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Abstract: Iron-dependent ferroptosis is a form of cell death dependent on iron levels. Cells that undergo ferroptosis have glutathione (GSH) deficiency, reduced Glutathione peroxidase-4 (GPX4) activity and intracellular lipid peroxidation, Mitochondria, lysosomes and many signal pathways are involved in the regulation of ferroptosis. More importantly, many tumor cells resistant to other cell death methods exhibit sensitivity to ferroptosis. Moreover, over recent years, a number of ferroptosis-induced drugs have been recommended for the treatment of malignant tumors. Therefore, the study of ferroptosis is of great significance for future cancer treatments. In this review, we discussed the metabolic process of ferroptosis, the role of different organelles, the typical signaling pathways involved in ferroptosis, as well as natural and synthetic compounds that can induce ferroptosis, aiming to point out new conceptual avenues for utilizing ferroptosis in future cancer treatments.
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Introduction

Ferroptosis is a programmed cell death dependent on iron. It was first discovered by Stockwell Lab in 2012 and described as a form of cell death induced by erastin (Jiang et al., 2021). Ferroptosis is characterized by the accumulation of lipid peroxides and, reduced GPX4 activity within the cells. So far, it has been discovered that the process of ferroptosis can be inhibited by the depletion of iron inhibitors, lipophilic antioxidants, lipid peroxidation inhibitors, and polyunsaturated fatty acids (PUFAs) (Stockwell et al., 2017). Unlike traditional cell death methods, the morphology of erastin-induced ferroptotic cells is characterized by dysmorphic small mitochondria with decreased crista, as well as condensed, ruptured outer membranes (Tang et al., 2019). A variety of signaling pathways and organelles have also been found to have a significant role in regulating ferroptosis. Consequently, over the years, some molecules and cell structures have been recommended as targets for inducing ferroptosis, thus providing theoretical support for the development of new tumor treatment technologies through ferroptosis. This review discussed the metabolic processes of ferroptosis, the signaling pathways, and the role of organelles and cell structures involved in this programmed cell death process. In addition, we discussed the potential applications and prospects of different natural and synthetic compounds in the treatment of ferroptosis in tumor treatment, which may provide new ideas and new directions for malignant tumor treatment.

The Mechanism and Characteristics of Ferroptosis Initiation

Abnormal production of glutathione

Glutathione (GSH) is an antioxidant composed of glutamate, cysteine, and glycine, widely present in human cells (Jiang et al., 2021). Cells take up the raw materials for GSH synthesis through System Xc-, which consists of light chain subunit SLC7A11 and heavy chain subunit SLC3A2 (Li et al., 2020), ingesting cystine and excreting glutamate in equal proportions. The most classic ferroptosis inducer, erastin and its derivatives, can inhibit System Xc-, thus leading to a deficiency of cysteine, which reduces intracellular GSH. The tumor suppressor p53 (TP53) can inhibit the transcription of SLC7A11, thereby inhibiting System Xc- (Lin et al., 2020), which leads to the depletion of GSH, accumulation of lipid peroxides, protein or membrane damage, and subsequent cell death (Jiang et al., 2021). Yet, cells that are resistant to ferroptosis may take up or synthesize cysteine through some other ways, thereby avoiding the inhibition of System Xc- by ferroptosis. For example, some cells can use methionine (MET) to synthesize homocysteine (HCY) through the sulfur transfer pathway. Homocysteine can be converted to cystathionine under the catalysis of cystathionine b-synthase (CBS), which is then converted to cysteine by cystathionine glyase (CGL) (Lin et al., 2020). In addition, cysteine can also be derived from protein degradation in lysosomes (Fig. 1). After proteolysis, the cysteine used for GSH synthesis is released into the cytoplasm through cystine protein and H+-driven lysosomal transporter (SLC66A4) (Capelletti et al., 2020).

[image: images]

Figure 1: The mechanism of ferroptosis. Inhibiting antioxidant factors such as SLC7A11, GPX4, or increasing intracellular Fe3+ can induce ferroptosis. At the same time, the figure shows some factors that regulate these molecules. mTORC, rapamycin complex; ATF4, activating transcription factor 4; CBS, cystathionine b-synthase; CGL, cystathionine g-lyase; NCOA4, Nuclear receptor co-activator 4; TFR, transferrin receptor; TF, transferrin; FPN, ferroportin; DMT1, divalent metal transporter 1; IREB2, Iron response element binding protein 2; FSP1, ferroptosis suppressor protein 1; BSO, Butthionine sulfoxide amine; ACSL4, acyl-CoA synthase 4; LPCAT3, lysolecithin acyltransferase 3.

Decreased GPX4 Activity

Glutathione peroxidases (GPXs) are evolutionarily highly conserved enzymes that use GSH as a cofactor to reduce peroxides (e.g., –OOH) to their corresponding alcohols (R–OH), thereby limiting the transition metal-dependent formation of toxic radicals (e.g., R–O•). Unlike other family members, GPX4 can act as a phospholipid hydroperoxide to reduce lipid peroxides to lipid alcohols. Thus, GPX4 activity is essential to maintain lipid homeostasis in the cell, preventing the accumulation of toxic lipid ROS (Forcina and Dixon, 2019). However, during ferroptosis, the activity of GPX4 is inhibited. The direct action site of the ferroptosis inducer RSL3 is GPX4, which covalently interacts with the nucleophilic active site Sec of GPX4, resulting in irreversible inactivation of the enzyme (Jiang et al., 2021; Yang et al., 2016). GSH is a cofactor for GPX4 to catalyze the conversion of peroxides to alcohols, GSH depletion caused by cysteine deprivation directly inactivates GPX4 and leads to subsequent ferroptosis. Buthionine sulfoxide amine (BSO) is the rate-limiting enzyme of GSH synthesis, which reduces the activity of GPX4 by inhibiting GSH synthesis (Yang et al., 2014). Other direct and indirect GPX4 inhibitors include FIN56, ML162 and ML210, and 1,2-dioxolane FINO2. In addition, besides inhibiting System Xc-, erastin promotes the degradation of GPX4 by increasing the level of lysosomal-associated membrane protein 2a (LAMP2a), promoting chaperone-mediated autophagy (Guan et al., 2020).

