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Regulatory cell death has been a major focus area of cancer therapy research to improve conventional clinical cancer treatment (e.g. chemotherapy and radiotherapy). Ferroptosis, a novel form of regulated cell death mediated by iron-dependent lipid peroxidation, has been receiving increasing attention since its discovery in 2012. Owing to the highly iron-dependent physiological properties of cancer cells, targeting ferroptosis is a promising approach in cancer therapy. In this review, we summarised the characteristics of ferroptotic cells, associated mechanisms of ferroptosis occurrence and regulation and application of the ferroptotic pathway in cancer therapy, including the use of ferroptosis in combination with other therapeutic modalities. In addition, we presented the challenges of using ferroptosis in cancer therapy and future perspectives that may provide a basis for further research.
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INTRODUCTION
Cancer is one of the biggest problems plaguing the human life and health. Despite the availability of diverse cancer treatment modalities and the development of modern medicine, cancer therapy faces challenges in selectively killing cancer cells and not damaging normal cells as much as possible to minimise the toxic side effects of treatment. Therefore, targeting regulated cell death (RCD) has become a major focus area of cancer treatment research. A conventional treatment modality was previously used to induce apoptosis in tumour cells using antitumour drugs; however, the therapeutic effect was often limited because tumour cells developed acquired resistance-induced apoptosis (Holohan et al., 2013). Ferroptosis has been increasingly investigated for cancer therapy owing to its specific regulatory mechanism on antitumour-related signalling pathways and its potential target drugs. Increasing studies have demonstrated the therapeutic effects of inducing ferroptosis in cancer cells. In addition to cancer treatment, the ferroptosis process is also associated with many other diseases including ischemia-reperfusion (I/R) injury diseases, neurodegenerative diseases, stroke, myocarditis (Figure 1).
[image: Figure 1]FIGURE 1 | The involvement of ferroptosis in various human diseases. Ferroptosis process is implicated in the pathogenesis of a variety of human diseases including ischemia-reperfusion (I/R) injury diseases, neurodegenerative diseases, stroke, myocarditis, and malignant diseases (e.g., lung cancer, pancreatic cancer, colorectal cancer, clear cell renal cell carcinoma, and gastric cancer).
Unlike necrosis and apoptosis, ferroptosis is a form of RCD characterised by iron ion accumulation and substantial lipid peroxidation-mediated membrane damage (Dixon et al., 2012; Stockwell et al., 2017). The concept of ferroptosis was initially proposed in 2012 by Dixon when he used erastin to kill RAS-mutant cancer cells in his study (Dixon et al., 2012). To the best of our knowledge, this is the first review to describe the characteristics of ferroptosis along with its regulatory mechanisms, potential applications in cancer therapy, future perspectives, and challenges.
CHARACTERISTICS OF FERROPTOSIS
Ferroptosis is characterised by intracellular iron ion accumulation and reactive oxygen species (ROS)-induced lipid peroxidation (Dixon et al., 2012). As a novel form of cell death, ferroptosis is significantly distinct from other types of cell death in morphology, biological function, genetic mechanism and immunological regulation (Table 1). Ferroptotic cells lead to various cellular morphological alterations, including the loss of cell membrane integrity, partial release of cell contents (e.g. damage-associated molecular patterns [DAMPs]) (Wen et al., 2019), marked reduction in mitochondrial volume, marked loss of mitochondrial cristae and chromatin condensation (Yagoda et al., 2007; Dixon et al., 2012; Friedmann Angeli et al., 2014). Iron chelators (desferrioxamine) have been reported to effectively prevent the occurrence of ferroptosis (Yagoda et al., 2007; Yang and Stockwell, 2008). Furthermore, dysregulation of various genes has been reported to be involved in the biological process of ferroptosis. Various studies have reported the abundant expression of ferroptosis-related genetic biomarkers, including genes related to iron metabolism (e.g. the transferrin receptor [TFR1] and iron-responsive element-binding protein [IREB2]) and lipid synthesis (such as acetyl coenzyme A [CoA] synthase long-chain family member 4 [ACLS4]) (Xie et al., 2016; Mou et al., 2019). In addition, ferroptosis has been found to regulate tumour immunity, and a typical example is HMGB1, a type of DAMP that is released by ferroptotic cells in an autophagy-dependent manner. The released HMGB1 can bind its receptors (e.g. toll-like receptor 4 [TLR4] and advanced glycosylation end-product-specific receptor [AGER]) to mediate the antitumour immune response by stimulating T cells and activating antigen-presenting cells (Wen et al., 2019; Zheng and Conrad, 2020).
TABLE 1 | Features of different regulated cell death.
[image: Table 1]MOLECULAR MECHANISMS ASSOCIATED WITH FERROPTOSIS
The core molecular mechanism of ferroptosis involves the imbalance between oxidative damage generated by intracellular free radicals and the intracellular antioxidant system (Kuang et al., 2020). Ferroptosis involves oxidative damage to the cell membrane, leading to cell death, and iron ion accumulation and lipid peroxidation are the important markers of oxidative damage.
Role of Iron in Ferroptosis
Iron is an essential redox-active metal in the cell that is involved in various necessary biological activities. The process of iron ion metabolism in an organism and its role in ferroptosis will be summarised in this section. The trivalent iron ions (Fe3+) in the peripheral circulation bind to transferrin (TF) to form a complex and then enter the cellular endosome by binding to the TF receptor (TFR1) on the cell membrane. Simultaneously, Fe3+ is reduced to Fe2+ (divalent iron ions) by the iron oxygen reductase six-transmembrane epithelial antigen of the prostate (STEAP3). Subsequently, Fe2+ is released from the endosome into the cytoplasm, mediated by divalent metal ion transporter protein 1 (DMT1). Some Fe2+ released into the cytoplasm is stored in the unstable iron pool (labile iron pool [LIP]). Excess iron is stored as ferritin, and the remaining Fe2+ is oxidised to Fe3+, which is transported outside the cell by ferroportin (FPN) and participates in iron recirculation in vivo. LIP and Fe2+ formed by the degradation of ferritin can participate in the intracellular Fenton reaction, which is involved in oxidative stress (Li et al., 2020) (Figure 2).
[image: Figure 2]FIGURE 2 | The molecular mechanisms underlying the initiation of ferroptosis. The unique feature of ferroptosis is the iron-dependent lipid peroxide accumulation. The lipid peroxidation can be divided into non-enzymatic lipid peroxidation and enzymatic lipid peroxidation. During the process of non-enzymatic lipid peroxidation, iron ion was transported into cells by transferrinl; the fention reaction between iron ion and H2O2 lead to the production of lipid ROS. During the process of enzymatic lipid peroxidation, ACSL4 and LPCAT3 promote PUFAs to form PUFA-PLs; and PUFA-PLs undergo lipid peroxidation by lipoxygenases (ALOXs).
Iron ions in the intracellular LIP can react with hydrogen peroxide in a Fenton reaction, which lead to the overproduction of reactive oxygen radicals, such as hydroxyl radicals.
The peroxide reaction between hydroxyl radicals and phospholipids containing polyunsaturated fatty acids (PUFAs) occured on the cell membrane can lead to the a series of changes of cell membrane, such as the thinning of cell membrane and formation of protein pores. Such changes of cell membrane affects the balance of the intracellular environment and further causes cell damage (Magtanong et al., 2016). Therefore, changes in the intracellular iron levels through various pathways can impact ferroptosis. Ferritin, another intracellular iron storage, also plays a vital role in the onset of ferroptosis. Nuclear receptor coactivator-4 (NCOA4) mediates the phagocytic degradation of ferritin. NCOA4 overexpression enhances ferritin degradation by binding to ferritin and transporting it from the cytosol to lysosome, leading to increased release of free Fe2+ and eventually increased lysosomal ROS production (Torii et al., 2016; Santana-Codina and Mancias, 2018; Battaglia et al., 2020). In addition, indirectly enhancing intracellular ferric ion concentration by increasing the expression of TF and TFR1 can also promote the occurrence of ferroptosis in cells (Shen Y. et al., 2018). However, various interventions that lead to intracellular iron ion depletion can inhibit the occurrence of ferroptosis. Heat shock protein beta-1 (HSPB1) was recently found to inhibit ferroptosis by suppressing the expression of TRF1 to reduce intracellular iron ion concentration (Sun et al., 2015) (Figure 2). A study reported that in iron ion regulation of ferroptosis, intracellular protrusion protein 2 inhibited ferroptosis by promoting iron-containing multivesicular bodies (MVBs) and exosomes to transport iron ions outside the cell, thereby reducing the intracellular iron ion concentration (Brown et al., 2019).
Lipid Peroxidation and the Antioxidant System
Lipid peroxidation is an essential mechanism of ferroptosis and can be classified as enzymatic and non-enzymatic. The intracellular antioxidant system also plays an essential regulatory role in ferroptosis. In the following sections, we have systematically summarised the involvement of lipid peroxidation and the antioxidant system in the mechanism of ferroptosis (Figure 2).
Non-Enzymatic Lipid Peroxidation
Non-Enzymatic lipid peroxidation is a chain reaction driven by free radicals. It is essentially the ROS-induced lipid peroxidation of PUFAs on cell membranes (Hassannia et al., 2019). Intracellular ROS are formed mainly through three modalities: intracellular mitochondrial oxidative phosphorylation; the transmembrane transfer of electrons by nicotinamide adenine dinucleotide phosphate oxidase (NOX); and the Fenton reaction (Kuang et al., 2020). Hydroxyl radicals are one of the most dominant ROS and are mainly derived from the Fenton reaction between iron and hydrogen peroxide.
Recent studies have found that hydrogen peroxide, which undergoes the Fenton reaction, may be associated with intracellular enzymes. Nicotinamide adenine dinucleotide phosphate (NADPH)–cytochrome P450 oxidoreductase (POR) is an oxidoreductase located on the endoplasmic reticulum that transfers electrons from NADPH to microsomal cytochrome P450, cytochrome b5 and haeme oxygenase (HO), thus maintaining the intracellular redox homeostasis (Riddick et al., 2013). NADH–cytochrome b5 reductase 1 (CYB5R1) is another oxidoreductase whose deletion inhibits lipid peroxidation and ferroptosis. It was found that POR bound to CYB5R1 can induce lipid peroxidation in cells. The specific mechanism involves the binding of POR to CYB5R1 to form hydrogen peroxide, followed by the Fenton reaction of hydrogen peroxide with Fe2+ to generate hydroxyl radicals (Koppula et al., 2021; Yan et al., 2021).
The first step in non-enzymatic lipid peroxidation is the extraction of hydrogen by hydroxyl radicals from PUFAs in the cell membrane, thereby generating carb-centric lipid radicals (L•). Subsequently, oxygen molecules (O2) react with carbon-centred lipid radicals to form lipid peroxide radicals (LOO), which can take up hydrogen from adjacent PUFAs to form lipid hydroperoxide (LOOH) and new lipid radicals to complete the lipid radical chain reaction. In addition, lipid hydroperoxides (LOOH) are converted to alkoxides (LO•) via Fe2+, which then react with adjacent PUFAs to induce another lipid radical chain reaction. These processes occur when there is an imbalance between lipid oxidation and the antioxidant system, leading to cell rupture and death and eventually ferroptosis (Hassannia et al., 2019).
Enzymatic Lipid Peroxidation
