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Ferroptosis is an iron-dependently nonapoptotic cell death characterized by excessive accumulation of lipid peroxides and cellular iron metabolism disturbances. Impaired iron homeostasis and dysregulation of metabolic pathways are contributors to ferroptosis. As a major metabolic hub, the liver synthesizes and transports plasma proteins and endogenous fatty acids. Also, it acts as the primary location of iron storage for hepcidin generation and secretion. To date, although the intricate correlation between ferroptosis and liver disorders needs to be better defined, there is no doubt that ferroptosis participates in the pathogenesis of liver diseases. Accordingly, pharmacological induction and inhibition of ferroptosis show significant potential for the treatment of hepatic disorders involved in lipid peroxidation. In this review, we outline the prominent features, molecular mechanisms, and modulatory networks of ferroptosis and its physiopathologic functions in the progression of liver diseases. Further, this review summarizes the underlying mechanisms by which ferroptosis inducers and inhibitors ameliorate liver diseases. It is noteworthy that natural active ingredients show efficacy in preclinical liver disease models by regulating ferroptosis. Finally, we analyze crucial concepts and urgent issues concerning ferroptosis as a novel therapeutic target in the diagnosis and therapy of liver diseases.
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1 INTRODUCTION
Ferroptosis is a newly identified regulated cell death (RCD) dependent on iron, first described in 2012 by Dr. Brent R Stockwell et al. (Dixon et al., 2012). This unique modality of cell death, which is distinguishable from other nonapoptotic forms of RCD according to its morphological and biochemical features, is characterized by intracellular excessive lipid peroxide accumulation and iron metabolism disturbances (Galluzzi et al., 2018). Aberrant iron accumulation, glutathione (GSH) deprivation, and glutathione peroxidase 4 (GPX4) inactivation are all critical for the onset and progression of ferroptosis (Ayala et al., 2014; Dixon and Stockwell, 2014; Yang et al., 2014; Shah et al., 2017). The regulation of ferroptosis is tightly tied to the metabolism of amino acids, lipids, and iron. Blockade of cysteine (cys) and glutamate (glu) intake involved in the synthesis of GPX4 can trigger ferroptosis by disrupting the GSH/GPX4 axis. Peroxidation of specific membrane lipids is the ultimate driver of ferroptosis (Stockwell, 2022). Arachidonic acid- (AA-) containing phosphatidylethanolamine (PE) and adrenic acid- (AdA-) containing PE were previously identified as the primary substrates for lipid peroxidation (Kagan et al., 2020), but mounting evidence raises doubts about this mechanism since a range of polyunsaturated fatty acids (PUFAs) may be implicated in ferroptosis (Zheng and Conrad, 2020). Furthermore, iron promotes ferroptosis by affecting both enzymatic and non-enzymatic processes. Iron initiates the Fenton reaction and acts as a critical cofactor in enzyme-mediated lipid peroxidation.
It has been demonstrated that various pathological processes, including malignancy (Wang et al., 2022), neurodegenerative diseases (Deas et al., 2015), pulmonary diseases (Tao et al., 2020), and liver diseases (Kim et al., 2020), are correlated with dysregulated ferroptosis. The liver, which exerts a critical effect on mammalian iron metabolism, storage, and regulation, is the primary site of iron-overload injury (Guo et al., 2021). In clinical investigations, approximately 14 mg of iron per gram of liver tissue was considered a tipping point linked with a heightened risk of cirrhosis (Adams, 2001; Angelucci et al., 2002; Powell et al., 2005; Piperno et al., 2020). Further, inhibition of ferroptosis alleviates the progression of liver diseases, such as nonalcoholic fatty liver disease (NAFLD), drug-induced liver injury (DILI), virus hepatitis, liver fibrosis, and hepatocellular carcinoma (HCC). Thus, ferroptosis may be a novel promising target for the management of liver disorders.
Herein, we outline the prominent features and molecular mechanisms of ferroptosis. Next, we focus on the relationship between ferroptosis and multiple liver diseases. Further, we highlight the therapeutic potential of ferroptosis inducers and inhibitors, including small molecular agents and natural active ingredients, for delaying the progression of liver diseases in preclinical models. Finally, we discuss and prospect the challenges and opportunities in ferroptosis applications for treating liver diseases.
