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Acute respiratory distress syndrome (ARDS) is an acute and uncontrolled pulmonary inflammation caused by various insults. Cell
death is a critical mechanism in the pathogenesis of ARDS. Ferroptosis, a novel form of cell death defined as iron-mediated lipid
peroxidation, has been shown to play a role in the pathogenesis of ARDS. Additionally, pyroptosis and necroptosis are also involved
in the pathophysiological process of ARDS. The crosstalk among ferroptosis, pyroptosis, and necroptosis is getting increasing
attention. Therefore, this review will mainly summarize the molecular mechanisms and central pathophysiological role of
ferroptosis in ARDS. We will also discuss our understanding of pyroptosis and necroptosis as they pertain to the pathogenesis of
ARDS. Furthermore, we also describe the pathological processes that engage crosstalk among ferroptosis, pyroptosis, and
necroptosis. We consider that individual pathways of ferroptosis, pyroptosis, and necroptosis are highly interconnected and can
compensate for one another to promote cell death.
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FACTS

● Ferroptosis is a unique type of cell death characterized by
iron-dependent lipid accumulation.

● Ferroptosis, pyroptosis, and necroptosis are immunogenic
forms of cell death, which are associated with uncontrolled
inflammatory damage.

● There is interconnectivity among ferroptosis, pyroptosis, and
necroptosis.

● Targeting ferroptosis holds great potential in treating ARDS.

OPEN QUESTIONS

● How does the iron-dependent lipid metabolism execute and
distinguish ferroptosis from pyroptosis and necroptosis?

● What is the specific role of ferroptosis, pyroptosis, and
necroptosis in ARDS?

● What is the cross-regulation among ferroptosis, pyroptosis,
and necroptosis in ARDS?

● How can we target ferroptosis as a potential treatment
for ARDS?

INTRODUCTION
Acute respiratory distress syndrome (ARDS) was first defined by
Ashbaugh in 1967 in a case-series report [1]. According to the
Berlin definition [2], ARDS is a life-threatening condition that can
be caused by both pulmonary (e.g., pneumonia and pulmonary
embolism) and nonpulmonary (e.g., sepsis and trauma) insults,

leading to hypoxemia, non-hydrostatic pulmonary edema and
pulmonary extracellular matrix (ECM) remodeling [2, 3]. ARDS,
with high morbidity and mortality rate, accounts for 10% of
intensive care unit admissions and affects more than 3,000,000
patients annually worldwide. Besides, according to the US report,
there are more than 200,000 cases and 75,000 deaths in the US
annually [4]. The pathogenesis of ARDS is believed to involve the
accumulation of inflammatory cells, oxidative stress, cell death,
and so on [3, 5, 6].
Ferroptosis is a unique form of cell death that was first

discovered in 2012 [7]. Unlike apoptosis, autophagy, pyroptosis,
and necroptosis, ferroptosis is characterized by the overwhelming,
iron-dependent accumulation of lethal lipid reactive oxygen
species (ROS) [7]. Numerous studies have demonstrated that
ferroptosis plays an important role in ARDS. The ferroptosis
inhibitors (e.g., ferrostatin-1 (Fer-1) and lipoxstatin-1) can signifi-
cantly ameliorate ARDS by decreasing inflammation and oxidative
stress by inhibiting ferroptosis [8, 9]. Thus, in this review, we will
focus on the molecular regulatory mechanisms of ferroptosis in
ARDS, as well as the association of pyroptosis, necroptosis, and
ferroptosis with the pathogenesis of ARDS.

FERROPTOSIS, A UNIQUE FORM OF CELL DEATH
Ferroptosis is remarkably distinct from other forms of cell death
in terms of morphological, biochemical, and genetic features
(Table 1). It is a peroxidation-mediated form of programmed cell
death (PCD) that requires abundant and accessible cellular iron.
It was unknown until the discovery of ferroptosis inducers [10].
Erastin and RSL3, the first ferroptosis inducers, were discovered
by high-throughput screening of small molecule libraries [11, 12].
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Erastin and RSL3 treatment triggered cell death with distinct
morphological changes and biochemical processes which could
not be attenuated or reversed by caspases inhibition, necrop-
tosis inhibitors (e.g., necrostatin-1), or pharmacological inhibition
of autophagy (e.g., chloroquine and 3-methyladenine) [13].
However, the cell death induced by Erastin and RSL3 can be
reversed by the iron chelators (e.g., deferoxamine mesylate) or
antioxidants (e.g., ferrostatin-1 and glutathione (GSH)) which
strongly suppress the lipid ROS generation [14–16]. Thus, the
type of cell death induced by Erastin and RSL3 may be proposed
to be an iron-dependent, ROS-accumulation form of PCD named
ferroptosis [7].

MECHANISMS OF FERROPTOSIS
Ferroptosis is regulated by lipid peroxidation and iron accumula-
tion. Thus, the increased free radical production, fatty acids supply,
and lipid peroxidation by dedicated enzymes is critical for
ferroptosis (Fig. 1) [17]. Besides, the antioxidant system, including
enzymatic and non-enzymatic antioxidants, can stabilize or
scavenge free radicals to inhibit ferroptosis.