Enzymatic lipid peroxidation is mainly mediated by the lipoxygenase (LOX) family, which is a group of haeme-type iron-containing enzymes that catalyse PUFAs, primarily adrenergic acid (Ada) and arachidonic acid (AA). The first step in enzymatic lipid peroxidation involves that Acetyl-CoA carboxylase (ACAC)-mediated fatty acid synthesis or lipophagy-mediated fatty acid release induces the accumulation of intracellular free fatty acids. The next step in enzymatic lipid peroxidation involves the formation of the corresponding derivatives AA-CoA and Ada-CoA catalysed by ACSL4 (Hassannia et al., 2019). Subsequently, lysophosphatidylcholine group transferase 3 (LPCAT3) catalyses the reaction of AA-CoA and Ada-CoA with phosphatidylethanolamine (PE) to form AA/PE and Ada/PE, respectively (Dixon et al., 2015; Doll et al., 2017). Finally, LOX promotes the peroxidation of AA/PE and Ada/PE to form AA/Ada-PE-OOH, leading to oxidative damage to the cell membrane. Therefore, the ACSL4–LPCAT3–LOX signalling axis is an intracellular pathway that promotes lipid peroxidation in ferroptosis, and inhibition of this pathway may inhibit ferroptosis.
Antioxidant System
It is now known that ferroptosis can be regulated by multiple parallel antioxidant pathways, for example, Cysteine/GSH/GPX4 axis, FSP1/DHODH/CoQ10 axis, and GCH1/BH4/DHFR axis. The implication of these three signaling axes in ferroptosis will be summarized in this section (Figure 3).
[image: Figure 3]FIGURE 3 | Three signaling axes in the ferroptosis-regulating antioxidant systems, including GTP/GCH1/BH4 axis, FSP1/DHODH/CoQ10 axis, and Cysteine/GSH/GPX4 axis.
Cysteine/GSH/GPX4 Axis
The glutathione (GSH) peroxidase (GPX) family is a group of essential enzymes that intracellularly inhibit antioxidants. GPX4 is considered the most important antioxidant enzyme. It uses GSH as a substrate to reduce intracellular peroxides to non-toxic lipid alcohols. Therefore, once GPX activity is inhibited by inhibiting GSH synthesis or by directly inhibiting GPX, inhibition of peroxides can be directly reduced, thus achieving increased intracellular lipid peroxide accumulation and cellular ferroptosis.
GSH is synthesised by cysteine in the presence of r-glutamylcysteine synthetase, and GSH synthetase (GSS). Cysteine synthesis depends on the cystine/glutamate reverse transporter (system XC–), which is a membrane Na+-dependent amino acid reverse transporter widely distributed in the phospholipid bilayer of biological cells. The transporter system XC− is also a heterodimer composed of a light chain solute carrier family 7 member 11 (SLC7A11) and a heavy solute carrier family three members 2 (SLC3A2). This transporter system excretes a molecule of cystine whenever a molecule of cystine is taken up into the cell (Pitman et al., 2019). Intracellular cystine is reduced to cysteine mediated by thioredoxin reductase 1 (TXNRD1) (Mandal et al., 2010). Followed by this, glutathione (GSH) was synthesized by using cysteine as the substrate. Cysteine–GSH–GPX4 signalling axis is considered the most classical pathway in the regulation of ferroptosis. Inhibiting the system XC– transporter reduces intracellular GSH synthesis and further inhibit GPX4 activity directly, which affects the capacity of the intracellular antioxidant system and thereby leading to the development of ferroptosis. Extracellular glutamate and glutamine levels can affect the occurrence of ferroptosis by affecting system XC–. When extracellular glutamate levels are elevated, system XC– can be prevented from performing glutamate/cystine exchange, thereby reducing GSH synthesis and subsequently triggering ferroptosis (Hirschhorn and Stockwell, 2019; Battaglia et al., 2020).
FSP1/DHODH/CoQ10 Axis
Two recent studies have identified a regulatory protein similar to GPX4 that is involved in the onset of cellular ferroptosis, namely ferroptosis suppressor protein 1 (FSP1) (Bersuker et al., 2019; Doll et al., 2019). FSP1 was previously known as apoptosis-inducing factor mitochondrial 2 (AIFM2) and has significant homology to apoptosis-inducing factor (AIF) (Wu et al., 2002), a flavoprotein described initially as a P53-responsive gene (Horikoshi et al., 1999) that induces apoptosis.
FSP1 is recruited to the cell membrane via myristoylation and can subsequently reduce ubiquinone (i.e. coenzyme Q [CoQ10]) to ubiquinol in the form of an oxidoreductase. By such reaction, FSP1, acts as a lipophilic radical trap and inhibits cell membrane lipid peroxidation (Bersuker et al., 2019; Doll et al., 2019). In addition, FSP1, as an AIF family protein, can catalyse the regeneration of CoQ10 in reaction with NAD(P)H [31]. In some cases, FSP1 can also inhibit ferroptosis in a pathway parallel to that of CoQ10, such as through the membrane repair mechanism of ESCRT-III (a protein complex). However, the exact mechanism remains unknown (Dai et al., 2020). The FSP1 inhibitor iFSP1, which induced ferroptosis in GPX4-knockdown cells and FSP1-overexpressing cells, was found to exert the intracellular antioxidant effect of FSP1 (Doll et al., 2019).
In addition, a recent study revealed that an antioxidant system might exist in cellular mitochondria (Mao et al., 2021). Dihydroorotate dehydrogenase (DHODH) is located in the inner mitochondrial membrane and is responsible for catalysing the fourth step of pyrimidine nucleotide synthesis, that is, the oxidation of dihydroorotate (DHO) to orotate (OA) and the reduction of CoQ in the inner membrane to ubiquinol (CoH2) by receiving electrons. CoH2 can act as a trapping antioxidant to prevent intracellular lipid peroxidation (Vasan et al., 2020).
The DHODH inhibitor brequinar was found to induce ferroptosis in GPX4-low cells and enhance the susceptibility of GPX4-high cells to ferroptosis. The results were further validated in an in vivo assay via tumour formation in a nude mouse. The assay identified an alternative oxidative pathway to GPX4 in the cytosol and mitochondria and FSP1 in the cell membrane. DHODH in the inner mitochondrial membrane inhibits lipid peroxidation in the mitochondria by reducing CoQ10 to CoQ10H2, indicating that DHODH can be a novel therapeutic target in cancer therapy by inducing ferroptosis.
GCH1/BH4/DHFR Axis
In addition, a study demonstrated that a CRISPR/dCas9 overexpression screening using a genome-wide activation library identified the genes signature that inhibit ferroptosis, among which GTP cyclic hydrolase 1 (GCH1) and its metabolic derivative tetrahydrobiopterin/dihydrobiopterin (BH4/BH2) are shown to be the most prominent (Kraft et al., 2020). In cells, GTP can be hydrolysed by GCH1 to generate BH4 and mediates its role in cellular lipid remodelling, thus acting as an antioxidant. It was further found that, unlike the antioxidant mechanism of GPX4, the antioxidant effect of GCH1–BH4/BH2 did not protect all PUFA-containing phosphates (PUFA-PLs) from oxidation; instead, it can selectively protect specific phosphates containing two PUFA acyl chains from oxidative degradation, thereby inhibiting ferroptosis. In addition, under oxidative stress following ferroptosis induction, BH4 inhibited ferroptosis by increasing CoQ10 levels. Therefore, the implication of GCH1–BH4/BH2 axis in inhibiting ferroptosis can be either by directly playing the intracellular antioxidant role in protecting cell membrane phospholipids, or by promoting CoQ10 synthesis and further regulating oxidative stress levels. The combination of these two regulating approaches can together form an antioxidant system independent of Cysteine/GSH/GPX4 axis (Kraft et al., 2020).
Role of Tumour Suppressor Genes in Ferroptosis
Previous investigation have reported that two tumour suppressor genes [p53 and BRCA1-associated protein 1 (BAP1)] played significant roles in regulating tumour by targeting ferroptosis. For example, p53 is an important tumour suppressor gene that regulates cellular responses such as transient cell cycle arrest and apoptosis (Bieging et al., 2014). P53 inactivation plays a crucial role in the initiation and progression of several tumours (Berkers et al., 2013). It has been found that p53 sensitises cells to ferroptosis by inhibiting the expression of SLC7A11, a vital component of system XC–, which in turn inhibits cellular uptake of cystine and reduces intracellular GSH synthesis (Jiang et al., 2015). In addition, p53 can reduce GSH depletion and lipid ROS aggregation through the P53–P21 axis, thus inhibiting lipid peroxidation and delaying the onset of ferroptosis caused by cystine deficiency (Tarangelo et al., 2018). Therefore, p53 gene seems to play dual regulating role in ferroptosis, depending on different circumstances. Another tumour suppressor gene-BAP1 can reduce GSH synthesis and induce ferroptosis by suppressing the level of H2A-K119ub on the SLC7A11 gene and the transcription of its mRNA, thereby inhibiting the ability of SLC7A11 to transport cysteine into the cell (Zhang et al., 2018).
Role of Ferroptosis in Cancer Therapy
Owing to the rapid growth and proliferation of cancer cells, they are more iron-dependent as compared with normal cells. TFR1 upregulation and FPN downregulation have been reported in various cancer cell lines (Gao et al., 2015; Torti and Torti, 2019); therefore, ferroptosis-related genetic biomarkers may be considered potential therapeutic biomarkers for cancer treatment. Ferroptosis-related anticancer drugs and ferroptosis inhibitors are also widely studied in the field of cancer treatment (Table 2).
TABLE 2 | Ferroptosis inhibitors and mode of action.
[image: Table 2]Anti-Tumour Drugs Associated With Ferroptosis
Various mechanisms can induce cellular ferroptosis, for instance, inhibition of system XC– transport and GPX4 activity or GPX4 degradation. Different antitumour drugs associated with ferroptosis have been developed, including iron activators, NRF2 inhibitors and GSH inhibitors (Su et al., 2020). These drugs have been demonstrated to inhibit tumour growth and exert antitumour effects by inducing ferroptosis. The currently developed ferroptosis-related drug agents are summarised in this section (Figure 4) (Table 3).
[image: Figure 4]FIGURE 4 | The molecular mechanisms underlying the ferroptosis targeting role of three types of anti-tumor drugs (i.e., Iron activators, NRF2 inhibitors, as well as System XC− and GSH inhibitors).
TABLE 3 | Anti-tumor drugs associated with ferroptosis.
[image: Table 3]Iron Activators
Artesunate, a semisynthetic derivative of the artemisinin group of drugs, has been commonly used as a frontline drug for treating malaria. In addition, it was also reported to exhibit great potential for cancer treatment. Previous studies have found that artemisinin and its derivatives can exert antitumour effects by inducing cell cycle arrest (Willoughby et al., 2009; Chen et al., 2010), promoting cell invasion and facilitating tumour angiogenesis and metastasis (Zhang et al., 2017). The signalling pathways that mediate the antitumour effects of artemisinin were identified to be the mitochondrial and classic MAPK pathways. A recent study demonstrated that in addition to the conventional mechanism of inducing antitumour effects, artesunate influenced the phenotype of mutationally active KRAS pancreatic ductal adenocarcinoma (PDAC) cells by inducing ferroptosis (Eling et al., 2015). Artesunate induces ferroptosis in tumour cells by enhancing lysosomal activity and increasing lysosomal iron concentration (Yang et al., 2014). A previous study investigated the antitumour role of artesunate by inducing ferroptosis and found that artesunate can alter the mRNA expression level of iron-related genes in tumour cells and further induce cell death in an iron-dependent manner (Ooko et al., 2015). Artesunate regulates ferroptosis by promoting ferritinophagy by regulating the gene expression of NCOA4, which leads to an increase in the iron levels (Kong et al., 2019). The overproduction of ROS triggered by the Fenton reaction between iron ion and hydrogen peroxide is a crucial factor for inducing ferroptosis. Several clinical trials have shown the therapeutic efficacy of targeting ferroptosis in cancer therapy. In a clinical trial regarding metastatic uveal melanoma, patients treated with artesunate had higher survival rates than those of patients in the control group, suggesting that using artesunate to target ferroptosis was beneficial for the prognosis of patients with cancer (Berger et al., 2005). Although several studies have demonstrated the anti-tumour effects of artesunate in cancer treatment, its underlying genetic mechanisms warrant investigation using advanced gene sequencing technology.
