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Ferroptosis is a new form of programmed cell death due to iron-dependent excess accumulation of lipid peroxides and differs from other programmed cell deaths in morphological and biochemical characteristics. The process of ferroptosis is precisely regulated by iron metabolism, lipid metabolism, amino acid metabolism, and numerous signaling pathways, and plays a complex role in many pathophysiological processes. Recent studies have found that ferroptosis is closely associated with the development and progression of many lung diseases, including acute lung injury, pulmonary ischemia-reperfusion injury, lung cancer, chronic obstructive pulmonary disease, and pulmonary fibrosis. Here, we present a review of the main regulatory mechanisms of ferroptosis and its research progress in the pathogenesis and treatment of lung diseases, with the aim of providing new ideas for basic and clinical research of lung-related diseases.
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INTRODUCTION
Ferroptosis is a new type of iron-dependent programmed cell death caused by lipid peroxidation (LPO), which differs from other programmed cell deaths in morphology and biochemical characteristics. In terms of morphology, there is no chromatin agglutination and nuclear fragmentation as opposed to the process of cell apoptosis, nor the formation of autophagic vacuoles with two-layered membrane structures seen during autophagy, or swelling of organelles and rupture of the plasma membrane during necrosis. Its main morphological characteristics are mitochondrial shrinkage and increased mitochondrial membrane density, accompanied by the reduction or disappearance of mitochondrial cristae and outer membrane disintegration (Dixon et al., 2012). The corresponding biochemical manifestations are the accumulation of reactive oxygen species (ROS) and iron ions, the decrease of cysteine uptake and glutathione (GSH) synthesis, activation of mitogen-activated protein kinase system and release of arachidonic acid. Ferroptosis is associated with a variety of lung diseases and is regulated by polygenic pathways. This paper will review the research progress of ferroptosis in lung diseases and provide a new perspective for the study of pathogenesis and clinical treatment of lung diseases.
THE MECHANISM OF FERROPTOSIS (FIGURE 1)
Cystine/Glutamate Reverse Transport System and Glutathione Peroxidase 4 Pathway
Figure 1 The cystine/glutamate reverse transporter (system Xc-) exists on the cell membrane and is composed of SLC3A2 and SLC7A11 (Dixon et al., 2014), which are linked by a disulfide bond. System Xc-transports cystine inside and glutamic acid (Glu) outside in a ratio of 1:1. Cystine is reduced to cysteine after entering the cell, and cysteine is used as one of the raw materials to synthesize GSH. GSH is a necessary substrate for glutathione peroxidase 4 (GPX4) to degrade LPO (Wan et al., 2007). GPX4 is the only known anti membrane peroxidase that can reduce lipoxygenases (LOXs) and prevent excessive activation. It can also remove LPO produced by iron accumulation and effectively inhibit cell membrane damage caused by LPO (Stoyanovsky et al., 2019). In this channel, these following links can be the targets of regulating ferroptosis: ① System Xc-: The ferroptosis inducer Erastin targets system Xc-. Erastin reduces the level of antioxidant enzymes by inhibiting cystine uptake by system Xc-, thus inducing ferroptosis (Chen et al., 2015). The tumor suppressor BRCA1-associated protein 1 inhibits the growth of cancer cells by regulating the expression of SLC7A11 (Zhang et al., 2019), and its effect is similar to Erastin. It can inhibit the expression of SLC7A11, reduce the cystine uptake and the synthesis of GSH, leading to the accumulation of LPO, and increase the sensitivity of cancer cells to ferroptosis. A study has found that glutamine (Gln) has a significant impact on the occurrence of ferroptosis: Gln generates Glu under the action of glutaminase. When there is a high concentration of Glu outside the cell, the effect of system Xc-is inhibited, thus promoting ferroptosis (Murphy et al., 1989). α-Ketoglutarate is the product of Glu under the action of glutamate dehydrogenase, which can also effectively induce ferroptosis. Gln inhibitor can inhibit ferroptosis induced by protein kinase. ② GSH: As a reducing agent of peroxide and disulfide, GSH maintains the homeostasis of oxidation and reduction in organisms (Deponte, 2013). Nicotinamide adenine dinucleotide phosphate (NADPH) inhibits ferroptosis by reducing oxidized glutathione disulfide to GSH and maintaining the reduced state of GSH (Shimada et al., 2016). NADPH is also considered one of the sensitive markers of ferroptosis, and its depletion is considered a potential cause of ferroptosis. ③ GPX4: GPX4 knockout cells are more prone to ferroptosis induced by ROS. GPX4 inhibitor RSL3, as a ferroptosis inducer of head and neck cancer (HNC) cells, can be bind to GPX4 protein and degrade it, thus increasing LPO production and inducing ferroptosis (Dächert et al., 2016).