OXIDANT SYSTEMS
Production of free radicals
Free radicals, including ROS and reactive nitrogen species (RNS),
are oxidants produced by redox reactions, which participate in
the oxidation of cellular components and regulate cell death.
Compared to the RNS, the functions, and mechanisms of ROS in
ferroptosis have been well studied. ROS are byproducts of
mitochondrial metabolism and include hydrogen peroxide
(H2O2), hydroxyl radicals (OH•), superoxide anion (O2

•–), and
singlet oxygen (1O2) [18, 19]. ROS can interconvert from one to
another by enzymatic and non-enzymatic mechanisms (Fig. 2).
ROS are produced by iron-mediated Fenton reaction, NADPH
oxidases (NOXs) family, and oxidative phosphorylation
(OXPHOS) in mitochondrial. In the electron transport pathway,
ROS can be converted to hydrogen peroxide (H2O2) by super-
oxide dismutase (SOD). Then, cells with high level ferric iron
(Fe2+) will initiate the Fenton reaction which will further
promote the conversion of H2O2 to high toxic hydroxyl radicals
(OH• and O2

•–) [20]. The NOXs family participates in a membrane-
bound enzyme complex that can transport electrons across the
plasma membrane to yield superoxide and other downstream

Table 1. A comparison of features associated with various types of programmed cell death [16, 121–125].

Type Morphological features Biochemical features Immune features Positive
regulators

Negative
regulators

Ferroptosis Cell membrane: plasma membrane
blebbing and lacking rupture
Cytoplasm: shrunken mitochondria,
increased mitochondrial membrane
density, disruption of membrane
integrity.
Nucleus: lack of chromatin
condensation and margination.

Iron and ROS accumulation.
Formation of lipid
peroxidation products (e.g.,
MDA and 4-HNE).
GSH depletion.
NADPH oxidases (NOXs) are
activated and released by
the arachidonic acid
mediators.

Proinflammatory due to
the release of DAMPs.
Activation of NF-κB and
MAPK pathways

VDAC2/3
NCOA4
NOXs
ALOXs
P53
TFR1
FTH1
ACSL4
PTGS2

GPX4
SLC7A11
GSH
NRF2
HSPB1

Pyroptosis Cell membrane: cell swelling and
plasma membrane blebbing.
Cytoplasm: formation of vesicles and
inflammasomes.
Nucleus: chromatin condensation and
nuclear fragmentation.

Activation of caspases 1/4/
5/11 and GSDMD cleavage.
Releasing IL-1β and IL-18.

Robust
proinflammatory due to
release inflammatory
factors and DAMPs.

Caspases 1/
3/4/5/8
PRKN
GSDMD
IRGB10
TLR7

Necroptosis Cell membrane: cell shrinkage and
plasma membrane blebbing.
Cytoplasm: cytoplasmic and
cytoplasmic organelles swelling.
Nucleus: moderate chromatin
condensation.

Activation of RIPK1, RIPK3,
and MLKL and formation of
necrosome.
Drop in ATP.
Releasing DAMPs.

Most often
proinflammtory due to
the release DAMPs.
In some cases anti-
inflammatory

RIPK1,
RIPK3 MLKL
TNFR1

STUB1
A20
AURKA
Protein
phosphatase

Apoptosis Cell membrane: plasma membrane
blebbing and cell shrinkage.
Cytoplasm: cleavage of cytoskeletal
proteins and collapse of subcellular
components.
Nucleus: chromatin condensation and
nuclear fragmentation.

Caspases activation and
cleave numerous proteins.
Fragmentation of DNA.

Often anti-
inflammatory and
immune silent.
In some cases
proinflammatory

P53
Caspases
Bax
Bak
Fas
FasL

Bcl-2
Bcl-XL

Autophagy Cell membrane: lack of change and
may exist the plasma membrane
blebbing.
Cytoplasm: swelling of cytoplasmic
organelles and formation of
autophagosomes.
Nucleus: nuclear fragmentation and
lack of chromatin condensation.

LC3-I to LC3-II conversion
Substrate (e.g., p62)
degradation.

Most often anti-
inflammatory due to
inhibit the
inflammasome
activation.
Proinflammatory due to
mediation of secretion
of cytokines.

ATG5
ATG7
ATG3
Utx
Beclin 1
Rala

VDAC voltage-dependent anion channel, NCOA4 nuclear receptor coactivator 4, ALOXs arachidonate lipoxygenase, TFR1 transferrin receptor 1, FTH1 ferritin
heavy polypeptide 1, ACSL4 acyl-CoA synthetase long-chain family member 4 acyl-CoA synthetase long-chain family member 4, PTGS2 prostaglandin-
endoperoxide synthase 2, HSPB1 heat shock protein family B (small) member 1, GPX4 glutathione peroxidase 4, SLC7A11 solute carrier family 7 member 11, GSH
glutathione, NRF2 nuclear factor erythroid 2-related factor 2, PRKN parkin RBR E3 ubiquitin protein ligase, GSDMD gasdermin-D, IRGB10 immunity-related
GTPase B10, TLR toll-like receptor, RIPK receptor interacting protein kinases, MLKL mixed-lineage kinase domain-like protein, TNFR1 tumor necrosis factor
receptor-1, STUB1 STIP1 homology and U-Box containing protein 1, AURKA aurora kinase A, ATG autophagy related, Utx ubiquitously transcribed
tetratricopeptide repeat on chromosome X, Rala RAS like Proto-Oncogene A, MDA malondialdehyde, 4-HNE 4-hydroxynonenal.
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ROS [21, 22]. The production of ROS can promote lipid
peroxidation to induce ferroptosis. Additionally, mitochondrial
metabolism is also an important source of ROS [23]. An
imbalance of the generation and clearance of ROS leads to
oxidative stress, which can damage DNA, proteins, and lipids
[24]. A full understanding of the ROS regulatory network will
help us understand the mechanisms of ferroptosis. However,
there is a need to further clarify the interactions and differences
among different ROS sources in the regulation of ferroptosis.