Furthermore, two other iron activators are siramesine, which has been commonly used for treating depression, and lapatinib, which is a tyrosine kinase inhibitor. Recent studies have found that siramesine can cause cell death by rupturing cellular lysosomal membranes and can subsequently increase intracellular ROS production. Lapatinib is a potent inhibitor of the epidermal growth factor receptor (EGFR, ErbB-1) and ErbB-2(Wood et al., 2004) The combination of siramesine and lapatinib exerts antitumour effects by inducing ferroptosis, which can be reversed via iron chelators (Ma et al., 2017). A study reported that the combination of siramesine and lapatinib induced intracellular ROS overproduction and ferroptosis by elevating the intracellular free iron levels in breast cancer cells (MDA-MB-231, MCF-7, ZR-75 and SKBr3). In addition, these drugs induced aberrant expression of ferroptosis-related genes, for instance, FPN downregulation and TF upregulation (Ma et al., 2016). Therefore, the study provided a new idea for treating breast cancer through ferroptosis, providing a basis for subsequent clinical cancer treatment. Although these studies have demonstrated evident antitumour effects of using siramesine and lapatinib in treating cancer cells in vitro, the in vivo application of these drugs requires further research.
NRF2 Inhibitors
Sorafenib, as a multi-kinase inhibitor, has been acknowledged as a standard therapeutic drug for treating advanced hepatocellular carcinoma (Wilhelm et al., 2006). The underlying mechanism of the antitumour action of sorafenib involves inhibition of tumour angiogenesis and downregulation of the RAF/MEK/ERK pathway (Su et al., 2020). In addition, sorafenib was also reported to exert antitumour effects in various types of tumour cells by triggering ferroptosis (Wang and Lippard, 2005). Sorafenib was reported to induce ferroptosis by activating two signalling pathways including the GSH and p62–Kelch-like ECH-associated protein 1 (Keap1)–NRF2 pathways. Regarding the GSH signalling pathway, sorafenib was found to inhibit the transport function of system XC–, which leads to GSH depletion and decrease in the antioxidant capacity (Dixon et al., 2014). With regard to the p62–Keap1–NRF2 pathway, sorafenib was shown to activate the gene function of NRF2 by inhibiting the degradation of Keap1, which is an important component of the p62–Keap1–NRF2 signalling axis. Activated NRF2 regulates ferroptosis by dysregulating the expression of quinone oxidoreductase 1 (NQO1), HO1 and ferritin heavy chain 1 (FTH1). As the first approved antitumour drug targeting ferroptosis, sorafenib faces major challenges regarding drug resistance that should be overcome before its safe application in clinical treatment. An important target causing sorafenib resistance is metallothionein (MT), which is a class of high-level small-molecule reactive proteins that can effectively scavenge ROS (Datta et al., 2007). After being treated by sorafenib, MT1G expression was reported to be upregulated, which inhibited ferroptosis and led to drug resistance by inhibiting the GPX4 gene expression. Therefore, MT1G knockdown via RNA interference technology may be a potential strategy to avoid drug resistance caused by sorafenib in cancer treatment (Sun et al., 2016). In addition, studies have also reported that sorafenib can work synergistically with the ferroptosis inducer erastin in drug-resistant tumour cells, suggesting that the combined use of sorafenib and erastin provides a novel therapeutic strategy for cancer treatment (Lu et al., 2017).
GSH Inhibitors
The anti-tumour effects of two GSH inhibitors (sulfasalazine and cisplatin) that target ferroptosis will be described in this section. Sulfasalazine is an oral anti-inflammatory drug widely used in clinical practice for treating rheumatoid arthritis or ulcerative colitis (Fleig et al., 1988; Combe et al., 2009). As an inhibitor of the antiporter system XC–, sulfasalazine induces ferroptosis in tumour cells (e.g. lymphoma) by suppressing the intracellular antioxidant capacity (Gout et al., 2001). The application of sulfasalazine drug was shown to enhance the treatment efficacy of gamma radiation therapy in glioma treatment, indicating its role in promoting the treatment sensitivity of tumour cells (Sleire et al., 2015). In studies regarding breast and lung cancers, sulfasalazine was found to inhibit drug resistance and reduce side effects of chemotherapy when used in combination with conventional chemotherapeutic drugs (Lay et al., 2007; Narang et al., 2007; Guan et al., 2009). Although various studies have reported the beneficial treatment effects of sulfasalazine in many cancers, whether its anticancer effects are mediated by targeting ferroptosis remains unclear.
Another GSH inhibitor—cisplatin—is a key chemotherapeutic drug agent that has been widely used in the clinical treatment of various solid tumours. It exerts its anti-tumour effects mainly through DNA damage in the cell nucleus, followed by apoptosis (Wang and Lippard, 2005). However, recent studies have reported a novel regulatory mechanism of cisplatin in cancer treatment by demonstrating its ferroptosis-inducing role via GSH depletion and its promoting role in ferritin autophagy (Guo et al., 2018; Zhang et al., 2020). Owing to DNA damage and apoptosis, the anticancer effect of cisplatin often results in drug resistance. Compared with apoptosis, ferroptosis-mediated cell death may not easily lead to drug resistance because ferroptosis as a form of RCD is independent of apoptosis. Therefore, ferroptosis may be a promising pathway to overcome cisplatin resistance. In addition, a recent study demonstrated that cisplatin can synergistically act with the ferroptosis inducer erastin, and the combined use of both drugs was found to enhance antitumour effects when compared with the use of either drug alone (Guo et al., 2018).
Gene Technology-Induced Ferroptosis
Genes are essential in life processes and can encode proteins involved in various cellular activities. Some genes have recently been found to play a crucial role in the occurrence of ferroptosis. Therefore, gene technology targeting ferroptosis can be used to treat cancer. The primary gene technologies include gene transfection and gene knockout.The P53 pathway, a classical tumour suppression pathway, has recently been found to sensitise cells to ferroptosis by inhibiting SLC7A11 (Berkers et al., 2013), a positive regulatory gene of ferroptosis. However, ACSL4 is an essential pro-ferroptosis gene (Shen Z. et al., 2018), and ACSL4-mediated production of 5-hydroxyeicosatetraenoic acid (5-HETE) contributes to ferroptosis and is significantly downregulated in ferroptosis-resistant cells, thus positively regulating ferroptosis (Shen Z. et al., 2018). Therefore, by transfecting target cells with ferroptosis-positive regulatory genes such as P53 and ACSL4, ferroptosis can be induced for cancer treatment (Shen Z. et al., 2018). HSPB1 is a negative regulator of ferroptosis. HSPB1 knockdown in cells enhances erastin-induced ferroptosis, whereas HSPB1 overexpression inhibits erastin-induced death (Sun et al., 2015). Ferroptosis-negative regulatory genes can be knocked down in tumour cells using RNA interference technology, which induces cellular ferroptosis and increases anticancer activity. Therefore, gene technology (e.g. gene transfection or gene knockout) can be used in cancer therapy to introduce a relevant regulatory gene into a cell or to silence a gene, thereby regulating cellular ferroptosis (Shen Z. et al., 2018).
Ferroptosis in Combination With Other Treatments
Despite the efficacy of several clinical modalities for cancer treatment, increasing studies have shown that a single tumour treatment modality is often limited by multiple factors in clinical practice, resulting in unsatisfactory treatment outcomes. However, a combination of various modalities may offer advantages (Lang et al., 2019). Studies have demonstrated that ferroptosis can be associated with multiple cancer treatment modalities, such as radiotherapy and immunotherapy, with promising results (Lang et al., 2019). Therefore, combining ferroptosis with other cancer treatment modalities is also a major focus area for cancer therapy research.
Ferroptosis in Combination With Immunotherapy
The traditional treatment modalities often fail to achieve good results in clinical practice owing to various drawbacks. Immunotherapy has gradually become an essential strategy for tumour treatment, in which immune-blocking agents exert their antitumour effects mainly by promoting the clearance function of cytotoxic T cells and preventing the escape of tumour cells (Khalil et al., 2016). Cancer immunotherapy is effective in treating some solid tumours including breast cancer, lung cancer, gastric carcinoma. However, compared with other conventional treatment modalities, immunotherapy is less effective in treating some tumours (Pham et al., 2018). Therefore, it is necessary to combine immunotherapy with other treatment modalities to improve its therapeutic effects (Adams et al., 2019). Recent studies have revealed a close relationship between activated CD8+ T cells in tumour immunotherapy and ferroptosis. The underlying mechanism involves the downregulation of SLC3A2 and SLC7A11, the two subunits system XC–, by interferon-gamma released from immunotherapy-activated CD8+ T cells, thus reducing intracellular cysteine synthesis, decreasing antioxidant capacity and promoting lipid peroxidation and ferroptosis in tumour cells (Wang et al., 2019). In addition, it was found in an in vivo study in mice that when an immunosuppressant was combined with cysteine proteases (which degrade intracellular cysteine and cystine), they induced ferroptosis in tumour cells and simultaneously enhanced the efficacy of the immunosuppressant, achieving a synergistic effect (Wang et al., 2019) (Figure 5).
[image: Figure 5]FIGURE 5 | The Mechanisms underlying the promoting role of immunotherapy in targeting cellular ferroptosis. T cells activated by immunotherapy treatment induce ferroptosis by secreting interferon-γ (IFN-γ). IFN-γ can further inhibit cystine uptake by tumor cells, thus further weakening the capacity of intracellular GPX4.
Ferroptosis interacts with the immune system through various mechanisms. In addition to the activation of CD8+ T cells by immunotherapy to promote ferroptosis, it has been demonstrated that ferroptosis is a form of immunogenic cell death (ICD) (Efimova et al., 2020). Therefore, ferroptotic cells can release a range of DAMPS, including high-mobility group protein B1 (HMGB1) and calreticulin (CRT), which may interact with pattern recognition receptors (PRRs) and phagocytic receptors on immune cells to activate the immune response and adaptive immune system (Shi et al., 2021). Therefore, it is of great clinical significance to study the immunogenicity of ferroptotic cancer cells and investigate their therapeutic effects.
Furthermore, the excellent biological properties of nanomaterials can be used to improve therapeutic effects by combining ferroptosis with tumour immunotherapy. In a study, a bionic magnetic cyst was constructed, in which Fe3O4 magnetic nanoclusters (NCs) as the core and leukocyte membrane as the shell were combined with transforming growth factor-β inhibitor (Ti) and PD-1 antibody (Pa) to promote the synergistic effect of ferroptosis and immunomodulation. Under magnetic resonance imaging (MRI)-guided drug delivery, Pa and Ti in bionic magnetic vesicles created an immunogenic environment after entering the tumour interior, which increased the concentration of hydrogen peroxide in polarised M1 macrophages, promoting a Fenton reaction with iron ions released from NCs. Hydroxyl radicals generated from the Fenton reaction subsequently induced ferroptosis in tumour cells, and the tumour antigens released by the dead cells subsequently promoted ferroptosis. The tumour antigens released by the dead cells, in turn, enhanced the immunogenicity of the microenvironment. Therefore, immunotherapy and ferroptosis exert a powerful synergistic effect (Zhang et al., 2019).
