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Acute Respiratory Distress Syndrome (ARDS) is a severe inflammatory lung condition often triggered by infections or sepsis, characterized by diffuse alveolar damage, pulmonary edema, and impaired gas exchange. Despite advances in supportive care, ARDS continues to have a high mortality rate. The pathogenesis of ARDS involves an exaggerated immune response leading to tissue damage and inflammation. Regulatory cell death pathways, particularly ferroptosis, an iron-dependent form of cell death driven by lipid peroxidation and oxidative stress, play a critical role in ARDS progression. Ferroptosis is characterized by the accumulation of lipid peroxides and is regulated by enzymes such as glutathione peroxidase 4 (GPX4) and the system Xc- antiporter. Dysregulation of these pathways exacerbates oxidative stress and tissue damage in ARDS. In the context of ARDS, ferroptosis contributes to the destruction of alveolar and endothelial cells, leading to increased vascular permeability, pulmonary edema, and impaired gas exchange. Immune cells like macrophages and neutrophils, while essential for pathogen clearance, can also contribute to lung injury when overactivated, highlighting the need for therapeutic strategies to modulate ferroptosis. Therapeutic targeting of ferroptosis in ARDS includes the use of antioxidants, GPX4 activators, iron chelators, and inhibitors of lipid peroxidation. These approaches aim to reduce oxidative stress, restore antioxidant defenses, and prevent iron-driven cell death. Future research must address challenges in identifying reliable biomarkers, understanding subphenotype-specific mechanisms, and integrating ferroptosis inhibitors into existing therapeutic frameworks. By targeting ferroptosis, it may be possible to mitigate ARDS severity and improve patient outcomes, offering new hope for the management of this devastating condition.




Keywords: cell death pathways, immune homeostasis, acute respiratory distress syndrome, ferroptosis, immune cytokines




1 Introduction

Acute respiratory distress syndrome (ARDS) is a severe, life-threatening inflammatory condition of the lungs commonly triggered by infections such as bacterial pneumonia, viral pathogens (e.g., influenza and SARS-CoV-2), and systemic sepsis (1). Hallmarked by diffuse alveolar damage, pulmonary edema, hypoxemia, and impaired gas exchange, ARDS frequently necessitates mechanical ventilation in intensive care units (ICUs) (1, 2). Despite advancements in supportive care, infection-driven ARDS continues to have a high mortality rate of 30–50% (3).

The pathogenesis of ARDS involves an exaggerated immune response that damages alveolar structures, disrupts the alveolar-capillary barrier, and promotes excessive inflammation, vascular leakage, and oxygenation failure (4, 5). Immune cells like macrophages and neutrophils, while essential for pathogen clearance, contribute to lung injury when overactivated (6, 7). This highlights the critical need to maintain immune homeostasis to mitigate disease progression (8).

Regulated cell death pathways, such as apoptosis, pyroptosis, necroptosis, and ferroptosis, play pivotal roles in controlling inflammation and maintaining tissue integrity. However, their dysregulation can exacerbate inflammation and tissue damage in ARDS (9, 10). Among these, ferroptosis, an iron-dependent form of cell death driven by lipid peroxidation, oxidative stress, and glutathione depletion, has garnered significant attention (11). In ARDS, ferroptosis contributes to the destruction of alveolar and endothelial cells, thereby exacerbating lung injury (12).

Given the central role of oxidative stress and lipid peroxidation in ARDS, targeting ferroptosis represents a promising therapeutic strategy (13). This review explores the mechanisms of ferroptosis, its role in ARDS progression, and its potential as a target for therapeutic interventions.




2 Ferroptosis in infection and ARDS development

Cell death pathways play critical roles in immune homeostasis, infection defense, and inflammation resolution. In ARDS, an imbalance between these pathways contributes to exaggerated immune responses, tissue damage, and disease progression (14) Among these pathways, ferroptosis has emerged as a key player in infection-induced lung injury, offering new therapeutic insights for ARDS management (12).



2.1 Ferroptosis: a central player in ARDS pathogenesis

Ferroptosis is a regulated, iron-dependent form of cell death distinguished by oxidative damage and lipid peroxidation. It plays a dual role in infection and inflammation. While ferroptosis helps eliminate infected or damaged cells, its dysregulation exacerbates inflammation, tissue injury, and alveolar-capillary barrier dysfunction in ARDS (15). Understanding the mechanisms of ferroptosis offers opportunities for therapeutic intervention, especially in targeting oxidative stress and iron dysregulation.




2.2 Key molecular mechanisms of ferroptosis

Ferroptosis is characterized by the iron-dependent accumulation of lipid peroxides, driven by dysregulated oxidative stress and impaired antioxidant defenses. A central player in this process is glutathione peroxidase 4 (GPX4), an enzyme responsible for neutralizing lipid peroxides. When GPX4 is inhibited or depleted, lipid peroxidation spirals out of control, leading to cell death (16). The system Xc-, which imports cystine for glutathione (GSH) synthesis, also plays a crucial role. Dysfunction of system Xc- depletes GSH, further compromising the cell’s ability to counteract oxidative damage (17).

Iron metabolism is another critical factor in ferroptosis. Excess free iron, often resulting from inflammation-induced disruption of iron homeostasis, generates reactive oxygen species (ROS) through the Fenton reaction (18). These ROS amplify lipid peroxidation, particularly in cell membranes rich in polyunsaturated fatty acids (PUFAs). Enzymes like ACSL4 (acyl-CoA synthetase long-chain family member 4) facilitate the incorporation of PUFAs into membrane phospholipids, increasing their vulnerability to peroxidation (19). Together, these mechanisms underscore the intricate interplay of oxidative stress, lipid metabolism, and iron dysregulation in driving ferroptosis (Figure 1).
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Figure 1 | Ferroptosis signaling pathway. The main elements and interactions of ferroptosis, a type of controlled cell death marked by iron-dependent lipid peroxidation, are depicted in this figure. The pathway includes lipid oxidation (e.g., ALOX, LPCAT3), glutathione metabolism (e.g., GSH/GSSG, GPX4), and iron metabolism (e.g., transferrin receptor, ferroportin). Ferroptosis modulation is greatly aided by regulatory proteins like as Nrf2, p53, and SLC7A11. Additionally shown are ferroptosis inducers (like RSL3) and inhibitors (like Fer-1), emphasizing the harmony between pro- and anti-ferroptotic elements.




2.3 Triggers and amplifiers of ferroptosis in ARDS

The pathological environment of ARDS provides multiple triggers for ferroptosis, exacerbating lung injury and inflammation. Oxidative stress is a hallmark of ARDS, with elevated ROS levels initiating and propagating lipid peroxidation (20–22). Mitochondrial dysfunction, a frequent feature in ARDS, further contributes to ROS generation and disrupts cellular redox balance, creating a vicious cycle of oxidative damage (22).

Inflammation also amplifies ferroptosis through cytokine-mediated pathways. Pro-inflammatory mediators, such as TNF-α and IL-1β, enhance iron dysregulation by promoting ferritin degradation and releasing free iron into the cytosol. This excess iron accelerates lipid peroxidation, aggravating tissue damage (22). Additionally, systemic inflammation and vascular leakage in ARDS disrupt iron transport and storage mechanisms, further compounding the pro-ferroptotic state (23). These interconnected triggers highlight the multifactorial nature of ferroptosis in ARDS and its significant role in disease progression.




2.4 The role of hypoxia in ferroptosis induced ARDS

A common ARDS symptom, hypoxia, worsens lung damage in a number of ways. It is becoming more widely acknowledged that ferroptosis, a newly identified kind of controlled cell death triggered by iron-dependent lipid peroxidation, plays a major role in the pathophysiology of ARDS (24). A defining feature of ARDS is hypoxia, which is brought on by compromised gas exchange as a result of edema and alveolar injury (25). Pulmonary vasoconstriction, endothelial dysfunction, and the production of inflammatory cytokines are among the physiological and pathological alterations brought on by hypoxia. The hypoxia-inducible factor (HIF) pathway, which controls genes related to energy metabolism and iron homeostasis, is activated by the hypoxic environment in ARDS (26). Lung damage may be exacerbated by this pathway’s ability to alter the equilibrium between the oxidative and antioxidant systems (Figure 2). In the context of ARDS, recent research has emphasized the link between ferroptosis and hypoxia. Ferroptosis can be facilitated by hypoxia in a number of ways. First of all, ferroptosis may be impacted by the overexpression of genes related to iron metabolism, such as HO-1, caused by the activation of HIF-1α in hypoxic environments (27). Second, oxidative stress brought on by hypoxia can deplete antioxidants such as glutathione, increasing the vulnerability of cells to ferroptosis and lipid peroxidation (28). For instance, via activating the Nrf2/HO-1 pathway and preventing ferroptosis, ferulic acid was demonstrated to mitigate alveolar epithelial barrier failure in sepsis-induced acute lung damage (29). This implies that one possible treatment approach for ARDS patients may be to target ferroptosis to reduce the damage that hypoxia causes to the lungs (Figure 3).
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Figure 2 | Hypoxia signaling pathway in ARDS. The complex hypoxia signaling cascade and its various impacts on cellular functions are depicted in this image. Oxygen levels fall in hypoxic environments, stabilizing HIF-α, which then dimerizes with HIF-β to bind HRE elements and control the expression of target genes. Numerous biological processes, including as cell division, survival, metabolism, angiogenesis, erythropoiesis, extracellular matrix remodeling, metastasis, and immune evasion, are impacted by this system. HIF-α is further stabilized by metabolic alterations such as increased lactate and succinate synthesis, which block PHDs and FIH. Angiogenesis and immune cell recruitment are encouraged by the upregulation of signaling molecules like VEGF, PDGF, and SDF-1. Hypoxia also affects stem cell maintenance, the epithelial-mesenchymal transition (EMT), and cell migration/invasion. Important regulators that interact with HIF-α to modify cellular responses are also highlighted in the picture, including PI3K, mTOR, AMPK, and NF-kB. This intricate network emphasizes how important hypoxia is in influencing the cellular microenvironment and triggering adaptive reactions in a range of healthy and pathological settings.
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Figure 3 | The crucial role of ferroptosis in ARDS progression. The connection between ferroptosis and hypoxia in relation to lung injury is depicted. The lung maintains homeostasis under normal circumstances. On the other hand, TNF-α and IL-1β levels rise during hypoxia, which causes HIF-1α to stabilize. This sets off a series of events that include the release of damage-associated molecular patterns (DAMPs), which fuel inflammation, and the generation of reactive oxygen species (ROS). By raising glutathione levels, the xCT cystine-glutamate antiporter’s components SLC7A11 and SLC3A2 are upregulated in an effort to combat oxidative stress. But this is frequently not enough. The condition is made worse by the buildup of iron and ROS, which ultimately results in the loss of mitochondria. Acute respiratory distress syndrome (ARDS) is a result of these alterations, which ultimately lead to ferroptosis, a type of controlled cell death. The intricate relationship between ferroptosis, inflammation, and hypoxia in lung pathology is depicted in this image.