[image: Figure 1]FIGURE 1 | The regulatory pathways of ferroptosis. The figure shows the regulation pathway of ferroptosis, which can be simply summarized into two types. The first type is the metabolic pathways related to ferroptosis, such as iron metabolism, lipid metabolism and amino acid metabolism pathways; The second type is the signaling pathway related to ferroptosis, such as p53, Nrf2, FSP1 pathways. Glu: glutamic acid; GSH: glutathione; GSSG: oxidized glutathione; NADPH: nicotinamide adenine dinucleotide phosphate; GPX4: glutathione peroxidase 4; IL: Interleukin; TNF-α: tumor necrosis factor-α; RSL3: RAS-selective lethal 3; Nrf2: nuclear factor erythroid-derived 2; STAT3: signal transducer and activator of transcription-3; NQO-1: NADPH-quinone oxidoreductase-1; iASPP: inhibitor of apoptosis-stimulating protein of p53; SAT1: spermidine/spermine N1-acetyltransferase 1; LOXs: lipoxygenases; ROS: reactive oxygen species; FTH1: ferritin heavy chain 1; DMT1: divalent metal ion transporter-1 CoQ10: coenzyme Q10; Fpn: ferroportin; TfR: transferrin receptor; Ft: ferritin; LIP: labile iron pool; Lip-1: liproxstatin-1; Fer-1: ferrostatin-1; FSP1: ferroptosis suppressor protein 1.
Lipid Metabolism Pathway
LPO is the key link in triggering ferroptosis. Excessive accumulation of LPO will cause plasma membrane damage and eventually lead to cell ferroptosis. Polyunsaturated fatty acids (PUFAs) are more prone to oxidation to produce peroxy groups due to their labile double bonds, and are also one of the key mechanisms of ferroptosis. When PUFAs are present in large amounts, more lipid peroxides are produced, aggravating the degree of ferroptosis (D’Herde et al., 2017). With the help of two enzymes, acyl-CoA synthetase long-chain family member 4 (ACSL4) and lysophosphatidylcholine acyltransferase 3 (LPCAT3) (Dixon et al., 2015), PUFAs in cell membranes undergo synthesis, esterification, and incorporation into membrane phospholipids to generate PUFA-PEs. PUFA-PEs can form LPO by promoting LOXs mediated enzymatic reaction, and LOXs can also promote the peroxidation of PUFAs (Yang et al., 2016), triggering ferroptosis.
Iron Metabolism Pathway
Regulation of endogenous iron homeostasis is achieved through the iron regulatory protein (IRP) system. The IRP system can sense the concentration of free Fe2+ in cells, which is composed of transferrin receptor (TfR), divalent metal ion transporter-1 (DMT1), transferrin, ferroportin1 and ferritin (Ft), etc (Andrews and Schmidt, 2007). Fe3+ in the peripheral circulation binds to the TfR on the cell membrane, enters the endosomes, is reduced to Fe2+ by ferredoxin, and then disintegrated from the endosomes mediated by DMT1 and released into the cytoplasm for storage in the labile iron pool (LIP) (Gao et al., 2015). LIP can inhibit the expression of TfR1 through negative feedback, reducing the incorporation of Fe3+(Brissot et al., 2012). Excessive Fe2+ in LIP and hydrogen peroxide produce hydroxyl radicals and ROS through Fenton reaction and iron-dependent oxidase action, which is the initiation of ferroptosis (Xie et al., 2016). Not only does the electron-receiving ROS interact with lipids to produce LPO (Dächert et al., 2016), but it also aggravates the mutational damage of mitochondria (Al-Qenaei et al., 2014). Cell membrane and plasma membrane are more sensitive to LPO, and the presence of Fe2+ will aggravate cellular oxidative stress, promoting the ferroptosis process. Antioxidants and deferoxamine can significantly inhibit the ferroptosis induced by Erastin, indicating that iron plays an important role in the occurrence and progress of ferroptosis (Dixon et al., 2012).