However, cells can clear peroxides through other pathways when GPX4 is inhibited. For example, ferroptosis inhibitor-1 (FSP1) can reduce coenzyme Q10 to lipophilic free radical scavenger panthenol by acting as an oxidoreductase. Panthenol can limit the accumulation of reactive oxygen species (ROS) without GPX4 so as to inhibit ferroptosis (Doll et al., 2019), which will be introduced in detail later on.

ROS and intracellular iron are necessary for the production of lipid peroxides

ROS, including superoxide anion, hydrogen peroxide, hydroxyl radical, singlet oxygen, etc. are free radicals with strong oxidizing ability. ROS are usually generated in the mitochondria, peroxisomes, cyclooxygenase, and lipoxygenase. Electron transport chain on the inner mitochondrial membrane is the most important site for ROS generation in the cell, producing 95% of ROS. During the electron transfer process, 1–2% of the electrons combine with oxygen molecules to form superoxide anions, which subsequently form hydrogen peroxide and oxygen. Hydrogen peroxide is oxidized into hydroxyl radicals in the presence of Fe2+ by the Fenton reaction catalyzed by iron (Bains and Hall, 2012), which then oxidizes with lipids and proteins in cells.

Nishida et al. (2014) proposed that a certain level of ROS is necessary for cell survival; yet it is also known that the overproduction of ROS can trigger cell death. The metabolic level of tumor cells is higher than that of normal cells, so their ROS levels are correspondingly higher. Increasing ROS can make tumor cells reach the death threshold earlier than normal cells.

Polyunsaturated fatty acids are the main target of lipid peroxidation

The lipids involved in lipid peroxidation in the ferroptosis process are a type of phospholipids containing polyunsaturated fatty acids (PUFAs), which are abundant in cell membranes (Kagan et al., 2017). They can increase the fluidity of cell membranes and are important for cell survival. The abundance of PUFAs determines the degree of lipid peroxidation in the cell and the process of ferroptosis.

There are two types of lipid peroxidation in cells, including non-enzymatic lipid peroxidation and enzymatic lipid peroxidation. Non-enzymatic lipid peroxidation is a free radical-mediated chain reaction. Fe2+ reacts with H2O2 to generate hydroxyl radicals by Fenton reaction, which then reacts with polyunsaturated fatty acids in a multi-step free radical chain reaction to generate lipids peroxide. Long-chain fatty acyl-CoA synthase 4 (ACSL4) and lysolecithin acyltransferase 3 (LPCAT3) are involved in the remodeling of polyunsaturated fatty acids and the insertion of membrane phospholipids (Dixon et al., 2015). Lack of ACSL4 and LPCAT3 can inhibit lipid peroxidation and the occurrence of ferroptosis (Fig. 1).

Enzymatic lipid peroxidation suggests that polyunsaturated fatty acids are catalyzed by lipoxygenase (LOX) to generate lipid hydrogen peroxide and alkoxy radicals to participate in the next lipid peroxidation chain reaction (Reis and Spickett, 2012). Lipid peroxidation consumes polyunsaturated fatty acids, changes the fluid-structure of cell membranes, increases membrane permeability, and ultimately leads to cell death.

Iron mechanism

Normally, extracellular Fe3+ can enter the cell through transferrin (TF) and transferrin receptors (TFR) in the circulatory system. After entering the cell, iron is stored and carried in the form of ferritin. Moreover, intracellular iron can be carried out of the cell by ferroportin (FPN), the only known outlet to control iron leakage in mammals (Trujillo-Alonso et al., 2019). Ferritin liberates Fe3+ through the formation of autophagosomes. The metallic reductase six-transmembrane epithelial antigen of the prostate-3 (STEAP3) in lysosomes can convert Fe3+ to Fe2+, which is released into the cytoplasmic labile iron pool (LIP) via divalent metal transporter 1 (DMT1) (Song et al., 2016).

As an important factor for lipid peroxidation and ferroptosis induction, the level of intracellular active iron (redox-active Fe2+) can be increased by TF-mediated iron uptake or ferritin autophagy/lysosomal degradation (ferritin autophagy). Nuclear receptor coactivator 4 (NCOA4) is a ferritin phagocytosis-specific cargo receptor that mediates the transport of ferritin to autophagosomes and promotes ferritin phagocytosis, thereby releasing Fe2+ (Mancias et al., 2014). The inhibition of NCOA4 has shown to reduce the sensitivity of human fibrosarcoma cells (HT-1080) and human pancreatic cancer cells to ferroptosis (Hou et al., 2016).

Iron response element-binding protein 2 (IREB2) is the master regulator of iron metabolism. Silencing IREB2 can significantly reduce the ferroptosis induced by erastin (Dixon et al., 2012). Moreover, Fer-1 is a ferroptosis suppressant that reduces free iron in LIP by forming a compound with Fe2+. Meanwhile, it can reduce free oxygen radicals and decrease lipid peroxidation (Miotto et al., 2020). In addition, in order to support rapid proliferation, cancer cells have a higher demand for iron than non-malignant cells. Down-regulation of FPN and up-regulation of TFR1 have been observed in many cancer cell lines. Also, strong iron dependence (known as iron addiction) makes cancer cells more susceptible to iron overload and ROS accumulation than non-cancerous cells, thus making tumor microenvironment (TME) targeted therapy and ferroptosis-mediated cancer treatment possible.