2.5 Crosstalk of ferroptosis with other cell death

The onset and progression of ARDS are significantly influenced by ferroptosis as well as other types of controlled cell death, including apoptosis, necroptosis, and pyroptosis (30).

Despite being two different types of cell death, ferroptosis and apoptosis have several regulatory mechanisms in common. Iron-dependent lipid peroxidation is the main cause of ferroptosis, which results in the buildup of lipid peroxides and cell death. Apoptosis, on the other hand, is distinguished by the cleavage of certain substrates and the activation of caspases. Recent research, however, has demonstrated that apoptosis and ferroptosis can interact and affect one another. For instance, iron may be released from mitochondria as a result of apoptosis activation, which may subsequently encourage ferroptosis. Furthermore, apoptosis can be attenuated by inhibiting ferroptosis since it lowers the production of pro-apoptotic proteins (31, 32).

The necrosome, a complex made up of receptor-interacting protein kinase (RIPK) 1 and RIPK3, is responsible for regulating necrosis, or necroptosis (33). When necroptosis is triggered, mixed lineage kinase domain-like pseudokinase (MLKL) is phosphorylated, creating holes in the cell membrane and ultimately resulting in cell death (34). Ferroptosis and necroptosis can interact and affect one another, according to recent research. For example, iron may be released from injured cells as a result of necroptosis activation, which may subsequently encourage ferroptosis. The release of damage-associated molecular patterns (DAMPs), which are known to cause necroptosis, can be decreased by inhibiting ferroptosis (35).

Inflammasome activation causes pro-inflammatory cytokines, including IL-1β and IL-18 to be released during pyroptosis, a type of programmed cell death. Ferroptosis and pyroptosis can interact and affect one another, according to recent research. For instance, in deadly polymicrobial sepsis, gasdermin D-mediated pyroptosis can be triggered by lipid peroxidation during ferroptosis. Furthermore, ferroptosis suppression can attenuate pyroptosis by lowering the release of pro-inflammatory cytokines (9).

Numerous important molecular pathways are involved in the crosstalk between ferroptosis, necroptosis, and pyroptosis. The control of lipid peroxidation and iron metabolism is one important mechanism. Cell death may result from lipid peroxidation brought on by iron excess. Enzymes like glutathione peroxidase 4 (GPX4), which lowers lipid hydroperoxides and inhibits lipid peroxidation, control this process. Ferroptosis results from increased lipid peroxidation caused by GPX4 deficiency (36). The tumor suppressor p53 and its downstream targets regulate ferroptosis, which is another significant mechanism. By upregulating genes related to lipid peroxidation and iron absorption, p53 can cause ferroptosis (37). Furthermore, the Nrf2/ARE pathway, which controls redox homeostasis, is essential for preventing ferroptosis in cells. Nrf2 helps sustain cellular viability by transcriptionally activating anti-ferroptotic genes, including SLC7A11 and HO-1 (38).





3 Ferroptosis in the development of ARDS



3.1 Alveolar epithelial cell damage

The distinct functions of ferroptosis in alveolar type I (AT1) and type II (AT2) epithelial cells have been brought to light by recent research, offering information about possible treatment targets (39).

AT1 cells regulate gas exchange and preserve alveolar shape (40). These cells are especially prone to ferroptosis because of their exposure to oxidative stress and role in maintaining the alveolar-capillary membrane (41). However, the majority of studies focused on AT2 cells. AT2 cells are essential for the synthesis of surfactants and alveolar healing. Particularly in diseases like sepsis and ischemia-reperfusion injury, ferroptosis in AT2 cells has been linked to the pathophysiology of ARDS (42). AT2 cells displayed ferroptotic symptoms, such as mitochondrial contraction and ruptured mitochondrial membranes, in a study on sepsis-induced ALI/ARDS (43). The study also emphasized how regulatory elements like MUC1 suppress ferroptosis by modulating the GSK3β/KEAP1-Nrf2-GPX4 axis. MUC1 has been demonstrated to prevent ferroptosis in AT2 cells by promoting Nrf2 nuclear translocation, increasing GSK3β phosphorylation, decreasing KEAP1 expression, and raising GPX4 levels (44).

Ferroptosis in alveolar epithelial cells is caused by a number of important processes and regulatory variables. One important mechanism that controls redox homeostasis and guards against ferroptosis is the Nrf2/ARE pathway (45). Anti-ferroptotic genes, including SLC7A11 and HO-1, are transcriptionally activated by Nrf2, promoting cellular survival. According to a study on intestinal ischemia-reperfusion (IIR)-induced ALI/ARDS, Nrf2 inhibits oxidative stress and attenuates ferroptosis via controlling the amounts of ferroptosis-related proteins, such as SLC7A11 and GPX4. Additional regulatory elements include PCTR1, circEXOC5, and AUF1. The mRNA-binding protein AUF1 reduces sepsis-associated ALI damage by negatively affecting ATF3 and positively regulating Nrf2, which in turn controls ferroptosis (46). Through the enhancement of ATF3 mRNA degradation and the reduction of GPX4 levels, CircEXOC5 controls the IGF2BP2/ATF3 axis to promote ferroptosis (47). The potential of PCTR1, a protectin compound, as a therapeutic target has been highlighted by its ability to control ferroptosis in alveolar epithelial cells (48).

Ferroptosis inhibitors have been shown in preclinical research to lessen lung damage in ARDS animals. Ferrostatin-1 and Liproxstatin-1, two well-known inhibitors of ferroptosis, for instance, have demonstrated protective benefits in both ARDS and ALI models (49). These inhibitors prevent cell death by lowering lipid peroxidation. In a study that used an LPS-induced ALI model, ferrostatin-1 therapy successfully decreased inflammation and lung damage (50). Likewise, it has been demonstrated that ginseng diol (Px), which is extracted from the root of ginseng, reduces LPS-induced ALI/ARDS via activating the KEAP1/Nrf2/HO-1 pathway (51).




3.2 Endothelial cell dysfunction

One characteristic of ARDS is endothelial cell dysfunction, which exacerbates lung injury by disrupting the alveolar-capillary barrier. One important mechanism behind endothelial cell dysfunction in ARDS is ferroptosis, a kind of cell death caused by iron-dependent lipid peroxidation (52) (Figure 4).
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Figure 4 | Mechanisms of ferroptosis in endothelial cells. The intricate metabolic and signaling processes involved in ferroptosis, a type of controlled cell death marked by iron-dependent lipid peroxidation, particularly in endothelial cells, are depicted in this picture. Iron buildup triggers ferroptosis, which is controlled by ferroportin (FPN) and hepcidin and mediated by the transferrin receptor (TFR1). Increased labile iron pool (LIP) from iron overload catalyzes the Fenton reaction, which produces lipid reactive oxygen species (ROS) and peroxidation products (such PL-PUFA-OOH). Several important defense mechanisms against ferroptosis are highlighted in the figure. By converting CoQ10 to ubiquinol (CoQoH2), which scavenges ROS, the mitochondrial protein MitoNEET and the ferroptosis suppressor protein 1 (FSP1) have been demonstrated to preserve mitochondria. Lipid peroxide detoxification relies heavily on the glutathione (GSH) system, which includes the enzyme GPX4 and the GSH/GSSG balance. Furthermore, the function of the mitochondrial GSH transporter SLC25A39 in preserving mitochondrial GSH levels is highlighted. The effectiveness of ferroptosis inhibitors, including Liproxstatin-1 and Fer-1, to stop lipid peroxidation and stop cell death is highlighted. On the other hand, it has been demonstrated that ferroptosis inducers such as RSL3 interfere with these defenses. The role of NAD(P)H and the elements of the electron transport chain (such as CoQ10 and DHODH) in preserving redox homeostasis is also depicted in the picture. The balance between pro- and anti-ferroptotic components is highlighted in this picture, which offers a thorough summary of the molecular pathways and regulatory mechanisms that control ferroptosis in endothelial cells.

Iron-dependent lipid peroxidation, which causes lipid peroxides to build up and ultimately cause cell death, is a hallmark of ferroptosis. Because endothelial cells are subjected to severe oxidative stress in ARDS, this mechanism is especially pertinent. ARDS patients have been found to have dysregulated iron metabolism, as evidenced by elevated levels of total and non-heme iron in plasma and bronchoalveolar lavage fluid (BALF) when compared to healthy controls. Ferroptosis’s involvement is reinforced by the recent finding of lipid hydroperoxides in the pulmonary drainage fluid of ARDS patients (53).

Lipid peroxidation, the glutathione (GSH)/GPX4 axis, and iron metabolism comprise the central signaling mechanism of ferroptosis. The Fenton reaction, in which iron catalyzes the production of reactive oxygen species (ROS) that target polyunsaturated fatty acids (PUFAs) in cell membranes, can cause ferroptosis in endothelial cells. Lipid peroxides produced by this mechanism have the potential to cause cell death. One important aspect of lipid peroxidation is the generation of hydroxyl radicals (OH•), which can be fatal to cells if they accumulate excessively (54).

Through an array of procedures, ferroptosis contributes to endothelial cell damage as ARDS progresses (55). Patients with ARDS may have elevated iron levels in their lungs, which may lead to oxidative stress while stimulating lipid peroxidation (56). As a result, the alveolar-capillary barrier collapses, vascular permeability increases, and pulmonary edema develops. Ferroptosis inhibitors, including ferrostatin-1 and lipostatin-1, have been demonstrated in studies that reduce lung damage in ARDS models by decreasing lipid peroxidation and inhibiting cell death. In the meantime, ferroptosis in endothelial cells during ARDS is modulated by a number of regulatory variables and pathways. In order to maintain a redox state of equilibrium and prevent ferroptosis, the transcription factor Nrf2 is essential. Anti-ferroptotic genes, including SLC7A11 and HO-1, which support cellular survival, have their transcription activated by Nrf2. According to a study on LPS-induced ARDS, Nrf2 inhibits oxidative stress and attenuates ferroptosis via controlling the amounts of ferroptosis-related proteins, such as SLC7A11 and GPX4. Additional regulatory elements include PCTR1 (48), circEXOC5 (47), and AUF1 (46). The mRNA-binding protein AUF1 reduces sepsis-associated ALI damage by negatively affecting ATF3 and positively regulating Nrf2, which in turn controls ferroptosis. Through the enhancement of ATF3 mRNA degradation and the reduction of GPX4 levels, CircEXOC5 controls the IGF2BP2/ATF3 axis to promote ferroptosis (47).




3.3 Fibroblast

The survival controls for ARDS fibroblasts differ from those for healthy lung fibroblasts. They have a higher fibroproliferative capacity and can divide in vitro without the need for extra growth factors. If this increased proliferative ability is not appropriately controlled, it may result in excessive fibrosis. During the resolution phase of ARDS, ferroptosis has been identified as a method to limit fibroblast proliferation and eliminate surplus cells (57).

