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Abstract: Ferroptosis is a new type of programmed cell death characterized by intracellular 
iron accumulation and lipid peroxidation that leads to oxidative stress and cell death. The 
metabolism of iron, lipids, and amino acids and multiple signalling pathways precisely 
regulate the process of ferroptosis. Emerging evidence has demonstrated that ferroptosis 
participates in the occurrence and progression of various pathological conditions and dis
eases, such as infections, neurodegeneration, tissue ischaemia-reperfusion injury and immune 
diseases. Recent studies have also indicated that ferroptosis plays a critical role in the 
pathogenesis of acute lung injury, chronic obstructive pulmonary disease, pulmonary fibrosis, 
pulmonary infection and asthma. Herein, we summarize the latest knowledge on the reg
ulatory mechanism of ferroptosis and its association with iron, lipid and amino acid meta
bolism as well as several signalling pathways. Furthermore, we review the contribution of 
ferroptosis to the pathogenesis of lung diseases and discuss ferroptosis as a novel therapeutic 
target for various lung diseases. 
Keywords: ferroptosis, metabolic networks and pathways, signalling pathways, lung 
diseases

Introduction
Ferroptosis is a newly identified type of iron-dependent programmed cell death that 
was first reported by Dixon et al in 2012.1 As a new type of programmed cell death, 
ferroptosis is different from apoptosis, autophagy, necrosis, pyrolysis and other forms 
of cell death in terms of morphology and biochemistry. The morphological character
istics of ferroptosis mainly manifest as intact cytomembranes, cell volume shrinkage, 
increased mitochondrial membrane density, reduced or even absent mitochondrial 
cristae, mitochondrial membrane crumpling and outer membrane rupture, and normal 
nucleus size without concentrated chromatin.1,6 Biochemically, the mechanisms under
lying ferroptosis are believed to be mainly related to intracellular iron accumulation, 
glutathione depletion, glutathione peroxidase 4 inactivation and lipid peroxidation.2–5 

Recently, numerous studies have shown that ferroptosis can be inhibited by iron 
chelators,6 lipid peroxidation inhibitors,7 and lipophilic antioxidants8 and can be tightly 
regulated by several signalling pathways, such as the nuclear factor erythroid 2-related 
factor 2 (Nrf2)/heme oxygenase-1 (HO-1) signalling pathway.9 Therefore, ferroptosis 
is characterized by the perturbation of intricate metabolic networks and signalling 
pathways, which we will describe in detail in the following sections.

Mechanisms of Ferroptosis
The regulatory mechanisms of ferroptosis are complicated and involve a variety of 
metabolic networks and signalling pathways (Figure 1).
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Metabolic Pathways of Ferroptosis
Abnormal Iron Metabolism
Iron is necessary for the accumulation of lipid peroxides 
and the process of ferroptosis. Therefore, the proteins 
involved in the binding, transport, dissociation and storage 
of iron all play an important role in the regulation of 
ferroptosis. Under normal physiological conditions, intra
cellular iron is always in dynamic homeostasis through 
absorption and metabolism. Dietary iron is mainly 
absorbed by intestinal epithelial cells in the form of Fe3+ 

and enters cells through the transferrin receptor (TfR) on 
the membrane after binding to transferrin. Subsequently, 
Fe3+ in cells is reduced to Fe2+ by six-transmembrane 
epithelial antigen of prostate 3 (STEAP3), and then, Fe2+ 

is released into the cytoplasmic unstable iron pool via 
divalent metal transporter 1 (DMT1) or zinc-iron regula
tory protein family 8/14 (ZIP8/14). Abnormal expression 

or dysfunction of these related proteins will imbalance the 
intracellular concentration of iron ions and cause iron 
overload. Excess Fe2+ produced in the cell can directly 
catalyse lipid reactive oxygen species (ROS) generation 
through the Fenton reaction, resulting in the continuous 
accumulation of intracellular lipid ROS and triggering 
ferroptosis.3 Cellular iron accumulation can be detected 
by calcein-AM staining or Perls’ Prussian blue 
staining.10,11 Recent studies have also shown that in addi
tion to proteins, genes involved in iron metabolism can 
also lead to ferroptosis. For example, knockout of the 
ferroportin (FPN) gene in neuroblastoma cells promotes 
erastin-induced ferroptosis by inhibiting iron 
metabolism.12 In contrast, suppression of iron-responsive 
element-binding protein 2, a key regulator of iron metabo
lism, significantly inhibits erastin-induced ferroptosis.1 