P53 Gene
P53 is a human tumor suppressor gene, which plays an important role in cell growth, apoptosis and DNA repair. P53 can prevent the replication of damaged DNA, block the cell cycle, and allow DNA repair-related enzymes to intervene. If repair is not completed, p53 induces apoptosis of damaged cells, thereby controlling cell proliferation and preventing the occurrence of cancer cells. The expression level of p53 is closely related to the occurrence of ferroptosis. In lung cancer, after p53 is acetylated, the key to p53 mediated ferroptosis and tumor suppression lies in its direct inhibitory effect on System Xc- (Jiang et al., 2015). P53 can regulate ferroptosis in the following links:①SLC7A11: After p53 acetylation, it can significantly reduce the expression of SLC7A11, inhibiting System Xc-activity, and blocking the uptake of cystine in the upstream pathway to induce ferroptosis (Wang et al., 2016). ②glutaminase 2 (GLs2): The Gls2 gene contains a functional p53 DNA binding element in its promoter region. p53 can increase the activity of Gls2, enhance mitochondrial respiration and ATP production, catalyze mass production of Glu, inhibit System Xc-activity (Tang et al., 2021), and induce ferroptosis by blocking the uptake of cystine in the upstream pathway. ③SAT1: spermidine/spermine N1-acetyltransferase 1 (SAT1) is the transcription target of p53 (Ou et al., 2016). In the case of ROS-induced oxidation stress, p53 mediated activation of SAT1 can lead to ferroptosis. By enhancing the expression of SAT1, p53 promotes ferroptosis and acts as a cancer suppressor.
Ferroptosis Suppressor Protein 1
Ferroptosis suppressor protein 1 (FSP1) is located in the cytoplasmic membrane and exerts an anti-ferroptosis effect through its N-terminal myristoylated motif. It is the redox of NADPH-dependent coenzyme Q (CoQ) oxidoreductase. FSP1 maintains the reduced form of CoQ at the plasma membrane, which antioxidant activity is not dependent on GSH. The reduced form of CoQ traps lipid peroxyl radicals and prevents the diffusion of LPO (Doll et al., 2019). In GPX4 knockout cells, the presence of FSP1 can significantly reduce LPO production. Overexpression of FSP1 inhibits LPO and ferroptosis. Therefore, the level of FSP1 can be used as a biological indicator to measure the ability of various cancer cells to resist ferroptosis (Bersuker et al., 2019).
Nuclear Transcription Factor-2
Nuclear transcription factor-2 (Nrf2) is a critical regulator of antioxidant response (Ma, 2013). Under normal conditions, Nrf2 is low-level. Once oxidative stress occurs, Nrf2 quickly moves from the cytoplasm to the nucleus and combines with antioxidant response elements/electrophilic response elements to activate antioxidant genes and downstream enzymes to exert antioxidant effects, thereby inhibiting ferroptosis (Pi et al., 2008; Suzuki et al., 2013). It has been proved that the Keap1-Nrf2 pathway up-regulates multiple genes: NADPH-quinone oxidoreductase-1, heme oxygenase 1, and Ft, etc., which play an important role in protecting liver cancer cells against ferroptosis (Sun et al., 2016). After artesunate treatment, the level of GSH in HNC cells was significantly reduced, increasing ROS level in cells and inducing ferroptosis. Activation of Nrf2 can effectively enhance the resistance of HNC cells to artesunate (Roh et al., 2017). In cisplatin-resistant HNC cells, the level of basic Nrf2 was detected to be higher, and inhibition of Nrf2 also reversed the resistance of HNC cells to ferroptosis induced by GPX4 inhibitors (Shin et al., 2018).
