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Role and mechanism of ferroptosis in acute lung injury
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ABSTRACT

Ferroptosis is a new non-apoptotic cell death caused by the accumulation of dysregulated
metabolism of ferric iron, amino acids or lipid peroxidation. Increasing studies suggest that
ferroptosis is involved in the acute lung injury (ALIl). This article aims to review the role of
ferroptosis in ALl ALl is a common respiratory disease and presents a high mortality rate.
Inhibiting cell ferroptosis of lung improves the ALI. In addition, several signaling pathways are
related to ferroptosis in AL, involving in iron homeostasis, lipid peroxidation, and amino acid
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metabolism. Moreover, there are various key factors to regulate the occurrence of ferroptosis in
ALI, such as ACSL4, NRF2, and P53. The ACSL4 promotes the ferroptosis, while the NRF2 alleviates
the ferroptosis in ALl. The main effect of P53 is to promote ferroptosis. Accordingly, ferroptosis is
involved in ALl and may be an important therapeutic target for ALI.

1. Overview of ferroptosis and acute lung
injury

Cell death is necessary for biological growth and
development. Traditional cell death modes include
accidental cell death (ACD) and regulatory cell
death (ECD) [1]. ACD is caused by serious injury,
such as burn or trauma, which cannot be pre-
vented or regulated and does not involve specific
molecular mechanisms [2]. ECD includes apopto-
sis, pyroptosis, autophagy and so on [1]. As a new
mode of cell death, ferroptosis is different from
any of the previously known modes of cell death
and is caused by a reduction in intracellular glu-
tathione (GSH) synthesis and inactivation of glu-
tathione peroxidase 4(GPX4) [3,4]. Iron, as an
essential trace element, plays an important role in
the growth and development of human body [5].
For example, synthetic heme and other important
cofactors and participate in the normal life activ-
ities of the body [6]. The Fenton reaction between
excess iron and hydrogen peroxide produces
a large number of highly oxidizing hydroxyl radi-
cals, which then leads to ferroptosis [7,8].
Different from apoptosis, necrosis, autophagy and
other cell death modes [9,10], ferroptosis occurs

without chromatin condensation and cytoplasm
swelling and rupture, which are characteristic
changes of conventional cell death patterns [11].
The morphological characteristics of ferroptosis
are that the cell membrane is not ruptured, the
mitochondria atrophied, the membrane density
increased, the outer membrane of mitochondria
ruptured, and the intra luminal crest decreased
significantly [12]. Biochemically, reactive oxygen
species (ROS) accumulation, GSH depletion, and
decreased expression of the cystine/glutamate anti-
porter are the characteristics of ferroptosis [13].
Increasing studies confirm that ferroptosis is
involved in the occurrence of various diseases
and is a therapeutic target of many diseases [14-
16]. It is reported that ferroptosis plays an impor-
tant role in tumor suppression and immunity reg-
ulation. P53, a common tumor suppressor gene,
can inhibit the expression of solute carrier family 7
member 11(SLC7A11) and promote ferroptosis
[17]. Selenium enhances the expression of GPX4,
thereby inhibiting ferroptosis in T follicular helper
(TFH) cells and promoting immune response [18].
In addition, ferroptosis is also involved in red
blood cell development and aging of various
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organs [19]. All these studies indicate that ferrop-
tosis plays an important physiological role in
human body. Furthermore, ferroptosis is widely
involved in kidney injury [20], lung injury [21],
neurodegeneration [22], autoimmune diseases [23]
and retinal diseases [24].