Fatty acids supply
Fatty acids, including polyunsaturated fatty acids (PFUA) and
monounsaturated fatty acids (MUFAs), have been shown to play
an important role in ferroptosis. Dierge et al. [25] have
demonstrated that an excess uptake of PFUAs could lead to
ferroptosis of tumor cells, which exhibits an anti-tumor effect. On
the other hand, exogenous MUFAs can inhibit ferroptosis by
ameliorating the lipid ROS accumulation at the plasma membrane
and decreasing levels of phospholipids containing oxidizable
PFUAs [26]. In cells, ROS can react with PFUAs of lipid membranes
to induce ferroptosis. Lysophosphatidylcholine acyl-transferase 3
(LPCAT3) [27] and acyl-CoA synthetase long-chain family member
4 (ACSL4) [28] have been identified as the critical enzymes to

promote the production of PFUA derivatives. Thus, suppression of
LPCAT3 and ACSL4 will decrease the oxidative PFUAs in the
membrane and inhibit ferroptosis (Fig. 1). Besides, AMP-activated
protein kinase (AMPK), as a sensor of cellular energy status, also
regulates the ferroptosis by mediating phosphorylation of acetyl-
CoA carboxylase (ACC) and PFUAs biosynthesis [29]. However,
AMPK also mediates the phosphorylation of beclin 1 to promote
ferroptosis [30]. Thus, further studies are needed to clarify the
mechanisms of AMPK in regulating ferroptosis.

Lipid peroxidation
Lipid peroxidation is induced by both enzymatic and non-
enzymatic means. The mammalian arachidonate lipoxygenase
(ALOX) family, consisting of six members (ALOXE3, ALOX5,
ALOX12, ALOX12B, ALOX15, and ALOX15B) [31], can mediate
PUFA peroxidation to produce initial lipid hydroperoxides (LOOH)
and subsequent reactive aldehydes, such as malondialdehyde
(MDA) and 4-hydroxynonenal (4-HNE). These aldehydes not only
damage the DNA and protein but also promote and amplify
inflammation [17]. Thus, depletion of ALOXs in cells can prevent
ferroptosis induced by Erastin and ameliorate inflammation
[32, 33]. Despite the important role of ALOXs in regulating
ferroptosis, other non-ALOXs may also be involved in lipid

Fig. 1 Molecular mechanism and signaling pathways of ferroptosis. Ferroptosis is driven primarily through two major pathways. The
extrinsic or transporter-dependent pathway (e.g., increased iron uptake and decreased cysteine or glutamine uptake), and the intrinsic or
enzyme-regulated pathway (e.g., the inhibition of GPX4 or activation of ALOXs in the lipid metabolic pathway). TF transferrin, LTF
lactotransferrin, TFRC transferrin receptor, SLC11A2 solute carrier family 11 member 2, FTL ferritin light chain, RNS reactive nitrogen species,
DPP4 dipeptidyl peptidase 4, SLC38A1 solute carrier family 38 member 1, SLC1A5 solute carrier family 1 member 5, OXPHOS oxidative
phosphorylation, ACL ATP citrate lyase, Ac-CoA acetyl-CoA, AA arachidonic acid, AdA adrenic acid, CoA coenzyme A, ACSL4 acyl-CoA
synthetase long-chain family member 4, PE phosphatidylethanolamine, LPCAT3 lysophosphatidylcholine acyltransferase 3, POR cytochrome
p450 oxidoreductase, LOOH lipid hydroperoxides, SLC3A2 solute carrier family 3 member 2, GSSG GSH disulfide, GSR glutathione-disulfide
reductase, ARE antioxidant response element, HO-1 heme oxygenase-1, DFO deferoxamine, CPX ciclopirox olamine, DPIs diphenyleneio-
donium chloride.
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peroxidation. Cytochrome P450 oxidoreductase (POR), a non-
ALOXs pathway, can promote PUFA peroxidation by directly
supplying electrons to the P450 enzyme (Fig. 1). The two
cofactors, flavin mononucleotide (FMN) and flavin adenine
dinucleotide (FAD), combine with POR which can promote auto-
oxidation of PUFA to generate ROS [34, 35]. Additionally,
prostaglandin-endoperoxide synthase 2 (PTGS2/COX2) also had
been considered as a biomarker, not a driver of ferroptosis, which
contributes to ferroptosis by indirectly oxidizing lysophospholipids
[36–38]. However, it is still unclear whether these oxidases have a
similar role in regulating ferroptosis. More research is necessary to
understand the role of different oxidases in mediating ferroptosis.

