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Diabetic ulcers are one of the major complications of diabetes, and patients usually suffer from amputation and death due to delayed ulcer wound healing. Persistent inflammation and oxidative stress at the wound site are the main manifestations of delayed wound healing in diabetic ulcers. In addition, chronic hyperglycemia in patients can lead to circulatory accumulation of lipid peroxidation products and impaired iron metabolism pathways leading to the presence of multiple free irons in plasma. Ferroptosis, a newly discovered form of cell death, is characterized by intracellular iron overload and accumulation of iron-dependent lipid peroxides. These indicate that ferroptosis is one of the potential mechanisms of delayed wound healing in diabetic ulcers and will hopefully be a novel therapeutic target for delayed wound healing in diabetic patients. This review explored the pathogenesis of diabetic ulcer wound healing, reveals that oxidative stress and lipid peroxidation are common pathological mechanisms of ferroptosis and delayed wound healing in diabetic ulcers. Based on strong evidence, it is speculated that ferroptosis and diabetic ulcers are closely related, and have value of in-depth research. We attempted to clarify prospective associations between ferroptosis and diabetic ulcers in terms of GPX4, iron overload, ferroptosis inhibitors, AGEs, and HO-1, to provide new ideas for exploring the clinical treatment of diabetic ulcers.
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1 INTRODUCTION
Diabetic ulcers, a major complication of diabetes, mostly appears in the legs and feet of diabetic patients (Everett and Mathioudakis, 2018). At present, the number of diabetic patients with ulcers accounts for about 20% of the total number of diabetic patients. About 50%–70% of limb amputations are caused by delayed wound healing of persistent diabetic ulcers. According to reports, every 30 s in the world, one diabetic patient suffers from amputation due to persistent diabetic chronic ulcers, and the annual cost of medical costs and lots of productivity due to diabetic wounds is more than 200 billion US dollars (Al-Mohaithef et al., 2022). Despite recent advances in the understanding of wound healing, much still remains unknown about the molecular mechanisms underlying impaired wound healing in diabetes, and the efficacy shown by existing approaches is unsatisfactory (Everett and Mathioudakis, 2018). The glucose metabolism capacity decreases in diabetic patients, which causes the ulcer wound to be in a state of hyperglycemia, and further leads to impaired angiogenesis and delayed wound healing in diabetes (Hajmousa et al., 2018). Long-term hyperglycemia in diabetics causes increased mitochondrial reactive oxygen species (ROS) production, leading to the activation of lipid peroxidation, which, unless cleared by the cellular antioxidant system, can lead to cellular dysfunction and death by destroying macromolecules (Cheng et al., 2018; Icli et al., 2019).
First defined in 2012, ferroptosis is a form of cell death described as a non-apoptotic peroxidation-induced cell death that is dependent on the availability of ROS and iron (Hajmousa et al., 2018). As it takes place without caspases, a family of cysteine proteases cleaving specific intracellular substrates leading to apoptosis (Singh et al., 2013; Everett and Mathioudakis, 2018; Dolp et al., 2019), ferroptosis is characterized by the overload of intracellular iron and the accumulation of iron-dependent lipid peroxide. Additionally, ferroptosis also causes the inhibition of oxidoreductases, particularly glutathione peroxidase 4 (GPX4), a lipid peroxide scavenger (Icli et al., 2019). In terms of biochemistry, iron metabolism, nicotinamide adenine dinucleotide phosphate (NADPH) oxidase activity, and accumulation of ROS in lipid peroxidation products collectively constitute the major features of ferroptosis. Therefore, ferroptosis might modulate the pathological role of ROS and lipid peroxidation products, which impair wound healing in diabetics.
Long-lasting hyperglycemia in diabetic patients leads to the impairment of iron metabolic pathway, a significant reduction in the availability of iron-biding sites in circulating transferrin (Tf) and ferrin (SF), and the presence of multiple free irons in plasma. Impaired insulin signaling in diabetic patients results in insufficient hepcidin synthesis, increased intestine iron apparent absorption, and elevated circulating iron level. Increased free iron in plasma leads to oxidative stress and ferroptosis (Alavi et al., 2014; Jiang et al., 2019). Hence, therapies aimed to modulate iron metabolism are critical for developing effective prevention and treatment for type 2 diabetes mellitus (T2DM) and its related disorders. The crucial involvement of ferroptosis in cell growth and survival, as well as the presence of redox imbalances in diabetic wounds, has made ferroptosis a promising therapeutic target for delayed wound healing in diabetic patients. A schematic diagram of the mechanism of ferroptosis in diabetic ulcers is shown in Figure 1. In this prospective review, we firstly describe the pathological basis associated with refractory wounds in diabetic ulcers, such as inflammation, hypoxia, and oxidative stress. Next, we elaborate the pathological mechanisms and risk factors of ferroptosis, with an emphasis on the relationship between lipid peroxidation and oxidative stress. In addition, we attempted to explore its relationship with oxidative stress and lipid peroxidation from ferroptosis inducers and inhibitors to further explore the pathological mechanism of ferroptosis and delayed wound healing in diabetes. Finally, based on the common mechanisms of GPX4, iron overload, ferroptosis inhibitors, AGEs, and HO-1, it is further predicted that ferroptosis is an important link in the pathological mechanisms of delayed healing of diabetic ulcer wounds. The ferroptosis research will provide more possibilities for the clinical treatment of diabetic ulcers and the development of new drugs in the future.