Ferroptosis in fibroblasts is caused by a number of important processes and regulatory variables. The control of lipid peroxidation and iron metabolism is one important mechanism. Cell death may result from lipid peroxidation brought on by iron excess. Enzymes like glutathione peroxidase 4 (GPX4), which lowers lipid hydroperoxides and inhibits lipid peroxidation, control this process. Ferroptosis results from increased lipid peroxidation caused by GPX4 deficiency. The tumor suppressor p53 and its downstream targets regulate ferroptosis, which is another significant mechanism. By upregulating genes related to lipid peroxidation and iron absorption, p53 can cause ferroptosis. Furthermore, fibroblasts are shielded against ferroptosis by the Nrf2/ARE pathway, which controls redox homeostasis. Anti-ferroptotic genes, including SLC7A11 and HO-1, are transcriptionally activated by Nrf2, promoting cellular survival. More information on the function of ferroptosis in fibroblasts during ARDS has been revealed by recent investigations. One study showed, for example, that fibroblasts from ARDS patients are more prone to ferroptosis than normal fibroblasts themselves (9). Higher iron and lipid peroxidation markers are linked to this heightened vulnerability. Inhibiting ferroptosis in fibroblasts has been demonstrated in another study to decrease fibroproliferation and enhance lung function in ARDS animals (58).




3.4 Immune cell dysregulation

Immune cells, including macrophages, neutrophils, T cells, and B cells, play a dual role in ARDS pathogenesis. Ferroptosis in these cells disrupts immune homeostasis and contributes to inflammation and tissue injury (Figure 5).
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Figure 5 | Ferroptosis and immune cells in ARDS. The interaction between immune cells and ferroptosis during acute inflammation and sepsis-induced ARDS is depicted. Numerous immune cells and cytokines control ferroptosis, which is typified by iron-dependent lipid peroxidation. By producing cytokines like IL-6 and TNF-α, macrophages (M1 and M2) are essential in controlling ferroptosis. By downregulating the cystine-glutamate antiporter (SLC7A11) and upregulating the generation of ROS and ACSL4, IFN-γ, which is generated by CD8+ T cells, can cause ferroptosis in macrophages. By producing ROS and DAMPs, neutrophils also aid in ferroptosis. The image emphasizes the role of metabolic pathways (like GSH and ROS) and the consequences of using inhibitors to target these pathways (such ferroptosis inhibitors and SLC7A11 targeting). Furthermore, the function of epithelial cells in triggering ferroptosis via receptor blockage and PD-L1 expression is illustrated.



3.4.1 Macrophages

In response to environmental stimuli, macrophages can polarize into different phenotypes, demonstrating their extraordinary adaptability. M1 (classically activated) and M2 (alternatively activated) macrophages are the two primary phenotypes. While M2 macrophages are anti-inflammatory and support tissue healing and inflammation, M1 macrophages are pro-inflammatory and participate in eliminating infections and tissue damage. By changing the cellular environment and the accessibility of iron, which is essential for macrophage activity, ferroptosis might affect macrophage polarization. In diseases like ARDS, iron excess can exacerbate tissue damage by skewing macrophage polarization toward a pro-inflammatory M1 phenotype. On the other hand, suppressing ferroptosis might enhance an M2 phenotype that is anti-inflammatory, which may help decrease tissue damage and inflammation (59).

Depletion of glutathione peroxidase 4 (GPX4), an enzyme that lowers lipid hydroperoxides and inhibits lipid peroxidation, is the main cause of ferroptosis in macrophages (60). Cell death results from increased lipid peroxidation caused by GPX4 deficiency. The excessive accumulation of iron, which triggers the Fenton reaction and produces reactive oxygen species (ROS), makes this process more severe. Macrophages in ARDS are more vulnerable to ferroptosis because they are subjected to greater amounts of oxidative stress and iron overload. Ferroptotic macrophages can intensify the inflammatory response by releasing pro-inflammatory cytokines and damage-associated molecular patterns (DAMPs). For example, ferroptotic macrophages have the ability to generate HMGB1, a DAMP that triggers the release of pro-inflammatory cytokines, including IL-1β and IL-18, and activates the inflammasome (61).

By increasing inflammation and blocking tissue healing, ferroptosis in macrophages in ARDS increases the severity of lung damage. Ferroptotic macrophages can trigger a systemic inflammatory response by releasing DAMPs and pro-inflammatory cytokines that can activate the inflammasome. This contributes to the pathophysiology of ARDS by generating a self-amplifying loop of inflammation. Furthermore, ferroptosis may disrupt macrophage function by decreasing their capacity to eliminate infections and their phagocytic activity. This may result in a persistent inflammatory reaction and a delayed recovery from lung damage. Research has demonstrated that in ARDS models, preventing macrophage ferroptosis may minimize tissue damage and inflammation (62).

A potential treatment approach to reduce inflammation and tissue damage in ARDS is to target ferroptosis in macrophages. It has been demonstrated that ferroptosis inhibitors, such as ferrostatin-1 (Fer-1) and lipostatin-1, lower lipid peroxidation and arrest macrophage death. These inhibitors may improve ARDS outcomes by regulating the inflammatory response (63). Furthermore, enhancing cellular antioxidant defenses by targeting the Nrf2 pathway may offer a viable strategy for reducing macrophage dysfunction and improving ARDS outcomes (64). Anti-ferroptotic genes, including SLC7A11 and HO-1, which support cellular survival, have their transcription activated by Nrf2.




3.4.2 Neutrophils

The most prevalent kind of white blood cells, neutrophils, are among the first to arrive at areas of inflammation and infection (65). They play a crucial role in the phagocytosis of pathogens, the release of reactive oxygen species (ROS), and antimicrobial peptides. However, by releasing oxidants, proteases, and other inflammatory mediators, neutrophils can cause tissue damage in diseases like ARDS. Numerous triggers, such as infection, ischemia-reperfusion injury, and exposure to pro-inflammatory cytokines, can cause neutrophils to undergo ferroptosis. Increased iron absorption, lipid peroxidation, and the buildup of lipid peroxides, which results in cell death, are the hallmarks of the process. This type of cell death differs from necrosis and apoptosis in that it involves particular morphological changes and metabolic processes (66).

Numerous important pathways and regulatory variables are involved in the molecular mechanisms that underlie neutrophil ferroptosis. The reduction of glutathione peroxidase 4 (GPX4), an enzyme that lowers lipid hydroperoxides and inhibits lipid peroxidation, is one important mechanism (67). Cell death results from increased lipid peroxidation caused by GPX4 deficiency. Furthermore, iron buildup exacerbates oxidative stress and lipid peroxidation by catalyzing the Fenton reaction, which produces ROS. The Nrf2/ARE pathway, which controls redox homeostasis and fights against ferroptosis, is another regulatory component. Anti-ferroptotic genes, including SLC7A11 and HO-1, are transcriptionally activated by Nrf2, promoting cellular survival. These pathways are crucial for neutrophil survival and function since blocking them can make individuals more susceptible to ferroptosis (66).

Neutrophils are frequently detected in a highly active state in ARDS, which exacerbates lung injury and causes the release of pro-inflammatory cytokines. Neutrophils that undergo ferroptosis may die and emit damage-associated molecular patterns (DAMPs), which intensifies the inflammatory response (68). For example, HMGB1, a DAMP that triggers the inflammasome and promotes the release of pro-inflammatory cytokines including IL-1β and IL-18, can be released by ferroptotic neutrophils. This exacerbates ARDS by generating a self-reinforcing cycle of inflammation. Furthermore, ferroptosis can hinder neutrophil function by decreasing their capacity to eliminate infections and engage in phagocytic activity. This may result in a protracted inflammatory reaction and a delayed recovery from lung damage. In ARDS models, studies have demonstrated that preventing neutrophil ferroptosis can lessen tissue damage and inflammation (69).




3.4.3 T cells

The inflammatory response and tissue damage seen in ARDS are largely caused by T cells, which are essential elements of the adaptive immune system (70). Here, we provide an overview of the connection between ferroptosis and T cell function, with particular attention to the roles that several T cell subtypes, including Th1, Th2, Th17, Th22, Treg, γδ T cells, effector T cells, and memory T cells, in ARDS (70).

Pro-inflammatory Th1 cells generate cytokines including TNF-α and IFN-γ, which are essential for combating intracellular infections. Through the secretion of these cytokines, Th1 cells in ARDS may be involved in tissue destruction. Th1 cells that undergo ferroptosis may perish and emit damage-associated molecular patterns (DAMPs), which intensifies the inflammatory response. Research has demonstrated that in ARDS models, preventing Th1 cell ferroptosis can lessen tissue damage and inflammation (71). Th2 cells are known to produce cytokines, including IL-4, IL-5, and IL-13, and are important in the immune response towards external infections. Th2 cells are useful in tissue regeneration and inflammation resolution in ARDS. Th2 cells that undergo ferroptosis might function less effectively and cause a prolonged inflammatory response (72). It may be possible to sustain Th2 cells’ anti-inflammatory properties and enhance ARDS results by preventing ferroptosis (71). Th17 cells are essential for the immune response against extracellular bacteria and fungi because they generate IL-17. Th17 cells can cause tissue damage in ARDS by releasing IL-17, which encourages neutrophil activation and recruitment. Th17 cell ferroptosis can result in DAMP release and cell death, which exacerbates inflammation (73, 74). Th17 cell ferroptosis inhibition could mitigate tissue damage along with improving ARDS outcomes (72). IL-22, which is important in barrier function and tissue repair, is produced by Th22 cells, a subgroup of T helper cells. Th22 cells may assist in tissue regeneration and inflammation resolution in ARDS. Th22 cells that undergo ferroptosis have reduced function and cause a lengthy inflammatory response (75). A distinct subgroup of T cells known as γδ T cells is capable of identifying and reacting to a broad variety of infections. γδ T cells may help in tissue healing and the immune response in ARDS. A protracted inflammatory response can result from ferroptosis in γδ T cells, which can affect their function (76).

Preventing excessive inflammation and preserving immunological tolerance depend on Treg cells. Treg cells may assist in tissue healing and inflammatory response modulation in ARDS (77). Treg cell ferroptosis can affect the extent to which they function and cause unchecked inflammation. Treg cell ferroptosis inhibition may preserve immunological tolerance and enhance ARDS outcomes (70).

Activated T cells that have undergone differentiation to carry out specific activities, such as cytotoxicity or cytokine production, are known as effector T cells (78). Effector T cells can cause tissue damage in ARDS by releasing cytotoxic and pro-inflammatory cytokines (79). Effector T cell ferroptosis can result in DAMP release and cell death, which intensifies the inflammatory response. Reducing tissue damage and improving outcomes in ARDS may be achieved by inhibiting effector T cell ferroptosis.