Iron regulatory protein 2 (IREB2), HO-1, and recombinant 

Figure 1 Regulatory pathways of ferroptosis. The figure shows the regulatory pathways of ferroptosis, which can be roughly divided into two categories: the first category 
involves metabolic pathways associated with ferroptosis, such as abnormal iron, lipid and amino acid pathways; the second category involves signalling pathways associated 
with ferroptosis, such as the p53, nuclear factor erythroid 2-related factor 2, heat shock proteins, haem oxygenase-1, nuclear receptor coactivator 4 and mevalonate 
pathways. In addition, erastin acts on multiple pathways to induce ferroptosis.
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human CDGSH iron sulfur domain 1 (CDSD1) can med
iate ferroptosis by modulating the level of intracellular 
iron.1,13,14

Abnormal Lipid Metabolism
Lipid ROS 
Lipid ROS accumulation is a hallmark feature of ferrop
tosis. ROS are a class of partially reduced oxygen- 
containing molecules, including peroxides, superoxide 
anions and free radicals, that are essential for maintaining 
the steady state of cells and tissues.15 Most ferroptosis- 
associated ROS are derived from the Fenton and Haber– 
Weiss reactions16 and subsequently interact with polyun
saturated fatty acids (PUFAs) on lipid membranes to form 
lipid ROS and then cause ferroptosis when large amounts 
of lipid ROS accumulate in cells.17 The levels of lipid 
ROS can be determined using BODIPY-C11 dye.18,19 

Lipoxygenases (LOXs) may be involved in the formation 
of iron-dependent lipid ROS by catalysing the oxidation of 
PUFAs into lipid hydroperoxides and forming toxic lipid- 
free radicals in the presence of a large number of iron ions 
in the cytoplasm, which may eventually lead to cell 
damage.20 Meanwhile, protons beside PUFAs can be trans
ferred by these toxic lipid-free radicals and then start 
a new round of lipid oxidation reactions, which eventually 
lead to more severe oxidative damage.21 Both cytoplasmic 
ROS eliminators (N-acetylcysteine) and mitochondria- 
targeted antioxidants can mitigate erastin- and its analo
gue-induced ferroptosis by blocking ROS production.22 

Nicotinamide adenine dinucleotide phosphate (NADPH), 
an important intracellular reductant, can also reduce the 
sensitivity of ferroptosis by eliminating lipid hydroperox
ides, especially in the central nervous system (CNS).1,23

Polyunsaturated Fatty Acids, PUFAs 
Lipids are vital for maintaining the morphology and func
tion of cells, including the biomembrane composition, 
energy storage and signal transmission. The metabolism 
of lipids is crucial for the development of ferroptosis. 
Studies have shown that ferroptosis is a type of cell 
death caused by the excessive oxidation of phospholipids 
containing PUFAs.20 PUFAs are important components of 
the lipid bilayer of cytomembranes and are also the mole
cular basis for the fluidity and deformability of the 
cytomembrane.24 However, the carbon–carbon double 
bonds in PUFAs are unstable and can be the targets of 
lipid peroxidation reactions, which provide a material 
basis for the occurrence of ferroptosis.21 Dixon et al 

identified two enzymes that play key roles in the synthesis 
of PUFAs in ferroptosis by screening haploid cell lines: 
acyl-CoA synthetase long-chain family member 4 
(ACSL4) and lysophosphatidylcholine acyltransferase 3 
(LPCAT3).25 When these two genes were knocked out, 
PUFA synthesis was decreased, leading to the inhibition 
of ferroptosis.20,26 In contrast, arachidonic acid or other 
PUFAs enhanced the effects of ferroptosis inducers, such 
as RAS-selective lethal (RSL3), on lipid peroxides and 
ferroptosis.21

The core process of ferroptosis is the accumulation of lipid 
peroxidation products. The intracellular lipid peroxidation 
process can be divided into two general types: non- 
enzymatic lipid peroxidation and enzymatic lipid peroxida
tion. Non-enzymatic lipid peroxidation, also known as lipid 
autoxidation, is a free radical-mediated chain reaction, and 
enzymatic lipid peroxidation refers to the generation of various 
lipid hydroperoxides catalysed by LOXs. The reduction of 
LOX expression is also effective in ameliorating ferroptosis 
induced by erastin.20,21 Continued oxidative reactions and 
depletion of PUFAs may alter the fluid structure of the cyto
membrane, thus increasing membrane permeability and even
tually leading to cell death.27

Abnormal Amino Acid Metabolism
Ferroptosis caused by abnormal amino acid metabolism is 
primarily associated with unusual metabolism of glu
tathione (GSH). Glutathione peroxidase 4 (GPX4), 
cystine-glutamate antiporter (system xc-), the sulfur- 
transfer pathway and a series of genes and regulatory 
factors related to GSH biosynthesis and degradation can 
all participate in the regulation of ferroptosis. Reverse 
transcription-polymerase chain reaction (RT-PCR), immu
noblotting and flow cytometry can be used to analyse 
relevant genes, and protein expression and GSH levels 
can be determined using an intracellular glutathione 
(GSH) detection assay kit.27