[image: Figure 1]FIGURE 1 | Schematic diagram of the mechanism of ferroptosis in diabetic ulcers and the mechanism of ferrostatin-1 repairing diabetic ulcers by inhibiting ferroptosis through PI3K-AKT. In diabetic ulcers, the synthesis of lipid peroxidation products is gradually increased as the increasing amount of glucose enters the cells. Under the action of intracellular iron ions, lipid peroxides continue to accumulate, thereby attacking cellular DNA and other biological macromolecules in the granulation tissue of ulcerated skin, ultimately triggering cellular ferroptosis. Ferrostatin-1, an inhibitor of ferroptosis, can reduce lipid peroxidative damage by activating the PI3K-AKT signaling pathway to block the pathway of ferroptosis, and at the same time promoting the regeneration, differentiation, and migration of vascular endothelial cells and epithelial cells, thereby effectively improving the ability of wound healing. In the process of ferroptosis, SLC7A11, SLC3A2, and the consume of glutathione lead to the accumulation of iron-dependent ROS. In addition, glucose and glutamine metabolism will decrease the levels of glutathione and glutathione peroxidase 4 (GPX4), resulting in the production of iron-independent reactive oxygen species. Ferroptosis is mediated by excess iron between cells. Ferric iron (Fe3+) binds to transferrin and is imported into cells through the membrane protein transferrin receptor 1 (TfR1). Then, Fe3+ is reduced to Fe2+ by reductase. Finally, excess intracellular iron generates ROS through the Fenton reaction, which triggers ferroptosis.
2 PATHOGENESIS OF DELAYED WOUND HEALING IN DIABETIC ULCERS
Wound healing is a multifactorial and dynamic process, and its treatment goal is to restore the integrity of anatomical structure and function. The primary requirement of wound treatment is to achieve healed quickly and completely without diffuse infection and sepsis. According to the situation of wound healing, ulcer wound healing can be divided into chronic and acute. Acute wounds heal as expected and undergo a normally, orderly and timely repair process, thereby continuing to restore the integrity of anatomical and functional (Singh et al., 2013). The healing process can involve various cells and is divided into five overlapping stages, including hemostasis, inflammation, proliferation, contraction and remodeling.
The acute wound healing process starts with hemostasis to prevent blood loss and microbial invasion of the wound, and then enters the inflammation stage. At this stage, pro-inflammatory cells and neutrophils are upregulated, and pathogens, debris, growth factors and other cytokines are eliminated by macrophages. The proliferative phase overlaps with the inflammation phase. In the inflammatory phase, the damaged area is activated and filled with new tissues, new blood vessels and matrix structures. In the final remodeling phase, the extracellular matrix’s tensile strength increases and the blood supply in the damage area decreases (Singh et al., 2013; Dolp et al., 2019). Chronic trauma can be defined as continuous intervention on any tissue, but it takes a long time to heal or even non-healing or recurrence (Singh et al., 2013). Many factors, such as chronic diseases, vascular insufficiency (Zhao et al., 2016), diabetes, malnutrition, aging, and other local factors such as stress, infection and edema (Zhao et al., 2016), can lead to delayed wound healing. Diabetes-related peripheral neuropathy coupled with interruption of perfusion can easily lead to poor structure of the foot, loss of consciousness, and increase the risk of ulcers due to repeated mechanical stress. Moreover, patients with diabetic ulcers are prone to complications, including functional limitations, difficulty walking, and infections such as cellulitis, abscesses, osteomyelitis, gangrene, and sepsis. These recurring complications aggravate the difficulty of healing, resulting in the delayed wound healing. The pathological mechanisms of ulcer healing in diabetic patients have not been clearly defined. Here we review the related factors of wound healing disorder in diabetic ulcers from the following aspects (Table 1).
TABLE 1 | Pathogenesis of delayed wound healing of diabetic ulcers.
[image: Table 1]2.1 Changes in Inflammatory Cells, Proinflammatory Factors and Growth Factors
2.1.1 Increased Inflammatory Cells and Proinflammatory Factors
Generally, wound healing is a process mediated by growth factors and cytokines released by different cells (Davis et al., 2018) such as fibroblasts, endothelial cells, phagocytes, platelets, and keratinocytes (Davis et al., 2018) activated by the immune response after the skin barrier is broken. The generation and adjustment of various growth factors and cytokines are ardently engaged by these cells. Under the action of inflammatory chemical attractants, monocytes are activated to become macrophages, and then more growth factors are secreted, including platelet-derived growth factor (PDGF) and vascular endothelial growth factor (VEGF) (Dixon and Edmonds, 2021). Neutrophils and lymphoid T and B cells produce tumor necrosis factor alpha (TNF-α) and interleukin-10 (IL-10). Fibroblasts, keratinocytes, endothelial cells and mast cells are also involved in the production of insulin-like growth factor-1 (IGF-1), transforming growth factor-beta (TGF-β) and VEGF. Proinflammatory cytokines such as macrophage inflammatory protein factor, keratinocyte chemokine and β-Defensin play an essential role in leukocyte aggregation (Brem and Tomic-Canic, 2007; Hajmousa et al., 2018; Icli et al., 2019). Badr, 2013 have proved that macrophage inflammatory protein factor in the blood of diabetic patients is expressed in the form of membrane binding on the surface of inflammatory cells, epithelial cells, macrophages and vascular smooth muscle cells. However, in diabetic ulcer wounds, the expression of cellular inflammatory protein factors increased, the level of β-Defensin decreased, the sensor activation signal and transcription activator were abnormally activated, and the activity of nuclear factor kappa B (NF-kappaB) and protein kinase B (PKB) decreased. All the above factors collectively contribute to the delayed healing of diabetic wounds (Brem and Tomic-Canic, 2007; Hajmousa et al., 2018; Icli et al., 2019). Furthermore, macrophage polarization, caused by hyperglycemia and oxidative stress, is the major reason for delayed wound healing (Basu Mallik et al., 2018; Jiang et al., 2019). Research has found that there are many phenomena in diabetic animal ulcer models, including the continuous generation of pro-inflammatory cytokines, damaged functions of macrophages and neutrophils, injured migration and proliferation of keratinocytes and fibroblasts and reduced production of healing-related factors (such as growth factors) (Alavi et al., 2014; Okizaki et al., 2015).