Although the relationship between ferroptosis and immunotherapy is not well understood, preliminary studies have been conducted on immunotherapy and ferroptosis in animal models. A study developed an iron oxide-loaded nanovaccine (IONV) for combined ferroptosis–immunotherapy treatment (Ruiz-de-Angulo et al., 2020). The principle of this nanovaccine was based on chemically integrated iron catalysts and drug delivery systems by exploiting the properties of the tumour microenvironment. IONV activation in the tumour microenvironment increased oxidative stress in tumour cells, which in turn promoted ferritin deposition, activated M1 macrophages, improved tumour antigen cross-presentation and enhanced the immunotherapeutic efficacy. The findings from the above-mentioned studies suggest that the combination of ferroptosis and immunotherapy is a promising cancer treatment strategy, which requires in-depth research.
Combined Application of Ferroptosis and Chemotherapy
Chemotherapy is a common clinical approach to cancer treatment, and the commonly used chemical agents include methotrexate, cyclophosphamide and vincristine. Although chemotherapy has made significant progress in clinical cancer treatment, the epithelial-to-mesenchymal transition, in which tumour cells can metastasise and become resistant to drugs, has limited the effectiveness of anticancer therapies (van Staalduinen et al., 2018; Yang et al., 2020). Epithelial-to-mesenchymal transition is a process wherein epithelial cells lose polarity and intercellular adhesion and gradually transform into invasive and metastatic mesenchymal cells (Yang et al., 2020). However, it has been found that mesenchymal cells formed after epithelial-to-mesenchymal transition have a higher susceptibility to ferroptosis (Hangauer et al., 2017; Viswanathan et al., 2017). Therefore, the use of ferroptosis appears to be one of the strategies to address tumour drug resistance and metastasis (Xu et al., 2021).
Inducing ferroptosis in drug-resistant tumour cells can overcome drug resistance, and varied underlying mechanisms have been proposed. Ferroptosis inducers can reverse tumour drug resistance by promoting intracellular ROS accumulation, thereby inducing ferroptosis in drug-resistant tumour cells (Friedmann Angeli et al., 2019). Furthermore, NRF2 can reduce intracellular ROS accumulation via the P62–Keap1–NRF2 pathway, which in turn is involved in the resistance of cancer cells to sorafenib; however, NRF2 inhibitors can reverse the resistance of cancer cells by increasing intracellular ROS accumulation (Roh et al., 2017).
Furthermore, ferroptosis inducers can induce ferroptosis in drug-resistant tumour cells by decreasing cellular TF levels and increasing intracellular iron transfer. For example, artesunate can induce ferroptosis in Adriamycin-resistant leukaemia cells by decreasing TF levels and promoting the therapeutic effect of Adriamycin on leukaemia (Wang et al., 2017; Park et al., 2018).
Ferroptosis agonists that act by inhibiting the system XC– transport function can also lead to lipid peroxidation in resistant cells, thereby reversing drug resistance in tumour cells (Lim et al., 2005). For example, erastin can reverse cisplatin resistance in ovarian cancer cells by inhibiting the transport function of system XC– (Sato et al., 2018).
In addition to reversing tumour cell resistance, the use of ferroptosis agonists in combination with chemotherapeutic agents for non-drug-resistant cancer cells can also achieve more desirable results. Ferroptosis can adopt the mechanism of action of traditional chemotherapeutic drugs, such as cisplatin, which function by reducing intracellular GSH by inhibiting GPX4 activity to induce cellular ferroptosis (Guo et al., 2018). Therefore, a combination of the chemotherapeutic drug cisplatin and ferroptosis inducers may enhance therapeutic efficacy. For example, erastin combined with cisplatin provides better results than when cisplatin is used alone (Guo et al., 2018). Another ferroptosis inducer, RSL3, exerts its induction effect by inhibiting GPX4 when combined with cisplatin, which enhances the therapeutic influence of cisplatin both in vitro and in vivo (Zhang et al., 2020). In addition to cisplatin, other classical chemotherapeutic agents can also exert better effects when used along with ferroptosis inducers. For example, the classical chemotherapeutic drug paclitaxel can further regulate glutamate catabolism (one of the pathways through which ferroptosis occurs) in colorectal cancer cells by reducing the expression of intracellular glutamate-catabolism-related genes such as SLC7A11 and SLC1A5 and inducing an increased expression of P53 and P21, which altogether inhibit tumour growth (Lv et al., 2017). In mutant-P53 pharyngeal squamous carcinoma, when low doses of paclitaxel were combined with the ferroptosis inducer RSL3, paclitaxel upregulated mutant P53 and promoted RLS3-induced ferroptosis, providing a synergistic therapeutic effect (Ye et al., 2019).
Therefore, the emergence of ferroptosis combined with chemotherapy as a new treatment modality offers a new strategy for tumour treatment.
Combination of Ferroptosis and Radiotherapy
Radiotherapy is one of the therapeutic modalities for the clinical treatment of tumours, which involves direct and indirect mechanisms of action. Regarding its direct mechanism, high-energy ionising radiation disrupts the double-stranded structure of cellular DNA and leads to cell cycle arrest. Regarding its indirect mechanism, radiation leads to cellular alterations including radiolysis of intracellular water and stimulation of oxidative enzymes. These alterations can generate ROS such as hydroxyl radicals and hydrogen peroxide. ROS overproduction can further damage nucleic acids, proteins and lipids, thereby inducing cell death (Lei et al., 2020). A recent study demonstrated that radiotherapy can exert therapeutic effects by inducing ferroptosis in cells, and the combination of radiotherapy and ferroptosis inducers results in enhanced antitumour effects when compared with the use of either treatment alone. The results of the study indicated that the combination of ferroptosis and radiotherapy might provide a promising strategy for treating tumours (Lang et al., 2019).
In addition, recent studies have reported that radiotherapy can induce ferroptosis in tumour cells. The four primary underlying mechanisms can be summarised as follows (Figure 6: First, radiotherapy can upregulate the expression ofataxia–telangiectasia mutated (ATM) gene and further inhibit the transport function of system XC–through inducing DNA double strand breaks (DBSs), which leads to the inhibition of antioxidant activity of GSH and GPX4, therebyresulting in lipid peroxidation (Lang et al., 2019). Second, radiotherapy can either increase the production of ROS or upregulate the gene expression of ACSL4. The conversion of PUFA to PUFA-CoA is catalysed by ACSL4. Subsequently, the PUFA-CoA enzyme is converted to PUFA-PL, which is catalysed by LPCAT3. The PUFA-PL product can induce lipid peroxidation owing to the catalysis of arachidonate lipoxygenases (ALOXs). Therefore, radiotherapy can promote intracellular lipid peroxidation and induce ferroptosis (Lei et al., 2020; Lei et al., 2021). Third, tumour cells treated with radiation can release tumour cell-released microparticles (RT-MPs) into the extracellular environment, which can promote the effect of radiotherapy by inducing ferroptosis in other tumour cells (Wan et al., 2020). Fourth, radiotherapy induces intracellular DNA damage, thereby activating the CGAS–cGAMP signalling pathway and subsequently inducing autophagy-dependent ferroptosis (Li et al., 2021).
[image: Figure 6]FIGURE 6 | Mechanism underlying ferroptosis induced by radiotherapy, which consisted of four steps. First step: Radiotherapy affects GSH synthesis by affecting system XC− transport via ATM. Second step: Radiotherapy promotes lipid biosynthesis by upregulating ACSL4 expression. Third step: Radiotherapy induces autophagy-dependent ferroptosis by causing DNA damage. Fourth step: Radiotherapy facilitates the production of RT-MPs; thereby causing lipid peroxidation in neighbouring cells.
Regarding the application of ferroptosis in radiotherapy, the combination of radiotherapy and the ferroptosis inducer (FIN) was found to act synergistically in tumour treatment by increasing lipid peroxidation and upregulating PTGS2 expression, with FINS exerting significant radio-sensitising effects in vitro and in vivo (Lei et al., 2020). Another study reported similar results by demonstrating that the ferroptosis inducer sulfasalazine acted as a radiosensitiser and increased the sensitivity of gliomas to Gamma Knife radiosurgery. The underlying mechanism involves blocking the uptake of cystine by system XC–, leading to GSH depletion (Sleire et al., 2015). Another study investigating lung adenocarcinoma and glioma established a murine xenograft model and human patient-derived models to analyse the beneficial effects of combining radiotherapy with the ferroptosis inducer sorafenib in vivo, resulting in the improved efficacy of radiotherapy and inhibition of tumour growth (Ye et al., 2020).
Furthermore, a study reported that ferroptosis was also involved in radiotherapy-induced cellular damage in normal cells instead of only affecting tumour cells (Li et al., 2019). Based on this study, the combined application of ferroptosis inducers and radiotherapy in cancer treatment needs to be considered with caution. Whether the combination causes less harm to normal tissues than to tumour tissues needs to be investigated. Further studies to address this issue are warranted, and nanomaterials may be a future research direction. Altogether, these studies demonstrate that the combination of radiotherapy and ferroptosis may be considered a novel therapeutic strategy and also provides directions for future cancer research.
Combined Application of Ferroptosis and Photodynamic Therapy
Photodynamic therapy (PDT) is a non-invasive cancer treatment modality. The action mechanism of PDT involves absorbing energy from ionising radiation and generating cytotoxic singlet oxygen (Dolmans et al., 2003). However, the efficacy of PDT in tumour treatment is limited owing to the inherent hypoxic nature of the tumour microenvironment. Therefore, oxygen supplementation in the tumour microenvironment is an essential measure to improve the efficacy of PDT (Cui et al., 2018). Because ferroptosis can generate lipid ROS, it is an excellent strategy to synergise with PDT.
Some studies have reported the applications of ferroptosis-related drugs in PDT therapy. A previous study designed a co-assembled nanosystem using the combination of erastin (ferroptosis inducer) and chlorin e6 (photosensitiser Ce6). This nanosystem was formed via intermolecular interactions of hydrogen bonding and π–π stacking. Erastin increased the concentration of intracellular oxygen and significantly improved the therapeutic efficiency of PDT by generating ROS (Zhu et al., 2019). Another example of the combined use of oxygen-enhanced PDT and ferroptosis is a 2-in-1 nanoplatform (SRF@HB-Ce6), which was designed by piggybacking the photosensitiser Ce6 on sorafenib (ferroptosis inducer) attached to the haemoglobin (Hb) (Xu et al., 2020). As for this nanoplatform, the capacity of Hb in providing endogenous iron and carrying oxygen provided the conditions for photodynamic-type therapy by enhancing ferroptosis (Xu et al., 2020). In addition, PDT can enhance ferroptosis and sensitise tumour cells to ferroptosis by recruiting immune cells to secrete interferon-gamma. Such 2-in-1 nanosystems combine the therapeutic advantage of both ferroptosis-related drugs and PDT and play a significant role in promoting antitumour effects (Xu et al., 2020). In addition to these nanosystems established by incorporating specialised photodynamic sensitisers (e.g. ferroptosis inducers), another design method has recently emerged based on the ability of some nanomaterials to generate ROS under certain conditions. For example, graphene oxide was recently found to release ROS under near-infrared (NIR) irradiation (He et al., 2017). Based on this theory, a research group prepared a new graphene oxide-based NIR-absorbing nanoparticle agent that was decorated with iron hydroxide/oxide (GO-FeO xH). In vitro experiments on this nanomaterial demonstrated that GO-FeO x H released oxygen upon exposure to NIR, which improved the treatment outcome of PDT (He et al., 2017).
Ferroptosis and Nano-Therapy