Glutathione, GSH 
GSH is the core material for amino acid metabolism dur
ing ferroptosis and is synthesized from cysteine, glutamate 
and glycine.5 Cystine is reduced to cysteine after entering 
cells to participate in the synthesis of GSH. GPX4 is an 
important enzyme for scavenging lipid oxygen-free radi
cals. Once GPX4 is activated, GSH can reduce toxic lipid 
hydroperoxides (L-OOH) to non-toxic lipid alcohols 
(L-OH),28 indicating that GSH is a significant protective 
metabolite that prevents ferroptosis. In this process, GPX4 
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works as a key enzyme and GSH works as a reducing 
agent to mediate the reduction reaction of lipid peroxide 
and negatively regulate ferroptosis. Cysteine, one of the 
major components of the synthesis of GSH, can enter cells 
in two main ways: one way depends on system xc- and the 
other way depends on the sulfur-transfer pathway. Damage 
to the above-mentioned two ways has a certain promoting 
effect on the development and progression of ferroptosis.

Cystine-Glutamate Antiporter, System xc- 
Cysteine is one of the raw materials for the synthesis of 
GSH. One of the main ways cysteine enters cells is 
through system xc-, which is a heteromeric amino acid 
transporter consisting of two subunits: solute carrier 
family 7 member 11 (SLC7A11) and solute carrier family 
3 member 2 (SLC3A2). The membrane transporter 
x catalyses the exchange of cysteine (which is imported 
into the intracellular space) and glutamate (which is 
exported into the extracellular space) across the membrane 
in a 1:1 ratio.29 Intracellular cystine can be converted into 
cysteine, which is crucial for GSH synthesis. When the 
function of system xc- is impaired or there is insufficient 
intracellular cysteine, the synthesis of GSH is reduced, 
causing ferroptosis. A previous study suggested that the 
expression of system xc- could be suppressed by inter
feron-γ (IFNγ),30 and IFNγ can be produced by a variety 
of immune cells, such as CD8+ T cells. Therefore, ferrop
tosis can be regulated by immune cells, but the specific 
mechanism is still unclear.31

Glutathione Peroxidase 4, GPX4 
GPX4, a phospholipid-hydroperoxide glutathione peroxi
dase, contains an efficient selenocysteine unit that can 
increase its peroxidase activity,32,33 which can attenuate 
the toxicity of lipid peroxides and maintain the stability of 
the lipid bilayer of the cytomembrane, indicating that it is 
a central regulator of ferroptosis. Two molecules of GSH 
can be oxidized into glutathione (GSSG) by the selenoen
zyme GPX4, and donating electrons reduces toxic L-OOH 
to non-toxic L-OH.28 GPX4 overexpression inhibits ROS 
production and lipid peroxidation,29 while a decrease in 
GPX4 activity or expression results in the accumulation of 
intracellular lipid peroxide, which leads to ferroptosis.34 

Recent studies have shown that knockout of GPX4 can 
activate macrophages and microglia in the kidney and 
hippocampus, trigger an inflammatory response, and ulti
mately lead to organ damage.35 Interleukin-4 (IL)-4 and 
IL-13 can inhibit GPX4 expression, which coincides with 

increased expression of arachidonic acid lipoxygenases 15 
(ALOX15) in a variety of tissues, such as lung, thus 
permitting robust production of key inflammatory 
intermediates.36 Therefore, the impaired activity of GPX4 
may contribute to immune surveillance in ferroptosis. 
However, GPX4 knockout can also damage tissues in 
a necrotic, apoptotic, or pyroptotic manner.37–39 

Therefore, further study of GPX4 will be of great practical 
significance.

The Sulfur-Transfer Pathway 
Cysteine is a critical non-essential amino acid in the pro
cess of cell proliferation. Previous studies have demon
strated that the sulfur-transfer pathway is important for the 
synthesis of cysteine through transferring a sulfur atom 
from methionine to serine.40 Cysteine is not only a raw 
material for protein synthesis but also a key substrate for 
GSH antioxidation to protect cells against oxidative 
damage. When cysteine is deficient, cells obtain cysteine 
through both system xc- and the sulfur-transfer pathway to 
restore the intracellular GSH level and protect cells against 
oxidative damage.40 Therefore, upregulating genes related 
to the sulfur-transfer pathway can inhibit cellular 
ferroptosis.41