2.1.2 Defects in the Number and Type of Growth Factors
Wound healing is a complex physiological process involving (Park et al., 2017) the interaction between various types of cells, growth factors, extracellular matrix (ECM) components and proteases. Growth factors, as biologically active peptides, are mainly involved in the early inflammation stage of the granulation stage of tissue formation. Due to changes in growth factor expression, reduction in production, reduction in release, capture and excessive degradation (Crovetti et al., 2004), the number and types of growth factors in wounds are often defective. In addition, the stabilization between matrix formation and degradation is one of the main characteristics of wound healing. In diabetic patients, vascular endothelial growth factor (VEGF) (Biswas et al., 2010; Kim et al., 2018), insulin-like growth factor 1 (IGF-1), insulin-like growth factor 2 (IGF-2) (Capilla-Gonzalez et al., 2018; Zeng et al., 2019), transforming growth factor beta (TGF-β) (Li et al., 2019), platelet-derived growth factor (PDGF) (Zahid et al., 2019), epidermal growth factor (EGF) (Jee et al., 2019), TNF-α and interleukin 6 (IL-6) were significantly reduced. Growth factors play a crucial role in initiating and maintaining different stages of wound healing. The wound healing in diabetic patients may be delayed by the downregulation of growth factor receptors and the brisk degradation of growth factors. VEGF is one of the most valuable angiogenesis cytokines during wound healing. The content of VEGF in wounds can significantly affect healing and support angiogenesis (Melincovici et al., 2018). VEGF increases blood capillary density and improves blood perfusion and metabolism in damage areas. Restoration of blood flow of ulcer skin tissue is conducive to the supply of nutrients and oxygen to participate in the forming of granulation tissue, help the growth of repairing cells and promote wound healing. It can be seen that VEGF is the main regulator of wound revascularization. The role of VEGF depends on the activation of its receptor. The activation of VEGFR-1 leads to inflammation, while the activation of VEGFR-2 leads to angiogenesis (Farghaly et al., 2021). It was found that the abnormal pattern of VEGF receptor, the decrease of VEGF’s mRNA level, the increase of VEGFR-1 level and the decrease of VEGFR-2 level are the essential reasons for the failure of wound healing (Zhou et al., 2015).
2.2 Diabetic Peripheral Neuropathy and Insufficient Oxygen Supply to the Wound
Diabetic peripheral neuropathy can cause disorder of motor, sensory and autonomic nerve function and it also can cause delayed wound healing. Loss of pain, a sensory neuropathy, is a major threat to the regeneration of diabetic ulcer wound. Under conditions of hyperglycemia and oxidative stress, abnormal glycosylation of neuronal proteins and abnormal activation of protein kinase C can lead to neurological dysfunction and ischemia. Patients with diabetic ulcers will worsen their wounds due to their lack of awareness of the wound (Huang et al., 2015). The healing process of ulcers in diabetic patients is also stagnant due to other factors. These factors include metabolic defects, hypoxia caused by hemoglobin glycation, changes in red blood cell membrane permeability (Brem and Tomic-Canic, 2007), and narrowing of blood vessels. Diabetic ulcer wounds have insufficient oxygen supply to the wound site because of narrowing of blood vessels. The glycosylation of hemoglobin further leads to insufficient supply of nutrients and oxygen in the tissues, thereby delaying the healing process. In addition, metamorphin skin tissue is activated immediately after injury. By promoting the accumulation of unfolded proteins in the endoplasmic reticulum, it induces increased expression of pro-inflammatory chemokines and aggravates the cellular stress response (Schurmann et al., 2014).
2.3 Ischemia of Ulcer Wound
The local ischemia caused by diabetic microvascular complications has greatly hindered wound healing. Micro RNA (miRNA or miR), a small non-coding RNA molecule with a length of 18–25 nucleotides, plays an important role in diabetic microvascular complications. Changes in tight miRNA regulation may cause serious physiological abnormalities such as diabetes and other chronic diseases and their complications (Moura et al., 2014). In vivo imaging revealed that massive hypoxia inducible factor HIF-1α is stabilized in ischemic wounds, whereas HIF-1α induced microRNA-210(miR-210)expression. MiR-210 plays a key role in limiting the proliferation of keratinocytes (Narayanan et al., 2020) and delaying wound healing. Downregulation of miR-200b depressed the transcription factor endothelial transcription factor GATA binding protein 2 (GATA2) and vascular endothelial growth factor receptor 2 (VEGFR2) (Chan et al., 2012) to turn on wound angiogenesis, which is destroyed in diabetic wounds. In addition, other subtypes of miRNA, such as miR-21, miR-198, miR-130a, miR-26A, and miR-146, are involved in re-epithelialization, delayed inflammatory response, fibroblast migration, keratinocyte migration and angiogenesis in the diabetic wounds (Bhattacharya et al., 2016; Icli et al., 2016). Other factors include increased serum matrix metalloproteinases (Li et al., 2013), decreased collagen type ratio, dysregulated expression of skin neuropeptides (Nowak et al., 2021), lack of thrombin activated fibrinolytic inhibitor (Bryk-Wiązania and Undas, 2021), reduced platelet growth factor and modification of late phase three advanced glycation end products (Nass et al., 2010), decreased number of epidermal nerves (Alavi et al., 2014), and the increase of extracellular matrix components and the matrix metalloproteinase reconstitution are imbalanced (Alavi et al., 2014). Studies have announced the role of stromal cell proteins in wound healing. Stromal cell (Chong et al., 2014) proteins can bind to a variety of proteins in the extracellular matrix (ECM) library and connect to homologous cell surface receptors.
Angiopoietin-like factor 4 (ANGPTL4) is a stromal cell protein that plays an important role in lipid and glucose metabolism and promotes keratinocyte migration, proliferation and angiogenesis. Blood glucose concentrations were inversely correlated with ANGPTL4, and in patients with type 2 diabetes, their blood glucose concentrations were higher, but ANGPTL4 concentrations were lower (Arya et al., 2014). ANGPTL4 initiates the activation of the Janus kinase-signal transducer and activator of transcription 3 (JAK/STAT3), mediated upregulation of inducible nitric oxide synthase (iNOS) expression in wound epithelium, and promotes angiogenesis. In a typical wound injury, the expression of ANGPTL4 is significantly increased. On the contrary, the expression of ANGPTL4 is still very low during the entire healing process of diabetic wounds (Chong et al., 2014). This indicates that by influencing angiogenesis and re-epithelialization, ANGPTL4 delays the healing process.
