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Ferroptosis is a newly discovered form of non-apoptotic regulatory cell death driven by iron-dependent lipid peroxidation. Ferroptosis significantly differs from other forms of cell death in terms of biochemistry, genetics, and morphology. Ferroptosis affects many metabolic processes in the body, resulting in disruption of homeostasis, and is related to many types of lung disease. Although current research on ferroptosis remains in the early stage, existing studies have confirmed that ferroptosis is regulated by a variety of genes, mainly involving changes in genes involved in iron homeostasis and lipid peroxidation metabolism. Furthermore, the mechanism of ferroptosis is complex. This review summarizes the confirmed mechanisms that can cause ferroptosis, including activation of glutathione peroxidase 4, synthesis of glutathione, accumulation of reactive oxygen species, and the influence of ferrous ions and p53 proteins. In recent years, the mechanism of ferroptosis in the occurrence and development of many diseases has been studied; the occurrence of ferroptosis will produce an inflammatory storm, and most of the inducing factors and pathological manifestations of lung diseases are also inflammatory reactions. Therefore, we believe that the association between ferroptosis and lung disease deserves further study. This article aims to help readers to better understand the mechanism of ferroptosis, provide new ideas and targets for the treatment of lung diseases, and point out the direction for the development of new targeted drugs for the clinical treatment of lung diseases.
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1 INTRODUCTION
Cell death is an irreversible process that often occurs in normal tissues and is a necessary life process to maintain the function and morphology of tissues. Previous studies have suggested that there are two main pathways of cell death: apoptosis and necrosis. In recent years, a growing number of studies have indicates that there are other types of cell death besides apoptosis and necrosis, such as autophagy, necrotic apoptosis, scorch death, and ferroptosis. In 2003, Dolma et al. (2003) found that cells treated with erastin, a small molecule compound that can be precisely targeted at human cancer cells, did not show the classic characteristics of apoptosis when screening selective lethal anti-tumor drugs in RAS mutated tumor cells. In 2012, Dixon et al. (2012) named this type of death as ferroptosis, an iron-dependent non-apoptotic form of cell death.
Regarding the common cell morphologies in ferroptosis that distinguish it from apoptosis, necrosis, and autophagy, during the process the size of the mitochondria decreases, the density of bilayer membranes increases, and the mitochondrial cristae decrease or disappear; however, the cell membrane remains intact, the size of nucleus is normal, and there is no evidence of nuclear concentration or chromatin marginalization (Peng et al., 2021). In terms of biochemistry, ferroptosis is mainly manifested by the exhaustion of glutathione (GSH), a decline in glutathione peroxidase 4 (GPX4) activity, and the inability of lipid peroxides to be metabolized through the GSH reduction reaction catalyzed by GPX4. Then, ferrous ions (Fe2+) mediate lipid oxidation in a manner similar to the Fenton reaction to produce a large number of reactive oxygen species (ROS) (Park and Chung, 2019; Wang et al., 2020). Ferroptosis intersects with multiple cell death pathways were shown by many studies. Furthermore, the working mechanism of ferroptosis is being revealed and clarified underway.
Ferroptosis cells trigger the innate immune system by releasing inflammation related damage factors, and then stimulate the inflammatory response. Pulmonary diseases, such as asthma, acute lung injury, COPD, and pulmonary fibrosis, are closely related to inflammatory response. Therefore, based on the inducing the operating mechanism of ferroptosis, the exploration on the relevance between ferroptosis and lung diseases will conribute to a deeper perspective on pathogenesis of asthma, COPD and other lung diseases, and provide new ideas and directions in treatment methods and new drug research and development.
This review aims to improve our comprehension on the ferroptosis working mechanism so as to provide novel insights during the process of the clinical treatment of lung diseases, and identify the direction for the development of new targeted drugs for the clinical treatment of lung diseases.
2 THE MECHANISM OF THE INDUCTION OF FERROPTOSIS
2.1 Suppression of GPX4
GPX4 plays an essential part in ferroptosis in ferroptosis (Figure 1) (Zhang et al., 2021b). Studies have shown that inhibiting the expression of GPX4 can induce iron- dependent cell death (Ding et al., 2021). GPX4 is required to participate in ferroptosis through the induction of erastin and RSL3 (Sui et al., 2018; Zhang et al., 2020b). GPX4 is a GSH-dependent enzyme, which can convert reduced GSH into oxidized GSH, reduce lipid hydroperoxide into lipid alcohol, and convert free hydrogen peroxide into water to reduce iron-dependent lipid peroxidation (Liu et al., 2022a; Dang et al., 2022). GPX4 has selenocysteine (Sec) in its structure (Schwärzler et al., 2022). Sec can bind with RSL3, inhibiting the viability of GPX4 protease, resulting in the lipid peroxides accumulation in cells, which mediates ferroptosis (Shin et al., 2018; Wang et al., 2021). The activity of GPX4 is affected by Sec. As an essential donor in the mevalonate pathway (MVA), the Sec tRNA is modified by isopentenyltransferase. Therefore, inhibition of the MVA can lead to Sel RNA maturation disorder, affecting the normal function of GPX4, and inducing ferroptosis (Chen et al., 2021).