3.4.4 B cells

The adaptive immune system’s main constituents, B cells, are essential for the tissue damage and immunological response seen in ARDS (80). Depletion of glutathione peroxidase 4 (GPX4), an enzyme that lowers lipid hydroperoxides and inhibits lipid peroxidation, is the main cause of ferroptosis in B cells (81). Cell death results from increased lipid peroxidation caused by GPX4 deficiency. Furthermore, iron buildup exacerbates oxidative stress and lipid peroxidation by catalyzing the Fenton reaction, which produces reactive oxygen species (ROS).

Generating an adaptive immune response requires naive B cells, which are the progenitors of effector and memory B cells. Naive B cells may become fewer in number and less able to react to antigens if ferroptosis is induced in them. Since effector B cells are necessary for the creation of antibodies and other immunological processes, this can subsequently impair the immune response as a whole (82). According to studies, p53-mediated reactions and the stimulation of polyamine metabolism can cause ferroptosis in naive B cells. Spermidine/spermine N (1)-acetyltransferase (SAT1) is upregulated in this process, and it interacts with p53-mediated ferroptotic reactions to promote polyamine metabolism (83). Effector B cells are activated B cells that have undergone differentiation to carry out particular tasks, such as producing antibodies. By releasing pro-inflammatory cytokines and antibodies, effector B cells in ARDS can cause tissue damage. DAMPs are released when effector B cells undergo ferroptosis, which can result in cell death and intensify the inflammatory response (84). Inhibiting effector B cell ferroptosis may reduce tissue damage and enhance ARDS results. When re-exposed to a pathogen, memory B cells, the long-lived B cells, offer a strong and quick defense. Memory B cells can support tissue healing and the immune response in ARDS (81). A subpopulation of B cells known as Bregs is essential for preserving immunological tolerance and limiting excessive inflammation. Bregs with ferroptosis may have impaired function and uncontrolled inflammation. According to research, Breg activity can be inhibited by downregulating the expression of the thioredoxin (TXN) gene, which encourages the development of pro-inflammatory B cells and causes systemic inflammation (85). On the other hand, in illness models, elevated TXN expression can reduce lung tissue damage and raise survival rates (82). Ferroptosis in B cells is controlled by similar signaling mechanisms (81).





3.5 Other cells

For lung regeneration and repair, pulmonary endogenous stem cells are essential. These cells are essential for preserving lung homeostasis because they have the ability to develop into a variety of lung cell types, such as endothelial and alveolar epithelial cells (86). Significant damage is done to the lung tissue in ARDS, and tissue regeneration and repair depend on endogenous stem cell activation. According to recent research, ARDS patients frequently exhibit downregulated expression levels of pulmonary endogenous stem cells, which may hinder the lung’s capacity for self-healing. Multipotent stromal cells called mesenchymal stem cells (MSCs) have the ability to differentiate into a variety of cell types, such as adipocytes, osteoblasts, and chondrocytes. Because of their immunomodulatory and tissue-repair capabilities, MSCs have demonstrated potential in the treatment of ARDS. MSCs can release growth factors and anti-inflammatory cytokines, which aid in tissue repair and inflammation reduction in the lungs (87). Furthermore, MSCs can improve the viability and function of injured lung cells by transferring mitochondria to them. One important way that MSCs lessen lung damage in ARDS is by this mitochondrial translocation (88).

MSCs, ferroptosis, and pulmonary endogenous stem cells interact in a complicated and multidimensional way. Both MSCs and pulmonary endogenous stem cells have the ability to alter the lung’s inflammatory milieu, which can affect how vulnerable lung cells are to ferroptosis. MSCs, for instance, have the ability to release substances that prevent ferroptosis, shielding lung cells from iron-dependent lipid peroxidation (89). Furthermore, pulmonary endogenous stem cell activation can encourage tissue healing and lessen the need for ferroptosis-induced cell replacement. Novel therapeutic approaches for ARDS may be offered by focusing on the inhibition of ferroptosis of MSCs and pulmonary endogenous stem cells. Enhancing the activity of MSCs and pulmonary endogenous stem cells, for example, may encourage lung healing and lessen the severity of ARDS. Furthermore, preventing ferroptosis may prevent the death of vital lung cells, maintaining lung function. MSC therapy for ARDS has demonstrated encouraging outcomes in recent clinical trials, underscoring the cells’ capacity to reduce inflammation and encourage tissue repair (68).





4 Ferroptosis and ARDS progression



4.1 Oxidative stress and ROS amplification

Oxidative stress is a hallmark of ARDS and plays a pivotal role in driving ferroptosis. The excessive production of ROS during ARDS creates an environment conducive to ferroptotic cell death. In alveolar epithelial cells and endothelial cells, mitochondrial dysfunction serves as a major source of ROS. Damage to the mitochondrial electron transport chain increases ROS leakage, further amplifying oxidative stress (12). This ROS overproduction, compounded by elevated iron levels, enhances lipid peroxidation, a key feature of ferroptosis.

Lipid peroxidation forms a feedback loop that exacerbates ferroptosis and ARDS progression. Lipid hydroperoxides accumulate in the cellular membranes of lung cells, destabilizing the barrier functions of alveolar epithelial and endothelial cells. The inability of antioxidant systems, such as GPX4-dependent pathways, to counteract ROS amplifies ferroptotic damage (90). This cycle of ROS generation and lipid peroxidation perpetuates oxidative injury, worsening inflammation, vascular permeability, and respiratory dysfunction in ARDS patients (91).




4.2 Iron overload and dysregulated metabolism

Iron overload is a critical factor that drives ferroptosis and worsens ARDS pathology. In ARDS, disrupted iron homeostasis leads to the accumulation of free iron, increasing the availability of Fe2+ for the Fenton reaction. This reaction generates hydroxyl radicals, a highly reactive form of ROS, which accelerates lipid peroxidation and cell death. Elevated levels of ferritin and transferrin, markers of iron dysregulation, have been observed in clinical ARDS cases, linking iron metabolism to disease severity (12).

Mitochondrial dysfunction exacerbates iron-driven ferroptosis by impairing the organelle’s ability to sequester and regulate iron levels. Mitochondrial iron accumulation further disrupts redox homeostasis, amplifying oxidative stress and contributing to persistent cellular injury (92). Dysregulated iron metabolism not only promotes ferroptosis but also disrupts essential metabolic processes required for tissue repair, highlighting its role in ARDS progression (53).




4.3 Fibrosis and long-term outcomes

The chronic inflammation and unresolved ferroptosis associated with ARDS contribute significantly to lung fibrosis and long-term complications. Persistent ferroptosis in alveolar and endothelial cells triggers pro-fibrotic signaling pathways, such as those involving TGF-β and connective tissue growth factor (CTGF), which drive ECM deposition and fibroproliferation. This fibroproliferative response compromises lung elasticity, impairs alveolar regeneration, and leads to irreversible remodeling of lung tissue (93).

Unresolved ferroptosis also hinders the recovery of injured lung cells. By depleting populations of functional alveolar epithelial cells, ferroptosis prevents the repair of the alveolar-capillary barrier, leaving the lung vulnerable to further injury (94). In survivors of ARDS, this impaired regenerative capacity manifests as pulmonary fibrosis, characterized by reduced lung compliance and chronic respiratory dysfunction. These long-term consequences underscore the need for therapeutic strategies that can effectively mitigate ferroptosis and its downstream effects.





5 Therapeutic targeting of ferroptosis in ARDS

Given the central role of ferroptosis in ARDS pathogenesis, therapeutic strategies targeting ferroptotic pathways offer promising avenues to mitigate disease severity and improve outcomes. Interventions aimed at regulating oxidative stress, restoring antioxidant defenses, chelating iron, and preventing lipid peroxidation are at the forefront of these efforts (Figure 6).

[image: Diagram illustrating the process of iron-related lipid damage and ferroptosis. Iron uptake, peroxidation, and cellular reactions are shown, including Tf-Fe³⁺ complexes and pathways involving PUFAs, AA-PE, and lipid ROS. Key elements include various enzymes like ALOX5 and CPX4, antioxidants like CoQ10, and outcomes like DNA damage and cell death. The diagram incorporates elements such as glutamate, GSH, and erastin related to cell membrane interactions and metabolic processes.]
Figure 6 | Ferroptosis pathway and potential therapeutic drugs for ARDS. The processes and mechanisms underlying ferroptosis, a type of controlled cell death marked by iron-dependent lipid peroxidation, are shown in Figure 6. Important elements like the Tf-Fe3+.TfR complex, which promotes iron absorption, and the function of hemoglobin (Hb) and red blood cells (RBC) in iron-related processes are highlighted in the image. It also demonstrates how lipid damage is involved and how iron chelators (like EDTA and DFP) and antioxidants (such NAC, vitamin E, and vitamin C) can protect against it. The figure depicts the contribution of enzymes such as ALOX5 and FSP.1 to lipid peroxidation, as well as the roles of glutathione (GSH) and NADPH in antioxidant defense. A thorough summary of the molecular processes underpinning ferroptosis is given in this graphic.



5.1 Antioxidants and ROS inhibitors

Oxidative stress drives ferroptosis and contributes to the lung injury observed in ARDS. Antioxidants and ROS inhibitors aim to reduce oxidative damage by restoring redox balance. NAC serves as a precursor for glutathione (GSH) synthesis, a critical antioxidant that neutralizes ROS and protects cells from lipid peroxidation. By replenishing intracellular GSH levels, NAC helps restore the antioxidant capacity of lung cells and mitigate oxidative stress-induced ferroptosis (95, 96). MitoTEMPO: This mitochondrial-targeted antioxidant scavenges mitochondrial ROS, which play a significant role in initiating ferroptosis. MitoTEMPO’s targeted action protects mitochondrial function and reduces lipid ROS formation, safeguarding both alveolar epithelial and endothelial cells from ferroptotic cell death (97). Emerging antioxidants designed to specifically target ROS in the lung microenvironment may provide further benefits in managing ARDS.




5.2 GPX4 activators

As a key regulator of ferroptosis, glutathione peroxidase 4 (GPX4) plays a critical role in preventing lipid peroxidation and maintaining cellular homeostasis. GPX4 activators have shown promise in halting ferroptosis in preclinical studies. Ferrostatins (e.g., Fer-1)is the small molecules that inhibit lipid peroxidation by stabilizing GPX4 activity, thus preventing the ferroptotic death of lung cells (98). Fer-1 has been demonstrated to protect against oxidative injury in lung tissues by limiting the accumulation of toxic lipid hydroperoxides (99). RSL3 is a GPX4 inhibitor that drives ferroptosis by reducing the enzyme’s activity. Therapeutics that block RSL3-mediated GPX4 inactivation may provide a targeted approach to preserving antioxidant capacity in ARDS patients, reducing the extent of ferroptosis-driven lung damage (13).




