for ischemic stroke 
patients (75). Moreover, ferroptosis is associated with in 
vivo functions in acute renal tubular necrosis and ischemia/
reperfusion (I/R) injury, and ferroptosis inhibitors can 
alleviate this injury (76). Gao et al. reported that inhibition 
of ferroptosis by suppressing glutamine metabolism was 
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Figure 1 Schematic illustration ferroptosis pathways. Regulatory mechanisms of ferroptosis are divided into three categories. The first 
pathway regulates iron metabolism, including Iron metabolic pathway, ATG5-ATG7-NCOA4 pathway, and P62-Keap1-NRF2 pathway. 
Second, it is regulated by the GSH/GPX4 pathway, including P53 pathway, System Xc-/GPX4 pathway, and Glutamine metabolic pathway. 
Third, it is associated with lipid metabolism, including Lipid metabolic pathway. In addition, Erastin acts on the mitochondria to induce 
ferroptosis. The FSP1-CoQ10-NAD(P)H and BH4-DHFR pathways exist as independent parallel systems, which cooperates with GPX4 
and glutathione to inhibit phospholipid peroxidation and ferroptosis. MVA, mevalonate; GPX4, glutathione peroxidase 4; FSP1, ferroptosis 
suppressor protein 1; SAT1, spermine N1-acetyltransfersae 1; CDKN1A, cyclin-dependent kinase inhibitor 1A/P21; TF, transferrin; TFR1, 
transferrin receptor 1; DMT1, divalent metal ion transporter 1; ZIP8/14, zinc-iron regulatory protein family 8/14; HSPB1, Heat shock 
protein β-1; IREB2, iron response element-binding protein 2; HO-1, Heme oxygenase-1; FPN, Ferroportin; PUFAs, Polyunsaturated fatty 
acids; ACSL4, Acyl-CoA synthetase long-chain family member 4; LPCAT3, phospholipid choline acyltransferase 3; LOX, lipoxygenase; PE, 
phosphatidylethanolamine; NCOA4, Nuclear receptor coactivator 4; NRF2, nuclear factor erythroid 2-related factor 2; VDAC, Voltage-
dependent anion channel; GCH1, cyclohydrolase-1; BH4, tetrahydrobiopterin; Gln, L-glutamine; Glu, L-glutamate.

effective in the treatment of I/R-induced tissue damage 
in isolated wild-type mouse hearts (24). Hangauer et al. 
reported that drug-tolerant persister cancer cells acquire 
a dependency on GPX4, and loss of GPX4 function 
results in selective persister cell ferroptotic death in vitro 
and prevents tumour relapse in vivo (77). Recently, the 
relationship between ferroptosis and inflammation has been 
widely investigated. Ferroptosis-associated necrotizing 
inflammation has been observed in AKI models and in 
GPX4 deletion mice (78). GPX4 activation inhibits the 
activation of arachidonic acid (AA) and NF-κB pathway 
in lipid peroxidation-mediated inflammation, thereby 

reducing intracellular ROS levels and inhibiting ferroptosis. 
Therefore, GPX4 activation can be used as a novel anti-
inflammatory or cytoprotective therapy.

Conclusions

Ferroptosis plays critical roles in a variety of diseases. 
However, only a limited number of studies have investigated 
ferroptosis, and its mechanisms have not been fully 
elucidated (Figure 1). Various associated problems are yet 
to be explored: (I) although the regulation of ferroptosis, 
apoptosis, autophagy and other forms of cell death show a 
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crosstalk, internal relationships among these different cell 
death types have not been explored; (II) specific roles of iron 
ions in ferroptosis should be investigated; (III) mechanisms 
through which lipid reactive oxygen species cause cell death 
should also be investigated; (IV) in addition to the described 
pathways, studies should explore if there are any other 
pathways that can lead to ferroptosis; (V) basic research 
findings on ferroptosis should be extended to clinical 
applications. Studies are currently screening biomarkers 
to explore the occurrence, development and downstream 
effects of ferroptosis. Investigating the pathogenesis of 
ferroptosis and its role in various diseases has enabled the 
development of targeted treatment methods that have 
an important theoretical significance and clinical values. 
Rapid developments in biotechnology and applications of 
interdisciplinary integration methods will help improve our 
understanding of ferroptosis.
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