[image: Figure 1]FIGURE 1 | Inhibition of GPX4 induced ferroptosis. Cystine is transported into cells by System xc—and transformed into cysteine by TXNRD1, which further synthesizes GSH. GPX4 uses GSH to remove the phospholipid peroxide (PLOOH). The decrease of GSH leads to the weakening of GPX4’s scavenging effect on lipid peroxides, thus inducing ferroptosis.
2.2 Inhibition of GSH synthesis
GSH is an important antioxidant in cells; it plays a protective role as it can reduce excessive lipid peroxide in cells (Lotocki et al., 2021; Sun et al., 2021). When the synthesis of GSH is blocked, the systems of intracellular oxidation and antioxidant are in a state of out-of-balance, and a large amount of polyunsaturated fatty acid peroxidation cannot be cleared in time; therefore, ferroptosis will occur. The synthesis of GSH depends on System Xc−, which is anchored on the cell membrane and consists of seven members of the solute carrier family 11 (SLC7A11) and three members of the solute carrier family 2 (SLC3A2) (Dong et al., 2021). It can transfer cysteine into cells to synthesize GSH. Therefore, inhibiting the activity of System Xc− leads to the inhibition of GSH synthesis and the depletion of GSH in cells, which in turn prevents the effective elimination of lipid peroxides in cells and mediates ferroptosis (Ma et al., 2021).
2.3 Intracellular Fe2+ overload
Normally, the iron ions inside and outside the cell are in a state of dynamic balance. The main iron ion used in cells is Fe2+, which is stored in the cell marginal iron pool (LIP) (Krijt et al., 2018). The main routes of iron ions in the LIP are: 1) direct use in cells, 2) enter the mitochondria for biotransformation, 3) bound with ferritin (Fn) and stored in cells, and 4) they are transported out of cells (Xie et al., 2022). As shown in Figure 2, if the cell state is abnormal or the above process is inhibited, it will lead to an overload of Fe2+ in the cell. Affected by the Fenton reaction, iron will catalyze the generation of free radicals and promote to the peroxidation of lipid so as to lead to the lipid peroxides accumulation in cells, which eventually brings on the consequence of ferroptosis (He et al., 2020; Fu et al., 2021). In addition, iron reaction element binding protein 2 (IREB2) can significantly increase the expression of ferritin heavy chain and light chain after inhibition, leading to a decreased intracellular free iron level and inhibiting the emergence of ferroptosis (Zhu et al., 2022).
[image: Figure 2]FIGURE 2 | Intracellular Fe2+ overload induces ferroptosis. Fe3+ flows into the cell through the transferrin receptor (TFR). Fe3+is reduced to Fe2+ through prostate six times transmembrane protein 3 (STEAP3) and stored in the labile iron pool (LIP). Fe2+ can also be further released from the endosome into LIP with the assistance of divalent metal transporter 1 (DMT1). Iron boosts the free radicals generation under the effect of Fenton reaction, which further promoting the occurence of lipid peroxidation and ferroptosis induction.
2.4 ROS accumulation
The main cause of ferroptosis is the accumulation of lipid peroxides (Gao et al., 2019). Abnormal lipid metabolism leads to the formation of oxidized phospholipids and the accumulation of oxygen free radicals, thus inducing cell death (Zhang et al., 2022). As mentioned above, GPX4 and GSH are inhibited, and the result is the accumulation of ROS, which leads to ferroptosis. Polyunsaturated fatty acids (PUFA) are essential for ferroptosis (Zou et al., 2020), and PUFA is the main substrate for membrane lipid peroxidation. Acyl-CoA synthase long chain family member 4 (ACSL4) and lysophosphatidyltransferase 3 (LPCAT3) play roles in lipid synthesis and modification, respectively. The revelation of ACSL4 and LPCAT3 in ferroptosis resistant cells was significantly decreased (Liao et al., 2022). Furthermore, by downregulating the gene level of ACSL4 and LPCAT3 in cells, the production of lipid peroxides could be effectively prevented, and the ferroptosis resistance could be improved (Reed et al., 2022).