Pivotal Cell Organelles in the Process of Ferroptosis

Endoplasmic reticulum

The endoplasmic reticulum (ER) is a network of tubules and flat sacs connecting the nucleus. Such organelles include the rough and smooth ER, have a key role in the regulation of protein synthesis, folding and secretion, calcium homeostasis, and lipid biosynthesis. In the process of ferroptosis, excessive ROS can induce misfolded proteins and trigger ER stress. Under ER stress, protein kinase RNA-like ER kinase (PERK) is activated to repair ER homeostasis. PERK can phosphorylate eukaryotic translation initiation factor 2α (eIF2α), thereby increasing ATF4, which can induce the expression of SLC7A11 and increase the activity of GPX4 thus protecting cells from ferroptosis (Chen et al., 2019). In addition, Nrf2 can be stimulated by activated PERK to promote ARE expression (Fig. 2). CHAC-1 is located downstream of ATF4 and has been shown to promote the degradation of GSH and subsequent iron metabolism. PUMA is another downstream of ATF4. The iron metabolism reagent artemisinin (ART) induces ER stress through the PERK-eIF2α-ATF4-CHOP pathway mediated by ER stress and increases the expression of the pro-apoptotic molecule PUMA without inducing apoptosis (Jiang et al., 2021; Lee et al., 2018).
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Figure 2: Function of organelles. In mitochondria, TAC is used to regulate intracellular ROS. The endoplasmic reticulum regulates the nuclear translocation of Nrf2 through endoplasmic reticulum stress to regulate the expression of ARE, thereby avoiding ferroptosis. However, CMA in the lysosome is involved in the process of ferroptosis. PERK, protein kinase RNA-like ER kinase; eIF2, eukaryotic translation initiation factor 2α; ARE, antioxidant response element; CMA, chaperone-mediated autophagy; TAC, tricarboxylic acid cycle; ETC, electron transport chain; VDACs, voltage-dependent anion channels; Mrna, membrane transporter mitomycin; CDDO, 2-amino-5-chloro-N,3-dimethylbenzamide.

Mitochondria

Mitochondria are the energy suppliers of cells closely related to the programmed cell death process. Mitochondrial voltage-dependent anion channels (VDACs) have been shown to be potential targets of erastin. Erastin and its analogues antagonize the effect of free tubulin on VDACs and enable metabolites (such as respiratory substrates, ADP and phosphatidylinositol) to enter the mitochondria, thus increasing the opening of VDACs and the mitochondrial membrane potential, as well as the formation of ROS (Fig. 2) (Wang et al., 2020). The Fenton reaction is the main source of ROS that causes ferroptosis. Excessive cellular Fe2+ generates hydroxyl radicals by Fenton reaction, which transfer the electrons in the reducing compounds to H2O2. Studies have shown that VDAC1 oligomerization is the main cause of mitochondrial dysfunction and secondary ferroptosis (Niu et al., 2021). Intracellular antioxidant such as XJB-5-131 and JP4-039 can significantly affect the inhibition of ferroptosis. XJB-5-131 is a mitochondrial-targeted antioxidant with high effectiveness. In vitro and in vivo studies have suggested that XJB-5-131 can effectively reduce the expression of peroxides in kidney injured cells and inhibit the occurrence of ferroptosis, alleviating the hypokinesia caused by Huntington’s disease, respectively (Polyzos et al., 2016; Zhao et al., 2020). This highly targeted nitroxide exhibits a significant protective effect on ferroptosis induced by erastin or RSL3. In addition, XJB-5-131 has anti-erastin efficacy similar to the classic small-molecule Fer-1 (Wang et al., 2020). As mitochondrial iron metabolism primarily occurs in the mitochondrial matrix, iron must pass through the inner mitochondrial membrane (IMM), which is mainly involved in electron transfer and ATP synthesis. Also, cytochrome is the iconic protein on IMM, which needs iron to synthesize. Iron transport in IMM is an activation process that depends on the membrane transporter mitomycin 1 (Mrna 1) and its homologue mitomycin 2 (Mrna 2). The imbalance of Mfrn1/2 leads to mitochondrial iron accumulation and oxidative damage. At the same time, VDACs located in the outer mitochondrial membrane regulate the influx of iron into the mitochondria (Battaglia et al., 2020).

Lysosome

Lysosomes contain hydrolytic enzymes, which can degrade and circulate essential nutrients and maintain homeostasis in various ways. During ferroptosis, a proportion of ROS also originates from lysosomes. Lysosomes affect the intracellular iron intake by reducing the intracellular transport of TF or the intracellular degradation of ferritin (Kroemer and Jäättelä, 2005). Previous studies have found that inhibition of lysosomal cathepsin B (a cysteine protease) can reduce the sensitivity of cells to ferroptosis. Among them, the Signal Transducer and Activator of Transcription gene (STAT3) participates in ferroptosis by regulating the expression of cathepsin B through the MEK-ERK pathway in human pancreatic ductal adenocarcinoma (PDAC) cell lines, thus producing MDA (malondialdehyde), one of the final products of lipid peroxidation (Gao et al., 2018). Wei et al. (2020) found that the lysosomal inhibitor CQ can significantly block the apoptosis of MIN6 cells induced by NaAsO2. The down-regulated expression of GPX4 induced by NaAsO2 can be reversed by CQ, thus alleviating the impairment of GSH and superoxide dismutase activity, as well as malondialdehyde overload.