2.4 Oxidative Stress in Wound Healing of Diabetic Ulcers
Molecular mechanisms affecting the healing of diabetic ulcers are continuously being discovered, and the diacylglycerol pathway, hexose pathway, nitric oxide blocking pathway, polyol pathway, protein kinase C pathway, and advanced glycation end products (AGEs) have been recognized. These mechanisms are caused by excessive production of ROS by mitochondria (Bhattacharya et al., 2016) and oxidative stress stimulation. During the development of diabetes, extreme oxidative stress plays an essential role in the complications of diabetes, such as ulcer healing disorders. Among them, the nuclear factor erythroid 2-related factor 2 (NRF2) reduces apoptosis, promotes cell migration, proliferation and cell differentiability by regulating the adaptive response to oxidative stress (Yu and Xiao, 2021). NRF2 is activated by oxidative stress and high glucose to regulate and repair damage. Long et al. (2016) have proven that the excessive oxidative stress levels caused by diabetes can be reduced by inducing activation of NRF2 to regulate matrix metalloproteinase 9 (MMP-9), TGF-β and gene expression associated with migration and proliferation. Activating transcription factor 3 (ATF-3) is a stress-inducing gene whose expression can induce lymphatic B cell dysregulation and promote the occurrence of diabetic complications (Zhou et al., 2018). Excessive pro-inflammatory response activates ATF-3 and inducible nitric oxide synthase (iNOS), which leads to the occurrence of oxidative stress and becomes another cause of prolonged wound healing. Badr et al. reported the upregulated expression level of ATF-3 and iNOS accompanied by increasing free radicals and activities of caspase-3, -8, and -9. One of the important reasons for the damage of cell differentiation and remodeling during the healing process (Badr et al., 2016).
2.5 Lipid Peroxidation and Diabetes
Oxidative stress occurs when the balance between reactive oxygen species (ROS) and antioxidant defense is disturbed, resulting in tissue damage (Jelic et al., 2021). Sources of oxidative stress in diabetes include ROS produced by auto-oxidation reactions of sugars and sugar adducts to protein and by autoxidation of unsaturated lipids in plasma and membrane protein (Dham et al., 2021). ROS attack a variety of substances, of which lipids leading to lipid peroxidation are the main target compounds. Lipid peroxidation occurs when oxidants like ROS attack lipids containing carbon-carbon double bonds, especially the process of polyunsaturated fatty acids (PUFAs) (Ayala et al., 2014). There are two main categories of lipid peroxidation products: hydroperoxides and reactive carbonyl species (RCS). RCS impairs various cellular processes such as energy production (Humphries et al., 1998) and ion channel activity (Bhatnagar, 1995), etc. Moreover, RCS can also regulate cell proliferation, stress adaptation and signaling (Singh et al., 2015). RCS levels can be used as a biomarker to identify the severity of diabetic complications, as RCS levels correlate with the severity of organ damage in diabetic patients (Dham et al., 2021). 4-Hydroxy-2-nonenal (4-HNE) is one of the most biologically active and well-studied cell-reactive aldehydes (Dham et al., 2021). 4-HNE is generally considered to be a marker of oxidative stress (Leake et al., 2012), so the level of 4-HNE and its adducts can indicate the severity of diabetic complications. In diabetes, oxidative stress mediated by 4-HNE can cause multiple pathophysiological changes and cause a variety of complications, seriously affecting the quality of life of diabetic patients.
3 PATHOLOGICAL MECHANISM AND RISK FACTORS OF FERROPTOSIS
In fact, among the many pathological mechanisms of delayed wound healing in diabetic ulcers, the idea that hyperglycemia-induced free radicals and oxidative stress lead to cell death and exacerbate the delayed healing of diabetic ulcers has received extensive attention in recent years. The study of cell death patterns is very important for elucidating the molecular mechanism of disease occurrence. As a newly discovered mode of cell death, ferroptosis has been shown to play a role in many diseases. The following is an introduction to the factors that have a major impact on it.
3.1 Reactive Oxygen Species and Ferroptosis
In the electron transport chain, mitochondria produce a large amount of Reactive Oxygen Species (ROS) during normal energy metabolism. These ROS include a series of chemical substances such as superoxide, peroxide and free radicals. ROS are also generated in the following processes, such as the hydroxylation of hypoxanthine to uric acid by xanthine, the catalytic reaction of cytochrome P450, microsomes, NADPH oxidase, cyclooxygenase, uncoupled nitric oxide synthase, lipoxygenase, and peroxisome oxidized fatty acids, etc. In addition, in the process of the body’s fight against infection, activated neutrophils, eosinophils, and macrophages also produce ROS. These signal pathways which are activated by ROS regulate senescence or cell death and have been implicated in cancer, ischemia-reperfusion injury during transplantation, and aging-related neurodegenerative diseases (Nakamura et al., 2019). It can eliminate excess ROS during the reaction catalyzed by antioxidants (enzymes and non-enzymes), superoxide dismutase, glutathione peroxidase, and catalase. When the generation and removal rate of active oxygen is not balanced, it will cause oxidative stress. The resulting excessive manufacture of free radicals may harm DNA, lipids, and proteins (Therond, 2006). Metals which are activated by redox, especially iron ions, can promote the accumulation of ROS in cells through the Fenton reaction. In the Fenton reaction, iron ions catalyze the decomposition of H2O2 to produce superoxide radicals and superoxide radicals eventually reduce ferric ions to produce ferrous ion and O2 (Touati, 2000). Under normal physiological conditions, redox-active ferrous ions are maintained in a low concentration range in the form of unstable iron pools to maintain metabolic needs (Chong et al., 2014), and excess ferrous ions are isolated in proteins, involving ferritin to avoid toxic reactions. Nonetheless, under oxidative stress situations, lofty concentrations of superoxide can lead iron-containing compounds (including heme and ferritin) to release ferrous ions. In the process of ferroptosis, the glutamate/cystine antiporter solute carrier family 7 member 11 (SLC7A11) and the consume of glutathione lead to the accumulation of iron-dependent ROS (Dixon and Stockwell, 2014). In addition, glucose and glutamine metabolism will decrease the levels of glutathione and glutathione peroxidase 4 (GPX4), resulting in the production of iron-independent ROS. Although an essential sign of ferroptosis is that ROS is involved in peroxidation, the others are unclear (Su et al., 2019).