Owing to the unique physicochemical properties of nanomaterials, bio-nanotechnology has become a focused research topic in the field of cancer treatment. Drug treatment can be improved by delivering anticancer drugs via nano-drug delivery systems (nano-DDS), which can significantly reduce the toxic side effects of drugs.
Recent studies have reported the use of nanomaterials to efficiently deliver ferroptosis targeting drugs (Shen Z. et al., 2018). Because ferroptosis is cell death caused by intracellular iron ion-dependent lipid peroxidation and lipid ROS accumulation, nanomedicines developed for ferroptosis are mainly used for intracellular ROS assembly. Therefore, based on the action mechanism of ferroptosis, ferroptosis-related nanodrugs can be classified into the following three categories: first, ferroptosis-related nanodrugs that can promote intracellular Fenton reaction; second, nanodrugs that can inhibit intracellular GPX4 activity, thus reducing intracellular antioxidant capacity; third, nanodrugs that can be used for exogenous regulation of lipid peroxidation in tumour cells (Shan et al., 2020). The regulatory role and application of these three categories of ferroptosis-related nano-drugs will be discussed in this section.
The first category of ferroptosis-related nanodrugs (for promoting intracellular Fenton reaction): The Fenton reaction is defined as the reaction between intracellular iron ions and hydrogen peroxide, leading to the production of the harmful hydroxyl radicals. Ferroptosis can induce cell death by promoting the intracellular Fenton reaction (Qian et al., 2019). Compared with normal cells, tumour cells possess more hydrogen peroxide and hence served as a substrate for the Fenton reaction, further facilitating the induction of ferroptosis. In addition, the tumour microenvironment is slightly acidic compared with the normal cell environment, and such Fenton reactions generally do not occur in the relatively neutral normal cells/tissues. Therefore, based on the Fenton reaction, ferroptosis-related drugs can accurately target tumour cells instead of destroying normal cells, which is a major advantage, especially involving less toxic side effects.
The Fenton reaction can be induced in tumour cells by enhancing the substrate of intracellular Fenton reaction (e.g. Fe+ and H2O2) via sustained release by a nano-delivery system. A typical example is nanocatalysts, which are prepared by adding ultrafine Fe3O4 nanoparticles and natural glucose oxidase (GOD) to silica nanoparticles with large pore size. GOD can effectively consume glucose in tumour cells, thus generating a large amount of hydrogen peroxide. Furthermore, Fe3O4 reacts with hydrogen peroxide, leading to a Fenton reaction, followed by the overproduction of hydroxyl radicals, which increases ROS levels and further induces ferroptosis in cells (Huo et al., 2017).
The second category of ferroptosis-related nanodrugs (for inhibiting intracellular GPX4 activity): In addition to promoting the intracellular Fenton reaction, these nanodrugs can inhibit GPX4 activity, thus reducing intracellular GSH levels. Currently, there are two primary modes of combining inhibition of GPX4 activity with nanomaterials: mode 1, intracellular administration of GPX4 inhibitors via nano-delivery systems; mode 2, direct GPX4 inhibition using nanomaterials or nanodrugs (Shan et al., 2020).
Mode 1 (direct administration of GPX4 inhibitors via nano-delivery systems): In a study, a nanomaterial scaffold was incorporated with three components (small molecule GPX4 inhibitor sorafenib, Fe3+ and tannic acid). Such nanodrugs can not only inhibit GPX4 activity but also convert Fe3+ to Fe2+ via tannic acid. These alterations eventually induce ferroptosis in cancer cells (Liu et al., 2018).
Mode 2 (nanosystems with GPX4 inhibition): This mode involves designing nanomaterials or drugs with GPX4 inhibition. A typical example is low-density lipoprotein (LDL) nanoparticles reconstituted with the natural omega-3 fatty acid docosahexaenoic acid (LDL-DHA), which were reported to induce ferroptosis in hepatocellular carcinoma cells by inhibiting intracellular GPX4 expression and reducing GSH levels (Ou et al., 2017). Another example is arginine-rich manganese silicate nanobubbles (AMSNs), which were found to induce iron sagging by inactivating GPX4, leading to an efficient GSH depletion capacity. The surface coating of arginine and the nanobubble structure improved the GSH depletion efficiency of manganese silicate nanobubbles when compared with the conventional nanoparticles (Wang et al., 2018).
The third category of ferroptosis-related nanodrugs (for regulating exogenous lipid peroxidation): Ferroptosis is mainly caused by lipid peroxidation, and the primary substrates of lipid peroxidation are PUFAs present in the phospholipid membranes. Therefore, increasing PUFA concentration exogenously may be a reasonable strategy for regulating lipid peroxidation and effectively inducing ferroptosis. This drug design strategy can efficiently improve the antitumour activity of ferroptosis inducers. To verify this hypothesis, some studies have been recently conducted using nano-delivery systems to exogenously modulate lipid peroxidation. A typical example is the nanosystem design based on Fenton-like reactions wherein linoleic acid hydroperoxide (LAHP) was incorporated into iron oxide nanoparticles (IONPs) using sub-stable FeO and Fe3O4 as iron sources to achieve on-demand Fe2+ release from the nanosystem under acidic conditions in tumours. The released Fe2+ generated tumor-specific 1O2 using LAHP, ultimately inducing ferroptosis in tumour cells (Zhou et al., 2017).
FUTURE PERSPECTIVES AND CHALLENGES
Ferroptosis was initially discovered as a novel form of RCD in 2012, and its underlying transduction mechanisms have recently gained increasing attention in cancer research (Hassannia et al., 2019; Mou et al., 2019). Based on the currently known pathways of ferroptosis (e.g. system XC–, GPX4, FSP1 and BH1), various ferroptosis inducers and techniques have been discovered and potentially applied in cancer treatment (Liang et al., 2019). In addition to the sole application of ferroptosis in treating cancer cells, ferroptosis can also be combined with other conventional therapeutic modalities, such as the combination of ferroptosis inducers and chemotherapeutic drugs based on nano-DDS. Such combinational modalities may significantly improve therapeutic efficacy as compared with the effects of either treatment alone and may be a promising strategy for cancer treatment (Shan et al., 2020) (Figure 7).
[image: Figure 7]FIGURE 7 | The potential application and faced challenges of ferroptosis in clinical cancer therapy. The anti-tumour drug agents targeting ferroptosis can be developed, which can be applied by the combination of other therapeutic approaches (i.e., immunotherapy, chemotherapy, radiotherapy, and photodynamic therapy). The unaddressed concerns before clinical transfer include unknown execution mechanism, unexplored physiological function, unexpected regulating roles depending on cancer types, undiscovered ferrpotosis inducers applied safely in human, and undetected specific biomarkers for diagnosing the initiation of ferropotosis in vivo.
Despite the leaps and bounds in ferroptosis-based cancer treatment, it still faces several challenges, especially in terms of regulatory mechanisms and its potential application in clinical cancer therapy (Figure 7). The action mechanism of iron-dependent cell death remains unclear and requires extensive investigation. Other regulated cell deaths are executed mainly through proteins and proteases (such as caspases). Whether ferroptosis is caused by the products of lipid peroxidation or by the products downstream of lipid peroxidation remains unclear. In addition, there are insufficient studies regarding the physiological function of ferroptosis during growth and development. Therefore, understanding the role of ferroptosis in growth and development is important for using ferroptosis for further development of cancer therapy.
In addition, there are some unaddressed issues regarding the potential application of ferroptosis in cancer therapy. The first unsolved research question is whether the specific ferroptosis inhibitors and inducers can be applied in vivo more safely. Sorafenib, sulfasalazine, statins and artemisinin mentioned in previous sections are currently being investigated as ferroptosis inducers; however, their application in clinical practice requires further investigation. In addition, controlling the toxic effects of ferroptosis inducers on normal tissues is a major concern. Another problem is the selection of tumour types or patients more likely to be treated with ferroptosis-related regimens (Chen et al., 2021). Different tumour types and patients may have different sensitivity to ferroptosis owing to differences in iron levels and expression levels of ferroptosis-related genes. Therefore, iron levels, gene expression and mutations can be used as criteria for judging populations more likely to benefit from ferroptosis-promoting therapies. In addition, ferroptosis-inducing agents need to be significantly improved, especially regarding their pharmacokinetic and physicochemical properties. Currently used ferroptosis inducers have several physical and chemical drawbacks that prevent their rational use in clinical practice. Nanosystems can be improved to some extent in this regard. However, when combining ferroptosis with nanosystem therapies, it should be noted that outcome differences may exist between animals and humans because ferroptosis is non-apoptotic death, which should be further validated. Furthermore, effective combinational strategies that can synergistically work with ferroptosis induction in cancer therapy may provide an experimental direction for future research. Although the combination of ferroptosis with other treatments has been shown to improve the clinical outcomes of cancers, an optimal combination strategy involving ferroptosis and other treatments has not yet been identified. Moreover, there exists neither an accurate method nor an indicator for detecting ferroptosis. Various features of ferroptosis have been identified; however, a specific biomarker of ferroptosis has not yet been identified. At the level of lipid peroxidation, the BODIPY 581/591 C11 fluorescent probe can be used to detect the degree of intracellular lipid peroxidation and hence ferroptosis. At the iron level, ferroptosis can be detected indirectly by using an iron kit to detect the intracellular iron concentration. At the genetic level, PTGS2, ACSL4, CHAC1 and TFRC170 are considered ferroptosis-associated genetic biomarkers based on preclinical models. Although these genes are well known to be significantly involved in ferroptosis, further studies should focus on discovering more specific biomarkers and detection tools for ferroptosis, which will be beneficial for providing meaningful guidance to clinical practitioners.
CONCLUSION
Ferroptosis is a promising strategy for cancer therapy; however, further research is required for evaluating its clinical applications.
AUTHORS CONTRIBUTIONS
ZT and ZH conceptualized the research, conducted the current review, and wrote the manuscript; YH, YC, MH, and HL participated in the figure plotting and revised the manuscript; QY, JZ, and BJ administrated and supervised the whole research project. All authors read and approved the final manuscript.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCE
 Adams, S., Gatti-Mays, M. E., Kalinsky, K., Korde, L. A., Sharon, E., Amiri-Kordestani, L., et al. fnm . (2019). Current Landscape of Immunotherapy in Breast Cancer: A Review. JAMA Oncol. 5(8), 1205–1214. doi:10.1001/jamaoncol.2018.7147
 Battaglia, A. M., Chirillo, R., Aversa, I., Sacco, A., Costanzo, F., and Biamonte, F. (2020). Ferroptosis and Cancer: Mitochondria Meet the "Iron Maiden" Cell Death. Cells 9. doi:10.3390/cells9061505
 Berger, T. G., Dieckmann, D., Efferth, T., Schultz, E. S., Funk, J. O., Baur, A., et al. (2005). Artesunate in the Treatment of Metastatic Uveal Melanoma–First Experiences. Oncol. Rep. 14 (6), 1599–1603. doi:10.3892/or.14.6.1599
 Berkers, C. R., Maddocks, O. D., Cheung, E. C., Mor, I., and Vousden, K. H. (2013). Metabolic Regulation by P53 Family Members. Cell Metab 18 (5), 617–633. doi:10.1016/j.cmet.2013.06.019
 Bersuker, K., Hendricks, J. M., Li, Z., Magtanong, L., Ford, B., Tang, P. H., et al. (2019). The CoQ Oxidoreductase FSP1 Acts Parallel to GPX4 to Inhibit Ferroptosis. Nature 575 (7784), 688–692. doi:10.1038/s41586-019-1705-2