5.3 Iron chelators

Iron overload exacerbates ferroptosis by fueling ROS production and lipid peroxidation, making iron chelation a viable therapeutic approach. Deferoxamine is the first one. It is clinically established iron chelator binds excess free iron, thereby reducing its availability for the Fenton reaction and subsequent ROS generation. Deferoxamine has demonstrated efficacy in preclinical models of ARDS, where it mitigates iron-driven oxidative damage and inflammation (100). Another potent iron chelator, deferiprone, offers the advantage of oral administration. By limiting iron availability, it curtails ferroptotic damage in lung cells and supports redox balance during ARDS progression (101). Iron chelation therapies may also modulate downstream pro-inflammatory and pro-fibrotic effects linked to ferroptosis, underscoring their therapeutic potential in ARDS.




5.4 Targeting lipid peroxidation

Preventing lipid peroxidation is critical to halting ferroptosis in ARDS, as peroxidized lipids drive cellular dysfunction and death. Acyl-CoA synthetase long-chain family member 4 (ACSL4) facilitates the incorporation of PUFAs into membrane phospholipids, increasing their susceptibility to peroxidation. Inhibitors of ACSL4 reduce this vulnerability, preserving membrane integrity and protecting lung cells from ferroptotic injury (102). Therefore, ACSL4 inhibitor might be a potential therapeutic drug for ARDS. There is another one targeting lipid ROS scavengers. Compounds like liproxstatin-1 neutralize lipid peroxides, preventing their accumulation and halting ferroptosis. Liproxstatin-1 has shown potential in preclinical models of lung injury by reducing oxidative damage, inflammation, and vascular permeability (103). Future research may focus on optimizing the delivery of lipid ROS scavengers to the lungs, ensuring precise targeting of injured tissues while minimizing systemic side effects (Table 1).


Table 1 | Ferroptosis inhibitors and therapeutic potential in ARDS.
	Inhibitor name
	Dose
	Cell/Animal model
	Targeted cells
	Molecular mechanisms



	Dipyridamole (DIPY)
	Not specified
	LPS-induced acute lung injury mouse model, CLP-induced sepsis mouse model, Human airway organoids (HAOs)
	Lung epithelial and endothelial cells
	Downregulates heme oxygenase 1 (HMOX1) by binding to and activating superoxide dismutase 1 (SOD1), inhibiting the CREB1/HMOX1 pathway


	Ferrostatin-1 (Fer-1)
	2.5 μM/kg
	LPS-induced ARDS mouse model
	Alveolar epithelial cells
	Inhibits ferroptosis, reduces lipid peroxidation, and protects against lung injury


	Ferrostatin-1 (Fer-1)
	Not specified
	Sepsis mouse model, MLE-12 cells
	Alveolar epithelial cells
	Increases GPX4 expression, reduces lipid peroxidation, and inhibits ferroptosis


	Hepcidin
	Not specified
	LPS-induced ARDS mouse model
	Lung cells
	Upregulates ferritin heavy chain (FTH) to reduce labile iron pool (LIP) and inhibit ferroptosis


	Liproxstatin-1
	Not specified
	LPS/IL-13-induced bronchial epithelial cell injury and neutrophilic asthma mouse model
	Bronchial epithelial cells
	Inhibits ferroptosis and reduces inflammation


	Panaxydol
	Not specified
	LPS-induced acute lung injury mouse model
	Lung cells
	Activates Keap1-Nrf2/HO-1 pathway to inhibit ferroptosis











6 Future directions and challenges

Despite significant advancements in understanding the role of ferroptosis in ARDS, several challenges remain in translating these findings into effective clinical strategies. Future research must address the gaps in biomarkers, subphenotype-specific mechanisms, and the integration of ferroptosis-targeted therapies into standard care.



6.1 Biomarkers of ferroptosis in ARDS

The identification of reliable biomarkers is critical for diagnosing ferroptosis-driven ARDS, stratifying patients for treatment, and monitoring therapeutic responses. Potential candidates include lipid peroxidation byproducts, such as malondialdehyde (MDA) and 4-hydroxynonenal (4-HNE), which are indicative of oxidative damage (104). Additionally, the measurement of glutathione peroxidase 4 (GPX4) activity and reduced glutathione (GSH) levels may serve as functional markers of ferroptosis susceptibility (105). Advanced lipidomic profiling and transcriptomic approaches could further refine biomarker discovery, enabling the differentiation of ferroptosis from other cell death pathways, such as apoptosis and necroptosis, in ARDS. The establishment of standardized protocols for biomarker assessment in clinical settings remains an ongoing challenge.




6.2 Role of ferroptosis in ARDS subphenotypes

ARDS is a heterogenous syndrome with distinct subphenotypes, including hyperinflammatory and hypoinflammatory forms, which differ in pathophysiology, clinical presentation, and response to treatment. Investigating whether ferroptosis contributes differentially to these subphenotypes could provide valuable insights for personalized therapies. For instance, hyperinflammatory ARDS, characterized by excessive cytokine release and oxidative stress, may exhibit higher ferroptosis activity than hypoinflammatory ARDS. Identifying these differences through advanced molecular and imaging techniques could help tailor ferroptosis-targeted interventions to specific subphenotypes, optimizing therapeutic efficacy. Further exploration of animal models and patient-derived organoid systems may facilitate these investigations.




6.3 Combining ferroptosis inhibition with standard therapies

Integrating ferroptosis-targeted therapies with existing ARDS interventions, such as corticosteroids, immunomodulators, or mechanical ventilation, presents both opportunities and challenges. While corticosteroids may alleviate inflammation, they could interact with ferroptosis inhibitors in unpredictable ways, necessitating careful evaluation of combinatorial effects. Additionally, mechanical ventilation, a cornerstone of ARDS management, may influence ferroptosis through ventilation-induced oxidative stress, further complicating treatment strategies. Future clinical trials should investigate the safety, timing, and dosing of ferroptosis inhibitors when combined with standard-of-care therapies. Preclinical studies exploring the synergistic effects of such combinations are also essential for advancing this approach.

Efforts to optimize drug delivery systems, such as nanoparticle-based carriers, may enhance the precision and efficacy of ferroptosis inhibitors while minimizing off-target effects. Furthermore, addressing the challenges of patient heterogeneity, drug resistance, and adverse effects will be critical for the successful translation of ferroptosis-targeted therapies into clinical practice.





7 Conclusion

Maintaining a balance between cell survival and regulated cell death pathways is fundamental to preserving tissue integrity and immune homeostasis in ARDS. While apoptosis plays a protective role in clearing infected cells in a controlled manner, its dysregulation can lead to immune overactivation, exacerbating inflammation and tissue damage. In contrast, ferroptosis has emerged as a key driver of ARDS pathogenesis, contributing to epithelial and endothelial cell injury, oxidative stress, and immune dysfunction.

Therapeutic targeting of ferroptosis holds great promise for mitigating ARDS severity. Antioxidants and ROS inhibitors reduce oxidative damage, iron chelators limit iron-mediated toxicity, and GPX4 activators preserve cellular antioxidant capacity, collectively offering a multifaceted approach to suppressing ferroptosis in the injured lung. However, several challenges remain, including the identification of reliable biomarkers, understanding subphenotype-specific mechanisms, and integrating ferroptosis inhibitors into existing therapeutic frameworks.

Future research should prioritize addressing these challenges to enhance the clinical translation of ferroptosis-targeted therapies. Combining these innovative approaches with personalized medicine strategies may not only improve outcomes for ARDS patients but also provide valuable insights into the broader implications of ferroptosis in critical illness. By bridging gaps in knowledge and practice, therapeutic targeting of ferroptosis offers the potential to transform ARDS management and improve patient survival.





Author contributions

MY: Writing – original draft. ZL: Writing – original draft. WZ: Writing – original draft. SS: Conceptualization, Investigation, Supervision, Writing – review & editing. XH: Conceptualization, Funding acquisition, Investigation, Project administration, Supervision, Writing – review & editing. YW: Conceptualization, Investigation, Project administration, Supervision, Validation, Writing – review & editing. JL: Writing – original draft.





Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This research was supported by the National Natural Science Foundation of China This study was supported by the National Natural Science Foundation of China (81802504), the Sichuan Science and Technology Program (2025YFHZ0123), Chengdu Science and Technology Program (2024-YF05-01315-SN), and a grant from Shenzhen Weixin (2024HX008) for YW.




Acknowledgments

All the figures are drawn by FigDraw (www.figdraw.com).





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.





References

	 Bos LDJ, Ware LB. Acute respiratory distress syndrome: causes, pathophysiology, and phenotypes. Lancet. (2022) 400:1145–56. doi: 10.1016/S0140-6736(22)01485-4, PMID: 36070787


	 Gorman EA, O’Kane CM, McAuley DF. Acute respiratory distress syndrome in adults: diagnosis, outcomes, long-term sequelae, and management. Lancet. (2022) 400:1157–70. doi: 10.1016/S0140-6736(22)01439-8, PMID: 36070788


	 Matthay MA, Zemans RL, Zimmerman GA, Arabi YM, Beitler JR, Mercat A, et al. Acute respiratory distress syndrome. Nat Rev Dis Primers. (2019) 5:18. doi: 10.1038/s41572-019-0069-0, PMID: 30872586


	 Swenson KE, Swenson ER. Pathophysiology of acute respiratory distress syndrome and COVID-19 lung injury. Crit Care Clin. (2021) 37:749–76. doi: 10.1016/j.ccc.2021.05.003, PMID: 34548132


	 Xu Z, Shi L, Wang Y, Zhang J, Huang L, Zhang C, et al. Pathological findings of COVID-19 associated with acute respiratory distress syndrome. Lancet Respir Med. (2020) 8:420–2. doi: 10.1016/S2213-2600(20)30076-X, PMID: 32085846


	 Potey PM, Rossi AG, Lucas CD, Dorward DA. Neutrophils in the initiation and resolution of acute pulmonary inflammation: understanding biological function and therapeutic potential. J Pathol. (2019) 247:672–85. doi: 10.1002/path.5221, PMID: 30570146


	 Liu C, Xiao K, Xie L. Progress in preclinical studies of macrophage autophagy in the regulation of ALI/ARDS. Front Immunol. (2022) 13:922702. doi: 10.3389/fimmu.2022.922702, PMID: 36059534


	 Huppert LA, Matthay MA, Ware LB. Pathogenesis of acute respiratory distress syndrome. Semin Respir Crit Care Med. (2019) 40:31–9. doi: 10.1055/s-0039-1683996, PMID: 31060086


	 Zheng Y, Huang Y, Xu Y, Sang L, Liu X, Li Y. Ferroptosis, pyroptosis and necroptosis in acute respiratory distress syndrome. Cell Death Discov. (2023) 9:91. doi: 10.1038/s41420-023-01369-2, PMID: 36898986