ANTIOXIDANT SYSTEMS
System Xc− and GPX4
System Xc− is an important antioxidant system that inhibits
ferroptosis (Fig. 1). It is composed of two core subunits: the light-
chain subunit SLC7A11 and the heavy-chain subunit SLC3A2.
System Xc− is an amino acid transporter that imports cystine and
exports glutamate in a 1:1 ratio. The imported cystine can be used
in the synthesis of GSH. The inhibition of SLC7A11 by small-
molecule compounds (e.g., Erastin) or drugs (e.g., Sorafenib and
Sulfasalazine) or glutamate will cause GSH depletion to trigger
ferroptosis [7, 39]. GSH can regulate the activity of glutathione
peroxidase 4 (GPX4) as a powerful antioxidant. GPX4, the key
regulator of ferroptosis, can reduce phospholipid hydroperoxide
production by reducing GSH to oxidized glutathione (Fig. 1)
[15, 36]. Selenium is required by GPX4 to prevent ferroptosis.
Active selenol is oxidized by peroxide to selenic acid and finally
reduced by GSH to glutathione disulfide (GS-SG) [15, 40]. Some
small molecule compounds (e.g., RSL3, ML162, ML210, FIN56, and

FINO2) can directly or indirectly induce ferroptosis by inhibiting
the activity of GPX4, whereas overexpression of GPX4 can lead to
the resistance of ferroptosis [36, 41–44]. Interestingly, emerging
studies have revealed that GPX4 can cause other types of cell
death, including apoptosis [45], autophagy [46], necroptosis [47],
and pyroptosis [48] which means that there is potential
interconnectivity between ferroptosis and other PCD. Therefore,
it is important to further explore the potential link between cell
death and GPX4 in the process of diseases. Moreover, the
regulatory mechanisms among the different types of cell deaths
warrant further exploration.

NRF2
The transcription factor Nuclear factor E2 related factor 2 (NRF2)
and its negative regulator, kelch-like ECH-associated protein 1
(Keap1), are critical to defend the oxidative stress and maintain the
oxidative steady state (Fig. 1). In mammalian cells, Keap1 functions
as the molecular sensor for reactive species. Under basal
conditions, Keap1 readily binds with NRF2 and tethers it for
ubiquitination and proteasomal, thereby maintaining a low level of
NRF2. In the intense oxidative stress response, Keap1 is modified
on some specific cysteine moieties which disable its E3 ligase
adaptor activity. As the result, NRF2 is stabilized and increased via
de novo protein synthesis. When the increased abundance of NRF2
exceeds the Keap1 abundance, NRF2 can be activated by
detaching from Keap1 and translocated to the nucleus. In the
nucleus, NRF2 will increase transcription of the genes that encode
antioxidant proteins (e.g., heme oxygenase-1 (HO-1) and ferritin
heavy chain 1 (FTH1)) by binding to the antioxidant response
element (ARE) [49]. NRF2 plays a critical role in regulating lipid
peroxidation and iron/heme metabolism [50–52]. Genetic or
pharmacologic inhibition of NRF2 expression or activity in

NADPH
Reductase
NOX1-5

NADPH
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NOX4

GSH Peroxidase,
Peroxiredoxin

Glucose
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Fig. 2 The mechanisms and pathways for generating common ROS products. The NADPH oxidases (NOXs) family, Xanthine oxidase,
Myeloperoxidase (MPO), and GSH peroxidase are important enzymes that promote ROS production in the cells. Activation of these pathways
combined with the abnormal antioxidant mechanisms (e.g., superoxide dismutase (SOD)) will result in oxidative stress and ferroptosis.
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hepatocellular carcinoma cells (HCC) can promote Erastin or
Sorafenib-induced ferroptosis, thereby increasing the antitumor
effects [53]. Besides, studies have shown that NRF2/HO-1 pathway
can regulate ferroptosis and improve inflammation. The NRF2/HO-
1 pathway interacts with SLC7A11 to dramatically attenuate
ferroptosis [54]. However, some studies have pointed out that
the expression of HO-1 can be upregulated by increased heme,
which promotes Erastin-induced ferroptosis, suggesting HO-1 has a
dual role in ferroptotic cell death [55].

PROGRAMMED CELL DEATH IN ARDS
Ferroptosis in ARDS
ARDS is a fatal clinical syndrome characterized by uncontrolled
and self-amplifying pulmonary inflammation. ARDS involves
damage to alveolar epithelial and endothelial barriers, leading to
protein and liquid leakage into the alveoli and interstitium [3, 6].
Oxidative stress has been demonstrated to be associated with the
pathogenesis of ARDS. Pathogens can induce the production of
ROS to damage the balance between oxidative and antioxidant
capacity, resulting in redox imbalance of the local microenviron-
ment and induction of ferroptosis [56].
Ferroptosis can result in the accumulation of immune cells and