 Bieging, K. T., Mello, S. S., and Attardi, L. D. (2014). Unravelling Mechanisms of P53-Mediated Tumour Suppression. Nat. Rev. Cancer 14 (5), 359–370. doi:10.1038/nrc3711
 Brown, C. W., Amante, J. J., Chhoy, P., Elaimy, A. L., Liu, H., Zhu, L. J., et al. (2019). Prominin2 Drives Ferroptosis Resistance by Stimulating Iron Export. Dev. Cel 51 (5), 575–586. doi:10.1016/j.devcel.2019.10.007
 Chen, H., Sun, B., Wang, S., Pan, S., Gao, Y., Bai, X., et al. (2010). Growth Inhibitory Effects of Dihydroartemisinin on Pancreatic Cancer Cells: Involvement of Cell Cycle Arrest and Inactivation of Nuclear Factor-kappaB. J. Cancer Res. Clin. Oncol. 136 (6), 897–903. doi:10.1007/s00432-009-0731-0
 Chen, X., Kang, R., Kroemer, G., and Tang, D. (2021). Broadening Horizons: the Role of Ferroptosis in Cancer. Nat. Rev. Clin. Oncol. 18 (5), 280–296. doi:10.1038/s41571-020-00462-0
 Combe, B., Codreanu, C., Fiocco, U., Gaubitz, M., Geusens, P. P., Kvien, T. K., et al. (2009). Efficacy, Safety and Patient-Reported Outcomes of Combination Etanercept and Sulfasalazine versus Etanercept Alone in Patients with Rheumatoid Arthritis: a Double-Blind Randomised 2-year Study. Ann. Rheum. Dis. 68 (7), 1146–1152. doi:10.1136/ard.2007.087106
 Cui, Q., Wang, J. Q., Assaraf, Y. G., Ren, L., Gupta, P., Wei, L., et al. (2018). Modulating ROS to Overcome Multidrug Resistance in Cancer. Drug Resist. Updat 41, 1–25. doi:10.1016/j.drup.2018.11.001
 Dai, E., Zhang, W., Cong, D., Kang, R., Wang, J., and Tang, D. (2020). AIFM2 Blocks Ferroptosis Independent of Ubiquinol Metabolism. Biochem. Biophys. Res. Commun. 523 (4), 966–971. doi:10.1016/j.bbrc.2020.01.066
 Datta, J., Majumder, S., Kutay, H., Motiwala, T., Frankel, W., Costa, R., et al. (2007). Metallothionein Expression Is Suppressed in Primary Human Hepatocellular Carcinomas and Is Mediated through Inactivation of CCAAT/enhancer Binding Protein Alpha by Phosphatidylinositol 3-kinase Signaling cascade. Cancer Res. 67 (6), 2736–2746. doi:10.1158/0008-5472.CAN-06-4433
 Dixon, S. J., Lemberg, K. M., Lamprecht, M. R., Skouta, R., Zaitsev, E. M., Gleason, C. E., et al. (2012). Ferroptosis: an Iron-dependent Form of Nonapoptotic Cell Death. Cell 149 (5), 1060–1072. doi:10.1016/j.cell.2012.03.042
 Dixon, S. J., Patel, D. N., Welsch, M., Skouta, R., Lee, E. D., Hayano, M., et al. (2014). Pharmacological Inhibition of Cystine-Glutamate Exchange Induces Endoplasmic Reticulum Stress and Ferroptosis. Elife 3, e02523. doi:10.7554/eLife.02523
 Dixon, S. J., Winter, G. E., Musavi, L. S., Lee, E. D., Snijder, B., Rebsamen, M., et al. (2015). Human Haploid Cell Genetics Reveals Roles for Lipid Metabolism Genes in Nonapoptotic Cell Death. ACS Chem. Biol. 10 (7), 1604–1609. doi:10.1021/acschembio.5b00245
 Doll, S., Freitas, F. P., Shah, R., Aldrovandi, M., da Silva, M. C., Ingold, I., et al. (2019). FSP1 Is a Glutathione-independent Ferroptosis Suppressor. Nature 575 (7784), 693–698. doi:10.1038/s41586-019-1707-0
 Doll, S., Proneth, B., Tyurina, Y. Y., Panzilius, E., Kobayashi, S., Ingold, I., et al. (2017). ACSL4 Dictates Ferroptosis Sensitivity by Shaping Cellular Lipid Composition. Nat. Chem. Biol. 13 (1), 91–98. doi:10.1038/nchembio.2239
 Dolmans, D. E., Fukumura, D., and Jain, R. K. (2003). Photodynamic Therapy for Cancer. Nat. Rev. Cancer 3 (5), 380–387. doi:10.1038/nrc1071
 Efimova, I., Catanzaro, E., Van der Meeren, L., Turubanova, V. D., Hammad, H., Mishchenko, T. A., et al. (2020). Vaccination with Early Ferroptotic Cancer Cells Induces Efficient Antitumor Immunity. J. Immunother. Cancer 8. doi:10.1136/jitc-2020-001369
 Eling, N., Reuter, L., Hazin, J., Hamacher-Brady, A., and Brady, N. R. (2015). Identification of Artesunate as a Specific Activator of Ferroptosis in Pancreatic Cancer Cells. Oncoscience 2 (5), 517–532. doi:10.18632/oncoscience.160
 Fleig, W. E., Laudage, G., Sommer, H., Wellmann, W., Stange, E. F., and Riemann, J. (1988). Prospective, Randomized, Double-Blind Comparison of Benzalazine and Sulfasalazine in the Treatment of Active Ulcerative Colitis. Digestion 40 (3), 173–180. doi:10.1159/000199652
 Friedmann Angeli, J. P., Krysko, D. V., and Conrad, M. (2019). Ferroptosis at the Crossroads of Cancer-Acquired Drug Resistance and Immune Evasion. Nat. Rev. Cancer 19 (7), 405–414. doi:10.1038/s41568-019-0149-1
 Friedmann Angeli, J. P., Schneider, M., Proneth, B., Tyurina, Y. Y., Tyurin, V. A., Hammond, V. J., et al. (2014). Inactivation of the Ferroptosis Regulator Gpx4 Triggers Acute Renal Failure in Mice. Nat. Cel Biol 16 (12), 1180–1191. doi:10.1038/ncb3064
 Gao, M., Monian, P., Quadri, N., Ramasamy, R., and Jiang, X. (2015). Glutaminolysis and Transferrin Regulate Ferroptosis. Mol. Cel 59 (2), 298–308. doi:10.1016/j.molcel.2015.06.011
 Gout, P. W., Buckley, A. R., Simms, C. R., and Bruchovsky, N. (2001). Sulfasalazine, a Potent Suppressor of Lymphoma Growth by Inhibition of the X(c)- Cystine Transporter: a New Action for an Old Drug. Leukemia 15 (10), 1633–1640. doi:10.1038/sj.leu.2402238
 Guan, J., Lo, M., Dockery, P., Mahon, S., Karp, C. M., Buckley, A. R., et al. (2009). The Xc- Cystine/glutamate Antiporter as a Potential Therapeutic Target for Small-Cell Lung Cancer: Use of Sulfasalazine. Cancer Chemother. Pharmacol. 64 (3), 463–472. doi:10.1007/s00280-008-0894-4
 Guo, J., Xu, B., Han, Q., Zhou, H., Xia, Y., Gong, C., et al. (2018). Ferroptosis: A Novel Anti-tumor Action for Cisplatin. Cancer Res. Treat. 50 (2), 445–460. doi:10.4143/crt.2016.572
 Hangauer, M. J., Viswanathan, V. S., Ryan, M. J., Bole, D., Eaton, J. K., Matov, A., et al. (2017). Drug-tolerant Persister Cancer Cells Are Vulnerable to GPX4 Inhibition. Nature 551 (7679), 247–250. doi:10.1038/nature24297
 Hassannia, B., Vandenabeele, P., and Vanden Berghe, T. (2019). Targeting Ferroptosis to Iron Out Cancer. Cancer Cell 35 (6), 830–849. doi:10.1016/j.ccell.2019.04.002
 He, Y., Del Valle, A., Qian, Y., and Huang, Y. F. (2017). Near Infrared Light-Mediated Enhancement of Reactive Oxygen Species Generation through Electron Transfer from Graphene Oxide to Iron Hydroxide/oxide. Nanoscale 9 (4), 1559–1566. doi:10.1039/c6nr08784a
 Hirschhorn, T., and Stockwell, B. R. (2019). The Development of the Concept of Ferroptosis. Free Radic. Biol. Med. 133, 130–143. doi:10.1016/j.freeradbiomed.2018.09.043
 Holohan, C., Van Schaeybroeck, S., Longley, D. B., and Johnston, P. G. (2013). Cancer Drug Resistance: an Evolving Paradigm. Nat. Rev. Cancer 13 (10), 714–726. doi:10.1038/nrc3599
 Horikoshi, N., Cong, J., Kley, N., and Shenk, T. (1999). Isolation of Differentially Expressed cDNAs from P53-dependent Apoptotic Cells: Activation of the Human Homologue of the Drosophila Peroxidasin Gene. Biochem. Biophys. Res. Commun. 261 (3), 864–869. doi:10.1006/bbrc.1999.1123
 Huo, M., Wang, L., Chen, Y., and Shi, J. (2017). Tumor-selective Catalytic Nanomedicine by Nanocatalyst Delivery. Nat. Commun. 8 (1), 357. doi:10.1038/s41467-017-00424-8
 Jiang, L., Kon, N., Li, T., Wang, S. J., Su, T., Hibshoosh, H., et al. (2015). Ferroptosis as a P53-Mediated Activity during Tumour Suppression. Nature 520 (7545), 57–62. doi:10.1038/nature14344
 Khalil, D. N., Smith, E. L., Brentjens, R. J., and Wolchok, J. D. (2016). The Future of Cancer Treatment: Immunomodulation, CARs and Combination Immunotherapy. Nat. Rev. Clin. Oncol. 13 (5), 273–290. doi:10.1038/nrclinonc.2016.25
 Kong, Z., Liu, R., and Cheng, Y. (2019). Artesunate Alleviates Liver Fibrosis by Regulating Ferroptosis Signaling Pathway. Biomed. Pharmacother. 109, 2043–2053. doi:10.1016/j.biopha.2018.11.030
 Koppula, P., Zhuang, L., and Gan, B. (2021). Cytochrome P450 Reductase (POR) as a Ferroptosis Fuel. Protein Cell . doi:10.1007/s13238-021-00823-0
 Kraft, V. A. N., Bezjian, C. T., Pfeiffer, S., Ringelstetter, L., Müller, C., Zandkarimi, F., et al. (2020). GTP Cyclohydrolase 1/Tetrahydrobiopterin Counteract Ferroptosis through Lipid Remodeling. ACS Cent. Sci. 6 (1), 41–53. doi:10.1021/acscentsci.9b01063
 Kuang, F., Liu, J., Tang, D., and Kang, R. (2020). Oxidative Damage and Antioxidant Defense in Ferroptosis. Front Cel Dev Biol 8, 586578. doi:10.3389/fcell.2020.586578
 Lang, X., Green, M. D., Wang, W., Yu, J., Choi, J. E., Jiang, L., et al. (2019). Radiotherapy and Immunotherapy Promote Tumoral Lipid Oxidation and Ferroptosis via Synergistic Repression of SLC7A11. Cancer Discov. 9 (12), 1673–1685. doi:10.1158/2159-8290.Cd-19-0338
 Lay, J. D., Hong, C. C., Huang, J. S., Yang, Y. Y., Pao, C. Y., Liu, C. H., et al. (2007). Sulfasalazine Suppresses Drug Resistance and Invasiveness of Lung Adenocarcinoma Cells Expressing AXL. Cancer Res. 67 (8), 3878–3887. doi:10.1158/0008-5472.CAN-06-3191
 Lei, G., Mao, C., Yan, Y., Zhuang, L., and Gan, B. (2021). Ferroptosis, Radiotherapy, and Combination Therapeutic Strategies. Protein Cell . doi:10.1007/s13238-021-00841-y
 Lei, G., Zhang, Y., Koppula, P., Liu, X., Zhang, J., Lin, S. H., et al. (2020). The Role of Ferroptosis in Ionizing Radiation-Induced Cell Death and Tumor Suppression. Cell Res 30 (2), 146–162. doi:10.1038/s41422-019-0263-3
 Li, C., Zhang, Y., Liu, J., Kang, R., Klionsky, D. J., and Tang, D. (2021). Mitochondrial DNA Stress Triggers Autophagy-dependent Ferroptotic Death. Autophagy 17 (4), 948–960. doi:10.1080/15548627.2020.1739447
 Li, J., Cao, F., Yin, H. L., Huang, Z. J., Lin, Z. T., Mao, N., et al. (2020). Ferroptosis: Past, Present and Future. Cell Death Dis 11 (2), 88. doi:10.1038/s41419-020-2298-2
 Li, X., Duan, L., Yuan, S., Zhuang, X., Qiao, T., and He, J. (2019). Ferroptosis Inhibitor Alleviates Radiation-Induced Lung Fibrosis (RILF) via Down-Regulation of TGF-Beta1. J. Inflamm. (Lond) 16, 11. doi:10.1186/s12950-019-0216-0
 Liang, C., Zhang, X., Yang, M., and Dong, X. (2019). Recent Progress in Ferroptosis Inducers for Cancer Therapy. Adv. Mater. 31 (51), e1904197. doi:10.1002/adma.201904197
 Lim, J., Lam, Y. C., Kistler, J., and Donaldson, P. J. (2005). Molecular Characterization of the Cystine/glutamate Exchanger and the Excitatory Amino Acid Transporters in the Rat Lens. Invest. Ophthalmol. Vis. Sci. 46 (8), 2869–2877. doi:10.1167/iovs.05-0156
 Liu, T., Liu, W., Zhang, M., Yu, W., Gao, F., Li, C., et al. (2018). Ferrous-Supply-Regeneration Nanoengineering for Cancer-cell-specific Ferroptosis in Combination with Imaging-Guided Photodynamic Therapy. ACS Nano 12 (12), 12181–12192. doi:10.1021/acsnano.8b05860
 Lu, B., Chen, X. B., Ying, M. D., He, Q. J., Cao, J., and Yang, B. (2017). The Role of Ferroptosis in Cancer Development and Treatment Response. Front. Pharmacol. 8, 992. doi:10.3389/fphar.2017.00992
 Lv, C., Qu, H., Zhu, W., Xu, K., Xu, A., Jia, B., et al. (2017). Low-Dose Paclitaxel Inhibits Tumor Cell Growth by Regulating Glutaminolysis in Colorectal Carcinoma Cells. Front. Pharmacol. 8, 244. doi:10.3389/fphar.2017.00244
 Ma, S., Dielschneider, R. F., Henson, E. S., Xiao, W., Choquette, T. R., Blankstein, A. R., et al. (2017). Ferroptosis and Autophagy Induced Cell Death Occur Independently after Siramesine and Lapatinib Treatment in Breast Cancer Cells. PLoS One 12, e0182921. doi:10.1371/journal.pone.0182921
 Ma, S., Henson, E. S., Chen, Y., and Gibson, S. B. (2016). Ferroptosis Is Induced Following Siramesine and Lapatinib Treatment of Breast Cancer Cells. Cel Death Dis 7, e2307. doi:10.1038/cddis.2016.208
 Magtanong, L., Ko, P. J., and Dixon, S. J. (2016). Emerging Roles for Lipids in Non-apoptotic Cell Death. Cell Death Differ 23 (7), 1099–1109. doi:10.1038/cdd.2016.25
 Mandal, P. K., Seiler, A., Perisic, T., Kölle, P., Banjac Canak, A., Förster, H., et al. (2010). System X(c)- and Thioredoxin Reductase 1 Cooperatively rescue Glutathione Deficiency. J. Biol. Chem. 285 (29), 22244–22253. doi:10.1074/jbc.M110.121327
 Mao, C., Liu, X., Zhang, Y., Lei, G., Yan, Y., Lee, H., et al. (2021). DHODH-mediated Ferroptosis Defence Is a Targetable Vulnerability in Cancer. Nature 593 (7860), 586–590. doi:10.1038/s41586-021-03539-7
 Mou, Y., Wang, J., Wu, J., He, D., Zhang, C., Duan, C., et al. (2019). Ferroptosis, a New Form of Cell Death: Opportunities and Challenges in Cancer. J. Hematol. Oncol. 12 (1), 34. doi:10.1186/s13045-019-0720-y
 Narang, V. S., Pauletti, G. M., Gout, P. W., Buckley, D. J., and Buckley, A. R. (2007). Sulfasalazine-induced Reduction of Glutathione Levels in Breast Cancer Cells: Enhancement of Growth-Inhibitory Activity of Doxorubicin. Chemotherapy 53 (3), 210–217. doi:10.1159/000100812