	 Yuan C, Ma Z, Xie J, Li W, Su L, Zhang G, et al. The role of cell death in SARS-CoV-2 infection. Signal Transduct Target Ther. (2023) 8:357. doi: 10.1038/s41392-023-01580-8, PMID: 37726282


	 Wang S, Guo Q, Zhou L, Xia X. Ferroptosis: A double-edged sword. Cell Death Discov. (2024) 10:265. doi: 10.1038/s41420-024-02037-9, PMID: 38816377


	 Qu M, Zhang H, Chen Z, Sun X, Zhu S, Nan K, et al. The role of ferroptosis in acute respiratory distress syndrome. Front Med (Lausanne). (2021) 8:651552. doi: 10.3389/fmed.2021.651552, PMID: 34026785


	 Ma TL, Zhou Y, Wang C, Wang L, Chen JX, Yang HH, et al. Targeting ferroptosis for lung diseases: exploring novel strategies in ferroptosis-associated mechanisms. Oxid Med Cell Longev. (2021) 2021:1098970. doi: 10.1155/2021/1098970, PMID: 34630843


	 Matute-Bello G, Martin TR. Science review: apoptosis in acute lung injury. Crit Care. (2003) 7:355–8. doi: 10.1186/cc1861, PMID: 12974968


	 Yan HF, Zou T, Tuo QZ, Xu S, Li H, Belaidi AA, et al. Ferroptosis: mechanisms and links with diseases. Signal Transduct Target Ther. (2021) 6:49. doi: 10.1038/s41392-020-00428-9, PMID: 33536413


	 Feng H, Stockwell BR. Unsolved mysteries: How does lipid peroxidation cause ferroptosis? PloS Biol. (2018) 16:e2006203. doi: 10.1371/journal.pbio.2006203, PMID: 29795546


	 Feng S, Tang D, Wang Y, Li X, Bao H, Tang C, et al. The mechanism of ferroptosis and its related diseases. Mol Biomed. (2023) 4:33. doi: 10.1186/s43556-023-00142-2, PMID: 37840106


	 Ru Q, Li Y, Chen L, Wu Y, Min J, Wang F. Iron homeostasis and ferroptosis in human diseases: mechanisms and therapeutic prospects. Signal Transduct Target Ther. (2024) 9:271. doi: 10.1038/s41392-024-01969-z, PMID: 39396974


	 Zhou Q, Meng Y, Le J, Sun Y, Dian Y, Yao L, et al. Ferroptosis: mechanisms and therapeutic targets. MedComm (2020). (2024) 5:e70010. doi: 10.1002/mco2.70010, PMID: 39568772


	 Kellner M, NooNepalle S, Lu Q, Srivastava A, Zemskov E, Black SM. ROS signaling in the pathogenesis of acute lung injury (ALI) and acute respiratory distress syndrome (ARDS). Adv Exp Med Biol. (2017) 967:105–37. doi: 10.1007/978-3-319-63245-2_8, PMID: 29047084


	 Endale HT, Tesfaye W, Mengstie TA. ROS induced lipid peroxidation and their role in ferroptosis. Front Cell Dev Biol. (2023) 11:1226044. doi: 10.3389/fcell.2023.1226044, PMID: 37601095


	 Gao M, Yi J, Zhu J, Minikes AM, Monian P, Thompson CB, et al. Role of mitochondria in ferroptosis. Mol Cell. (2019) 73:354–63.e3. doi: 10.1016/j.molcel.2018.10.042, PMID: 30581146


	 Huang Q, Le Y, Li S, Bian Y. Signaling pathways and potential therapeutic targets in acute respiratory distress syndrome (ARDS). Respir Res. (2024) 25:30. doi: 10.1186/s12931-024-02678-5, PMID: 38218783


	 Chen J, Zhu H, Chen Q, Yang Y, Chen M, Huang J, et al. The role of ferroptosis in chronic intermittent hypoxia-induced lung injury. BMC Pulm Med. (2022) 22:488. doi: 10.1186/s12890-022-02262-x, PMID: 36572881


	 Cherian SV, Kumar A, Akasapu K, Ashton RW, Aparnath M, Malhotra A. Salvage therapies for refractory hypoxemia in ARDS. Respir Med. (2018) 141:150–8. doi: 10.1016/j.rmed.2018.06.030, PMID: 30053961


	 Chen L, Yang J, Zhang M, Fu D, Luo H, Yang X. SPP1 exacerbates ARDS via elevating Th17/Treg and M1/M2 ratios through suppression of ubiquitination-dependent HIF-1alpha degradation. Cytokine. (2023) 164:156107. doi: 10.1016/j.cyto.2022.156107, PMID: 36773529


	 Liu XQ, Shi MZ, Bai YT, Su XL, Liu YM, Wu JC, et al. Hypoxia and ferroptosis. Cell Signal. (2024) 122:111328. doi: 10.1016/j.cellsig.2024.111328, PMID: 39094672


	 Wang B, Wang Y, Zhang J, Hu C, Jiang J, Li Y, et al. ROS-induced lipid peroxidation modulates cell death outcome: mechanisms behind apoptosis, autophagy, and ferroptosis. Arch Toxicol. (2023) 97:1439–51. doi: 10.1007/s00204-023-03476-6, PMID: 37127681


	 Tang X, Liu J, Yao S, Zheng J, Gong X, Xiao B. Ferulic acid alleviates alveolar epithelial barrier dysfunction in sepsis-induced acute lung injury by activating the Nrf2/HO-1 pathway and inhibiting ferroptosis. Pharm Biol. (2022) 60:2286–94. doi: 10.1080/13880209.2022.2147549, PMID: 36433644


	 Lee YS, Lee DH, Choudry HA, Bartlett DL, Lee YJ. Ferroptosis-induced endoplasmic reticulum stress: cross-talk between ferroptosis and apoptosis. Mol Cancer Res. (2018) 16:1073–6. doi: 10.1158/1541-7786.MCR-18-0055, PMID: 29592897


	 Su LJ, Zhang JH, Gomez H, Murugan R, Hong X, Xu D, et al. Reactive oxygen species-induced lipid peroxidation in apoptosis, autophagy, and ferroptosis. Oxid Med Cell Longev. (2019) 2019:5080843. doi: 10.1155/2019/5080843, PMID: 31737171


	 Yang J, Hu S, Bian Y, Yao J, Wang D, Liu X, et al. Targeting cell death: pyroptosis, ferroptosis, apoptosis and necroptosis in osteoarthritis. Front Cell Dev Biol. (2021) 9:789948. doi: 10.3389/fcell.2021.789948, PMID: 35118075


	 Tang R, Xu J, Zhang B, Liu J, Liang C, Hua J, et al. Ferroptosis, necroptosis, and pyroptosis in anticancer immunity. J Hematol Oncol. (2020) 13:110. doi: 10.1186/s13045-020-00946-7, PMID: 32778143


	 Qu M, Wang Y, Qiu Z, Zhu S, Guo K, Chen W, et al. Necroptosis, pyroptosis, ferroptosis in sepsis and treatment. Shock. (2022) 57:161–71. doi: 10.1097/SHK.0000000000001936, PMID: 35759299


	 Minagawa S, Yoshida M, Araya J, Hara H, Imai H, Kuwano K. Regulated necrosis in pulmonary disease. A focus on necroptosis and ferroptosis. Am J Respir Cell Mol Biol. (2020) 62:554–62. doi: 10.1165/rcmb.2019-0337TR, PMID: 32017592


	 Liu Y, Wan Y, Jiang Y, Zhang L, Cheng W. GPX4: The hub of lipid oxidation, ferroptosis, disease and treatment. Biochim Biophys Acta Rev Cancer. (2023) 1878:188890. doi: 10.1016/j.bbcan.2023.188890, PMID: 37001616


	 Kang R, Kroemer G, Tang D. The tumor suppressor protein p53 and the ferroptosis network. Free Radic Biol Med. (2019) 133:162–8. doi: 10.1016/j.freeradbiomed.2018.05.074, PMID: 29800655


	 Baiskhanova D, Schafer H. The role of Nrf2 in the regulation of mitochondrial function and ferroptosis in pancreatic cancer. Antioxidants (Basel). (2024) 13(6):696. doi: 10.3390/antiox13060696, PMID: 38929135


	 Qi X, Luo Y, Xiao M, Zhang Q, Luo J, Ma L, et al. Mechanisms of alveolar type 2 epithelial cell death during acute lung injury. Stem Cells. (2023) 41:1113–32. doi: 10.1093/stmcls/sxad074, PMID: 37715783


	 Wang Y, Wang L, Ma S, Cheng L, Yu G. Repair and regeneration of the alveolar epithelium in lung injury. FASEB J. (2024) 38:e23612. doi: 10.1096/fj.202400088R, PMID: 38648494


	 Wang Y, Duan H, Zhang J, Wang Q, Peng T, Ye X, et al. YAP1 protects against PM2.5-induced lung toxicity by suppressing pyroptosis and ferroptosis. Ecotoxicol Environ Saf. (2023) 253:114708. doi: 10.1016/j.ecoenv.2023.114708, PMID: 36863160


	 Cheng H, Feng D, Li X, Gao L, Tang S, Liu W, et al. Iron deposition-induced ferroptosis in alveolar type II cells promotes the development of pulmonary fibrosis. Biochim Biophys Acta Mol Basis Dis. (2021) 1867:166204. doi: 10.1016/j.bbadis.2021.166204, PMID: 34175430


	 Jiang W, Ren J, Zhou H, He R, Li D, Xiong R, et al. TMEM16A deficiency in alveolar type 2 epithelial cells protected against endoplasmic reticulum stress-induced ferroptosis during acute lung injury. Int Immunopharmacol. (2023) 125:111208. doi: 10.1016/j.intimp.2023.111208, PMID: 37976603


	 Zhang W, Sun Z, Cheng W, Li X, Zhang J, Li Y, et al. Impaired GPX4 activity elicits ferroptosis in alveolar type II cells promoting PHMG-induced pulmonary fibrosis development. Ecotoxicol Environ Saf. (2024) 281:116680. doi: 10.1016/j.ecoenv.2024.116680, PMID: 38964057


	 Chen Z, Tang H, Gan S, Yang C, Li S, Li J, et al. Ferroptosis mediates airway epithelial E-cadherin dysfunction in LPS-induced acute lung injury. Pulm Pharmacol Ther. (2024) 84:102284. doi: 10.1016/j.pupt.2023.102284, PMID: 38154519


	 Wang Y, Chen D, Xie H, Jia M, Sun X, Peng F, et al. AUF1 protects against ferroptosis to alleviate sepsis-induced acute lung injury by regulating NRF2 and ATF3. Cell Mol Life Sci. (2022) 79:228. doi: 10.1007/s00018-022-04248-8, PMID: 35391558


	 Wang W, Xu R, He P, Xiong Y, Zhao H, Fu X, et al. CircEXOC5 aggravates sepsis-induced acute lung injury by promoting ferroptosis through the IGF2BP2/ATF3 axis. J Infect Dis. (2024) 229:522–34. doi: 10.1093/infdis/jiad337, PMID: 37647879