Chaperone-mediated autophagy (CMA) is another pathway that occurs in the lysosome during ferroptosis. It was found that the level of Lamp-2a increases, after which HSP90 binds to Lamp-2a on the lysosomal membrane, regulating the functional kinetics of Lamp-2a complex activation of CMA, and inhibiting GPX4 activity. Also, as autophagy-dependent cell death, ferroptosis is inseparable from the hydrolysis of enzymes. As a result of the lysosomal degradation of ferritin, the free iron released from lysosomes can be utilized by the cells, generating more ROS (Wang et al., 2021). As an effective iron metabolism inhibitor, 2-amino-5-chloro-N,3-dimethylbenzamide (CDDO) can inhibit HSP90 from blocking GPX4 degradation, lipid peroxidation, ROS accumulation and cell death (Fig. 2) (Wu et al., 2019).

Nucleus

In addition to the important organelles in the cell, the nucleus, also participates in the ferroptosis regulation processes. Suppressing of antioxidant genes can promote peroxides, inducing ferroptosis. Erastin treatment can induce growth inhibition in acute myeloid leukaemia (AML) cells with an NRASQ61L mutation (HL-60), but not in other cell lines harbouring RAS mutations or RAS wild type (WT), thus suggesting other genetic or non-genetic factors influencing ferroptosis sensitivity. Moreover, there is evidence suggesting that oncogenic KRAS mutations may protect cells from ferroptosis (Bebber et al., 2020). Furthermore, recent studies have shown that the α6β4/Src/STAT3 axis and PVRL4/α6β4/Src pathways can prevent cancer cells from iron death by inhibiting ACSL4 and maintaining the activity of GPX4. Therefore, inhibiting these pathways may become a new mode of tumor treatment in the future (Brown et al., 2017).

Regulatory Factors of Ferroptosis

Heme oxygenase (HO-1)

HO-1, also known as heat shock protein 32 (Hsp32), is the rate-limiting enzyme in the process of heme decomposition. The decomposition of heme produces biliverdin, carbon monoxide (CO), and Fe2+, while excess Fe2+ is stored in the form of ferritin (Lin et al., 2007). H0-1 has a higher expression in many malignant tumors, where it stabilizes the tumor microenvironment, promoting cancer cell growth, angiogenesis and metastasis, and resistance to chemotherapy and radiotherapy. Moreover, overexpression of HO-1 leads to excessive Fe2+ that causes damage to cells after it exceeds the buffering capacity of ferritin (Vítek and Schwertner, 2007).

Wei et al. (2021) found that as a downstream gene (effector) of Nrf2, upregulated HO-1 increases in the labile iron pool, which promotes lipid peroxidation. Several small molecules have also been found to trigger ferroptosis by regulating the expression and activity of HO-1. These small molecules have similar properties. Most of them can trigger the release of iron and generate a lot of ROS. Some molecules have been found to induce HO-1 related ferroptosis, including heme, erastin/sorafenib/RSL3, magnesium isoglycyrrhizinate, BAY117085, and withaferin A (Hassannia et al., 2018).

BECN1

BECN1 is a key regulator of autophagy in macrophages involved in the production of the PtdIns3K complex that activates autophagy. Studies have confirmed that BECN1 promotes ferroptosis independently of the formation of PtdIns3K complexes (Kang et al., 2018). BECN1-dependent ferroptosis requires the formation of the BECN1-SLC7A11 complex. With the help of fluorescent biosensor C11-BODIPY or through the quantitative detection of oxidative stress marker malondialdehyde, it is found that BECN1 promotes lipid peroxidation. These findings suggest that BECN1 promotes ferroptosis by regulating lipid peroxidation (Table 1) (Song et al., 2018). Also, Hu et al. (2021) found that cytoplasmic HMGB1 acts as an autophagy promoter during ferroptosis by binding to BECN1, which is induced by an iron-binding nuclear protein pirin.
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Post-translational modifications, especially phosphorylation, regulate the function of BECN1. During the ferroptosis process, the 1-150 amino acids of BECN1 are required to form the BECN1-SLC7A11 complex and lipid peroxidation, while only the s90,93,96a mutant restricts the binding of BECN1 to SLC7A11 and the production of malondialdehyde. This indicates that the phosphorylation of BECN1 at s90, s93, and s96 contributes to the formation of the BECN1-SLC7A11 complex and subsequent lipid peroxidation, which is an important part of ferroptosis (Song et al., 2018).

In addition, BECN1 phosphorylation requires AMP-activated protein kinase (AMPK) to trigger the formation of the BECN1-SLC7A11 complex. AMPK is a key regulator of energetic metabolism. AMPK-mediated phosphorylation of BECN1 at S90 and S93 not only promotes autophagy and cell trafficking, but also induces ferroptosis. Using compound C (compound C, AMPK selective inhibitor) to block PRKAA/AMPKα can inhibit BECN1 phosphorylation, BECN1-SLC7A11 complex formation, and subsequent lipid peroxidation during ferroptosis (Lee et al., 2016). It was also shown that regulating the BECN1 pathway may improve anti-cancer treatment by inducing ferroptosis.

FSP1-NAD(P)H-CoQ10

To date, ferroptosis-suppressor-protein 1 (FSP1) has been considered as newly corroborated with the capacity of antagonizing the process of ferroptosis (Xie et al., 2021). Further research found that the inhibition of ferroptosis by FSP1 is mediated by ubiquitin (also known as coenzyme Q10, CoQ10); FSP1 can reduce coenzyme Q10 to lipophilic free radical scavenger panthenol by acting as an oxidoreductase. Panthenol can trap free radicals that mediate lipid peroxidation, while FSP1 can utilize NAD(P)H to regenerate CoQ10. The pharmacological targeting of FSP1 has a strong synergistic effect with GPX4 inhibitors, which can trigger ferroptosis in many cancer entities. Therefore, the FSP1-CoQ10-NAD (P)H pathway exists as an independent parallel system, which works with GPX4 and GSH to inhibit phospholipid peroxidation and ferroptosis (Doll et al., 2019).