Signalling Pathways Associated with 
Ferroptosis
p53
p53 is one of the two major ferroptosis signalling mole
cules in the nucleus and a cancer suppressor gene that can 
be activated by oxidative stress. Recent studies have 
shown that p53 has a complex dual role in the regulation 
of ferroptosis through either transcriptional or post- 
translational mechanisms.42,43 On the one hand, p53 is 
involved in ferroptosis as a transcriptional repressor of 
SLC7A11. SLC7A11 is an essential component of system 
xc-, and p53 can inhibit cysteine uptake by downregulat
ing SLC7A11 to reduce GPX activity and GSH synthesis, 
subsequently causing intracellular ROS accumulation and 
cellular ferroptosis.44 On the other hand, p53 can trigger 
ferroptosis by enhancing the expression of glutaminase 2 
(GLS2) and spermidine/spermine N1-acetyltransferase 1 
(SAT1). The former participates in ferroptosis by decreas
ing the level of GSH and increasing the levels of cellular 
ROS,45 and the latter promotes the expression and activa
tion of 15-LOX (an iron-binding enzyme) to promote 
PUFA oxidation and lipid peroxidation.46 In addition, 
p53 has been reported to inhibit ferroptosis by directly 
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inhibiting the activity of dipeptidyl peptidase-4 or promot
ing the expression of cyclin-dependent kinase inhibitor 
1A.47

Nuclear Factor Erythroid 2-Related Factor 2, Nrf2
Nuclear factor erythroid 2-related factor 2 (Nrf2) is a key 
transcription factor in the cellular antioxidant response and 
a major ferroptosis signalling molecule in the nucleus. 
Under normal physiological conditions, Nrf2 binds to 
Kelch-like-ECH-associated protein 1 (Keap1) in the cyto
plasm and is degraded through the ubiquitin-proteasome 
pathway. Under oxidative stress, Nrf2 mediates detoxifica
tion by dissociating from the cytoplasmic inhibitor Keap1 
and then translocates into the nucleus, activating Nrf2 
transcriptional genes and protecting cells against oxidative 
stress.48 The activation of Nrf2 reduces iron absorption, 
limits ROS production and enhances the cellular antiox
idant capacity.48–51 Therefore, Nrf2 can inhibit ferroptosis. 
In addition, GSH catalytic and regulatory-dependent sub
units—glutamate cysteine ligase catalytic/glutamate 
cysteine ligase modifier subunit, glutathione synthetase 
and SLC7A11—are also transcriptional targets of Nrf2. 
Activation of the Keap1-Nrf2 signalling pathway promotes 
system xc- activation and GPX4 expression and acceler
ates cystine-glutamate transport, thereby scavenging accu
mulated lipid peroxides and inhibiting ferroptosis.44,52

Heat Shock Proteins, HSPs
Heat shock proteins are a class of highly conserved stress 
proteins that widely exist in organisms. Heat shock pro
tein-β1 (HSPB1) is a negative regulator of ferroptosis in 
cancer cells.53 Erastin can stimulate the expression of heat 
shock factor 1 (HSF1)-dependent HSPB1 in cancer cells.53 

Downregulation of HSF1 and HSPB1 enhances erastin- 
induced ferroptosis. In contrast, heat shock pretreatment 
and HSPB1 overexpression inhibit erastin-induced 
ferroptosis.53 Protein kinase c-mediated phosphorylation 
of HSPB1 protects organisms against ferroptosis damage 
by reducing production of iron-mediated ROS.53 Inhibition 
of the HSF1-HSPB1 pathway and HSPB1 phosphorylation 
can increase the anticancer activity of erastin in a human 
xenograft mouse tumour model.53 The above-mentioned 
results reveal that HSPB1 exerts an inhibitory effect on 
ferroptosis.53 In addition to HSPB1, heat shock protein A5 
(HSPA5), located in the endoplasmic reticulum, has also 
been shown to bind and stabilize GPX4, which greatly 
increases the cellular antioxidant capacity and may be 
associated with the negative regulation of ferroptosis.54

Haem Oxygenase-1, HO-1
HO-1 is an intracellular enzyme that catalyses the oxida
tion of haem to generate ferrous iron, carbon monoxide 
(CO) and biliverdin. Over-activation of HO-1 also leads to 
the accumulation of large amounts of Fe2+ in the cyto
plasm and promotes ROS production, which ultimately 
causes ferroptosis.13 The HO-1 inhibitor zinc protopor
phyrin IX prevents erastin-induced ferroptosis in cancer 
cells. Haem- and CO-releasing molecules (CORM) pro
mote ferroptosis by increasing HO-1 expression and mem
brane lipid peroxidation,55 suggesting that HO-1 can 
mediate ferroptosis.

Nuclear Receptor Coactivator 4, NCOA4
Recent studies have reported that autophagy can regulate 
the sensitivity of cells to ferroptosis inducers by affecting 
iron metabolism. Mancias et al found that nuclear receptor 
coactivator 4 (NCOA4), a selective cargo receptor, could 
specifically recognize ferritin and transport it to lyso
somes, and then, lysosomes released iron ions from ferritin 
into the cytoplasm and generated oxygen-free radicals, 
which caused oxidative damage through the Fenton 
reaction.56–58 Downregulating NCOA4 expression or 
silencing autophagy-related genes (ATGs) (eg, ATG3, 
ATG5, ATG7, and ATG13) can inhibit ferroptosis by redu
cing ferritin degradation, iron accumulation, and lipid 
peroxidation.56 Further investigations have shown that 
the activation of ATG5-ATG7-NCOA4 autophagy path
way promotes ferroptosis, which may be a potential ther
apeutic target for ferroptosis-related diseases.57