Mediated by Inflammation
Various types of cell death have been implicated in the regulation of inflammation. When ferroptosis occurs, it can mediate inflammation immunogenically, intervening in the immune system to dispose of dying cells. Intracellular components undergoing ferroptosis can release ATP, nucleotides, and pro-inflammatory cytokines from pro-inflammatory damage-associated molecular patterns (DAMPs) to promote the development of necroinflammation (Linkermann et al., 2014). In addition, the oxidative stress response that occurs during ferroptosis can trigger the large expression of cytokines such as Nrf2, NF-κB, tumor necrosis factor-α(TNF-α), etc. (Reuter et al., 2010), leading to inflammation and immune cell chemotaxis. GSH and GPX4 are key regulators of ferroptosis and are also critical in mediating inflammatory responses. Decreased GPX4 expression in ferroptosis leads to increased expression of 12-LOX and cyclooxygenase, which in turn triggers an inflammatory response (Chen et al., 2003). Up-regulation of GPX4 can reduce the oxidation of arachidonic acid and inhibit the NF-κB pathway to inhibit ferroptosis and inflammation (Li et al., 2018a). GSH is necessary to suppress ROS and combat inflammatory damage, activated T cells need GSH to metabolize the ROS they produce to prevent cell damage, but it appears to decline dramatically in ferroptosis (Mak et al., 2017). GPX4-deficient T cells rapidly accumulated membrane LPO, underwent cell death driven by ferroptosis and subsequently affect immune function (Matsushita et al., 2015). High levels of ROS generated by iron overload can polarize macrophages to a pro-inflammatory phenotype by promoting tumor suppressor p53 acetylation (Zhou et al., 2018). These results indicate that ferroptosis may be the initiating factor of inflammation, or at least has a pro-inflammatory effect. However, whether necroinflammation occurs in the ferroptosis process itself or in response to cell rupture and DAMP release remains to be studied. Other studies have shown that some inflammatory cytokines such as TNF, PGE, Interleukin-1(IL-1), IL-6, etc., can directly affect the level and activity of GPX4 in cells (Kim et al., 2008). A significant decrease in GPX4 expression was observed after TNF treatment of the cells, while potentially triggering ferroptosis (Wen et al., 2019). The pro-inflammatory metabolite leukotrienes derived from LOXs can also indirectly promote ferroptosis (Proneth and Conrad, 2019). These illustrate how ferroptosis and inflammation may be complementary. At present, the research on necrotizing inflammation in ferroptosis is still in the early stage and needs further exploration.
FERROPTOSIS AND LUNG-RELATED DISEASES (TABLE 1)
Ferroptosis and Acute Lung Injury
Table 1 The lung is susceptible to oxidative stress, so there are high concentrations of antioxidant GSH and ascorbic acid in cells. In the occurrence of acute respiratory distress syndrome (ARDS), it is found that protein and lipid damage of lung epithelial cells, alveolar edema with a large number of leukocyte infiltrations caused by ROS, and signs of ferroptosis with reduced ascorbic acid and GSH can be observed (Chabot et al., 1998). In the mouse models of acute lung injury (ALI) induced by oleic acid and mouse models of ALI induced by intestinal ischemia-reperfusion (IR), the phenomena of mitochondrial shrinkage and mitochondrial membrane rupture were observed in type II alveolar epithelial cells. Feature indicators of ferroptosis, such as iron overload, GSH consumption and malondialdehyde (MDA) accumulation, and down-regulation of GPX4 and Ft protein expression levels in lung tissue were also detected (Zhou et al., 2019; Dong et al., 2020). In the mouse model of ALI induced by intestinal IR, both inhibitor of apoptosis-stimulating protein of p53 (iASPP) and Nrf2 exerted therapeutic effects. iASPP inhibits ferroptosis and alleviates ALI, while iASPP-mediated protection relies on Nrf2 signal transduction (Li et al., 2020). The increased expression of Nrf2 in the ALI model alleviates the decrease in GPX4 levels and promotes the phosphorylation of signal transducer and activator of transcription-3 (STAT3). STAT3 enhances the antioxidant capacity of cells by activating SLC7A11, thereby alleviating the pathological process related to ALI (Qiang et al., 2020). In ALI models induced by Lipopolysaccharide (LPS) cells, the contents of MDA, 4-HNE and total iron were significantly increased, and the expressions of SLC7A11 and GPX4 were decreased. Ferroptosis inhibitor ferrostatin-1 has a reduced effect on LPS-induced ALI, indicating that ferroptosis is involved in LPS-induced ALI (Liu et al., 2020a). When Panaxadiol (PX) extracted from ginseng root was used to treat LPS-induced ALI, the results showed that PX effectively alleviated the pathological changes of ALI in mice, and PX inhibited ferroptosis had alleviated the symptoms of ALI by up-regulating keap1-Nrf2/HO-1 pathway (Li et al., 2021a). These studies preliminarily confirmed the potential effect of inhibiting ferroptosis in the treatment of ALI, and provided new ideas for clinical treatment of ALI. Neutrophil-dominated leukocyte infiltration in the alveoli of ALI patients should also not be ignored. Targeting induced ferroptosis in neutrophils is important to improve respiratory function, control the further progression of ALI, and reduce case fatality.