Nrf2

Nrf2 belongs to CNC-BZIP (cap’nap’n’collar-basic leucine zipper) transcription activator family. Nrf2 is located in the cytoplasm and binds to KEAP1, a negative regulator of Nrf2. However, under endogenous stress (such as the increase of ROS), KEAP1 conformational changes and phosphorylation of Nrf2 allow Nrf2 to enter the nucleus and initiate transcription of the gene containing ARE (antioxidant element) (Krajka-Kuźniak et al., 2017), whose downstream target gene is involved in maintaining intracellular redox homeostasis.

Cancer cells with mutations in Nrf2 can increase the transcription of antioxidant genes. Lou et al. (2021) found that ginkgetin disrupts redox homeostasis caused by the inactivation of the Nrf2/HO-1 axis in non-small-cell lung cancer cells. Moreover, Liu et al. (2021) indicated that ferroptosis could be inhibited by activating the Nrf2/HO-1 signaling pathway. During erastin-induced ferroptosis, Nrf2 is prone to nuclear translocation, leading to gene silencing, which in turn leads to ferroptosis (Gai et al., 2020).

p53

P53 protein is a tumor suppressor protein. In addition to regulating cell apoptosis, autophagy, and cell cycle, P53 also regulates the sensitivity of cells to ferroptosis by affecting transcription and post-translational mechanisms.

On the one hand, p53 can induce ferroptosis by inhibiting the expression of SLC7A11 (Chen et al., 2021). It also achieves this goal by enhancing the expression of SAT1 (spermidine/spermine n1-acetyltransferase 1) and GLS2 (glutaminase 2). SAT1 increases the level of intracellular ROS by increasing the expression of ALOX15 (arachidonic acid 15-lipoxygenase) (Ou et al., 2016). Moreover, GLS increases the level of ROS by reducing the level of GSH, thereby increasing the sensitivity of cells to ferroptosis.

On the other hand, p53 inhibits ferroptosis by directly inhibiting the activity of DPP4 (dipeptidyl peptidase 4). DPP4 binds to NOX1 (NADPH oxidase 1) to trigger the ROS generation reaction associated with the cell membrane. In addition, p53 can make DPP4 accumulate in the nucleus to prevent this reaction, thereby inhibiting the occurrence of ferroptosis (Xie et al., 2017).

PI3K-AKT-mTOR

PI3K belongs to phosphatidylinositol kinase, activated by interacting with protein tyrosine kinase-linked receptors and G protein-linked receptors. It can activate PIP3 (phosphatidylinositol triphosphate) on the plasma membrane. PIP3 can bind to, and activate AKT (serine/threonine protein kinase), and regulate the expression of downstream targets (such as mTOR, FoxO, GSK-3), thereby regulating cell cycle, DNA damage and repair and other life processes (Madsen, 2020).

Inhibition of the PI3K-AKT-mTOR pathway can induce the sensitivity of cells to ferroptosis. Mechanistically, AKT up-regulates the expression of mTORC1, which in turn up-regulates SREBP1 (central regulator of lipid synthesis). SREBP1 can regulate a variety of lipid synthesis-related genes (such as ACLY, FASN, and SCD). Studies have shown that SCD1 is the main target of the PI3K signaling pathway to protect cells from ferroptosis. After SCD1 is knocked out, the inhibition of PI3K, AKT and mTOR no longer induces the sensitivity of cells to ferroptosis (Yi et al., 2020). In addition, SCD1 is an enzyme that converts saturated fatty acids into monounsaturated fatty acids (MUFAs) that can inhibit ferroptosis (Magtanong et al., 2019), which further proves the role of the PI3K-AKT-mTOR signaling pathway in inhibiting ferroptosis.

In addition, mTORC1 promotes the binding of p62 and Keap1 through phosphorylation of p62, leading to the degradation of Keap1. This in turn leads to the accumulation of Nrf2 and inhibits the occurrence of ferroptosis (Ichimura et al., 2013).

FANCD2

Fanconi anemia (FA) is a genetically heterogeneous recessive disease caused by DNA repair defects. The destruction caused by iron metabolism plays a key role in the etiology of this disease (Kang and Tang, 2017). Fanconi Anemia Complementary Group D2 (FANCD2) is the central protein of the FA pathway, which is activated after a DNA damage response, limiting the DNA damage of bone marrow mesenchymal stem cells.

Bone marrow mesenchymal stem cells deficient in FANCD2 tend to exhibit iron overload and lipid peroxidation under the action of erastin. In particular, FANCD2 deletion has been associated with increased gene expression of iron uptake (such as transferrin, transferrin receptor, and HSPB1), and decreased gene expression of iron storage (such as FTH) and iron output (such as hepcidin antimicrobial peptide) in ferroptosis patients (Song et al., 2016). FANCD2 regulates the expression of genes and/or proteins related to iron metabolism (such as FTH1, TF, TFRC, HAMP, HSPB1, SLC40A1, and STEAP3) and lipid peroxidation (such as GPX4). In addition, in vivo experiments have confirmed that the drug is less effective at inducing ferroptosis in FA mice, whereas the effect on control mice has been improved (Epperly et al., 2020). These data indicate that FANCD2 has an important role in combating ferroptosis in bone marrow mesenchymal stem cells, and FANCD2 may be a viable target for the development of new anti-cancer therapies to reduce the side effects of ferroptosis inducers.

Potential Applications of Compounds in Ferroptosis

Potential ferroptosis inducers extracted from natural plants

Piperlongumine

Piperlongumine (PL) is a biologically active alkaloid found in the roots of Piper longum. Existing studies have shown that PL exerts cytotoxicity on tumor cells through the accumulation of ROS in cells. Interestingly, PL has high selectivity; at a concentration, it does not affect healthy cells, while it is highly toxic to cancer cells, thus potentially representing a new drug for tumor treatment (Tripathi and Biswal, 2020).