AL the primary stage of acute respiratory dis-
tress syndrome (ARDS), is a common respiratory
disease [25], which is caused by a variety of causes,
including radiotherapy [26], ischemia-reperfusion
injury [27,28], acute pancreatitis [29], sepsis [30],
pneumonia [31], COVID-19 infection [32], etc.
ALl is characterized by diffuse alveolar injury,
interstitial edema of lung tissue, neutrophilic
inflammation, and surfactant dysfunction [33].
Clinically, ALI manifests as decreased lung com-
pliance, severe hypoxemia, and bilateral lung infil-
tration [34]. ALI and ARDS account for more than
10% of all intensive care unit (ICU) admissions
and the overall mortality rate of ALI is highly 40%
[35]. Currently, many factors are involved in the
pathogenesis of ALL It is reported that long non-
coding RNAs (IncRNAs) play an important role in
ALI [36]. For example, some IncRNAs participate
in acute lung inflammation by regulating miRNA
or downstream targets or by directly regulating
pyroptosis [37,38]; LncRNA metastasis associated
lung adenocarcinoma transcript 1 (MALAT1)
involved in the pathogenesis of lung diseases by
regulating the abnormal activation of macrophages
[39]; Inhibition of IncRNA nuclear paraspeckle
assembly transcript 1 (NEAT1) reduces apoptosis
and promotes cell proliferation during ALI [39]. In
addition, mast cells (MCs) and polymorphonuc-
lear neutrophils (PMNs) are the major inflamma-
tory cells and participants in ALI [40,41]. MC
activation may be involved in the occurrence of
ALI after orthotopic autologous liver transplanta-
tion (OALT) by regulating PMN apoptosis [42].
Meanwhile, overexpressed Brahma-related gene-1
(Brgl) alleviated hepatic ischemia/reperfusion
(HIR)-induced lung damage by increasing the
expression of nuclear factor erythroid 2-related
factor 2 (Nrf2) and nuclear translocation activated
antioxidant enzymes [43]. However, no significant
progress has been made in the treatment of ALI
so far.

Currently, increased studies suggest that the
accumulation of lipid peroxides which is an

important cause of ferroptosis plays an important
role in ALI [44]. It is reported that ferroptosis
occurs in lung microvascular endothelial cell of
ALl mouse induced by sepsis [45]. Moreover,
ALI is improved by inhibiting cell ferroptosis
[27,28]. Consequently, ferroptosis may be involved
in ALI and is an important therapeutic target for
ALI [46].

2. The signaling pathway of ferroptosis in
ALI

2.1. Iron homeostasis and ferroptosis in ALl

Normally, the absorption, output, utilization and
storage of iron are relatively balanced. Once the
iron homeostasis in the body is broken, the excess
ferrous ions will undergo the Fenton reaction to
produce a large amount of reactive oxygen and
results in cell death, which is the iron metabolism
mechanism of ferroptosis [7]. The lung tissue of
ALI mouse induced by oleic acid injection showed
GSH and GPX4 expression were decreased, cell
mitochondria atrophy, mitochondrial membrane
rupture and other characteristics of ferroptosis as
well as the intracellular iron content increased and
transferrin (TF) expression decreased [47]. TF is
an important transporter to maintain iron home-
ostasis in human body [48]. In the experiment, the
reduction of transferrin level caused iron accumu-
lation in mice, which led to ferroptosis and caused
ALL Accordingly, iron homeostasis in body is
closely related to the occurrence of ferroptosis
in ALL

2.2. Lipid peroxidation and ferroptosis in ALl

Due to the abnormalities of lipid metabolism in
body, a large number of lipids are oxidized
under the action of free radicals or lipid perox-
idase to produce cytotoxic lipid peroxides
[49,50]. The accumulation of lipid peroxides is
considered to be a hallmark of ferroptosis [44]
and is produced from a variety of substances, the
most important of which are polyunsaturated
fatty acids (PUFAs). PUFAs are esterified into
membrane phospholipids and then oxidized by
Arachidonate 15-Lipoxygenase (ALOX15) to
lipid peroxides with cytotoxic to promote