3.2 GPX4 Deficiency and Ferroptosis
GPX4 is an antioxidant enzyme that neutralizes lipid peroxides and protects the fluidity of cell membranes (Wu et al., 2019). GPX4 protects cell membrane from peroxidation damage by using glutathione as an auxiliary factor to accelerate the reduction of lipid peroxide (Stockwell et al., 2020). Glutathione reductase and NADPH/H+ reduce glutathione disulfide (GSSG), thereby promoting reduced glutathione cycle. The catalytic site is located on the selenocysteine residue of GPX4, and the electrophilic RSL-3 binds to the nucleophilic part of the selenocysteine on the active site of GPX4 to achieve ligand binding (Yang et al., 2016). Therefore, RSL-3 can directly inhibit the activity of GPX4 and induce ferroptosis. Glutathione is a cofactor of GPX4, and the level of glutathione in the cell is also affected by the function of SLC7A11 in the cystine-glutamate antiporter system (Seiler et al., 2008). Erastian, sulfasalazine, and sorafenib can all inhibit the expression of SLC7A11 and cause ferroptosis.
3.3 Iron and Ferroptosis
Co-treatment with iron chelator deferoxamine can inhibit ROS accumulation and cell death. Therefore, some studies believe that iron is involved in ferroptosis from the beginning (Dixon et al., 2012). The survey of Dixon et al. (2012) showed that iron regulatory protein 2 (IRP2) regulates the degrees of cellular iron and can inhibit ferroptosis which is induced by erastin. IRP2 binds to iron-responsive elements (IRES). The structure of IRES is a stem loop, and IRES is located at the 5′-UTR and TFRC of ferritin and ferritin, and the 3′-UTR of divalent metal ion transporter 1 (DMT1), inhibiting the ubiquitination of mRNA (Theil, 1990). F-box and leucine-rich repeat protein 5 (FBXL5) is an E3 ubiquitin ligase that regulates cellular and systemic iron homeostasis by mediating iron regulatory protein 2 (IRP2) degradation (Ruiz and Bruick, 2014). However, iron chelation can aim any protein which is iron-involving or relay on iron in the cell, including NADPH oxidase, iron-containing lipoxygenase, xanthine oxidase, etc. The study by Gao et al. (2015) found that transferrin makes an important impact on the induction of ferroptosis, and the importance of iron in the ferroptosis process has been further confirmed. With the approaches of gene silencing, size exclusion grading, and mass spectrometric detection, this study proved that transferrin and glutamine underlied amino acid-induced ferroptosis, especially in the absence of cystine. This regimen is considered the best option for inducing ferroptosis for due to reduced cystine, low levels of glutathione or antioxidant, and iron-loaded transferrin is an ideal substrate and condition for ROS generation in cell culture. Heat shock protein family B member 1 (HSPB1), which reduces intracellular iron concentration, also affects iron sensitivity (Sha et al., 2021). Therefore, the inactivation of HSPB1 is conducive to iron accumulation and erastin-induced ferroptosis. It is worth noting that although elevated iron levels promote ferroptosis, and iron chelation can inhibit this process (Dixon et al., 2012). It has been showed that early L-glutamate can inhibits cystine transport (Glowacka et al., 2002) and leads to nerve cell death. In addition, by inhibiting the hypoxia-inducible factor proline hydroxylase, the oxidative toxicity of glutamate to neurons can also be eliminated by iron chelation (Wlaschek et al., 2019). Takahashi et al. proposed that iron complexing agents can inhibit ferroptosis by inhibiting iron-dependent hypoxia-inducible factor proline hydroxylase. Due to the lack of aconitase activity, IRP2 does not directly sense intracellular iron levels (Tian et al., 2013). In contrast, iron/oxygen receptors are similar to hypoxia-inducible factor prolyl hydroxylase and they are FBXL5 ubiquitin ligases that regulates IRP2 degradation. Studies by LaVaute et al. (2001) and Salvatore et al. (2005) have shown that before neurodegeneration occurs, mice targeted to knock out the IRP2 gene have elevated levels of ferritin and iron in the mouse brain white matter.