PL can increase ROS in tumor cells and directly antagonize AKT and block the PI3K-AKT-mTOR pathway, thereby inducing ferroptosis. Lv et al. (2020) evaluated the molecular docking of PL and Akt by rearranging the crystal structure, and then calculating root mean square deviation (RMSD), thus confirming that PL directly binds to Akt and inhibits its phosphorylation.

At the same time, PL shows a synergistic effect with many anti-tumor drugs. Hałas-Wiśniewska et al. (2020) demonstrated that the combined effect of PL and Sanguinarine increased cell apoptosis. Moreover, Rawat et al. (2020) showed that PL and paclitaxel could produce a synergistic anti-tumor effect; PL was able to sensitize INT-407 and HCT-116 cancer cells to paclitaxel (drug dose, from 0.1 to 1 μM). Furthermore, Sirin and colleagues showed that PL in combination with doxorubicin and paclitaxel increases apopotosis in a cervical cancer cell compared to either chemotherapeutic agent alone (Seber et al., 2020).

β-elemene

β-elemene, a bioactive compound isolated from the Chinese herb Curcumae rhizoma, and a new type of ferroptosis inducer, exhibits a spectral anticancer effect and is used to treat various cancer. Zhu et al. (2019) found that a combinative treatment of β-elemene and cetuximab induces ferroptosis and inhibits EMT in KRAS mutant CRC cell HCT116, thus providing a prospective strategy for CRC patients with RAS mutations.

Artemisinin

Artemisinins, which are extensively used as the first-line antimalarial drug, have also revealed potential efficacy in treating cancers (Bai et al., 2021). Dihydroartemisinin (DAT), a derivative of artemisinin, induces lysosomal degradation of ferritin in an autophagy-independent manner, increasing the cellular free iron; yet, it has no effect on cellular glutathione. Furthermore, it stimulates the binding of iron-regulatory proteins (IRPs) with mRNA molecules containing iron-responsive element (IRE) sequences, thus further increasing cellular free iron (Chen et al., 2020a). Li et al. (2021) developed ferrous-supply nano-carrier for ART based on tannic acid (TA) and ferrous ion (Fe(II)) coated on the zeolitic imidazolate framework-8 (ZIF) with ART encapsulated (TA-Fe/ART@ZIF) via coordination-driven self-assembly, providing a novel approach for enhancing the potency of ferroptotic nano-medicine.

Artemisinin has also been effective for drug-resistant tumor cells. For example, pancreatic cancer cells resistant to chemotherapy-induced apoptosis have shown great sensitivity to artemisinin-induced ferroptosis (Efferth, 2017). Moreover, DAT can augment GPX4 inhibition-induced ferroptosis in a cohort of cancer cells that are otherwise highly resistant to ferroptosis (Chen et al., 2020a).

L-ascorbate

It has been established that neoplastic cells harbor higher levels of Fe2+ in comparison with their non–tumorous counterparts (Ito et al., 2016; Schoenfeld et al., 2017; Shi et al., 2017). The abundance of high Fe2+ indicates a high level of oxidative stress. L-ascorbate, also known as vitamin C, is an essential reductant and cofactor in many enzymes. However, ascorbate works as a pro-oxidant in the presence of abundant Fe2+ to generate hydroxyl radicals. Thus, several clinical trials are currently testing the pharmacological level (~mmol/L) of ascorbate necessary to kill cancer cells in addition to a standard radio-chemotherapy in advanced-stage cancer patients (Schoenfeld et al., 2017). As a natural substance, vitamin C is not harmful to human body (Toyokuni et al., 2020).

Erianin

Erianin, a natural product isolated from Dendrobium chrysotoxum Lindl, has been reported to exert antitumor effects on several cancer types. Chen et al. (2020b) found that ferroptosis contributes to erianin-induced cell death both in vitro and in vivo, accompanied by ROS accumulation, GSH depletion, and lipid peroxidation. The same study also showed that Ca2+/CaM signaling was a critical mediator of erianin-induced ferroptosis, thus suggesting that erianin may be a brand new medicine for ferroptosis. In addition, Yang et al. (2020) found that erianin promotes the apoptosis of HCC cells. Mechanistically, it has been discovered that erianin inhibited the activation of the PI3K/AKT pathway. Therefore, erianin can be a potential agent for tumor treatment through ferroptosis.

Trigonelline

Trigonelline, the main pharmacological ingredient of a traditional Chinese herbal medicine Trigonella foenum-graecum L. (fenugreek), is an alkaloid present in coffee and fenugreek seed (Kamatani et al., 2011). Recently, studies have discovered that trigonelline acts against NRF2 (Boettler et al., 2011; Shin et al., 2018). Inhibition of NRF2 by the alkaloid trigonelline was found to significantly enhance the anticancer activity of erastin and sorafenib in HCC cells and tumor xenograft models. During the inhibition of NRF2 by trigonelline, the expression of MT-1G is blocked, which in turn reduces the content of GSH and further causes ferroptosis (Sun et al., 2016).

Ruscogenin

Ruscogenin was initially extracted from Ruscus aculeatus and is the main component of Ophiopogonis Radix (Ophiopogon japonicas). Previous studies have shown that ruscogenin inhibites hepatocellular carcinoma metastasis via the PI3K/Akt/mTOR signaling pathway (Hua et al., 2018). Furthermore, ruscogenin inhibits the activity of pancreatic cancer cells by inducing ferroptosis. Also, in vivo experiments have proved the anti-tumor effect of ruscogenin on pancreatic cancer xenografts without obvious toxicity (Song et al., 2020). Therefore, this compound is a promising anti-cancer candidate for the treatment of malignant cancer.