TABLE 1 | Key mechanisms and regulators of ferroptosis in lung diseases.
[image: Table 1]Ferroptosis and Lung Ischemia-Reperfusion Injury
The in vitro model of IR generates a large amount of ROS, which may recruit pro-inflammatory leukocytes and destroy the membrane integrity of plasma endothelial and epithelial cells (Li et al., 2018b), resulting in alveolar injury and barrier function damage. In the IR group model of experimental rats, ferroptosis signs such as mitochondrial oxidative stress and morphological damage were present. Human bovine pyridine apelin-13, which is used to regulate mitochondrial function in myocardial and brain IR damage, can effectively reduce the production of inflammatory factors and reduce pulmonary edema by reducing ROS and increasing the expression level of uncoupling protein-2 on mitochondrial intima (Xia et al., 2021). The symptoms of ferroptosis were alleviated by the use of an ACSL4 inhibitor. Knockdown of ACSL4 can reduce the accumulation of lipid ROS and reduce the sensitivity of lung epithelial cells to ferroptosis (Xu et al., 2020). Due to the important role of oxidative stress in IR injury, in lung transplantation, lung resection and other operations that may cause LIRI, the cellular damage caused by ferroptosis can be avoided by attenuating the oxidative stress reaction, thereby reducing the risk of patients during the operation. Targeting the inhibition of ferroptosis might be a new avenue for anti-IR injury treatment.
Ferroptosis and Chronic Obstructive Pulmonary Disease
Chronic obstructive pulmonary disease (COPD) is a disease with airflow obstruction as the main pathological change, which can cause irreversible lung injury. The etiology of COPD is not clear, and it is currently believed to be related to the abnormal inflammatory response of harmful gases and harmful particles. Cigarette smoke (CS) has an important effect on iron homeostasis in the lung. Exposure of mouse and human bronchial epithelial cells to CS increased the concentrations of iron, Ft, serum ferritin and non-heme iron in lung cells (Ghio et al., 2008). Endoplasmic reticulum stress and mitochondrial dysfunction were found in the cytoplasm (Park et al., 2019), then ferroptosis occurred in bronchial epithelial cells. After being induced by CS, the autophagy of Ft mediated by nuclear receptor coactivator 4 (NCOA4) leads to the accumulation of free iron. The reduction of the activity level of GPX4 and insufficient GSH, etc., all play an important role in the pathogenesis of COPD, leading to HBEC peroxidation and ferroptosis (Dowdle et al., 2014; Yoshida et al., 2019). Experimental interventions using ferroptosis-associated inhibitors such as deferoxamine and ferrostatin-1 have shown some efficacy. PM2.5 is also one of the potential risk factors for COPD. After inhaling PM2.5 particles, the content of iron and the concentration of ROS in human endothelial cells increase, while the levels of GSH and NADPH decrease. Changes in the expression of TfR and Ft are the main causes of iron homeostasis imbalance, which in turn lead to ferroptosis (Wang and Tang, 2019). Ferrostatin-1 and iron chelator deferoxamine can improve the reduction of GSH and NADPH levels in endothelial cells. The above studies have confirmed that ferroptosis is an important damage mechanism of COPD, and finding a highly specific ferroptosis inhibitor to control the occurrence and development of COPD is the key to future research.