ferroptosis [51]. Lipid peroxides damage cells in
multiple ways [52,53]. One is the further decom-
position of lipid peroxides into ROS, which
further amplifies the lipid peroxidation process,
and the formation and accumulation of lipid
ROS is an important cause of ferroptosis [54].
In addition, lipid peroxides disrupt cellular
metabolism by changing the physical structure
of cell membrane. Moreover, the derivative
decomposition of lipid peroxidation products
such as malondialdehyde (MDA) and 4-hydro-
xynonenal (4-HNE) cause cell damage [52,53]
and these derivatives are important molecular
markers of ferroptosis and lipid peroxidation
[55]. ALI mice induced by Lipopolysaccharide
(LPS) showed that the Fe content, ROS accumu-
lation, MDA, 4-HNE derivatives of lipid perox-
idase decomposition were significantly increased,
which indicates ferroptosis occurred in ALI mice
[56]. ALI induced by radiation showed the same
characteristics of ferroptosis as the ALI mice
induced by LPS [57]. The mice induced by
radiation developed pathological manifestations
of ALI such as pulmonary interstitial congestion,
edema, and abnormal intracellular mitochondrial
morphology, reduction of GPX4, accumulation
of a large number of ROS and other character-
istics of ferroptosis [57]. Importantly, ferroptosis
inhibitor administration leads to the down-
regulation of intracellular ROS and alleviation
of the pathological manifestations of ALIL
Accordingly, lipid peroxidation is an important
cause of ferroptosis in ALI. However, the speci-
tic mechanism of lipid peroxidation involved in
ferroptosis still needs to be further explored.

2.3. Amino acid metabolism and ferroptosis in
ALl

It is reported that the decrease of intracellular
GSH and GPX4 activity is the significant mani-
festations of ferroptosis [46]. GSH is mainly pre-
sent in two forms in body, reduced GSH and
oxidized GSH. As an important antioxidant,
GSH effectively scavenges free radicals in cells
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[58]. GPX4, also known as Phospholipid
Hydrogen Peroxide Glutathione Peroxidase
(PHGPx), 1is synthesized using GSH as

a substrate, whose function is to reduce lipid
hydroperoxides to nontoxic lipid alcohols in
cells, thereby protecting cells from damage
[59,60]. It is suggested that GPX4 reduces the
lipid peroxides on the cell membrane to inhibit
the occurrence of ferroptosis [61]. Accordingly,
GPX4 activators may play a role in inhibiting
the ferroptosis [62]. In addition, GSH interacts
with GPX4 to participate in anti-lipid peroxida-
tion in cells [61]. Depletion of GSH results in the
loss of cellular antioxidant capacity and inhibition
of GPX4 activity [46,63]. Meanwhile, the synthesis
of GSH and GPX4 is inseparable from the meta-
bolism of amino acids [64]. Cystine/glutamic anti-
porter system (system xc-) is a transmembrane
amino acid transporter on the cell surface and is
composed of two amino acid chains, solute carrier
family 3 member 2(SLC3A2) and SLC7A11 [65].
Cells rely on the system xc- to mediate the
exchange of extracellular cystine and intracellular
glutamate to maintain the balance of internal and
external amino acids [66]. Intracellular cystine is
reduced to cysteine and then co-synthesizes
reduced glutathione with glutamate and glycine,
which participates in intracellular antioxidant
processes and protects cells from oxidative
damage [67]. Accordingly, inhibition of system
xc- activity leads to dysfunction of GSH synthesis,
decrease of GPX4 activity, reduction in cellular
antioxidant capacity, accumulation of lipid ROS,
which ultimately lead to oxidative damage and
ferroptosis in cells [67]. As the light-chain subunit
of system xc-, SLC7A11 is an important regulator
in the ferroptosis. It is suggested that Nrf2 regu-
lates SLC7A1 through STAT3 and OH-1 to inhi-
bit cell ferroptosis, and improves ALI induced by
(IIR) [27,28].
Therefore, amino acid metabolism is closely