Pseudolaric Acid B

Pseudolaric acid B (PAB) is a diterpene-type acid isolated from the root and trunk bark of Pseudolarix kaempferi Gordon of the Pinaceae family, which has been used to treat eczema, fungal skin infections, and other skin diseases (Liu et al., 2017). As traditional Chinese medicine, people have been studying PAB for many years. Recently, it has been discovered that PAB can promote autophagy. Also, PAB has effective anti-tumor effects on human breast cancer, cervical cancer, melanoma, thyroid squamous cell carcinoma, and rhabdomyosarcoma by inducing apoptosis and autophagy (Wang et al., 2020). A recent study showed that PAB induced lipid peroxidation not only through activating Nox4 in an iron-dependent manner, but also by depleting GSH and cysteine via p53-regulated inhibition of System Xc- (Wang et al., 2018).

New synthetic ferroptosis inducers to treat malignant tumors

Erastin

Erastin can directly inhibit System Xc- to reduce GSH levels. In 2012, Dixon et al. (2012) discovered that erastin triggers the accumulation of reactive oxygen species in NRAS mutant HT-1080 fibrosarcoma cells (Dixon et al., 2012). Further research proved the importance of the RAF/MEK/ERK signaling pathway in the ferroptosis triggered by erastin in RAS mutant cancers (Xie et al., 2016). Moreover, mitochondrial voltage-dependent anion channel (VDAC) is a molecular target of erastin, and its knockdown leads to erastin resistance. In addition to triggering ferroptosis for cancer therapy, erastin can enhance the chemotherapeutic effect of traditional anti-cancer drugs (e.g., doxorubicin, cisplatin, temozolomide, cytarabine, etc.) in certain cancer cell lines (Liang et al., 2019).

RSL3

RSL3 can promote ferroptosis-induced cell death and directly inhibit GPX4 triggering ferroptosis (Yang et al., 2014). Sui et al. (2018) found elevated ROS levels and transferrin expression in colorectal cancer cells treated with RSL3 accompanied by a decrease in the expression of GPX4, which suggested that RSL3 induces ferroptosis. Also, treatment with RSL3 led to a significant decrease in prostate cancer cell growth and migration in vitro and significantly delayed the tumor growth of treatment-resistant prostate cancer in vivo, with no side effects (Ghoochani et al., 2021). These results demonstrate the potential of RSL3 as a novel strategy for cancer therapy.

Sorafenib

Sorafenib is a (multikinase) inhibitor in cancer therapy that includes advanced renal cell carcinoma, thyroid carcinoma, and hepatocellular carcinoma. The cytotoxicity of sorafenib to hepatocellular carcinoma can be eliminated by using an iron chelator (Hou et al., 2019). Like erastin, sorafenib inhibits System Xc-mediated cystine import, leading to endoplasmic reticulum stress (ER stress), GSH depletion and the iron-dependent accumulation of lipid ROS (Dixon et al., 2014). Also, sorafenib promotes the expression of p62, causing p62 to bind to Keap1 and inactivate it, enhancing NRF2 nuclear accumulation and inducing ferroptosis (Sun et al., 2016).

Sulfasalazine

Sulfasalazine (SAS) was originally used as a disease-modifying antirheumatic drug. It is generally well-tolerated in clinical trials because of its safety, convenience, and low cost. In recent years, more and more studies have confirmed that SAS exerts a powerful effect in tumor treatment, especially improving the sensitivity of tumors to chemotherapeutic drugs (Plosker and Croom, 2005). Sugiyama et al. (2020) found that the cytotoxic effect of SAS was stronger in paclitaxel-resistant cells compared with that sensitive cells, and that SAS-mediated cell death was induced through ferroptosis rather than apoptosis. In SAS-treated tumor cells, the expressions of GSH and System Xc- were reduced, proving that SAS induces ferroptosis. Moreover, because sulfasalazine is considered as non-toxic, it can be combined with traditional drugs to increase the efficacy of drugs and reduce the drug resistance of tumor cells. For instance, Yamaguchi et al. (2018) found that a triple combination treatment with piperlongumine, cotylenin A, and sulfasalazine was highly effective against pancreatic cancer.

Doxorubicin

Doxorubicin, as an anticancer drug, has a wide range of anticancer activities, but its clinical application has been limited due to its significant cardiotoxicity and nephrotoxicity. Ahmed et al. (2020) found that membrane lipid peroxidation in renal tissue increased significantly, and the levels of GSH and GPX4 decreased in mice after treated with DOX, indicating that DOX reduced the resistance of renal tissue to oxidative stress (Ahmed et al., 2020). Furthermore, Tadokoro et al. (2020) showed that DOX downregulated GPX4 and induced excessive lipid peroxidation through DOX-Fe2+ complex in mitochondria, leading to mitochondria-dependent ferroptosis. They also noticed that DOX upregulated HO-1 in an NRF2-dependent manner, leading to heme degradation and accumulation of non-heme iron.

Nanoparticles

Over the last decade, a great progress has been made in nano-targeted therapy for the treatment of cancer. For example, photodynamic therapy (PDT) involves delivering a photosensitizer to the tumor site and irradiating malign cells with the light of a specific wavelength to initiate a photochemical reaction. The cytotoxic ROS produced during PDT can destroy intracellular biological macromolecules through oxidative stress. A high concentration of ROS can lead to the opening of the mitochondrial membrane permeability transition pore (mPTP), causing a reduced the mitochondrial membrane potential, the release of cytochrome C, the triggering of the caspase cascade, and accelerate of cell apoptosis (Wang et al., 2021). However, due to the high intracellular oxygen consumption and the hypoxia of the tumor microenvironment (TME) caused by the distortion of tumor blood vessels, the production of ROS is too low, thus the application of PDT in clinical work is still very limited (Zhu et al., 2019).