3.4 Lipid Peroxidation and Ferroptosis
Ferroptosis is mainly caused by a decrease in GPX4 enzyme activity, which leads to a decrease in its ability to remove lipid peroxides. The oxidation of polyunsaturated fatty acids by lipoxygenase can result in the agglomeration of peroxides, which leads to the production of lipid peroxidation decomposition outputs. When polyunsaturated fatty acids stimulate cells to produce RSL-3 to induce ferroptosis, monounsaturated fatty acids like oleic acid may neutralize and protect cells from ferroptosis (Yang et al., 2014). Doll et al. (2017) reported that acyl-CoA synthase long-chain family member 4 (ACSL4) oxidized the accumulation of cell membrane phospholipids to promote ferroptosis. The studies of Kagan et al. (2017) confirmed that oxidized phosphatidylethanolamine is a lipid peroxide produced by ACSL4 and can be used as an inducer of ferroptosis. The researchers demonstrated through the clustered regularly interspaced short palindromic repeats (CRISPR) technology that after the ACSL4 gene was knocked out, the production of lipid peroxides and ferroptosis in cells were inhibited, while the overexpression of ACSL4 can reverse this result. D’Herde and Krysko (2017) identified oxidized phospholipids produced during ferroptosis by the analyze of liquid chromatography tandem-mass spectrometry (LC-MS/MS), which were extracted from RSL-3 sensitive cultured cells. Moreover, in vivo and in vitro models, only one type of phosphatidylethanolamine phospholipid has been identified as a lipid that induces ferroptosis. Phosphatidylethanolamine containing two fatty acyl groups of ACSL4 activated arachidonic and adrenergic acyl groups has been shown to be the death signal of ferroptosis (Latunde-Dada, 2017). ACSL4 gene knockout can attenuate the effect of arachidonic acid formyl or epinephrine formyl esterification to phosphatidylethanolamine. Essentially, ACSL4 catalyzes the linkage of arachidonic or adrenal to produce arachidonic or adrenal derivatives, these derivatives are then esterified to phosphatidylethanolamine by lysophosphatidylcholine acyltransferase 3 (LPCAT3), then 15-lipoxygenase (15-LOX) oxidizes phosphatidylethanolamine to produce lipid hydrogen peroxide. GPX4 can reduce the accumulation of lipid hydrogen peroxide, thereby inhibiting ferroptosis (Latunde-Dada, 2017). When the antioxidant enzyme GPX4 reduces lipid peroxides, the antioxidant vitamin E (α-Tocopherol) has been shown to regulate ferroptosis by inhibiting lysyl oxidase (LOX) (Zhang et al., 2022). Vitamin E has the ability to scavenge hydroxyl free radicals, and it also competes for substrate binding sites to inhibit LOX (Kagan et al., 2017). Although the esterified vitamin E analogs α-Tocopherol succinate or α-Tocopherol phosphate cannot generate oxygen free radicals, it can inhibit LOX activity by competing for the binding sites of polyunsaturated fatty acid substrates (Lebold and Traber, 2014). Vitamin E has been shown to inhibit cell ferroptosis in vitro and in GPX4−/− gene knockout mice (Seiler et al., 2008; Dixon et al., 2012; Wortmann et al., 2013; Friedmann Angeli et al., 2014; Carlson et al., 2016). Extra inhibitors of ferroptosis cover ferostatin-1, liproxstatin-1 along with coenzyme Q. In addition, different cell types have different sensitivity to ferroptosis inducers (Carlson et al., 2016). Some lymphoma cells have defects in the sulfur transport pathway and rely on the source of extracellular cystine and cysteine. For example, when sulfasalazine is co-cultured with cysteine-secreting fibroblasts or 2-based ethanol is added, sulfasalazine-induced ferroptosis in B cell lymphoma cells is inhibited. It can be seen that the inhibition of GPX4, the depletion of glutathione and the increase of lipoxygenase activity promote the accumulation of polyunsaturated fatty acids and the production of fatty acid-free radicals, thereby inducing the occurrence of cell ferroptosis, cause tissue damage, and further aggravate pathological processes including diabetes, periventricular leukomalacia, acute kidney disease, cancer, and other diseases (Otasevic et al., 2021).
4 FERROPTOSIS INDUCERS AND INHIBITORS, AND THEIR EFFECTS ON OXIDATIVE STRESS AND LIPID PEROXIDATION
4.1 Ferroptosis Inducers
There are two main types of ferroptosis inducers (Table 2). The first type can act through cystine-glutamate transporters (system XC−), including erastin and glutamate, while the second type, RSL3 and DP17, can directly inhibit the activity of glutathione peroxidase (GPX) (Yang et al., 2014; Liang et al., 2019).
TABLE 2 | Ferroptosis inducers and inhibitors.
[image: Table 2]Erastin induces cell death in two ways. One is that erastin binds to mitochondrial VDAC2/3 in BJeLR cells and induces ferroptosis with aberrant ROS generated by the mitochondrial oxidative respiratory chain (Yang et al., 2020). Another is that erastin restrains systemic XC− activity and causes the depletion of GSH, thereby inactivating the GPX4 enzyme, which then induces ROS formation, selectively inducing ferroptosis in HRASV12 mutant BJeLR cells (Dixon et al., 2012). RSL3 binds and inactivates GPX4, thereby inhibiting the peroxidase activity of GPX4 and developing lipid ROS levels to induce ferroptosis (Ju et al., 2021). Glutamate is an essential molecule that causes ferroptosis, thereby cells cannot initiate ferroptosis without this amino acid. Artemisinin produces ROS and causes oxidative stress in cancer cells, leading to cell death (Ooko et al., 2015). Artemisinin induces iron- and ROS-dependent cell killing in pancreatic ductal adenocarcinoma cell lines, suggesting that Artemisinin can act as a specific inducer of ferroptosis in pancreatic cancer cells (Sui et al., 2018).
4.2 Ferroptosis Inhibitors
The targets and functions of ferroptosis inhibitors are shown in Table 2. Ferrostatin-1 and liproxstatin-1 decrease the accumulation of lipid ROS by collecting radical antioxidants without inhibition of LOX activity and therefore exhibit no effects on ferroptosis (Yin et al., 2011; Zilka et al., 2017; Li et al., 2021). The antioxidants vitamin E and α-Tocotrienol inhibit ferroptosis via LOX suppression (Kagan et al., 2017; Elakkad et al., 2021). Zileuton, a LOX inhibitor, protects neurocytes from glutamate-induced oxidative damage by inhibiting ferroptosis (Liu et al., 2015).