promote the release of proinflammatory cytokines, which can
aggravate lung injury. Thus, ferroptosis is considered as an
immunogenic form of cell death [57, 58]. Moreover, inflammation
can further promote ferroptosis. Treatment cells with tumor
necrosis factor (TNF)-α have been shown to suppress the
expression of GPX4 and further promote ferroptosis [59].
Therefore, ferroptosis and inflammation form a self-amplified
loop, which further promotes organ damage. Numerous studies
have demonstrated that ferroptosis plays an important role in
various pathophysiologic models of ARDS. Inhibiting the SLCA11/
GPX4/GSH signaling pathway can induce the accumulation of
ROS in lung epithelial cells, which causes ferroptosis, as well as
the impaired epithelial–endothelial barrier. In sepsis-induced
ARDS, treatment of lipopolysaccharide (LPS) can significantly
suppress the expression level of GPX4 and SLC7A11, while the
level of MDA, 4-HNE, and total iron is strikingly increased.
Inhibiting ferroptosis by Fer-1 can reverse these changes and
improve inflammatory lung injury [8]. Besides, intestinal ische-
mia/reperfusion enhanced ferroptosis in lung epithelial cells by
inhibiting GPX4, which contributes to the development of ALI
[54]. Acute radiation-induced lung injury (RILI) [60] and oleic
acid-induced ALI models [61] have also been proven that high
levels of ROS-induced oxidative damage to lung tissue.
Ferroptosis is a key factor in promoting the development of
ALI. However, few studies have been conducted to investigate
the potential role of ferroptosis in the pathogenesis of virus-
induced ARDS (e.g., influenza and SARS-CoV-2-associated ARDS).
Thus, it is urgent to explore the roles and mechanisms of
ferroptosis in virus-induced ARDS.
Inhibiting ferroptosis has been demonstrated as an effective

approach to alleviate pulmonary inflammation and tissue damage
in ARDS. NRF2-mediated antioxidant pathway activation can
maintain cellular redox homeostasis and reduces oxidative
damage [49, 56]. Recent studies have shown that NRF2 could
increase the expression level of HO-1 and SLC7A11 and
dramatically attenuate ferroptosis in the ischemia/reperfusion-
induced ALI (IIR-ALI) model [54]. Furthermore, NRF2 increases the
expression of SLC7A11 by regulating STAT3, indicating that NRF2
can inhibit ferroptosis by regulating inflammation [62]. Thus, more
work is warranted to fully understand the crosstalk of NRF2 and
STAT3 on ferroptosis. Additionally, iASPP, an inhibitor of p53
which is an apoptosis-stimulating protein, could inhibit ferroptosis
and provide protection against ALI via the NRF2/HIF-1/TF-
signaling pathway. The levels of inflammatory cytokines (TNF-α,
interleukin (IL)-6, and IL-1β) were also dramatically reduced by

inhibiting ferroptosis [9]. Thus, NRF2 may be a promising
therapeutic target for ARDS/ALI. The mechanisms of NRF2 in
regulating ferroptosis should be further explored and clarified.
Additionally, NRF2 regulates iron metabolism to decrease
oxidative stress. Disruption of iron homeostasis and accumulation
of iron can cause oxidative stress and tissue damage through
ferroptosis [63]. NRF2 could regulate heme-bound iron and a labile
iron pool to synthesize heme or iron–sulfur clusters. Activated
NRF2 could reduce cytosolic labile iron, restore homeostasis
in situations of cellular iron overload and prevent oxidative stress
[50]. Thus, NRF2 is expected to protect cells against ferroptosis by
regulating iron. The degradation of target genes FTL and FTH1
could promote ferroptosis. However, it remains to be uncovered
how NRF2-mediated ferroptosis protects ARDS by regulating iron
and how those pathways converge with iron proteins such as FTL
or FTH1. In addition to the NRF2 pathway, recent studies have
proven that activating the α7 nicotinic acetylcholine receptor
(α7nAchR) in lung tissue [64] or blocking mTOR signaling [65] can
significantly ameliorate the sepsis-induced ARDS by inhibiting
ferroptosis. The expression of GPX4 and SLC7A11 increased and
the iron level decreased. Therefore, there may be many
undiscovered pathways and mechanisms related to the develop-
ment of ferroptosis. Future work is needed to explore and clarify
the interactions between these pathways and mechanisms in the
regulation of ferroptosis.
Besides, ferroptosis, as immunogenic cell death, has been

demonstrated to regulate the immune response in various
diseases, particularly cancer. Currently, the role of ferroptosis in
tumor suppression by the immune system has been extensively
studied [66]. Immune checkpoint blockade therapy by activating
T cells is a highly effective class of anti-cancer therapy. Wang et al.
reported that ferroptosis-specific lipid peroxidation in tumor cells
was enhanced by immunotherapy-activated CD8+ T cells. This
increase of ferroptosis in tumor cells by CD8+ T cells contributes
to the anti-tumor efficacy of immunotherapy [67]. Except for
T cells, ferroptosis was also associated with the immune activity of
macrophages, neutrophils, and B cells [68–70]. The current
evidence suggests that the differentiation and activity of immune
cells might be governed by lipid peroxidation, and immune cells
might participate in regulating ferroptotic inflammation. Addi-
tionally, DAMPs released from ferroptotic cells could integrate
with pattern recognition receptors (PRRs), such as toll-like receptor
4 (TLR4), which might mediate ferroptosis-related inflammatory
responses [71]. Ferroptosis induced by bacterial infection might
exacerbate the tissue injury in bacterial (e.g. P. aeruginosa and
M. tuberculosis) pneumonia [72, 73]. Moreover, the ferroptotic
macrophage might facilitate the spread of M. tuberculosis, which is
detrimental to the host. Treatment with Fer-1 could significantly
reduce bacterial load [73]. Therefore, ferroptosis has an interaction
with immunity, and the activation of ferroptosis is associated with
the development of bacterial infection-induced tissue injury. ARDS
is also characterized by complex immunological changes, includ-
ing uncontrolled inflammation and self-amplified injury [3, 74].
However, the ferroptosis-triggered lung and systematic immuno-
logical changes in ARDS remain unknown. Given the important
role of ferroptosis in immunomodulation, we are looking forward
to future studies which explore the role of ferroptosis-induced
immunological changes in ARDS.