Mevalonate Pathway
Shimada et al found that isopentenyl pyrophosphate (IPP) 
and antioxidant coenzyme Q10 (CoQ10), two essential 
products of the mevalonate pathway, were both involved 
in the regulation of ferroptosis.59 IPP is a chemical sub
stance produced by decarboxylation after the activation of 
mevalonate that biosynthesizes cholesterol, isopenteny
lates selenocysteine transferase, and produces the antiox
idant CoQ10.60 In addition, IPP can regulate GPX4 
synthesis by regulating the maturation of selenocysteine 
tRNA.61 CoQ10, a lipophilic radical-trapping antioxidant, 
can be inhibited by myristoylated ferroptosis suppressor 
protein 1 (FSP1). The inhibition of CoQ10 induces ferrop
tosis by decreasing the cellular antioxidant capacity and 
increasing lipid peroxides.62 Cells with FSP1 knockout are 
more susceptible to ferroptosis inducers, and this process 
can be rescued by overexpression of FSP1.63
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Prostaglandin-Endoperoxide Synthase 2, PTGS2
Prostaglandin-endoperoxide synthase 2 (PTGS2) is 
a well-known gene that encodes cyclooxygenase-2 
(COX-2), and its function is to metabolize arachidonic 
acid (AA) into prostaglandins. As the most upregulated 
gene in BJeLR cells following treatment with ferroptosis 
inducers, such as erastin or RSL3,64 PTGS2 is considered 
a biomarker of ferroptosis. However, recent studies have 
reported that downregulation of PTGS2 expression pre
vents ferroptotic neuronal death in a traumatic brain 
injury mouse model,65 and PTGS2 inhibitors (eg, indo
methacin) fail to affect ferroptotic cell death.64 Therefore, 
the exact function of PTGS2 in ferroptosis needs to be 
further studied.

ChaC Glutathione-Specific 
Gamma-Glutamylcyclotransferase 1, CHAC1
ChaC glutathione-specific gamma- 
glutamylcyclotransferase 1 (CHAC1) has γ- 
glutamylcyclotransferase activity and reduces intracellular 
GSH levels by digesting glutathione into 5-oxoproline and 
cysteinylglycine dipeptide.66 RNA sequencing has shown 
that CHAC1 is the most upregulated gene after treatment 
with erastin and sorafenib in vitro.67 Knockdown of 
CHAC1 rescues the cystine starvation-induced reduction 
in glutathione (GSH) levels and cell death.68 Moreover, 
CHAC1 degradation of GSH enhances cystine starvation- 
induced necroptosis and ferroptosis through the activated 
GCN2-eIF2α-ATF4 pathway in TNBC cells.68 Several 
studies have also reported the upregulation of CHAC1 
expression in tumour cells treated with the ferroptosis 
inducers erastin or artesunate.47,69 These results suggest 
that increased expression of CHAC1 may be an effective 
biomarker of ferroptosis.

Ferroptosis and Lung Diseases
Previous studies have proven that ferroptosis plays an 
essential role in the occurrence and progression of various 
pathological processes and diseases, including intracereb
ral haemorrhage,9 ischaemic stroke,70 sepsis,71 cancer,72 

and myocardial infarction.73 More recently, several studies 
have indicated that ferroptosis is a potential therapeutic 
target for various lung diseases, such as acute lung injury, 
chronic obstructive pulmonary disease, pulmonary fibro
sis, pulmonary infection and asthma (Table 1). In this 
review, we summarize the association between ferroptosis 
and diverse lung diseases.

Acute Lung Injury, ALI
ALI is an acute hypoxic respiratory insufficiency or 
respiratory failure caused by diffuse pulmonary interstitial 
and alveolar oedema. Recently, numerous studies have 
shown that ferroptosis is involved in the initiation and 
progression of ALI.81 It has been shown that the pulmon
ary tissue of oleic acid-induced ALI mice presents ferrop
tosis-related features, such as iron overload, decreased 
GSH and downregulation of GPX4 expression, suggesting 
that ferroptosis may occur in the lung tissue of ALI 
mice.82 Inhibitor of apoptosis stimulating protein of P53 
(iASPP), the only inhibitor of the apoptosis stimulating 
protein of p53 (ASPP) family, can effectively inhibit fer
roptosis and attenuate ALI induced by intestinal ischae
mia/reperfusion, and this protective effect is mediated by 
the activation of the Nrf2/HIF-1/TF signalling pathway.74 

Lipopolysaccharide, a component of the outer wall of 
gram-negative bacteria, is composed of lipids and poly
saccharides and can reduce the activation of the human 
bronchial epithelial cell line BEAS-2B, and this effect can 
be rescued by the ferroptosis inhibitor ferrostatin-1 (fer-1). 
In vivo experiments have further proven that fer-1 has 
a therapeutic effect on lipopolysaccharide-induced ALI 
and can downregulate the levels of the proinflammatory 
cytokines IL-6 and tumour necrosis factor-α (TNF-α) in 
bronchoalveolar lavage fluid and then alleviate 
ferroptosis.76 These ferroptosis-related characteristics 
occur in lung tissue, suggesting that ferroptosis is involved 
in the development and progression of ALI and that inhi
biting ferroptosis can effectively attenuate the pathological 
level of ALI.