Recently, a novel nanoparticle called SRF@FeIIITA (SFT) has shown the ability to inhibit tumor progression. By loading methylene blue (MB) into SFT through depositing tannic acid (TA) and Fe3+ onto SRF nanocrystal, a large amount of ROS can be generated during ferroptosis to support oxygen consumption in PDT (Liu et al., 2018). Nanomaterials can also induce ferroptosis through GSH metabolism. The arginine-capped manganese silicate nanobubbles (AMSNs) were developed with high efficiency of GSH depletion, based on the high ratio of surface area to volume. Further in vivo study indicated AMSNs could help suppress Huh7 xenograft tumor growth by downregulating GPX4 (Jiang et al., 2020). In addition, Guan et al. created a new iron-based nanomaterial in which sorafenib (SRF) and ultrasmall SPIO nanoparticles were loaded into the mesopores and onto the surface of MPDA NPs to form SRF@MPDA-SPIO nanoparticles. SPIO loading endowed the system with an iron-supply for ferroptosis and made the system MRI-visible. Furthermore, the heat generated by MPDA NPs upon laser irradiation offered a moderate PTT to boost the ferroptosis effect (Guan et al., 2020). Therefore, nanomaterials have good application prospects in ferroptosis, which deserves further explorations (Table 2).

[image: images]

Conclusion

Since the concept of ferroptosis was proposed in 2012, a large number of experimental studies have continuously updated people’s understanding of ferroptosis, including biochemical basis, signal pathways, and regulatory reagents. Moreover, in the study of drug-resistant tumor cells, ferroptosis has shown an excellent ability. Piperlongumine, artemisinins and other traditional Chinese medicine ingredients have also been found to induce ferroptosis, and some can even enhance the efficacy of chemotherapy drugs, which shows a promising method for malignant tumor treatment. However, we cannot deny that there are still some issues worthy of consideration, such as the development of targeted drugs that are more specific to the tumor area while minimizing systemic side effects. Moreover, in the future, there may be tumor cells that are resistant to ferroptosis. Is there a completely dominant ferroptosis inhibitor? These problems will prompt us to further research on ferroptosis and create ne
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TABLE 2

Compounds in ferroptosis

Compounds Sources Targets Mechanisms Synergistic Effect References
Piperlongumine Roots of PI3K-AKT- ROS promotion Sanguinarine, (Hatas-Wisniewska et al., 2020; Lv
Piper longum mTOR pathway paclitaxel et al., 2020; Rawat et al., 2020; Seber
et al., 2020)
B-elemene Curcumae Unproven Unproven Cetuximab (Zhu et al., 2019)
Rhizoma
Artemisinin Artemisia Ferritin, Fe** Iron release Unproven (Chen et al., 2020a; Ito et al., 2016)
annua GPX4 inhibition
L-ascorbate Vitamin C Enzymes ROS promotion Unproven (Schoenfeld et al., 2017)
Erianin Dendrobium  Ca®*/CaM, ROS accumulation, Unproven (Chen et al., 2020b; Yang et al.,
chrysotoxum PI3K/AKT GSH depletion, Lipid 2020)
Lindl peroxidation
Trigonelline Fenugreek Nrf2 GSH depletion Erastin, Sorafenib (Boettler et al., 2011; Shin et al.,
2018; Sun et al., 2016)
Ruscogenin Ruscus PI3K/Akt/ ROS accumulation Unproven (Liu et al., 2020)
aculeatus mTOR
Pseudolaric Pseudolarix ~ Nox4, System GSH depletion, Lipid Unproven (Wang et al., 2018)
acid B kaempferi Xc- peroxidation
Gordon
Erastin Synthetic System Xc-, GSH depletion Doxorubicin, Cisplatin, (Liang ef al., 2019; Xie et al., 2016)
RAF/MEK/ERK, Temozolomide,
VDAC2/3 Cytarabine, etc.
RSL3 GPX4 GPX4 inhibition Unproven (Sui et al., 2018)
Sorafenib System Xc-, p62 GSH depletion, NRF2 Unproven (Dixon et al., 2014; Sun et al., 2016)
nuclear accumulation
Sulfasalazine System Xc- GSH depletion Piperlongumine, (Plosker and Croom, 2005;
Cotylenin A Yamaguchi et al., 2018)
Doxorubicin Nrf2 Iron, ROS Unproven (Ahmed et al., 2020)
accumulation (Tadokoro et al., 2020)
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Ferroptosis regulatory factors

Effect Regulators Targets Mechanisms References
Induce HO-1 Iron protophyrin IX Lipid Iron release (Wei et al., 2021)
Lipid peroxidation
BECNI1 SLC7A11 System Xc-inhibition (Song et al., 2018)
p53 SAT1, GLS2 ROS promotion (Ou et al., 2016)
SLC7A11 System Xc-inhibition (Chen et al., 2021)
Inhibit FANCD2 Iron metabolism genes Iron elimination (Epperly et al., 2020;
GPX4 GPX4 promotion Song et al., 2016)
FSP1 NAD(P)H, CoQ10 ‘OH elimination (Doll et al., 2019)
NrF2 KEAP1, HO-1 ROS inhibition (Gai et al., 2020;
Krajka-Kuzniak et al.,
2017; Liu et al., 2021;
Lou et al., 2021)
p53 DPP4 ROS inhibition (Xie et al.,, 2017)
PI3K PIP3, AKT, mTOR Cell cycle regulation, (Ichimura et al,

DNA repair, Nrf2 accumulation

2013; Madsen, 2020;
Magtanong et al.,
2019; Yi et al., 2020)
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