Pyroptosis in ARDS
Pyroptosis is a type of cell death characterized by the formation
of inflammasomes. Pyroptosis is defined as gasdermin D
(GSDMD)-mediated regulated programmed necrotic cell death.
GSDMD is a cytosolic protein that contains a specific cleavage
site for inflammatory caspases (e.g., caspase 1, caspase 4,
caspase 5, and caspase 11) [75–77]. The cleavage of GSDMD by
activated caspase 1 results in the formation of a channel in
the plasma membrane. Besides, inflammatory caspases cleave
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pro-IL-1β and pro-IL-18, converting them to the active form
(IL-1β and IL-18) [78, 79]. The active form of these cytokines is
then released through the channel or access the interstitial
space upon pyroptosis execution, leading to the release of
DAMPs and proinflammatory cytokines, which recruit the
immune cells and amplify the inflammation. Therefore, Pyrop-
tosis is considered as immunogenic cell death (Fig. 3).
Numerous studies have demonstrated that pyroptosis has an

important role in ARDS. The cytokines induced by inflammasomes
and caspases are critical mediators of ARDS. The pyroptosis of
macrophages, endothelial cells, and neutrophils are involved in
the development of ARDS. NOD‐like receptor protein 3 (NLRP3)
inflammasome-mediated macrophage pyroptosis promotes high-
mobility group box 1 (HMGB1) secretion [80]. HMGB1 further
augments macrophage pyroptosis, amplifies inflammation, and
aggravates ARDS [81]. Cellular pyroptosis is an important factor in
the progression of COVID-19 to hypoxia and ARDS [82].
Inflammasomes activation releases extensive amounts of proin-
flammatory cytokines [83, 84]. Furthermore, GSDMD activation in
monocytes or neutrophils by inflammasome contributes to
coagulation, which may explain the high rate of venous and
arterial thrombosis and the high mortality in severe COVID-19
patients [85]. Therefore, pyroptosis and tissue inflammation form
a vicious cycle, ultimately leading to excessive inflammation and
disease progression.

Necroptosis in ARDS
Necroptosis is a cell death program driven by the necrosome,
resulting in necrotic morphology [86] (Fig. 4). The necrosome is
composited by receptor-interacting kinase (RIPK) 1 and RIPK3.
During the RIPK1-dependent necroptosis, activated RIPK1
executes autophosphorylation and interacts with RIPK3 via
the RIP homotypic interaction motif (RHIM). Upon the formation
of the necrosome, RIPK3 can phosphorylate mixed-lineage
kinase domain-like pseudokinase (MLKL). Phosphorylated MLKL
then translocates to cell membranes and forms a channel,
increasing the permeabilization of the cell membrane [87].

Intracellular potents (e.g., HMGB1) are released through the
channel and result in inflammation, accumulation of immune
cells, and sustained immune response [88, 89]. Thus, necrop-
tosis is also considered immunogenic cell death. Besides, toll-
like receptor (TLR)3 and TLR4 activation can also promote the
formation of the necrosomes and be involved in the progres-
sion of diseases (Fig. 4). Z-DNA-binding protein 1 (ZBP1) is
another emerging innate immune sensor of viral Z-RNAs that
recruits RIPK3 to activate necroptosis and apoptosis. Thus, the
ZBP1 regulates the host defense responses during viral
infection by initiating the programmed cell death pathways
[90]. Furthermore, previous studies have pointed out that RIPK1
and RIPK3 also have an important role in apoptosis and
pyroptosis [87, 91], making it difficult to identify the type of
cell death in diseases.
Increased evidence has proven that necroptosis plays an

important role in the pathogenesis of ARDS. Tamada et al. have
demonstrated that necroptosis was the dominant type of cell
death in alveolar epithelial in LPS-induced ARDS [92]. Bacterial
infection can trigger necroptosis. For example, Staphylococcus
aureus (S. aureus) and its toxins can efficiently induce
necroptosis in polymorphonuclear leukocytes (PMN) or macro-
phages. The necroptosis of immune cells impedes bacterial
clearance and increased pulmonary inflammation. The inhibition
or deletion of RIPK3 and MLKL can improve bacterial pneumonia
and prevent localized tissue damage [93, 94]. However, the role
of necroptosis in virus-induced ARDS is highly controversial.
SARS-CoV-2 infection can induce various inflammatory cytokines
such as TNF-α and IFN-γ, which is beneficial for clearing the viral
infection. Nevertheless, TNF-α and IFN-γ co-treatment can
induce nitric oxide production and drive RIPK3/MLKL-mediated
necroptosis, promoting tissue damage. Blocking the cytokine-
mediated necroptosis may benefit COVID-19 patients [95].
Interestingly, in influenza, A virus (IAV) infection, the inhibition
of necroptosis in mice failed to control IAV replication and led to
lethal respiratory infection [96]. Thus, it is necessary to further
identify the specific signaling axis in virus-induced necroptosis

Fig. 3 Molecular mechanisms of pyroptosis. The mechanisms of pyroptosis are divided into canonical pathways mediated by caspase 1 and
noncanonical pathways activated by caspase 4/5/11. LPS lipopolysaccharide, CARD recruitment domain, PRRs pattern recognition receptors,
PYD pyrin domain, AIM melanoma, IL interleukin, GSDMD gasdermin D, NETs neutrophil extracellular traps, HMGB1 high-mobility group box 1.
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and determine the protective or detrimental effects of necrop-
tosis in virus infection.