intestinal ischemia-reperfusion

related to the ferroptosis in ALI (Figure 1).
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Figure 1. Signaling pathways in ferroptosis. The figure shows the signaling pathways in ferroptosis, which can be roughly divided
into three categories. The first one is iron metabolism pathways. The extracellular ferric iron is oxidized to ferrous iron and
transported into the cell, and the excess iron ions undergo the Fenton reaction to generate a large amount of ROS. The second is
lipid peroxidation. PUFA generate a large amount of lipid peroxides under the action of a series of enzymes. Accumulation of lipid
ROS leads to ferroptosis. The third is amino acid metabolism. Cystine is transported into cells by system xc- and then reduced to
cysteine, which together with glutamate and glycine synthesize GSH, promote the synthesis of GPX4, remove intracellular lipid ROS,
and inhibit ferroptosis. The physiological function of ferroptosis is manifested in tumor suppression, immunological regulation,
development and aging. In addition, ferroptosis is also widely involved in organ damage, neurodegeneration, autoimmune diseases

and retinal diseases.

3. Key regulators of ferroptosis in ALI
3.1. ACSL4

Acyl-CoA synthase long-chain family member 4
(ACSL4) is a key enzyme in the esterification of
fatty acids with 12-20 carbon chain length [68,69].
It is suggested that ACSL4 may play an important
role in ferroptosis [70]. With the action between
ACSL4 and Recombinant Lysophosphatidylcholine
Acyltransferase 3 (LPCAT3), PUFA generates
PUFA-PL and is inserted into the cell membrane.
In addition, PUFA-PL reacts with the lipid perox-
idase ALOX15 to produce the lipid peroxide
PUFA-OOH which damages the cell membrane
and then the ferroptosis occurs [71]. Several stu-
dies showed that ALI induced by intestinal ische-
mia is closely related to ferroptosis [27,28]. It is
suggested that the expression of ACSL4 is elevated
in ferroptosis induced by IIR [70]. In addition,

ROSI, an inhibitor of ACSL4, reduces lipid perox-
idation significantly [72], which suggests that inhi-
bition of ACSL4 may alleviate ferroptosis [73]. In
addition, with the up-expression of CircEXOCS5,
the stability of ACSL4 mRNA is enhanced by
binding to polypyrimidine tract-binding protein 1
(PTBP1), thereby promoting the occurrence of
ferroptosis in lung microvascular endothelial cell
of ALI mouse induced by sepsis [45]. Therefore,
ACSL4 is a key regulator of ferroptosis in ALL

3.2. NRF2

Nrf2 is a key regulator for cells to maintain oxida-
tion stability by regulating cellular antioxidant
stress and eliminating ROS and is activated under
conditions of high oxidative stress [74,75]. Nrf2 is
considered to be an important regulator of ferrop-
tosis and regulates cell ferroptosis by inducing



transcription of GPX4 and other related genes [76].
Nrf2 promotes STAT3 activation [27]. As an oxida-
tive reactive transcription factor, STAT3 plays an
active role in oxidative stress of ferroptosis [77].
The overexpression of STAT3 up-regulates
SLC7A11 and inhibits ferroptosis, thereby alleviat-
ing ALI induced by intestinal ischemia [27].
SLC7A11 is a gene target of Nrf2 [78] and encodes
the system xc- which is responsible for the input of
cystine for glutathione biosynthesis and antioxidant
defense [13]. In addition, SLC7A11 regulates iron
overloading in ferroptosis [13]. Moreover, Nrf2
regulates ferroptosis in mouse lung epithelial cells
by regulating toll-like receptor 4 (TLR4) and Akt
signaling pathways [79]. Loss of Nrf2 upregulates
TLR4, increases IIR-induced Akt inactivation, and
thereby causes ferroptosis in cells [79]. In addition,
the translocation of Nrf2 into the nucleus is pro-
moted by Dimethyl Formamide (DMF), which
inhibits the occurrence of ferroptosis in MLE-12
cells and then alleviates the ALI caused by seawater
drowning [80]. Nrf2 can also affect ferroptosis by
regulating TERT and SLC7A11 [81]. Meanwhile,
NRF2 promotes the expression of telomerase
reverse transcriptase TERT which alleviates ferrop-
tosis by decreasing the intracellular ROS levels and
promotes the expression of SLC7Al11 [81,82].
Moreover, itaconate, a metabolite of inflammatory
macrophages, inhibits ferroptosis through the Nrf2
pathway and alleviates sepsis-induced ALI [83].
Accordingly, Nrf2 may play an important role in
the ferroptosis of ALI [84]. However, the regulation
mechanism of Nrf2 on ferroptosis is unclear.