Chronic Obstructive Pulmonary Disease, 
COPD
COPD is a chronic respiratory disease that leads to the 
dilation of distal bronchioles accompanied by destruction 
of the tracheal wall. The morbidity and mortality rates of 
COPD are among the highest of all diseases worldwide.83 

Smoking is an independent risk factor of COPD. Previous 
studies have demonstrated that unstable iron accumulation 
and increased lipid peroxidation accompanied by non- 
apoptotic cell death occur in lung epithelial cells during 
exposure to cigarette smoke (CS). This process is nega
tively regulated by GPX4, suggesting that ferroptosis may 
be involved in the process of COPD.80 Treatment of lung 
epithelial cells with deferoxamine and fer-1 can reduce the 
lipid peroxidation induced by CS extract, and inhibiting 
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GPX4 has the same effect.80 Therefore, the inhibition of 
lipid peroxidation by GPX4 and antioxidants (such as fer- 
1) and the chelation of unstable intracellular iron by defer
oxamine may be effective means to prevent ferroptosis and 
the progression of COPD.

Another study showed that CS exposure could 
increase the lavage concentration of iron and ferritin, 
serum ferritin level and non-heme iron concentration in 
lung tissue. Exposure of cultured respiratory epithelial 

cells to cigarette smoke condensates in vitro could 
cause similar iron accumulation and oxidative stress 
responses and increase IL-8 release. The authors also 
found that compared with those in healthy non- 
smokers, serum iron and ferritin concentrations were 
increased in smokers. Deposition of iron and other 
particulate matter in the lungs of smokers could inter
fere with oxidative stress by regulating iron 
homeostasis.84

Table 1 Treatment Strategy for Ferroptosis in Lung Diseases

Reagents Diseases Key Mechanisms Protective Effects References

Lip-1 Pulmonary 
ischaemia/ 

reperfusion injury

Increase GPX4 protein level and GSH 
content, reduce MDA content, LDH 

activity and lipid ROS level.

Prevent ferroptotic death triggered by 
ischaemia/reperfusion in lung tissue.

[74]

Radiation induced 

lung fibrosis

Increase GPX4, Nrf2 expression, 

downregulate the levels of ROS, HYP 

and TGF-β1

Alleviate radiation induced lung fibrosis [75]

ROS1 Pulmonary 
ischaemia/ 

reperfusion injury

Increase GPX4 protein level and GSH 
content, reduce MDA production LDH 

activity

Mitigate ferroptotic damage in ischaemia/ 
reperfusion induced lung injury

[74]

Fer-1 Intestinal ischaemia/ 

reperfusion induced 

acute lung injury

Increase GPX4 protein expression and 

GSH content, decrease MDA level and 

lipid peroxidation

Alleviate intestinal ischaemia/reperfusion 

induced acute lung injury

[76]

Seawater drowning 

induced acute lung 
injury

Decrease intracellular ROS and MDA 

levels, inhibit lipid peroxidation, elevate 
GSH content and SOD activities

Ameliorate acute lung injury caused by 

seawater drowning

LPS-induced acute 
lung injury

Upregulate SLC7A11 and GPX4 
expression, decrease the levels of MDA, 

4-HNE and total iron

Inhibit bronchial epithelial cells ferroptosis, 
alleviate LPS-induced acute lung injury

[76]

Idiopathic 

pulmonary fibrosis

Reduce ROS and MDA production, 

increase SLC7A11 expression and GSH 

content

Inhibit epithelial-mesenchymal transition of 

lung epithelial cells induced by TGF-β1 and 

reverse ferroptosis induced by erastin

[75,77]

Mycobacterium 

tuberculosis– 
associated 

pulmonary necrosis

Increase GPX4 expression, reduce free 

iron, mitochondrial superoxide and lipid 
peroxidation

Inhibit mycobacterium tuberculosis-infected 

macrophage ferroptosis and attenuate 
pulmonary necrosis

[78,79]

iASPP Intestinal ischaemia/ 

reperfusion induced 

acute lung injury

Regulate iron metabolism and lipid 

peroxidation, activate Nrf2/HIF-1/TF 

signalling pathway

Protect lung epithelial cells from intestinal 

ischaemia/reperfusion induced ferroptosis

[74]