THE CROSSTALK AMONG FERROPTOSIS, PYROPTOSIS, AND
NECROPTOSIS
Cell death plays a crucial role in combating infections and is
implicated in various diseases. Different cell death pathways are
involved in the development of a particular disease. For example,
in renal ischemia-reperfusion injury, Zhao et al. have proven that
ferroptosis, pyroptosis, and necroptosis are the predominant
contributor to acute renal injury. Ferroptosis-related genes were
mainly expressed in tubular epithelial cells, while the genes
associated with pyroptosis and necroptosis were mainly expressed
in macrophages [97]. Therefore, ferroptosis may exacerbate the
damage. Inhibiting ferroptosis may be a more effective therapy
compared to pyroptosis and necroptosis [98].
Increasing studies have identified the crosstalk of the different

cell death pathways (Fig. 5). The interaction between ferroptosis,
pyroptosis, and necroptosis is complex and they can operate in
synergy to eliminate cells [99]. Several lines of evidence have
proven the crosstalk between pyroptosis and necroptosis. Firstly
demonstrated that RIPK3 was required for the NLRP3 inflamma-
some activity and the proIL-1β-associated ubiquitination was
markedly increased in a RIPK3-dependent manner [100]. Several
genetic experiments have also confirmed that the necroptosis

signaling pathway can trigger the RIPK3–MLKL–NLRP3–Caspase-1
axis, leading to IL-1β maturation [101–103] (Fig. 5). Besides,
apoptosis, pyroptosis, and necroptosis are interconnected by
shared regulatory proteins and signaling pathways to consist of
PANoptosis. The PANoptosome was initially shown to contain
RIPK1, RIPK3, caspase 8, ASC, and caspase 1. The subsequent study
showed that ZBP1 was also a component of PANoptosis, which
recognizes the IAV. Then, these PANoptosome complexes
promote the activation of downstream cell death receptors,
representing apoptosis (caspase 3/6/7), pyroptosis (GSDMD), and
necroptosis (MLKL). Thus, these findings highlight the important
roles of different cell death pathways and their synergistic
operation in eliminating cells which might promote the develop-
ment of ARDS [104–106].
Oxidative stress is a critical mechanism contributing to PCDs.

Kang et al. have demonstrated that lipid peroxidation can
promote GSDMD-mediated pyroptosis in lethal polymicrobial
sepsis. The conditional knockout of GPX4 has been shown to
increase activation of the lipid peroxidation-dependent caspase
11 and GSDMD cleavage. Thus, GPX4 might negatively regulate
pyroptosis by inhibiting lipid peroxidation, which prevents lethal
polymicrobial sepsis in mice [68]. On the other hand, mitochon-
drial ROS is indispensable for the pathogenesis of ferroptosis and
necroptosis. Mitochondrial ROS could promote autophosphor-
ylation of the RIPK1 which recruits RIPK3, forming the functional
necrosome (Fig. 5) [107]. The overexpression of GPX4 decreases

Fig. 4 Molecular mechanisms of necroptosis. Necroptosis can be triggered by the receptors (e.g., TNFR1 and TLR3/4), which promote the
assembly of the RIPK1–RIPK3–MLKL signaling complex. The ZBP1 can recognize the cytosolic DNA released from infecting microbes, which
will activate RIPK3 and MLKL to lead to necroptosis. TNF tumor necrosis factor, R receptor, TRADD TNF-R-associated death domain, RIPK
receptor-interacting kinase, cIAP cellular inhibitor of apoptosis protein, TRAF TNF-R-associated factors, CYLD cylindromatosis, MLKL mixed-
lineage kinase domain-like pseudokinase, HMGB1 high-mobility group box 1, TLR toll-like receptor, TRIF TLR domain-containing adaptor-
inducing interferon-β, ZBP/DAI Z-DNA-binding protein/DNA-dependent activator of interferon regulatory factors, JNK c-Jun N-terminal kinase,
NF-κB nuclear factor kappa-B.
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the levels of mitochondrial ROS, thereby preventing ferroptosis
and necroptosis [108]. In addition, knockout of ACSL4 can inhibit
ferroptosis in ferroptosis-sensitive murine and human cells, but
increase the susceptibility to necroptosis. These studies indicate
that there is an interconnectivity between ferroptosis and
necroptosis [109]. Moreover, the latest study has indicated that
the release of DAMPs from the plasma membrane pore may be a
common feature among ferroptosis, pyroptosis, and necroptosis
[110]. The release of the DAMPs triggered by ferroptosis may
promote pyroptosis and necroptosis. Thus, it is of interest to
further explore the crosstalk among pyroptosis, necroptosis, and
ferroptosis and clarify the interaction mechanisms in ARDS.
Furthermore, it is also interesting to explore the specific DAMPs
that can be targeted for preventing PCDs.