 Ooko, E., Saeed, M. E., Kadioglu, O., Sarvi, S., Colak, M., Elmasaoudi, K., et al. (2015). Artemisinin Derivatives Induce Iron-dependent Cell Death (Ferroptosis) in Tumor Cells. Phytomedicine 22 (11), 1045–1054. doi:10.1016/j.phymed.2015.08.002
 Ou, W., Mulik, R. S., Anwar, A., McDonald, J. G., He, X., and Corbin, I. R. (2017). Low-density Lipoprotein Docosahexaenoic Acid Nanoparticles Induce Ferroptotic Cell Death in Hepatocellular Carcinoma. Free Radic. Biol. Med. 112, 597–607. doi:10.1016/j.freeradbiomed.2017.09.002
 Park, S., Oh, J., Kim, M., and Jin, E. J. (2018). Bromelain Effectively Suppresses Kras-Mutant Colorectal Cancer by Stimulating Ferroptosis. Anim. Cell Syst (Seoul) 22 (5), 334–340. doi:10.1080/19768354.2018.1512521
 Pham, T., Roth, S., Kong, J., Guerra, G., Narasimhan, V., Pereira, L., et al. (2018). An Update on Immunotherapy for Solid Tumors: A Review. Ann. Surg. Oncol. 25 (11), 3404–3412. doi:10.1245/s10434-018-6658-4
 Pitman, K. E., Alluri, S. R., Kristian, A., Aarnes, E. K., Lyng, H., Riss, P. J., et al. (2019). Influx Rate of (18)F-Fluoroaminosuberic Acid Reflects Cystine/glutamate Antiporter Expression in Tumour Xenografts. Eur. J. Nucl. Med. Mol. Imaging 46 (10), 2190–2198. doi:10.1007/s00259-019-04375-8
 Qian, X., Zhang, J., Gu, Z., and Chen, Y. (2019). Nanocatalysts-augmented Fenton Chemical Reaction for Nanocatalytic Tumor Therapy. Biomaterials 211, 1–13. doi:10.1016/j.biomaterials.2019.04.023
 Riddick, D. S., Ding, X., Wolf, C. R., Porter, T. D., Pandey, A. V., Zhang, Q. Y., et al. (2013). NADPH-cytochrome P450 Oxidoreductase: Roles in Physiology, Pharmacology, and Toxicology. Drug Metab. Dispos 41 (1), 12–23. doi:10.1124/dmd.112.048991
 Roh, J. L., Kim, E. H., Jang, H., and Shin, D. (2017). Nrf2 Inhibition Reverses the Resistance of Cisplatin-Resistant Head and Neck Cancer Cells to Artesunate-Induced Ferroptosis. Redox Biol. 11, 254–262. doi:10.1016/j.redox.2016.12.010
 Ruiz-de-Angulo, A., Bilbao-Asensio, M., Cronin, J., Evans, S. J., Clift, M. J. D., Llop, J., et al. (2020). Chemically Programmed Vaccines: Iron Catalysis in Nanoparticles Enhances Combination Immunotherapy and Immunotherapy-Promoted Tumor Ferroptosis. iScience 23 (9), 101499. doi:10.1016/j.isci.2020.101499
 Santana-Codina, N., and Mancias, J. D. (2018). The Role of NCOA4-Mediated Ferritinophagy in Health and Disease. Pharmaceuticals (Basel) 11(4) . doi:10.3390/ph11040114
 Sato, M., Kusumi, R., Hamashima, S., Kobayashi, S., Sasaki, S., Komiyama, Y., et al. (2018). The Ferroptosis Inducer Erastin Irreversibly Inhibits System Xc- and Synergizes with Cisplatin to Increase Cisplatin's Cytotoxicity in Cancer Cells. Sci. Rep. 8 (1), 968. doi:10.1038/s41598-018-19213-4
 Shan, X., Li, S., Sun, B., Chen, Q., Sun, J., He, Z., et al. (2020). Ferroptosis-driven Nanotherapeutics for Cancer Treatment. J. Control. Release 319, 322–332. doi:10.1016/j.jconrel.2020.01.008
 Shen, Y., Li, X., Dong, D., Zhang, B., Xue, Y., and Shang, P. (2018a). Transferrin Receptor 1 in Cancer: a New Sight for Cancer Therapy. Am. J. Cancer Res. 8 (6), 916–931. 
 Shen, Z., Song, J., Yung, B. C., Zhou, Z., Wu, A., and Chen, X. (2018b). Emerging Strategies of Cancer Therapy Based on Ferroptosis. Adv. Mater. 30 (12), e1704007. doi:10.1002/adma.201704007
 Shi, L., Liu, Y., Li, M., and Luo, Z. (2021). Emerging Roles of Ferroptosis in the Tumor Immune Landscape: from Danger Signals to Anti-tumor Immunity. FEBS J. doi:10.1111/febs.16034
 Sleire, L., Skeie, B. S., Netland, I. A., Førde, H. E., Dodoo, E., Selheim, F., et al. (2015). Drug Repurposing: Sulfasalazine Sensitizes Gliomas to Gamma Knife Radiosurgery by Blocking Cystine Uptake through System Xc-, Leading to Glutathione Depletion. Oncogene 34 (49), 5951–5959. doi:10.1038/onc.2015.60
 Stockwell, B. R., Friedmann Angeli, J. P., Bayir, H., Bush, A. I., Conrad, M., Dixon, S. J., et al. (2017). Ferroptosis: A Regulated Cell Death Nexus Linking Metabolism, Redox Biology, and Disease. Cell 171 (2), 273–285. doi:10.1016/j.cell.2017.09.021
 Su, Y., Zhao, B., Zhou, L., Zhang, Z., Shen, Y., Lv, H., et al. (2020). Ferroptosis, a Novel Pharmacological Mechanism of Anti-cancer Drugs. Cancer Lett. 483, 127–136. doi:10.1016/j.canlet.2020.02.015
 Sun, X., Niu, X., Chen, R., He, W., Chen, D., Kang, R., et al. (2016). Metallothionein-1G Facilitates Sorafenib Resistance through Inhibition of Ferroptosis. Hepatology 64 (2), 488–500. doi:10.1002/hep.28574
 Sun, X., Ou, Z., Xie, M., Kang, R., Fan, Y., Niu, X., et al. (2015). HSPB1 as a Novel Regulator of Ferroptotic Cancer Cell Death. Oncogene 34 (45), 5617–5625. doi:10.1038/onc.2015.32
 Tarangelo, A., Magtanong, L., Bieging-Rolett, K. T., Li, Y., Ye, J., Attardi, L. D., et al. (2018). p53 Suppresses Metabolic Stress-Induced Ferroptosis in Cancer Cells. Cell Rep 22 (3), 569–575. doi:10.1016/j.celrep.2017.12.077
 Torii, S., Shintoku, R., Kubota, C., Yaegashi, M., Torii, R., Sasaki, M., et al. (2016). An Essential Role for Functional Lysosomes in Ferroptosis of Cancer Cells. Biochem. J. 473 (6), 769–777. doi:10.1042/BJ20150658
 Torti, S. V., and Torti, F. M. (2019). Winning the War with Iron. Nat. Nanotechnol 14 (6), 499–500. doi:10.1038/s41565-019-0419-9
 van Staalduinen, J., Baker, D., Ten Dijke, P., and van Dam, H. (2018). Epithelial-mesenchymal-transition-inducing Transcription Factors: New Targets for Tackling Chemoresistance in Cancer?Oncogene 37 (48), 6195–6211. doi:10.1038/s41388-018-0378-x
 Vasan, K., Werner, M., and Chandel, N. S. (2020). Mitochondrial Metabolism as a Target for Cancer Therapy. Cel Metab 32 (3), 341–352. doi:10.1016/j.cmet.2020.06.019
 Viswanathan, V. S., Ryan, M. J., Dhruv, H. D., Gill, S., Eichhoff, O. M., Seashore-Ludlow, B., et al. (2017). Dependency of a Therapy-Resistant State of Cancer Cells on a Lipid Peroxidase Pathway. Nature 547 (7664), 453–457. doi:10.1038/nature23007
 Wan, C., Sun, Y., Tian, Y., Lu, L., Dai, X., Meng, J., et al. (2020). Irradiated Tumor Cell-Derived Microparticles Mediate Tumor Eradication via Cell Killing and Immune Reprogramming. Sci. Adv. 6(13), Eaay9789 . doi:10.1126/sciadv.aay9789
 Wang, D., and Lippard, S. J. (2005). Cellular Processing of Platinum Anticancer Drugs. Nat. Rev. Drug Discov. 4 (4), 307–320. doi:10.1038/nrd1691
 Wang, S., Li, F., Qiao, R., Hu, X., Liao, H., Chen, L., et al. (2018). Arginine-Rich Manganese Silicate Nanobubbles as a Ferroptosis-Inducing Agent for Tumor-Targeted Theranostics. ACS Nano 12 (12), 12380–12392. doi:10.1021/acsnano.8b06399
 Wang, W., Green, M., Choi, J. E., Gijon, M., Kennedy, P. D., Johnson, J. K., et al. (2019). CD8(+) T Cells Regulate Tumour Ferroptosis during Cancer Immunotherapy. Nature 569 (7755), 270–274. doi:10.1038/s41586-019-1170-y
 Wang, Y. J., Zhao, H. D., Zhu, C. F., Li, J., Xie, H. J., and Chen, Y. X. (2017). Tuberostemonine Reverses Multidrug Resistance in Chronic Myelogenous Leukemia Cells K562/ADR. J. Cancer 8 (6), 1103–1112. doi:10.7150/jca.17688
 Wen, Q., Liu, J., Kang, R., Zhou, B., and Tang, D. (2019). The Release and Activity of HMGB1 in Ferroptosis. Biochem. Biophys. Res. Commun. 510 (2), 278–283. doi:10.1016/j.bbrc.2019.01.090
 Wilhelm, S., Carter, C., Lynch, M., Lowinger, T., Dumas, J., Smith, R. A., et al. (2006). Discovery and Development of Sorafenib: a Multikinase Inhibitor for Treating Cancer. Nat. Rev. Drug Discov. 5 (10), 835–844. doi:10.1038/nrd2130
 Willoughby, J. A., Sundar, S. N., Cheung, M., Tin, A. S., Modiano, J., and Firestone, G. L. (2009). Artemisinin Blocks Prostate Cancer Growth and Cell Cycle Progression by Disrupting Sp1 Interactions with the Cyclin-dependent Kinase-4 (CDK4) Promoter and Inhibiting CDK4 Gene Expression. J. Biol. Chem. 284 (4), 2203–2213. doi:10.1074/jbc.M804491200
 Wood, E. R., Truesdale, A. T., McDonald, O. B., Yuan, D., Hassell, A., Dickerson, S. H., et al. (2004). A Unique Structure for Epidermal Growth Factor Receptor Bound to GW572016 (Lapatinib): Relationships Among Protein Conformation, Inhibitor Off-Rate, and Receptor Activity in Tumor Cells. Cancer Res. 64 (18), 6652–6659. doi:10.1158/0008-5472.Can-04-1168
 Wu, M., Xu, L. G., Li, X., Zhai, Z., and Shu, H. B. (2002). AMID, an Apoptosis-Inducing Factor-Homologous Mitochondrion-Associated Protein, Induces Caspase-independent Apoptosis. J. Biol. Chem. 277 (28), 25617–25623. doi:10.1074/jbc.M202285200
 Xie, Y., Hou, W., Song, X., Yu, Y., Huang, J., Sun, X., et al. (2016). Ferroptosis: Process and Function. Cel Death Differ 23 (3), 369–379. doi:10.1038/cdd.2015.158
 Xu, G., Wang, H., Li, X., Huang, R., and Luo, L. (2021). Recent Progress on Targeting Ferroptosis for Cancer Therapy. Biochem. Pharmacol. 190, 114584. doi:10.1016/j.bcp.2021.114584
 Xu, T., Ma, Y., Yuan, Q., Hu, H., Hu, X., Qian, Z., et al. (2020). Enhanced Ferroptosis by Oxygen-Boosted Phototherapy Based on a 2-in-1 Nanoplatform of Ferrous Hemoglobin for Tumor Synergistic Therapy. ACS Nano 14 (3), 3414–3425. doi:10.1021/acsnano.9b09426
 Yagoda, N., von Rechenberg, M., Zaganjor, E., Bauer, A. J., Yang, W. S., Fridman, D. J., et al. (2007). RAS-RAF-MEK-dependent Oxidative Cell Death Involving Voltage-dependent Anion Channels. Nature 447 (7146), 864–868. doi:10.1038/nature05859
 Yan, B., Ai, Y., Sun, Q., Ma, Y., Cao, Y., Wang, J., et al. (2021). Membrane Damage during Ferroptosis Is Caused by Oxidation of Phospholipids Catalyzed by the Oxidoreductases POR and CYB5R1. Mol. Cel 81 (2), 355–369. doi:10.1016/j.molcel.2020.11.024
 Yang, J., Antin, P., Berx, G., Blanpain, C., Brabletz, T., Bronner, M., et al. (2020). Guidelines and Definitions for Research on Epithelial-Mesenchymal Transition. Nat. Rev. Mol. Cel Biol 21 (6), 341–352. doi:10.1038/s41580-020-0237-9
 Yang, N. D., Tan, S. H., Ng, S., Shi, Y., Zhou, J., Tan, K. S., et al. (2014). Artesunate Induces Cell Death in Human Cancer Cells via Enhancing Lysosomal Function and Lysosomal Degradation of Ferritin. J. Biol. Chem. 289 (48), 33425–33441. doi:10.1074/jbc.M114.564567
 Yang, W. S., and Stockwell, B. R. (2008). Synthetic Lethal Screening Identifies Compounds Activating Iron-dependent, Nonapoptotic Cell Death in Oncogenic-RAS-Harboring Cancer Cells. Chem. Biol. 15 (3), 234–245. doi:10.1016/j.chembiol.2008.02.010
 Ye, J., Jiang, X., Dong, Z., Hu, S., and Xiao, M. (2019). Low-Concentration PTX and RSL3 Inhibits Tumor Cell Growth Synergistically by Inducing Ferroptosis in Mutant P53 Hypopharyngeal Squamous Carcinoma. Cancer Manag. Res. 11, 9783–9792. doi:10.2147/CMAR.S217944
 Ye, L. F., Chaudhary, K. R., Zandkarimi, F., Harken, A. D., Kinslow, C. J., Upadhyayula, P. S., et al. (2020). Radiation-Induced Lipid Peroxidation Triggers Ferroptosis and Synergizes with Ferroptosis Inducers. ACS Chem. Biol. 15 (2), 469–484. doi:10.1021/acschembio.9b00939
 Zhang, F., Li, F., Lu, G. H., Nie, W., Zhang, L., Lv, Y., et al. (2019). Engineering Magnetosomes for Ferroptosis/Immunomodulation Synergism in Cancer. ACS Nano 13 (5), 5662–5673. doi:10.1021/acsnano.9b00892
 Zhang, F., Ma, Q., Xu, Z., Liang, H., Li, H., Ye, Y., et al. (2017). Dihydroartemisinin Inhibits TCTP-dependent Metastasis in Gallbladder Cancer. J. Exp. Clin. Cancer Res. 36 (1), 68. doi:10.1186/s13046-017-0531-3
 Zhang, X., Sui, S., Wang, L., Li, H., Zhang, L., Xu, S., et al. (2020). Inhibition of Tumor Propellant Glutathione Peroxidase 4 Induces Ferroptosis in Cancer Cells and Enhances Anticancer Effect of Cisplatin. J. Cel Physiol 235 (4), 3425–3437. doi:10.1002/jcp.29232
 Zhang, Y., Shi, J., Liu, X., Feng, L., Gong, Z., Koppula, P., et al. (2018). BAP1 Links Metabolic Regulation of Ferroptosis to Tumour Suppression. Nat. Cel Biol 20 (10), 1181–1192. doi:10.1038/s41556-018-0178-0
 Zheng, J., and Conrad, M. (2020). The Metabolic Underpinnings of Ferroptosis. Cel Metab 32 (6), 920–937. doi:10.1016/j.cmet.2020.10.011
 Zhou, Z., Song, J., Tian, R., Yang, Z., Yu, G., Lin, L., et al. (2017). Activatable Singlet Oxygen Generation from Lipid Hydroperoxide Nanoparticles for Cancer Therapy. Angew. Chem. Int. Ed. Engl. 56 (23), 6492–6496. doi:10.1002/anie.201701181
 Zhu, T., Shi, L., Yu, C., Dong, Y., Qiu, F., Shen, L., et al. (2019). Ferroptosis Promotes Photodynamic Therapy: Supramolecular Photosensitizer-Inducer Nanodrug for Enhanced Cancer Treatment. Theranostics 9 (11), 3293–3307. doi:10.7150/thno.32867
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Tang, Huang, Huang, Chen, Huang, Liu, Ye, Zhao and Jia. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fcell-09-765859-g005.gif