3.3. P53

P53 is a tumor suppressor gene that encodes the
production of p53 protein [85]. In normal cells, p53
protein is usually maintained at low levels [86].
Under stress conditions, such as DNA damage,
hypoxia and nutritive deficiency, p53 gene is acti-
vated, and a large amount of p53 protein is tran-
scribed and accumulated [87]. P53 protein plays
a role in tumor inhibition through multiple cellular
reactions such as apoptosis [88] and ferroptosis
[17]. P53 enhances tumor suppressor function by
regulating ferroptosis [89], thereby ferroptosis may
be a tumor suppressor [12,90]. It is reported that
P53 promoting ferroptosis is closely related to
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SCL7A11, STA1, and glutaminase 2 (GSL2) [91].
SLC7A11 is the target of p53 and the reduction of
SLC7A11 caused by P53KR, an acetylation-deficient
mutant form of p53 protein, promotes ferroptosis
in cells under ROS-induced stress state [17]. SAT1
is a transcriptional target of p53 [92]. SAT1 activity
is increased in various stress responses, and over-
expression of SATI leads to rapid depletion of
cellular spermidine and spermine, resulting in sig-
nificant growth inhibition and mitochondrial apop-
tosis [93]. GSL2, another transcriptional target of
P53, increases the production of GSH in cells to
enhance antioxidant function [94] and is consid-
ered as a negative regulator of ferroptosis [95]. In
addition, inhibition of p53 leads to iASPP inducing
the accumulation of Nrf2, thereby resulting in
increase of HIF-la and reduction of the TF and
ferrous degradation-related proteins, and subse-
quently increases expression of GPX4 in cells,
then the ferroptosis is inhibited in ALI [96]. In
addition, STAT6 inhibits the acetylation of p53
and restores the expression of SLC7A11, alleviates
ferroptosis and attenuates ALI of mice [97]. While
SIRT1 reduces the deacetylation level of p53 and
inhibit ferroptosis to alleviate ALI induced by heat
stress [98]. However, the role of P53 in the regula-
tion of ferroptosis in ALI still needs more
researches in future.

3.4. Other regulatory factors

It has been reported that GPX4 inhibits the
occurrence of ferroptosis by reducing lipid per-
oxides on the cell membrane [61] and is a key
regulator of ferroptosis [63]. Cyst(e)ine activates
mechanistic/mammalian target of rapamycin
complex 1 (mTORCI1) and promotes GPX4 and
inhibition of mTORC1 by drugs reduces GPX4
protein levels, which make cancer cells sensitive
to ferroptosis [99]. In addition, RSL3 promotes
ferroptosis by reducing the expression of GPX4
through the NF-kB pathway [100]. Meanwhile,
the slight decrease of GPX4 in chondrocytes in
the Osteoarthritis (OA) environment increases
the sensitivity of cells to oxidative stress, leading
to the occurrence of ferroptosis in OA [101]. In
addition, the amino acid antiporter system xc-
plays an important role in maintaining amino
acid balance and regulating ferroptosis. Studies
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suggest that inhibition of the system xc— results
in a rapid decrease in intracellular GSH levels and
ferroptosis [67]. Naringenin (NAR) attenuates
myocardial ischemia/reperfusion injury by inhi-
biting ferroptosis through activating Nrf2/system
xc -/GPX4 axis [102]. Since system xc- is com-
posed of two subunits SLC7A11 and SLC3A2L
[65]regulation of SLC7A11 and SLC3A2L can
affect system xc- and thereby regulate ferroptosis.
It is suggested that ferroptosis-inducing small
molecule erastin or activating transcription factor
3 (ATF3) inhibit the transmembrane protein
SLC7All, thereby inhibiting the amino acid