TREATMENT OF ARDS BY TARGETING FERROPTOSIS
As described above, ferroptosis plays a crucial role in the
pathogenesis of ARDS, suggesting that there is great potential
for the treatment of ARDS by targeting ferroptosis. Iron chelators
and antioxidants would be effective treatments for ARDS. Iron
chelators are used to remove the excess iron and inhibit the
Fenton reaction, which reduces the ROS levels. Deferoxamine
(DFO) is the first iron chelator approved by U.S. Food and Drug
Administration (FDA) in 1968 [111]. Numerous studies have
proven that DFO is effective in treating infection caused by
bacteria, fungi, and viruses [112]. DFO can reduce the production
of lipid peroxidants (e.g., MDA and 4-HNE) to prevent further
damage. Thus, DFO has been hypothesized to have beneficial
immunomodulatory and antiviral effects in defense against

SARS-CoV-2 infection [113]. Further studies should be conducted
to explore the therapeutic potential of DFO in COVID-19.
Oxidative stress is another critical mechanism to promote the

accumulation of lipid peroxidants, which aggravates lung injury and
contributes to the development of ARDS. Fer-1 is a specific inhibitor
of ferroptosis that can ameliorate lipid peroxidation. In sepsis-
induced ARDS, Fer-1 can improve inflammation and reduce the
production of MDA and 4-HNE [8]. Besides, PUFA is an important
source of lipid peroxidants. The inhibition of the metabolism of
PUFA or knockdown of ACSL4 may be an effective therapy for ARDS
[28, 114]. Antioxidants, such as vitamin E and vitamin C, can work
synergistically to maintain redox balance and prevent lipid
peroxidation. Furthermore, supplementation of exogenous GSH
can also effectively ameliorate mitochondrial dysfunction [115].
N-acetylcysteine (NAC), a precursor of GSH, has been demonstrated
to decrease the incidence and severity of influenza and influenza‐
like illnesses [116]. NAC treatment attenuated pulmonary inflam-
mation, pulmonary edema, MPO activity, and inflammatory
cytokines (e.g., TNF-α, IL-6, and IL-1β) in mice with IAV-induced
ARDS [117]. Interestingly, some studies have pointed out that NAC
treatment can prevent the SARS-CoV-2 infection and restore the
redox balance [118]. GSH has been proposed as a potential marker
for the risk of development to severe COVID-19 and prevent
oxidative damage when infection progresses [119]. Two COVID-19-
associated ARDS patients were treated with GSH and showed
significant improvement in dyspnea and reduction of cytokine
storm syndrome [120]. Therefore, iron chelators and antioxidants
may be effective therapies for ARDS patients. However, there is a
lack of large-scale, high-quality randomized controlled trials of GSH
for ARDS treatment. Future studies are needed to provide evidence

Fig. 5 The crosstalk among pyroptosis, necroptosis, and ferroptosis. Diverse initiator and effector molecules involved in ferroptosis,
pyroptosis, and necroptosis are interchangeable to promote cell death.
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for the effectiveness of GSH as a novel therapeutic approach for
ARDS patients.

CONCLUSION AND PERSPECTIVES
The underlying regulatory mechanisms of ferroptosis and its link
to diseases have been greatly explored since its discovery.
Ferroptosis is a type of PCD characterized by the imbalance of
iron metabolism and lipid metabolism. The accumulation of Fe2+

triggers the Fenton reaction to produce free radicals which
damage the lipid membrane, resulting in lipid peroxidation.
Besides, PUFAs can be oxidated by LPCAT3 and ACSL4 to
generate the production of lipid ROS. Although we have
understood the initiators, mediators, and regulators of ferroptosis,
the ultimate executors of ferroptosis are still unclear [17]. Thus,
the complex lipid metabolic network still needs to be further
clarified. As described above, ferroptosis, pyroptosis, and necrop-
tosis synergistically promote the development of ARDS (Fig. 6).
The crosstalk among ferroptosis, pyroptosis, and necroptosis has
received great attention. Lipid peroxidation not only induces
ferroptosis but also leads to pyroptosis and necroptosis. Pore
formation in the lipid membrane is an important mechanism
for pyroptosis and necroptosis, but it is unknown if pore proteins
also bind to the lipid membrane to induce ferroptosis.
Furthermore, increased evidence demonstrated that there is
mutual regulation among ferroptosis, pyroptosis, and necroptosis
in diseases, but the regulatory mechanisms remain elusive and
warrant further exploration.
Ferroptosis, as an immunogenic form of cell death, has been

extensively studied in ARDS. However, the role of ferroptosis in
virus-induced ARDS is yet to be determined. Compelling evidence
has proven that ferroptosis inhibitors such as Fer-1 have positive
effects in regulating inflammation and improving lung injury.
Inhibition of ferroptosis can dramatically decrease the expression
level of proinflammatory cytokines. Despite these findings
connecting ferroptosis to the immune response in ARDS, the
regulatory mechanisms remain unclear. The immunomodulatory
effect of ferroptosis inhibitors in ARDS should also be further
clarified. Despite the important role of ferroptosis in ARDS, specific
markers to evaluate the ferroptosis-mediated immune response
are still lacking. Lastly, the current research is limited to cell and
animal studies, the clinical trials evaluating the effectiveness of
ferroptosis inhibitors are still lacking. Given the important role of
ferroptosis in ARDS, we really are looking forward to exploring the
therapeutic potential of ferroptosis inhibitors in ARDS patients.

Furthermore, due to the presence of multiple types of cell death in
ARDS, combined interventions targeting multiple pathways may
be a better therapy.
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