Deferoxamine Chronic obstructive 

pulmonary disease

Reduce the labile iron pool, chelate 

intracellular iron and abrogate lipid 
peroxidation

Attenuate CSE-induced bronchial epithelial 

cells ferroptosis

[80]

Abbreviations: ACSL4, acyl-CoA synthetase long-chain family member 4; Lip-1, liproxastin-1; ROS, reactive oxygen species; HYP, hydroxyproline; Nrf2, nuclear factor 
erythroid 2-related factor 2; HIF-1, hypoxia inducible factor-1; TF, tissue factor; GPX4, glutathione peroxidase 4; SLC7A11, solute carrier family 7 member 11; MDA, 
malondialdehyde; 4-HNE, 4-hydroxynonenal; GSH, glutathione; Fer-1, ferrostatin-1; SOD, superoxide dismutase; TGF-β1, transforming growth factor-β1; LPS, lipopolysac
charide; LDH, lactate dehydrogenase.
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Radiation-Induced Lung Injury, RILI
Radiation-induced lung injury (RILI) includes acute radia
tion pneumonitis and radiation-induced lung fibrosis 
(RILF), which most commonly occur after radiotherapy 
of chest tumours. It is traditionally believed that cell death 
in RILF is caused by direct radiation damage to DNA.85 

However, ionizing radiation not only damages DNA but 
also induces the production of ROS, causing inflammation 
and fibrosis.86,87 Therefore, other types of cell death in 
addition to apoptosis may occur in RILF.

ROS accumulation is the main cause of ferroptosis and 
the major trigger of the inflammatory response in RILF.88 

Studies have shown that the expression of GPX4 in the 
lung tissue of RILF mice is lower than that of normal mice 
and that the level of ROS is increased. Ferroptosis inhibi
tors can reduce collagen deposition in the lungs of RILF 
mice after radiation, thereby alleviating RILF.89 The fer
roptosis inhibitor liproxstatin-1, which downregulates 
TNF-α, IL-6, IL-10 and transforming growth factor-β1 
(TGF-β1) by activating the Nrf2 pathway, may be an 
effective treatment for RILF.89

In the lung tissue of acute RILI mice, the expression of 
GPX4 is downregulated. Ferroptosis inhibitors can signifi
cantly alleviate radiation-induced histopathological changes 
in mouse lung tissues,90 suggesting that ferroptosis is 
involved in acute RILI and that ionizing radiation-induced 
ROS may be the original trigger factor of ferroptosis in 
acute RILI. At the same time, ferroptosis can also affect the 
level of inflammatory cytokines during acute RILI.90

Pulmonary Fibrosis, PF
Pulmonary fibrosis (PF) is a fatal fibrous lung disease. It has 
been shown that the lncRNA zinc finger antisense 1 (ZFAS1) is 
upregulated in bleomycin-induced PF rat lung tissue and in 
TGF-β1-induced human foetal lung fibroblast cells and is 
positively correlated with the expression of solute carrier 
family 38 member 1 (SLC38A1), suggesting that the 
lncRNA ZFAS1 is an important regulator of lipid peroxidation. 
Knockdown of lncRNA ZFAS1 can significantly alleviate the 
fibroblast activation, inflammation and lipid peroxidation 
induced by TGF-β1. Experiments have shown that inhibition 
of the lncRNA ZFAS1 can significantly abolish the lipid per
oxidation induced by bleomycin, thus inhibiting ferroptosis 
and alleviating PF.91

Idiopathic pulmonary fibrosis (IPF) is a refractory and 
irreversible progressive pulmonary fibrosis disease. The patho
logical features of IPF include lung epithelial injury, fibroblast 

proliferation and extracellular matrix deposition in the lung 
parenchyma.92,93 It is known that the differentiation of fibro
blasts into myofibroblasts is involved in the pathogenesis of 
IPF.94,95 Previous experiments have used TGF-β1-induced 
human foetal lung fibroblast cells to study the relationship 
between ferroptosis and PF and the role of GPX4 in this 
process. The results of those studies indicate that the ferroptosis 
inducer erastin accelerates the differentiation of fibroblasts into 
myofibroblasts by promoting lipid peroxidation and inhibiting 
the expression of GPX4, while fer-1 can inhibit PF and ferrop
tosis by reducing lipid peroxidation and enhancing the expres
sion of GPX4.75

Paraquat is an inexpensive and highly effective herbi
cide that can cause acute lung failure, pulmonary fibrosis 
and a series of other important organ diseases. The toxicity 
of paraquat is caused by the formation of intracellular 
high-energy oxygen-free radicals and lipid peroxidation. 
Studies suggest that ferroptosis is related to PF caused by 
paraquat, and applying ferroptosis inhibitors may be an 
effective therapy to reduce paraquat poisoning.77,96