OPS/images/fcell-09-765859-g006.gif





OPS/images/fcell-09-765859-g003.gif
@ GO, @ FRDHODRACSER @ OsinaOSHIEIA





OPS/images/fcell-09-765859-g004.gif
@ NRF2inhibitoes.





OPS/images/fcell-09-765859-t002.jpg
Ferroptosis inhibitors

Alpha-tocopherol, Vitamin E, trolox
CoQ10, idenbenone

Deferoxarmine, deferiprone, ciclopirox
Cycloheximide

Ferrotatins, liproxstatins
Butylated hydroxytolune butytated
hydroxyanisole

Dihydrobiopterin (BH2)
Tetrahydrobiopterin (BH4)
Giutaminolysis inhibitor
Deuterated PUFAS, MUFAs

Mechanism

Block LOX PUFA oxygenation
Target lipid peroxyl radicals
Deplete intracellular iron
Block system XC~ protein
synthesis

Inhibit lipid peroxidation
Inhibit lipid peroxidation

Antioxiant effect

Hinder mitochondrial TCA cycle
Inhibit lipid peroxidation





OPS/images/fcell-09-765859-g007.gif





OPS/images/fcell-09-765859-t001.jpg
RCD

Morphological
Features

Biochemical
Features

Immune Features
DAMP

Regulatory gene

Necroptosis

Organelle sweling;
moderate chromatin
condensation

Drop in ATP level;
Activation of RIP3

Pro-inflammatory
DNA and IL6
IEF1, RIP1, RIP3

Apoptosis

Plasma membrane biebbing;
nucler fragmentation

Activation of caspases
oligonucleosomal DNA
fragmentation
Anti-inflammatory

Ecto-CRT; HMGB1 and ATP
Caspase; P53; Fas; Bel-2; Bax

Autophagy

Formation of double-
membraned
autolysosomes
Increased lysosomal
activity

Anti-inflammeatory
HMGB1

ATGS, ATG7, DRAMS,
TFEB

Pyroptosis

Cell edema and membrane
rupture

Dependent on caspase-1 and
proinflammatory cytokine
releases

Pro-inflammatoy

HMGB1 ATP, IL-1p

IL-18, IL-1p, Caspase-1

Ferrroptosis

‘Small mitochondria with
membrane densities

Inhibition of GPX4; Iron ac
cumuiation; ipid
peroxidation
Pro-inflammatory

HMGB1

GPX4, Nif2, LSH, TFR1





OPS/xhtml/nav.xhtml
Contents

		Cover

		Ferroptosis: The Silver Lining of Cancer Therapy		Introduction

		Characteristics of Ferroptosis

		Molecular Mechanisms Associated With Ferroptosis		Role of Iron in Ferroptosis

		Lipid Peroxidation and the Antioxidant System

		Antioxidant System

		Role of Tumour Suppressor Genes in Ferroptosis

		Role of Ferroptosis in Cancer Therapy

		Anti-Tumour Drugs Associated With Ferroptosis

		Iron Activators

		NRF2 Inhibitors

		GSH Inhibitors

		Ferroptosis in Combination With Other Treatments





		Future Perspectives and Challenges

		Conclusion

		Authors Contributions

		Publisher’s Note

		References









OPS/images/cover.jpg
frontiers
in Cell and Developmental Biology

Ferroptosis: The Silver Lining of
Cancer Therapy





OPS/images/fcell-09-765859-g001.gif
VREOHpIMNIDS Shone

D s

1O oy
| A ey sy

| iy
— Tonstin
L R shorn
mmos s
i 0
T T o
— " @ P
[ —
L]

SE——

)
.





OPS/images/fcell-09-765859-g002.gif





OPS/images/fcell-09-765859-t003.jpg
Agent

Iron activators
Artesunate
Ferumoxytol
Siramesine
Lapatinib
Salinomycin
Neratinib

NRF2 inhibitors
Soratenib
Fenugreek

System XC'and GSH inhibitors
Sulfasalazine
Cisplatin
Lanperisome

Targets

Iron
Iron
Iron
Iron
Iron
Iron

SIC7A11, NRF2
NRF2

System XC~
GSH
System XC~

Possible mechanisms of ferroptosis

Promotes ferritin degradation

Iron overproduction

Inhibit ferroportin and ferrtin

Promote the expression of transferrin
Promote the expression of IREB2 and TFRG
increase the level of iron

activates NRF2 and inhibit system XC~
inhibit NRF2

inhibit the production of GSH
Decrese the level of GSH
Inhibit the absorption of cystine

Cancer type

pancreatic ductal adenocarcinoma
Leukemia

Breast cancer

Breast cancer

Tumour stem cel

Breast cancer, CRC

Hepatocellar Carcinoma
head and neck cancer

small-cell lung cancer; Prostate Cancer

Ovarian cancer; pancreatic cancer
Kras-mutant tumor









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
’ frontiers
in Cell and Developmental Biology