antiporter system xc-, reducing the cellular
uptake of cystine, and lowering GSH levels to
promote ferroptosis [103,104].  Moreover,
BECN1 directly blocks the activity of system xc-
by binding to SLC7AI1l to promote ferroptosis
[103]. Accordingly, system xc- is an important
regulator of ferroptosis. In LPS-induced ALI
mouse model, the expression of SLC7A1l and
GPX4 in bronchial epithelial cells of ALI mice
was significantly decreased [56]. Based on the
above studies, GPX4 and system xc- may be
involved in the regulation of ferroptosis in ALI
(Figure 2, Table 1).

NRF2
ACSLA STAT3  TERT  TLR4 — AKT
STIRT1 l
[ — ()
R56 <__|__. RS58) SLC7A11 & -
STAT6 _Rros]
...... D Il
GPX4 |—mmmee—- * Lipid peroxide ;= > maerr:abg:aenc;
""" ~ MDA 4-HNE |
===>: GPX4 reduces lipid peroxides =« » : Pathways of cell damage caused by lipid peroxides

Figure 2. Key regulators of ferroptosis in ALl The figure shows the key regulators of ferroptosis in ALl. STIRT1 mediates P53
deacetylation, promotes SLC7A11 production, and inhibits ferroptosis. STAT6 inhibited the acetylation of P53, reduced the content of
ACSL4, and restored the expression of SLC7A11 and GPX4. GPX4 further reduces the content of ROS and lipid peroxidation
metabolites such as MDA, 4-HNE by reducing lipid peroxides, relieves the damage of lipid peroxides to cell membranes, and
inhibits ferroptosis Nrf2 mainly regulates ferroptosis in ALl through three pathways. Nrf2 promotes the expression of STAT3 and TERT
to upregulate SLC7A11, and inhibits ferroptosis. In addition, Nrf2 can also down-regulate TLR4 and inhibit ferroptosis by increasing
the activity of AKT. Ferroptosis plays an important role in ALl, and inhibition of ferroptosis can effectively alleviate ALI.

Table 1. The influence and regulation mechanism of several factors on ferroptosis.

Factors Effects on ferroptosis Mechanisms

ACSL4 Forward regulation Mediated fatty acid activation

Nrf2 Reverse regulation Regulates cellular antioxidant stress; eliminates ROS

P53 Forward regulation Tumor suppressor; Reduced the expression of SLC7A11 and GSL2; Increased STA1 activity
GPX4 Reverse regulation Remove lipid peroxides

system xc- Reverse regulation Mediates cystine and glutamic acid exchange; maintain amino acid balance




4. Summary and prospect

As a newly discovered cell death mode, the ferrop-
tosis occurs in ALI and the ALI is improved by
inhibiting cell ferroptosis. Accordingly, ferroptosis
plays an important role in ALI. Several signals are
related to ferroptosis in ALI, involving in iron
homeostasis, lipid peroxidation, and amino acid
metabolism. Abnormalities of iron homeostasis
and amino acid metabolism which mainly including
glutamate, glycine and cysteine, and accumulation
of lipid peroxidation are the main causes of ferrop-
tosis. Moreover, there are various key factors to
regulate the occurrence of ferroptosis in ALI, such
as ACSL4, NRF2, and P53. The ACSL4 promotes
the ferroptosis, while the NREF?2 alleviates the ferrop-
tosis in ALIL. The main effect of P53 is to promote
ferroptosis. In conclusion, ferroptosis is involved in
ALI and may be an important therapeutic target for
ALL Several experiments have shown that iron
metabolism inhibitors and lipid metabolism inhibi-
tors have the effect of improving ALL Iron chelators,
especially deferoxamine (DFO), have been approved
by the FDA for the treatment of ferroptosis, so it is
speculated that iron chelators may also be effective
for ALIL. However, more clinical evidences are still
needed for targeting ferroptosis to inhibit ALL
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