2.5 p53 and ferroptosis
p53 is a classical tumor suppressor gene that participates in a variety of cellular metabolic reactions through interactions with other proteins and selective transcriptional regulation of a variety of target genes (Zhao et al., 2021; Zheng et al., 2022). The accumulation of GPX4, GSH, and ROS mentioned above can be regulated by the signaling pathway mediated by p53, thus leading to ferroptosis. p53 can inhibit the activity of solute carrier family 7 member 11 (SLC7A11); cystathionine β synthase (CBS) has a regulatory effect (Hong et al., 2021). p53 can inhibit SLC7A11, reduce the synthesis of GSH through specific pathways, inhibit the viability of GPX4, lead to the accumulation of ROS, and induce ferroptosis (Guan et al., 2020). This discovery has important guiding significance in the treatment of cancer.
3 FERROPTOSIS AND LUNG DISEASES
3.1 Chronic obstructive pulmonary disease (COPD)
COPD is a lung disease characterized by airflow restriction and persistent respiratory symptoms. An abnormal inflammatory reaction caused by exposure to chronic cigarette smoke (CS), harmful particles, or gases is one of the main causes of COPD (Vij et al., 2018). CS is composed of a complex mixture of chemical substances, including free radicals (Zhou et al., 2020). Previous studies have shown that there is iron accumulation in the lungs of long-term smokers, and CS promotes unstable iron accumulation through nuclear receptor coactivator 4-mediated ferritin autophagy, leading to an increase in free iron, and subsequently to phospholipid peroxidation and ferroptosis of pulmonary epithelial cells (Yoshida et al., 2019; Liu et al., 2022b). In a mouse model of CS-induced ferroptosis leading to COPD, GPX4 was shown to be a regulatory target that plays a therapeutic role. Yoshida et al. (2019) reported that accumulation of unstable iron and enhanced lipid peroxidation occurred in cells exposed to CS, and that the accumulation of iron was more severe after GPX4 was knocked out, indicating that ferroptosis may participate in the process of COPD. Furthermore, particle matter 2.5 (PM 2.5) has been shown to induce ferroptosis; the mechanism may be closely related to iron overload, lipid peroxidation, and redox imbalance (Ren et al., 2021).
3.2 Acute lung injury
Acute lung injury is characterized by acute systemic inflammation. Its clinical manifestations include pulmonary edema, hypoxemia, diffuse alveolar injury, and lung infiltration (Ren et al., 2021). Acute lung injury can further cause multiple organ dysfunction syndrome or acute respiratory distress syndrome. Acute lung injury is generally caused by extrapulmonary factors and pulmonary inflammation, and its pathogenesis is very complex. Zhou et al. (2019) reported an increase in iron accumulation in the lungs of mice with acute lung injury. The production of superoxide were promoted by the excess iron and leads to lipid peroxidation through the generation of free radicals from the Fenton reaction. The down-regulation of GSH and GPX4 also induces ferroptosis. Liu et al. (2020) showed evidence that ferroptosis plays an important role in lipopolysaccharide (LPS)-induced acute lung injury, and that treatment with the ferroptosis inhibitor ferrostatin-1 (Fer-1) resulted in a significantly improved effect in LPS-induced acute lung injury. Li et al. (2020) listed decreased expression of GPX4 and increased levels of ROS in the cells of mice with acute lung injury induced by radiation; after treatment with liproxstatin-1, an ferroptosis inhibitor, assumed the trend of escalation significantly while the expression of ROS reflected the trend the other way around.
3.3 Lung cancer
An increasing number of studies have reported the role of ferroptosis in the pathogenesis and treatment of cancer, including many malignant tumors such as breast cancer (Zhang et al., 2021a), liver cancer (Yang et al., 2020), stomach cancer (Zhang et al., 2020a), rectal cancer (Xian et al., 2020), glioma (Zhuo et al., 2020), and pancreatic cancer (Ye et al., 2021). Typically, immune balance occurs when a tumor is present; the interaction between ferroptosis and lipid metabolism is very important in tumor immune regulation. Researches have proved that the content of prostaglandin-endoperoxide synthase 2 in tumor cells undergoing ferroptosis is abnormally increased, resulting in the production of the immunosuppressive factor prostaglandin E2, thereby inhibiting the tumor immune function of traditional type 1 dendritic cells, natural killer cells, and cytotoxic T cells (Zhao et al., 2022). In recent years, the relationship between lung cancer and ferroptosis has increasingly studied with a focus on NSCLC and lung adenocarcinoma (Tang et al., 2021; Yao et al., 2021).