Ferroptosis and Pulmonary Fibrosis
Pulmonary fibrosis (PF) is an interstitial lung disease that develops from long-term inhalation of dust, the use of drugs such as amiodarone, bleomycin, or lung injury caused by radiation therapy. The formation of fibrotic foci is a prominent pathological feature of PF (Richeldi et al., 2017). Collagen deposition appeared in lung tissue exposed to radiation, and signs of ferroptosis with decreased GPX4 expression and increased ROS were observed (Li et al., 2019). Erastin promotes the differentiation of fibroblasts to myofibroblasts by increasing LPO, ROS levels and inhibiting GPX4 expression (Gong et al., 2019), which in turn induces collagen accumulation and destruction of alveolar structure to induce PF. Normal lung macrophages have a strong antioxidant capacity. Their intralysosomal Ft enhances the stability of lysosomes via iron chelation, blocks the Fenton reaction, and alleviates oxidant-induced lysosomal damage and cell death (Persson et al., 2001; Persson et al., 2011). Furthermore, there is an oxidative/antioxidant imbalance in PF patients. Pulmonary macrophage hemosiderin and MDA accumulation were significantly increased in PF patients affected by CS exposure. Iron deposition has been observed in lung histological sections and is significantly associated with advanced pulmonary hypertension in clinical stages of IPF patients (Kim et al., 2010). Thus iron homeostasis may play a key role in epithelial cell damage and fibroblast proliferation induced by oxidative stress (Rahman et al., 1999). Therefore, in future clinical practice, one can try to delay the progression of fibrosis by regulating iron metabolism and controlling lung iron homeostasis in PF patients.
Ferroptosis and Lung Cancer
Lung cancer is the cancer with the highest incidence and the highest mortality in China. Recent studies have found that lung cancer is closely related to ferroptosis, as lung cancer cells are in a state of ferroptosis-inhibition. Lung cancer cells need stronger anti-oxidation and anti ferroptosis ability to survive in the environment of high oxidation for a long time. ① By up-regulating system Xc-, lung cancer cells can improve the antioxidant effect of the downstream pathway, increase the antioxidant capacity of cells, and inhibit the occurrence of ferroptosis (Huang et al., 2005). ② FSP1 is highly expressed in lung cancer cells, inhibiting ferroptosis and allowing lung cancer cells to grow (Bersuker et al., 2019). ③ Many genomic mutation regions in cancer cells are transcribed into long non-coding RNA (lncRNA). The expression of lncRNA affects cell homeostasis and is related to different types of cancer (Huarte, 2015). Among them, lncRNA LINC00336 is up-regulated in lung cancer. Overexpression of lncRNA LINC00336 significantly reduces the concentration of intracellular Fe2+, ROS and mitochondrial superoxide, which inhibits ferroptosis by acting as a competitive endogenous RNA. It is also observed that overexpression of lncRNA LINC00336 limits ferroptosis induced by GPX4-inhibitor RSL3 in lung adenocarcinoma cells (Wang et al., 2019; Jiang et al., 2021). In addition, the down-regulation of lncRNA P53RRA in cancer removes p53 and weakens the ferroptosis in lung adenocarcinoma and lung squamous cell carcinoma, which is induced by p53 (Mao et al., 2018). ④ The overexpression of thioredoxin-2 (TXN2) and the depletion of haptoglobin (HP) can make lung cancer cells more resistant to ferroptosis induced by Erastin or RSL3 (Li et al., 2021b). Erianin, an effective component extracted from Dendrobium chrysotoxum Lindl, can activate calmodulin (CaM) in lung cancer cells. CaM can regulate L-type voltage-dependent Ca2+ channels. Increased Ca2+ uptake leads to increased levels of ROS and Fe2+(Kiefmann et al., 2017). By causing excessive accumulation of ROS and depletion of GSH in lung cancer cells, it induces ferroptosis of lung cancer cells and inhibits lung cancer cell migration (Chen et al., 2020). Cisplatin is currently widely used in the treatment of lung cancer, with ferroptosis as the target. Cisplatin is an inducer of ferroptosis and apoptosis in lung adenocarcinoma cells, and its mechanism is to cause reduced GSH consumption and GPX4 inactivation. In addition, the combination of cisplatin and Erastin has a significant synergistic effect on anti-tumor activity, which may be related to the down-regulation of GSH and the inactivation of GPX to stimulate the Erastin pathway (Yokoi et al., 2019). The above experiments have verified that lung cancer cells enhance their resistance to ferroptosis through multiple genetic pathways. The follow-up research can focus on more effective and targeted intervention in such regulatory pathways, making lung cancer cells sensitive to ferroptosis, inhibiting its growth and prolonging the survival of lung cancer patients.