In addition, ferroptosis is also related to the fibrosis of 
other organs. Inhibition of ferroptosis by fer-1 can improve 
myocardial fibrosis in mice, and application of fer-1 or 
knockout of p53 to inhibit ferroptosis of hepatic stellate 
cells can aggravate liver fibrosis in mice.97,98

Infectious Lung Diseases
Necroptosis can control infection by inhibiting the bacterial 
load and inflammation. However, ferroptosis plays an adverse 
role in bacterial infection-related lung injury and bacterial 
septicemia.99 Aeruginosa oxidizes arachidonic acid- 
phosphatidylethanolamine in the host cytomembrane by 
secreting lipoxygenase and triggers ferroptosis in host bron
chial epithelial cells.79 Mycobacterium tuberculosis (Mtb) can 
cause the death of macrophages, as represented by the 
decreased contents of GSH and GPX4 in dead cells and the 
increased contents of free iron, mitochondrial superoxide and 
lipid peroxidation, suggesting that Mtb can cause ferroptosis. 
In addition, fer-1 can significantly reduce Mtb-induced macro
phage injury, lung tissue necrosis and the bacterial burden of 
Mtb in mice, which are believed to be related to reduced GPX4 
expression and enhanced lipid peroxidation.78 Fast accumula
tion of lipid peroxides in GPX4-deficient T cells can cause 
ferroptosis.100 T cells lacking GPX4 cannot effectively prevent 
viral and parasitic infections. These studies indicate that GPX4 
and ferroptosis are crucial to the response of T cells to antiviral 
and antiparasitic infections.100
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Asthma
The role of ferroptosis in asthma remains poorly under
stood. The phosphatidylethanolamine-binding protein 1/ 
15 lipoxygenase (PEBP1/15-LO) complex is one of the 
main regulators of ferroptosis and can stimulate IL-13/ 
IL-4 to induce helper T cell inflammation. The co- 
localization level of PEBP1 and 15-LO in human airway 
epithelial cells (HAECs) of asthmatic patients has been 
shown to be higher than that in normal patients, sug
gesting that ferroptosis may occur in HAECs of asth
matic patients. RSL3 can significantly promote the 
accumulation of oxidized phosphatidyl ethanolamine 
and ferroptosis in IL-13-treated HAECs; otherwise, 
blocking PEBP1 in HAECs can reduce sensitivity to 
ferroptosis. Therefore, inhibition of ferroptosis in 
HAEC is an effective treatment for asthma.101 In addi
tion, a recent study proved that acupuncture was effec
tive in treating asthma by markedly reducing the IgE 
and IL-17A levels in BALF and increasing the IL-4, IL- 
5 and IL-13 levels in serum, and the mechanism could 
be associated with the regulation of ferroptosis.102

Allergic Airway Inflammation
Eosinophils are critical for allergic disorders, and promot
ing eosinophil death effectively attenuates allergic airway 
inflammation. A previous study showed that treatment 
with ferroptosis-inducing agents (FINs) triggered eosino
phil death in vivo and eventually relieved eosinophilic 
airway inflammation in mice.103 Furthermore, FINs 
exerted a synergistic effect with dexamethasone to induce 
eosinophil death in vitro and to alleviate allergic airway 
inflammation in vivo, suggesting that FINs are promising 
therapeutic drugs for allergic airway inflammation.103

Conclusion and Outlook
Ferroptosis is a new type of regulated cell death that has 
received increasing attention and interest since it was first 
reported in 2012.1 An increasing number of studies have 
shown that ferroptosis plays a vital role in a variety of 
pathophysiological processes, but its complex regulatory 
mechanism remains elusive. This review summarizes the 
latest research progress in ferroptosis, showing that in 
addition to the metabolic pathways of iron ions, amino 
acids and lipids, many signal regulators, such as Nrf2 and 
p53, are also involved in the regulation of ferroptosis. 
Current studies have shown that ferroptosis is involved 
in many pathological changes in various tissues and 

organs. Among these changes, the negative regulation of 
ferroptosis in tumours has been widely studied. In addi
tion, ferroptosis plays a role in neurological diseases, 
infectious diseases and ischaemia-reperfusion injury. Due 
to the special state of physiological hyperoxia of the lung 
tissue, it may be of great value to study the role of 
ferroptosis in lung injury. Current studies have shown 
that ferroptosis is crucial to lung diseases, such as ALI 
and COPD, and that the application of ferroptosis inhibi
tors can alleviate these lung injuries, as mentioned above. 
However, the mechanisms of these inhibitors are not yet 
clear. In-depth study of the pathophysiological mechanism 
of ferroptosis and lung injury will provide new ideas for 
the treatment and prevention of related diseases. Despite 
the remarkable achievements in animal studies on the 
association between ferroptosis and lung injury, many 
issues regarding the biological behaviour of ferroptosis 
need to be clarified before it can be applied to the clinical 
management of lung injury.
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