There is a close relationship between ferroptosis and COPD and lung cancer. COPD caused by excessive smoking is one of the main causes of lung cancer (V et al., 2021). Many substances in CS can induce ferroptosis of airway epithelial cells, which in turn promotes the onset of COPD in lung cancer patients. Research has shown that the combined use of erastin and acetaminophen can promote cell apoptosis and ferroptosis and induce NSCLC cell death (Gai et al., 2020). Furthermore, it can decrease the GSH content and increase lipid peroxide levels to abnormal levels in NSCLC cells. In the radiation resistant subtype NSCLC cells, erastin not only can erastin induce ferroptosis, but also partially reduce cell resistance to radiation (Pan et al., 2019).
3.4 Pulmonary fibrosis
Ferroptosis is closely related to the pathogenesis of pulmonary fibrosis. The accumulation of iron ions, ROS, lipid peroxides, and inhibition of GPX4 activity features critically in the pathogenesis of pulmonary fibrosis (V et al., 2021). An imbalance of iron and lipid peroxide metabolism often accompanies pulmonary fibrosis (Hanania et al., 2019). Therefore, inhibiting the accumulation of lipid peroxide and iron in cells is an effective measure to prevent iron-dependent death of alveolar cells and the progression of pulmonary fibrosis. Radiation-induced lung fibrosis (RILF) is a serious and life-threatening complication of radiotherapy treatment for lung cancer; symptoms occur in the first few months after radiotherapy and can last for up to 2 years. The latest research shows that ferroptosis is a novel mechanism of radiation-induced cancer cell death. Inducers of ferroptosis cause biological molecule oxidation (such as lipid oxidation) by enhancing ROS generated by radiation, and drive ferroptosis through phospholipid peroxidation (Ye et al., 2020). Li et al. showed that the level of GPX4 was significantly down-regulated in a RILF mouse model, and that liproxstatin-1 could down-regulate transforming growth factor (TGF) by activating the nuclear factor-erthroid factor 2-related factor 2 (Nrf2) pathway-β1 to alleviate RILF (Li et al., 2019).
4 DISCUSSION
Since Dixon and others put forward the concept of ferroptosis in 2012, it has received increasing research attention, with a particular focus on the mechanism. Ferroptosis is a novel form of cell death that disticts from common modes such as apoptosis and autophagy; the occurrence of ferroptosis is regulated by iron metabolism-related mechanisms. This controllable regulatory cell death mode provides new opportunities for the treatment of human diseases.
With increased research, the inducers, inhibitors, and related mechanisms of ferroptosis have been identified. From the perspective of biochemistry, the cause of ferroptosis can be contributed to GSH depletion, intracellular iron accumulation, lipid peroxidation and GPX4 inactivation. In recent years, more and more inducers and inhibitors of ferroptosis have been identified. For example, Nrf2 and heat shock proteins can regulate ferroptosis. Furthermore, the results of a large number of clinical trials and animal experiments indicates that ferroptosis can be closely attributes to a variety of human diseases and pathological processes. The treatment of pathway intervantion proves effectively delay on the process of certain diseases and relieves the symptoms (Chang et al., 2021). Although research on ferroptosis is far from complete at present, the research on ferroptosis and lung diseases has made some progress, Sorafenib, the representative of ferroptosis inducer, has been used as an anti-tumor drug in the treatment of liver and kidney cancer (Sun et al., 2017). RSL3 is one of the representative drugs of GPX4 inhibitors, which can directly target GPX4. RSL3 can trigger ferroptosis by directly inhibiting GPX4 activity and inhibit the growth of glioma cells (Wang et al., 2019). The use of ferroptosis inducers as new adjuvants to traditional treatment schemes in lung cancer has been shown to be effective. The research and development of new inducers of ferroptosis and the employment of a variety form of integrated treatments are promising in the field of lung cancer treatment research. Furthermore, inducing or inhibiting ferroptosis may become a new therapeutic method and drug development target in the treatment of other lung diseases. Relatively speaking, research on ferroptosis and acute lung injury, COPD, and pulmonary fibrosis remains very limited at present; however, there is clear evidence to show the relationship that exists between them. Considering that there is still a large gap to be filled regarding the proposed concept of ferroptosis, with future research, the relationship between ferroptosis and many lung-related diseases will become increasingly clear.
In conclusion, ferroptosis is a newly discovered form of cell death. With continuous in-depth research, new mechanisms and regulatory factors have been identified, and the connection with the processes of many diseases has been confirmed. It has important theoretical and practical value in guiding the development of new therapeutic schemes and targeted drugs for various diseases presenting with ferroptosis as the entry point.
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