	 Lv Y, Chen D, Tian X, Xiao J, Xu C, Du L, et al. Protectin conjugates in tissue regeneration 1 alleviates sepsis-induced acute lung injury by inhibiting ferroptosis. J Transl Med. (2023) 21:293. doi: 10.1186/s12967-023-04111-9, PMID: 37121999


	 Chen X, Shen J, Jiang X, Pan M, Chang S, Li J, et al. Characterization of dipyridamole as a novel ferroptosis inhibitor and its therapeutic potential in acute respiratory distress syndrome management. Theranostics. (2024) 14:6947–68. doi: 10.7150/thno.102318, PMID: 39629132


	 Liu Y, Zhang X, Cao Y, Chen X, Zhu J, Zou Y. Ferrostatin-1 ameliorated oxidative lipid damage in LPS-induced acute lung injury. J Surg Res. (2023) 290:266–75. doi: 10.1016/j.jss.2023.05.006, PMID: 37321147


	 Li J, Lu K, Sun F, Tan S, Zhang X, Sheng W, et al. Panaxydol attenuates ferroptosis against LPS-induced acute lung injury in mice by Keap1-Nrf2/HO-1 pathway. J Transl Med. (2021) 19:96. doi: 10.1186/s12967-021-02745-1, PMID: 33653364


	 Su Y, Lucas R, Fulton DJR, Verin AD. Mechanisms of pulmonary endothelial barrier dysfunction in acute lung injury and acute respiratory distress syndrome. Chin Med J Pulm Crit Care Med. (2024) 2:80–7. doi: 10.1016/j.pccm.2024.04.002, PMID: 39006829


	 Yang L, Cao LM, Zhang XJ, Chu B. Targeting ferroptosis as a vulnerability in pulmonary diseases. Cell Death Dis. (2022) 13:649. doi: 10.1038/s41419-022-05070-7, PMID: 35882850


	 Zheng D, Liu J, Piao H, Zhu Z, Wei R, Liu K. ROS-triggered endothelial cell death mechanisms: Focus on pyroptosis, parthanatos, and ferroptosis. Front Immunol. (2022) 13:1039241. doi: 10.3389/fimmu.2022.1039241, PMID: 36389728


	 Zou X, Liu C, Huang Z, Xiang S, Li K, Yuan Y, et al. Inhibition of STEAP1 ameliorates inflammation and ferroptosis of acute lung injury caused by sepsis in LPS-induced human pulmonary microvascular endothelial cells. Mol Biol Rep. (2023) 50:5667–74. doi: 10.1007/s11033-023-08403-7, PMID: 37209327


	 Ghio AJ, Carter JD, Richards JH, Richer LD, Grissom CK, Elstad MR. Iron and iron-related proteins in the lower respiratory tract of patients with acute respiratory distress syndrome. Crit Care Med. (2003) 31:395–400. doi: 10.1097/01.CCM.0000050284.35609.97, PMID: 12576942


	 Xing L, Dong W, Chen Y, Dai W, Xiao X, Liu Z, et al. Fibroblast ferroptosis is involved in periodontitis-induced tissue damage and bone loss. Int Immunopharmacol. (2023) 114:109607. doi: 10.1016/j.intimp.2022.109607, PMID: 36700777


	 Cheng HP, Feng DD, Li XH, Gao LH, Qiu YJ, Liang XY, et al. NMDA receptor activation induces damage of alveolar type II cells and lung fibrogenesis through ferroptosis. Biochim Biophys Acta Mol Cell Res. (2023) 1870:119535. doi: 10.1016/j.bbamcr.2023.119535, PMID: 37451346


	 Feng Z, Meng F, Huo F, Zhu Y, Qin Y, Gui Y, et al. Inhibition of ferroptosis rescues M2 macrophages and alleviates arthritis by suppressing the HMGB1/TLR4/STAT3 axis in M1 macrophages. Redox Biol. (2024) 75:103255. doi: 10.1016/j.redox.2024.103255, PMID: 39029270


	 Jiang Q, Wan R, Jiang J, Li T, Li Y, Yu S, et al. Interaction between macrophages and ferroptosis: Metabolism, function, and diseases. Chin Med J (Engl). (2024) 138:509–22. doi: 10.1097/CM9.0000000000003189, PMID: 39245648


	 Yang Y, Wang Y, Guo L, Gao W, Tang TL, Yan M. Interaction between macrophages and ferroptosis. Cell Death Dis. (2022) 13:355. doi: 10.1038/s41419-022-04775-z, PMID: 35429990


	 Wu J, Liu Q, Zhang X, Tan M, Li X, Liu P, et al. The interaction between STING and NCOA4 exacerbates lethal sepsis by orchestrating ferroptosis and inflammatory responses in macrophages. Cell Death Dis. (2022) 13:653. doi: 10.1038/s41419-022-05115-x, PMID: 35902564


	 Jiao Y, Yong C, Zhang R, Qi D, Wang D. Hepcidin alleviates LPS-induced ARDS by regulating the ferritin-mediated suppression of ferroptosis. Shock. (2022) 57:274–81. doi: 10.1097/SHK.0000000000001941, PMID: 35580554


	 Xu W, Wu Y, Wang S, Hu S, Wang Y, Zhou W, et al. Melatonin alleviates septic ARDS by inhibiting NCOA4-mediated ferritinophagy in alveolar macrophages. Cell Death Discov. (2024) 10:253. doi: 10.1038/s41420-024-01991-8, PMID: 38789436


	 Kim R, Hashimoto A, Markosyan N, Tyurin VA, Tyurina YY, Kar G, et al. Ferroptosis of tumour neutrophils causes immune suppression in cancer. Nature. (2022) 612:338–46. doi: 10.1038/s41586-022-05443-0, PMID: 36385526


	 Zhang H, Liu J, Zhou Y, Qu M, Wang Y, Guo K, et al. Neutrophil extracellular traps mediate m(6)A modification and regulates sepsis-associated acute lung injury by activating ferroptosis in alveolar epithelial cells. Int J Biol Sci. (2022) 18:3337–57. doi: 10.7150/ijbs.69141, PMID: 35637949


	 Li P, Jiang M, Li K, Li H, Zhou Y, Xiao X, et al. Glutathione peroxidase 4-regulated neutrophil ferroptosis induces systemic autoimmunity. Nat Immunol. (2021) 22:1107–17. doi: 10.1038/s41590-021-00993-3, PMID: 34385713


	 Wang T, Zhang Z, Deng Z, Zeng W, Gao Y, Hei Z, et al. Mesenchymal stem cells alleviate sepsis-induced acute lung injury by blocking neutrophil extracellular traps formation and inhibiting ferroptosis in rats. PeerJ. (2024) 12:e16748. doi: 10.7717/peerj.16748, PMID: 38304189


	 Wen Q, Liu J, Kang R, Zhou B, Tang D. The release and activity of HMGB1 in ferroptosis. Biochem Biophys Res Commun. (2019) 510:278–83. doi: 10.1016/j.bbrc.2019.01.090, PMID: 30686534


	 Risso K, Kumar G, Ticchioni M, Sanfiorenzo C, Dellamonica J, Guillouet-de Salvador F, et al. Early infectious acute respiratory distress syndrome is characterized by activation and proliferation of alveolar T-cells. Eur J Clin Microbiol Infect Dis. (2015) 34:1111–8. doi: 10.1007/s10096-015-2333-x, PMID: 25652606


	 Yang B, Hou S, Huang S, Li H, Li Y. Ferroptosis inhibitor regulates the disease progression of systematic lupus erythematosus mice model through Th1/Th2 ratio. Curr Mol Med. (2023) 23:799–807. doi: 10.2174/1566524022666220525144630, PMID: 35619279


	 Ma L, He Y, Xie H, Wang J, Chen J, Song S, et al. Ferroptotic alveolar epithelial type II cells drive T(H)2 and T(H)17 mixed asthma triggered by birch pollen allergen Bet v 1. Cell Death Discov. (2024) 10:96. doi: 10.1038/s41420-024-01861-3, PMID: 38395974


	 Liu Y, Zhang W, Wang H, Liu H, Yu Q, Luo X, et al. Fine particulate matter potentiates Th17-cell pathogenicity in experimental autoimmune uveitis via ferroptosis. Ecotoxicol Environ Saf. (2024) 284:116979. doi: 10.1016/j.ecoenv.2024.116979, PMID: 39232294


	 Zhang J, Ding W, Yin Z, Liu S, Zhao M, Xu Y, et al. Interleukin-12p40 deficiency attenuates myocardial ferroptosis in doxorubicin-induced chronic cardiomyopathy by inhibiting Th17 differentiation and interleukin-17A production. Cardiovasc Res. (2024) 120:2117–33. doi: 10.1093/cvr/cvae208, PMID: 39298642


	 Lu KC, Tsai KW, Wang YK, Hu WC. Types of cell death and their relations to host immunological pathways. Aging (Albany NY). (2024) 16:11755–68. doi: 10.18632/aging.206035, PMID: 39120579


	 Hu Y, Chen D, Hong M, Liu J, Li Y, Hao J, et al. Apoptosis, pyroptosis, and ferroptosis conspiringly induce immunosuppressive hepatocellular carcinoma microenvironment and gammadelta T-cell imbalance. Front Immunol. (2022) 13:845974. doi: 10.3389/fimmu.2022.845974, PMID: 35444645


	 Li GG, Cao YH, Run Y, Xu RX, Zheng ZD. Inhibition of CD8(+) T cells and elimination of myeloid cells by CD4(+) Foxp3(-) T regulatory type 1 cells in acute respiratory distress syndrome. Clin Exp Pharmacol Physiol. (2016) 43:1191–8. doi: 10.1111/1440-1681.12656, PMID: 27558304


	 Wang W, Green M, Choi JE, Gijon M, Kennedy PD, Johnson JK, et al. CD8(+) T cells regulate tumour ferroptosis during cancer immunotherapy. Nature. (2019) 569:270–4. doi: 10.1038/s41586-019-1170-y, PMID: 31043744


	 Anft M, Paniskaki K, Blazquez-Navarro A, Doevelaar A, Seibert FS, Holzer B, et al. COVID-19-induced ARDS is associated with decreased frequency of activated memory/effector T cells expressing CD11a(+). Mol Ther. (2020) 28:2691–702. doi: 10.1016/j.ymthe.2020.10.001, PMID: 33186542


	 Aziz M, Ode Y, Zhou M, Ochani M, Holodick NE, Rothstein TL, et al. B-1a cells protect mice from sepsis-induced acute lung injury. Mol Med. (2018) 24:26. doi: 10.1186/s10020-018-0029-2, PMID: 30134811


	 Chen Q, Xiang M, Gao Z, Lvu F, Sun Z, Wang Y, et al. The role of B-cell ferroptosis in the pathogenesis of systemic lupus erythematosus. Clin Immunol. (2023) 256:109778. doi: 10.1016/j.clim.2023.109778, PMID: 37730009


	 Dang Q, Sun Z, Wang Y, Wang L, Liu Z, Han X. Ferroptosis: a double-edged sword mediating immune tolerance of cancer. Cell Death Dis. (2022) 13:925. doi: 10.1038/s41419-022-05384-6, PMID: 36335094


	 Ou Y, Wang SJ, Li D, Chu B, Gu W. Activation of SAT1 engages polyamine metabolism with p53-mediated ferroptotic responses. Proc Natl Acad Sci U S A. (2016) 113:E6806–E12. doi: 10.1073/pnas.1607152113, PMID: 27698118


	 Chen F, Tang H, Cai X, Lin J, Kang R, Tang D, et al. DAMPs in immunosenescence and cancer. Semin Cancer Biol. (2024) 106-107:123–42. doi: 10.1016/j.semcancer.2024.09.005, PMID: 39349230


	 Bradford HF, McDonnell TCR, Stewart A, Skelton A, Ng J, Baig Z, et al. Thioredoxin is a metabolic rheostat controlling regulatory B cells. Nat Immunol. (2024) 25:873–85. doi: 10.1038/s41590-024-01798-w, PMID: 38553615


	 Saguil A, Fargo MV. Acute respiratory distress syndrome: diagnosis and management. Am Fam Physician. (2020) 101:730–8.