Ferroptosis and Asthma
Asthma is a disease characterized by airway inflammation and airway hyperreactivity, in which oxidative stress plays an important role. Upon activation of T cells by antigen-presenting cells, Th2 secrete IL. B lymphocytes are activated to synthesize specific IgE and produce a variety of active mediators in the process of type I hypersensitivity, leading to airway smooth muscle contraction, mucus secretion, and inflammatory cell infiltration, thereby causing asthma symptoms. On the other hand, IL directly activates mast cells, eosinophils (Eos), macrophages to accumulate in the airways and release inflammatory factors leading to chronic airway inflammation. In a highly oxidized microenvironment, H2O2 can up-regulate Th2-driven airway inflammation by influencing the secretion of Th1 and Th2 cytokines and enhancing the airway’s hyperreactivity, which makes the above symptoms prolonged and aggravated (Frossi et al., 2008). Airway inflammation and the hyperoxidative state of asthma patients are also crucial factors contributing to ferroptosis. The fresh bristle hematopoietic stem cells and airway epithelial cells of asthma patients showed high expression of 15-LOX1. The combination of 15-LOX1 and Phosphatidylethanolamine binding protein 1 (PEBP1) can activate extracellular regulatory protein kinases, inducing autophagy and ferroptosis (Zhao et al., 2011; Zhao et al., 2020a). In tissues where ferroptosis occurred, macrophages were found to be significantly activated and released pro-inflammatory substances. Generally speaking, asthma exacerbations had a significant association with iron mortality. Recent understanding of asthma pointed out that Eos not only play the role of effector cells, but also have immunomodulatory effects. The average survival cycle of Eos is approximately 2–5 days, while Eos survival is prolonged in the inflammatory microenvironment of asthma. Ferroptosis-inducing agents induce Eos ferroptosis via an atypical pathway and are synergistic with the glucocorticoids in triggering Eos death. Treatment targeting Eos ferroptosis appears to be effective in controlling allergic airway inflammation such as asthma and may reduce the dose and adverse effects of glucocorticoids (Wu et al., 2020). In hyperneutrophilic asthma patients resistant to corticosteroid hormones, targeted induction of ferroptosis in neutrophils would be more clinically valuable. In conclusion, the idea of inducing ferroptosis of inflammatory cells to alleviate airway inflammation and reduce the amount of hormones has great potential in future studies of asthma.
Ferroptosis and Pulmonary Tuberculosis
Pulmonary tuberculosis is still a major infectious disease that seriously endangers human health, and it is now showing a trend of deterioration in the world. After the human body inhales Mycobacterium tuberculosis (Mtb), the macrophages in the alveoli are the first to secrete large amounts of IL-1, IL-6, and TNF-α, allowing lymphocytes and monocytes to aggregate, forming combined granulomas to limit the spread of Mtb. Th1 cells play an immune protective role and promote the function of macrophages. The contest between Mtb and macrophages determines the direction of tuberculosis. Studies have found that Mtb-induced macrophage death was associated with decreased GSH and GPX4 levels and increased free iron, mitochondrial superoxide, and LPO. The destruction of macrophages by Mtb was reduced after Ferrostatin-1 treatment. Similar manifestations were also seen in necrosis of the lung, demonstrating that ferroptosis is the primary mechanism of necrosis in Mtb infection (Amaral et al., 2019). Ferrostatin-1 has a certain antibacterial effect. It reduced lung necrosis in infected mice and significantly reduced the number of bacteria in the lungs. At present, the conventional treatment of tuberculosis requires prolonged use of antibiotics, with the risk of recurrent infections and the emergence of drug-resistant strains. The main therapeutic drugs, isoniazid and rifampicin, both consume a large amount of GSH during liver metabolism, causing LPO and death of hepatocytes (Pan et al., 2020). In view of the above-mentioned treatment problems, we urgently need to find a faster and safer treatment. Vitamin E as an antioxidant can reduce non-heme iron from Fe3+ state to Fe2+ state to inhibit 15-LOX1 (Hinman et al., 2018), thereby inhibiting the ferroptosis pathway mediated by 15-LOX1 (Kagan et al., 2017). In clinical trials, vitamin E was used to intervene in tuberculosis patients for 2 months. It was found that oxidative stress was reduced, and the overall antioxidant status of tuberculosis patients was improved (Seyedrezazadeh et al., 2008). Pseudomonas aeruginosa, which is also an infectious lung pathogen, can express LOXs after infection, causing ferroptosis of human bronchial epithelial cells (Dar et al., 2018). So the inhibition of LOXs-driven ferroptotic pathways might be a potential target for treating pulmonary infections such as tuberculosis and Pseudomonas aeruginosa.