5 FERROPTOSIS AND DIABETIC ULCERS
5.1 Lack of GPX4
GPX4 is a unique member of the selenoprotein family and is a major scavenger of intracellular lipid peroxides (Sha et al., 2021). Deficiency of selenium in serum or cytoplasm may impair the function of GPX4, eventually leading to the accumulation of lipid peroxides, which in turn leads to ferroptosis (Friedmann Angeli and Conrad, 2018). Possibly due to reduced dietary intake in diabetic patients, selenium is involved in scavenging free radicals and regenerating vitamin E from free radicals (Bolajoko et al., 2017). Significant reductions of selenium, vitamin E, and TAS concentrations were detected in patients with DFU, which may increase the risk of DFU, leading to impaired wound healing (Amini et al., 2021).
5.2 Iron Overload
Iron overload has been recognized as a risk factor for organ dysfunction and damage resulting in diseases such as liver and heart disease, diabetes mellitus, and neurodegenerative diseases. Excessive iron levels impair the healing of diabetic ulcers at the molecular and cellular levels (Saberianpour et al., 2021). Iron plays a direct and causal role in the pathogenesis of diabetes mediated by β-Cell exhaustion and insulin resistance (Simcox and McClain, 2013), even in the absence of apparent iron overload (Vari et al., 2007), thus precise control of iron levels in the body is critical for maintaining metabolic homeostasis (Wang et al., 2021). Iron overload can lead to diabetes symptoms such as decreased insulin secretion, metabolic abnormalities, and mitochondrial dysfunction (Huang et al., 2013), and accelerate the development of diabetes with prompting β cell dysfunction (Utzschneider et al., 2014). In addition, Both of patients with diabetes (Ford and Cogswell, 1999) and metabolic syndrome (Vari et al., 2007) have been found higher ferritin levels in serum.
One of the main sources of endothelial oxidative stress and inflammation is hyperglycemia, and iron overload aggravates endothelial dysfunction caused by hyperglycemia (Wu et al., 2020). Iron overload enhances oxidative stress and the NACHT, LRR, and PYD domains-containing protein 3 (NLRP3) inflammasome signaling, triggering the evolution of several inflammatory mediators, resulting in a cascade of inflammatory responses and renal dysfunction in iron-overloaded rats (Chaudhary et al., 2018). However, it can also mediate protective effects such as immune modulation and limiting free radical production. In addition, to control inflammation in critically ill patients, hyperferritinemia is often used clinically as a key acute phase reactant (Kernan and Carcillo, 2017). Hyperferritin, or hyperferritinemia, but is more common in acute phase reactions, as a result of ferritin being released from damaged cells (Beaton and Adams, 2012). For serum ferritin (SF) normal values, most UK laboratories report normal ranges of 300–400 lg/l for adult males and 150–200 lg/l for adult females (Cullis et al., 2018). By definition, transferrin saturation (TS) values greater than 50% in males and greater than 45% in females are defined as elevated. Hyperferritinemia, which uses large amounts of iron-deficient ferritin as an immunomodulator, induces pro-inflammatory cytokines and immunosuppression (Carcillo et al., 2020). And, it can be used as a biomarker of uncontrolled inflammation to measure the effectiveness of interventions.
5.3 Ferroptosis Inhibitors
Up to now, there have been many related studies showing that ferroptosis plays an important role in diabetes and its complications, and many ferroptosis inhibitors are closely related to diabetes. With the in-depth study of the pathological mechanism of ferroptosis, many ferroptosis inhibitors have been discovered and identified, such as ferrostatin-1, liproxstatin-1, vitamin E, and Zileuton. In a model of diabetes, ferrostatin-1 reduces accumulation of lipid peroxides and infiltration of macrophage, and increases the number of insulin-associated cells, protecting islets from streptozotocin (STZ)-induced damage (Stancic et al., 2022). Vitamin E is an antioxidant that can reduce plasma glucose concentrations, insulin levels, etc. in diabetic patients (Millen et al., 2004). In addition, vitamin E has also been shown to reduce oxidative stress and oxidative damage in diabetic patients and animal models, and can also protect diabetic patients from oxidative stress and reduce lipid peroxidation (Pazdro and Burgess, 2010).
5.4 AGEs
High availability of glucose and/or lipids is characteristic of diabetes and obesity, which is responsible for the increased production of highly reactive carbonyl compounds (Menini et al., 2021). This condition is called “carbonyl stress.” Also known as glycotoxins and lipotoxins, these compounds are characterized by rapid reactions that destroy various molecules in the cell, ultimately forming products called advanced glycation end products (AGEs). AGEs are destructively modified proteins and/or lipids formed under hyperglycemic conditions (Nowotny et al., 2015). It has been extensively reported that AGEs are involved in the pathogenesis of type 2 diabetes and diabetic complications (Nowotny et al., 2015). The Maillard reaction is the most common pathway known to form AGEs. During the Maillard reaction stage, highly reactive carbonyl compounds are formed, including glyoxal, methylglyoxal, or 3-deoxyglucosone (Wells-Knecht et al., 1995; Fu et al., 1996; Mandl-Weber et al., 2001). They are intermediates or by-products of glucose autoxidation, lipid peroxidation or polyol pathways. Increased concentrations of glyoxal, methylglyoxal, and 3-deoxyglucosone were found in the plasma of T2DM patients (Scheijen and Schalkwijk, 2014). AGEs are normally present in the extracellular matrix (ECM), so modified matrix proteins impair the matrix and the interactions between stromal cells (Nowotny et al., 2015). This can lead to cell death, cell differentiation or reduced cell adhesion and migration. Previous studies have shown a potential association between AGEs levels and iron overload (Mirlohi et al., 2018; Chen et al., 2020). In patients with ß-Thalassemia major, iron overload and oxidative stress can increase the formation of AGEs and lead to different complications (Mirlohi et al., 2018). A previous study in diabetic rats found that high doses of ferric iron led to the accumulation of AGEs in the liver. In the testis, high-dose iron increased the AGE-RAGE axis and the expression of AGE uptake receptors such as accessory gene regulator 1 (AGR1) and cluster of differentiation 36 (CD36) (Chen et al., 2020). In a mechanism that interferes with wound healing, accumulation of AGEs leads to the formation of glycosylated collagen and increases oxidative stress (Qing, 2017). Furthermore, AGEs have high affinity to neutrophil accessory gene regulator (AGR) (AGE receptor), inhibiting the transendothelial migration and bactericidal ability of neutrophils (Glowacka et al., 2002). At this time, neutrophils cannot reach the wound site in time, forming an inflammatory zone (Tian et al., 2013; 2016a). Neutrophils bind to AGEs outside vascular tissue and release large amounts of inflammatory cytokines, resulting a longer time of wound healing and the formation of chronic or refractory wounds (Tian et al., 2016b).