	 Cao JK, Hong XY, Feng ZC, Li QP. Mesenchymal stem cells-based therapies for severe ARDS with ECMO: a review. Intensive Care Med Exp. (2024) 12:12. doi: 10.1186/s40635-024-00596-w, PMID: 38332384


	 Antebi B, Mohammadipoor A, Batchinsky AI, Cancio LC. The promise of mesenchymal stem cell therapy for acute respiratory distress syndrome. J Trauma Acute Care Surg. (2018) 84:183–91. doi: 10.1097/TA.0000000000001713, PMID: 29019797


	 Lin F, Chen W, Zhou J, Zhu J, Yao Q, Feng B, et al. Mesenchymal stem cells protect against ferroptosis via exosome-mediated stabilization of SLC7A11 in acute liver injury. Cell Death Dis. (2022) 13:271. doi: 10.1038/s41419-022-04708-w, PMID: 35347117


	 Liu M, Kong XY, Yao Y, Wang XA, Yang W, Wu H, et al. The critical role and molecular mechanisms of ferroptosis in antioxidant systems: a narrative review. Ann Transl Med. (2022) 10:368. doi: 10.21037/atm-21-6942, PMID: 35434035


	 Bezerra FS, Lanzetti M, Nesi RT, Nagato AC, Silva CPE, Kennedy-Feitosa E, et al. Oxidative stress and inflammation in acute and chronic lung injuries. Antioxidants (Basel). (2023) 12(3):548. doi: 10.3390/antiox12030548, PMID: 36978796


	 Li J, Jia YC, Ding YX, Bai J, Cao F, Li F. The crosstalk between ferroptosis and mitochondrial dynamic regulatory networks. Int J Biol Sci. (2023) 19:2756–71. doi: 10.7150/ijbs.83348, PMID: 37324946


	 Hu Y, Huang Y, Zong L, Lin J, Liu X, Ning S. Emerging roles of ferroptosis in pulmonary fibrosis: current perspectives, opportunities and challenges. Cell Death Discov. (2024) 10:301. doi: 10.1038/s41420-024-02078-0, PMID: 38914560


	 Yin X, Zhu G, Wang Q, Fu YD, Wang J, Xu B. Ferroptosis, a new insight into acute lung injury. Front Pharmacol. (2021) 12:709538. doi: 10.3389/fphar.2021.709538, PMID: 34421604


	 Atkuri KR, Mantovani JJ, Herzenberg LA, Herzenberg LA. N-Acetylcysteine–a safe antidote for cysteine/glutathione deficiency. Curr Opin Pharmacol. (2007) 7:355–9. doi: 10.1016/j.coph.2007.04.005, PMID: 17602868


	 Li Q, Liao J, Chen W, Zhang K, Li H, Ma F, et al. NAC alleviative ferroptosis in diabetic nephropathy via maintaining mitochondrial redox homeostasis through activating SIRT3-SOD2/Gpx4 pathway. Free Radic Biol Med. (2022) 187:158–70. doi: 10.1016/j.freeradbiomed.2022.05.024, PMID: 35660452


	 Guo J, Zhou Y, Liu D, Wang M, Wu Y, Tang D, et al. Mitochondria as multifaceted regulators of ferroptosis. Life Metab. (2022) 1:134–48. doi: 10.1093/lifemeta/loac035, PMID: 39872359


	 Skouta R, Dixon SJ, Wang J, Dunn DE, Orman M, Shimada K, et al. Ferrostatins inhibit oxidative lipid damage and cell death in diverse disease models. J Am Chem Soc. (2014) 136:4551–6. doi: 10.1021/ja411006a, PMID: 24592866


	 Liu P, Feng Y, Li H, Chen X, Wang G, Xu S, et al. Ferrostatin-1 alleviates lipopolysaccharide-induced acute lung injury via inhibiting ferroptosis. Cell Mol Biol Lett. (2020) 25:10. doi: 10.1186/s11658-020-00205-0, PMID: 32161620


	 Ameri A, Pourseyedi F, Davoodian P, Safa O, Hassanipour S, Fathalipour M. Efficacy and safety of deferoxamine in moderately ill COVID-19 patients: An open label, randomized controlled trial. Med (Baltimore). (2024) 103:e39142. doi: 10.1097/MD.0000000000039142, PMID: 39183421


	 Kontoghiorghes GJ. Deferiprone: A forty-year-old multi-targeting drug with possible activity against COVID-19 and diseases of similar symptomatology. Int J Mol Sci. (2022) 23(12):6735. doi: 10.3390/ijms23126735, PMID: 35743183


	 Liu Y, Bao D, She H, Zhang Z, Shao S, Wu Z, et al. Role of Hippo/ACSL4 axis in ferroptosis-induced pericyte loss and vascular dysfunction in sepsis. Redox Biol. (2024) 78:103353. doi: 10.1016/j.redox.2024.103353, PMID: 39566164


	 Zhao J, Li J, Wei D, Gao F, Yang X, Yue B, et al. Liproxstatin-1 alleviates lung transplantation-induced cold ischemia-reperfusion injury by inhibiting ferroptosis. Transplantation. (2023) 107:2190–202. doi: 10.1097/TP.0000000000004638, PMID: 37202851


	 Stojkovic L, Djordjevic A, Stefanovic M, Stankovic A, Dincic E, Djuric T, et al. Circulatory indicators of lipid peroxidation, the driver of ferroptosis, reflect differences between relapsing-remitting and progressive multiple sclerosis. Int J Mol Sci. (2024) 25(20):11024. doi: 10.3390/ijms252011024, PMID: 39456806


	 Zhang W, Liu Y, Liao Y, Zhu C, Zou Z. GPX4, ferroptosis, and diseases. BioMed Pharmacother. (2024) 174:116512. doi: 10.1016/j.biopha.2024.116512, PMID: 38574617







Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2025 Yao, Liao, Liu, Zhao, Song, Huang and Wang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-16-1567980-g001.jpg
— Erestin

OOOCOOOOCO0COPIDOOEK
IR |1
Ll LI i Nl Jiil]

000000 XOO0OC00O00COPOOOOOOC
{ <— SLC7AM

1
T :
P53 :
I
1
I
G6PD
NADP+ NADPH < — 5 hy
1
>< !
1
GSSG ! NRF2
_______________ \_/ 1 l
______ AKR1C1-3
| 1 <—,
1 LPCAT3 Fenton 1 5 =
| ANAJA — > PE-ANAJA ———> PE-AAAJA-OOH ! PE-AA/AJA-OH
! ACSL4 ALOX

Fefroportin E Transferrin receptor 1

= Inducers .
System

| Inhibitors e Transferrin ~ Endosome | Ferroportin | £8 Ferritin






OEBPS/Images/cover.jpg
& frontiers | Frontiers in Immunology

Ferroptosis: a key driver and therapeutic
target in the pathogenesis of acute
respiratory distress syndrome





OEBPS/Images/fimmu-16-1567980-g003.jpg
o

Ferroptosis

N o

Hypoxia

3

Healthy I
eal c\y') ung

(72}
&
<





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-16-1567980-g005.jpg
Acute inflammation

‘(IFN-\& l .":_":_"j‘
JAK é@,

GSHTROS?t
, - \ ] XCt Cystinew|
‘l ¥
{ J S (e e -
AcSL4 1L N ’..
ROS 1 B

YOCO000CK,
TSLC7A11

Targeting
metabolism

— > f“. -
J ‘ ™ A
p PV p=
SIS e sadeM2 SPIENY o« p PDL1 o R e
K M h VY ; Epithelial
. ® IFN-y n& aciepasges 3,5} Macrophages '( Receptor Blocker 2 c:II
: o M1 =N . s ‘DCDs+cell
| O 0pstine Q { Macrophages  (53) Neutroph i PD-L1 | xcoytem  (@FD8+ce






OEBPS/Images/fimmu-16-1567980-g002.jpg
Hypoxia Signaling

VEGF ‘ Pericyte
PDGF
SDF1 > @@y Endothelial Cells

PGF A
ANGP2 ST vsme

Angiogenesis

Hypoxia [402]

Metabolic
Reprogramming

Hypoxic
Microenvironment

Normoxia [409]

Succinate

Lactate

Pyruvate

Fumarate
| 2-HG

(o] (em)

Oy iron
ascorbate
2-KG

OH-Pro
OH-Pro

SirT1

Protein Synthesis

HIF-a N

OH-Pro  Asn-OH
N i

HIF-a Proteasomal
Degradation

e e e e e e e e e e e e e e —
A

HIF-a mRNA
Synthesis

Expression of
Target Genes

l

[Cell Survival ] [ Metabolism | [Angiogenesis| [ Migration/Invasion | [Apoptosis | [ Autophagy | [EMT ~|

I

HRI

|[ Proliferation

I Erythropoiesis H ECM Remodeling | Metastasis | l Stem Cell Maintenance | Lymphangiogenesis |Immune Evasion






OEBPS/Images/fimmu-16-1567980-g004.jpg
RNF217
-. -, Proteasomal I

TFR1

{

" - degradation
Fe* —o—> 9

Mitochondrion

.. Fe2¢

PL-PUFA-OOH

NAD(P)

NAD(P)H

|
o






OEBPS/Images/fimmu-16-1567980-g006.jpg
TH-Fe3* TfR complex (_. —— b <—— # S s
Lipid damage RBC
Erastin

O AT

l\l\\\\\\\\

System Xc

=

Ferroptosis