Ferroptosis and Corona Virus Disease 2019
Corona Virus Disease 2019 (COVID-19) is an infectious inflammatory disease. In the early stage of infection, the symptoms are mostly fever, cough, muscle aches, and fatigue (Huang et al., 2020a). Severe cases include dangerous conditions such as ARDS, septic shock, severe metabolic acidosis, and hypercoagulability. Respiratory failure is the most common cause of death in severe patients with COVID-19.
The pathological changes of COVID-19 mainly include hemoglobin damage, hypoxia, methemoglobinemia, and cellular iron overload (Cavezzi et al., 2020; Colafrancesco et al., 2020). Iron is considered to be a key factor in the pathogenesis of COVID-19, and elevated serum Ft is closely related to poor prognosis (Huang et al., 2020b; Edeas et al., 2020; Zhou et al., 2020). In a number of clinical studies of covid-19 patients, almost all patients had decreased serum iron level, which was speculated to be due to the high expression of TfR (Zhao et al., 2020b). TfR can transport serum iron into cells to accumulate. The expression level of TfR is related to age, and the expression level of TfR in males is significantly higher than that in females, which may explain the higher infection rate and mortality of male elderly patients among COVID-19 patients (Frazer and Anderson, 2014; Borges do Nascimento et al., 2020; McLaughlin et al., 2020). By observing the dependence of Severe Acute Respiratory Syndrome Corona Virus 2 (SARS-CoV-2) replication on iron and the regulation of virus on host iron metabolism, it was speculated that cell iron was the key to the invasiveness and survivability of the virus. Then, it was proved that iron was involved in several key steps of SARS-CoV-2 replication (Liu et al., 2020b).
Iron chelator has immunomodulatory and anti-inflammatory effects, and can bind to several receptors used by SARS-CoV-2 to prevent it from entering host cells. The therapeutic mechanism of iron chelators also includes down-regulation of hepcidin, binding of free iron, or depletion of iron from Ft, thus interfering with virus replication (Cavezzi et al., 2020). After SARS-CoV-2 infects cells, it is found that the expression levels of GSH and GPX4 are significantly reduced. The inflammatory response caused by SARS-CoV-2 is related to the cell damage produced by ROS, suggesting the correlation between COVID-19 and ferroptosis (Silvagno et al., 2020). The application of reducing agents such as methemoglobin reductase, ascorbic acid and GSH can reduce the trivalent iron in hemoglobin to ferrous iron, so as to restore the ability of hemoglobin to combine with oxygen and relieve the symptoms of hypoxia (Muhoberac, 2020). N-acetylcysteine has the effect of scavenging ROS and is an effective precursor of GSH, which can be considered an auxiliary drug to reduce oxidative stress in patients with COVID-19 (Jaiswal et al., 2020).
Reducing the concentration of intracellular iron and increasing the level of reducing agents is the most fundamental treatment to alleviate the redox and ROS damage of cells, especially in severe COVID-19 cases like ARDS. The correct selection of chelating agents and reducing agents to prevent the early formation of ROS is an important control measure.
CONCLUSION AND OUTLOOK
Ferroptosis is a new way of programmed cell death caused by the excessive accumulation of iron-dependent LPO, involving various metabolic pathways such as amino acid metabolism, lipid metabolism, and iron metabolism. With the progress of ferroptosis research, more and more influencing pathways and regulatory factors have emerged, forming a complex network of ferroptosis occurrence and development. A large number of experimental studies have revealed that ferroptosis is involved in the morphological changes and pathological processes of various diseases. In ALI, IR, COPD, and pulmonary infectious diseases where ferroptosis is clearly involved in the injury mechanism, intervention at a certain point in the ferroptosis network may play a role in the early prevention of the disease. This would lead to the improvement of clinical symptoms and control of the development of the disease course. In the future, we can also try to explore whether the combined use of ferroptosis inhibitors in various ways will achieve better therapeutic effects. Therefore, in the context of the many achievements in animal model experiments, it is essential to perform more in-depth studies on the mechanisms and targets of action of ferroptosis inhibitors. More efficient and specific modulation of cellular ferroptosis is key for future research.
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