5.5 HO-1
Heme oxygenase-1 (HO-1), also known as heat shock protein-32 (HSP 32), is an anti-inflammatory, antioxidant and cytoprotective enzyme. HO-1 is a key mediator of ferroptosis and plays an important role in the development of various diseases (Lei et al., 2019). By degrading heme and increasing iron accumulation, excess HO-1 causes iron overload, oxidative stress and lipid peroxidation, ultimately triggering ferroptosis (Chang et al., 2018; Hassannia et al., 2018). In addition to suppressing immune or inflammatory damage, it counteracts oxidative stress caused by hyperglycemia and improves glucose metabolism and insulin sensitization in type 2 diabetes (Ndisang and Jadhav, 2009). HO-1 reduces inflammatory cytokines such as TNF-α and IL-6, enhances the anti-inflammatory and antioxidant functions of diabetic rats, and promotes angiogenesis to accelerate wound healing (Chen et al., 2016). Under hyperglycemic conditions, HO-1 expression was induced and altered in a time-dependent manner. HO-1 expression was elevated to the peak, and decreasing rapidly in the first 24 h. Finally, at the 96th h, it was found that the expression of HO-1 reached at a minimum value, and the oxidative stress index (OSI) of fibroblasts was increased, collagen synthesis of fibroblasts was reduced, proliferation and migration were supressed, and apoptosis was increased (Li et al., 2018). Therefore, delayed wound healing in diabetic mice may be related to delayed HO-1 upregulation, and HO-1 gene transfer can improve wound healing.
6 CONCLUSION AND PERSPECTIVE
Delayed wound healing of diabetic ulcers involves multiple pathological mechanisms, including peripheral nerve and blood vessel injury and increased inflammation cascades. Among various pathogenesis, high glucose-induced lipid peroxidative damage, excessive oxidative stress and ferroptosis are key pathophysiological mechanisms of diabetic ulcers. Ferroptosis features overload of intracellular iron and accumulation of iron-dependent lipid peroxide, and its role in delayed healing of diabetic wounds has received increasing attention. Reducing ferroptosis might suppress inflammation and be beneficial to the generation of pro-angiogenic factors, thereby improving healing of wounds.
Currently, the research of cellular ferroptosis mainly focuses on neurodegeneration, heart disease, kidney disease, liver disease and cancer, while the research on the role of ferroptosis signaling pathway in wound healing disorders of diabetic ulcers is limited. Therefore, further elucidating the effect of cellular ferroptosis on delayed wound healing of diabetic ulcers, and exploring the specific molecular mechanism of ferroptosis-related signaling pathways in the occurrence and development of diabetic ulcers are of great significance for noval clinical therapeutic ideas for diabetic ulcers.
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GLOSSARY
ACSL4 acyl-CoA synthase long-chain family member 4
AGEs advanced glycation end products
AGR accessory gene regulator
AGR1 accessory gene regulator 1
Akt3 RAC-gamma serine/threonine-protein kinase
AL-4 angiopoietin-like factor 4
ANGPTL4 angiopoietin-like factor 4
ATF-3 activating transcription factor 3
CD36 cluster of differentiation 36
CRISPR the clustered regularly interspaced short palindromic repeats
DFU diabetic foot ulcer
DMT1 divalent metal transporter 1
ECM extracellular matrix
EGF epidermal growth factor
eNOS endothelial nitric oxide synthase
ERK1 extracellular signal-regulated protein kinases 1
FBXL5 F-box and leucine-rich repeat protein 5
GATA2 GATA binding protein 2
GPX glutathione peroxidase
GPX4 glutathione peroxidase 4
GSSG glutathione disulfide
HO-1 heme oxygenase-1
HSP 32 heat shock protein-32
HSPB1 heat shock protein family B member 1
IGF-1 insulin-like growth factor-1
IL-6 interleukin 6
IL-10 interleukin-10
iNOS inducible nitric oxide synthase
IRES internal ribosomal entry sites
IRP2 iron regulatory protein 2
JAK/STAT3 the Janus kinase-signal transducer and activator of transcription 3
LC-MS/MS liquid chromatography tandem-mass spectrometry
LOX lysyl oxidase
LPCTA3 lysophosphatidylcholine acyltransferase 3
MiRNA or MiR micro RNA
MMP-9 matrix metalloproteinase 9
NADPH nicotinamide adenine dinucleotide phosphate
NF-kappa B nuclear factor kappa B
NF-KB19 nuclear transcription factor 19
NLRP3 the NACHT, LRR, and PYD domains-containing protein 3
NRF2 nuclear factor erythroid 2-related factor 2
OSI oxidative stress index
PDGF platelet-derived growth factor
PKB protein kinase B
PUFAs polyunsaturated fatty acids
RCS reactive carbonyl species
RIPK1/RIPK3 receptor-interacting protein kinase 1/receptor-interacing protein kinase 3
ROS reactive oxygen species
SF ferritin
SLC7A11 the glutamate/cystine antiporter solute carrier family 7 member 11
STZ streptozotocin
system XC− cystine-glutamate transporters
TGF-β transforming growth factor-beta
TNF-α necrosis factor alpha
TS transferrin saturation
VEGF vascular endothelial growth factor
VEGFR-1 vascular endothelial growth factor receptor 1
VEGFR2 vascular endothelial growth factor receptor 2
4-HNE 4-Hydroxy-2-nonenal
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