2 THE CHARACTERISTICS OF FERROPTOSIS
Cancer cells were usually rounded up and detached upon treatment with ferroptosis inducers (e.g., erastin) in vitro (Dolma et al., 2003). Effects of erastin on human prepuce fibroblast BJeLR cells were primarily focused on the alternations in mitochondrial morphology and cristae structures, including mitochondrial atrophies, increased membrane density, the reduction or even extinction of mitochondrial cristae, and the outer mitochondrial membrane (OMM) rupture. In addition, compared to other cell deaths, ferroptotic cells do not exhibit cell shrinkage, nucleus abnormality, chromatin aggregation, and disintegration of the cytoskeleton (Dolma et al., 2003; Dixon et al., 2012; Xie et al., 2016; Doll and Conrad, 2017).
Biochemically, due to intracellular GSH deprivation and GPX4 deactivation, lipid peroxides derived from Fe2+-catalyzed Fenton reaction fail to be eliminated through the GPX4-mediated reduction reaction, producing abundant reactive oxygen species (ROS), which facilitates ferroptosis (Stockwell et al., 2017; Hirschhorn and Stockwell, 2019). Numerous genes have been confirmed to genetically control ferroptosis, overexpression of which has been identified as ferroptosis indicators (Tang et al., 2021). For instance, the elevation of prostaglandin-endoperoxide synthase 2 (PTGS2) expression is one of the most common features of ferroptosis (Yang et al., 2014). Lysophosphatidylcholine acyltransferase-3 (LPCAT3) and acyl-CoA synthetase long chain family member 4 (ACSL4) are the crucial enzymes regulating PUFAs biosynthesis and remodeling by catalyzing AA to phospholipid (PL) hydroperoxide (PL-OOH, such as AA-OOH), which are considered specific biomarkers and drivers of ferroptosis (Xu et al., 2020; Chen et al., 2021). Once PL-OOH cannot be degenerated by GPX4 promptly, redundant lipid peroxides result in ferroptosis. Additionally, the essential sensor of energy equilibrium, AMP-activated protein kinase (AMPK), is a double-edged sword in ferroptosis (Tang et al., 2021). It has been demonstrated that activation of AMPK by energy stress inhibits ferroptosis. In immortalized mouse embryonic fibroblasts, glucose starvation or compounds (e.g., 2-deoxy-d-glucose) was used to induce or mimic energy stress. AMPK phosphorylation activated by energy stress phosphorylated and inactivated acetyl-CoA carboxylase inhibits the biosynthesis of PUFAs and ferroptosis (Lee et al., 2020). Reversely, AMPK-mediated phosphorylation of Beclin-1 facilitates ferroptosis by directly inhibiting the activity of cys/glu antiporter system Xc-. Mechanistically, Beclin-1 binds to solute carrier family 7 member 11 (SLC7A11), a crucial part of system Xc-, inhibiting its action and subsequent ferroptosis through phosphorylating at ser90/93/96 (Song et al., 2018). Despite the tremendous effort made to elucidate the characteristics of ferroptosis, further research is still required to illuminate its specific and detailed regulatory mechanism.
3 THE MECHANISM OF FERROPTOSIS
Ferroptosis is a nonapoptotic and iron-dependent form of cell death closely related to abnormal cellular energy metabolism induced by the toxic accumulation of lipid peroxides on cellular membranes. Recently, research in the field of ferroptosis has seen exponential growth. Mounting evidence has demonstrated that ferroptosis could be initiated and implemented by assorted intracellular metabolic processes, including amino acid, lipid peroxidation, and iron metabolism (Figure 1).
[image: Figure 1]FIGURE 1 | The primary regulatory mechanism of ferroptosis. Abbreviations: ATF4: activating transcription factor 4; BSO: buthionine sulfoximine; DMT1: divalent metal transporter 1; FPN: ferroportin; GCL: glutamate-cysteine ligase; GR: glutathione reductase; H2O2: hydrogen peroxide; NOXs: NADPH oxidases; PCBP1: poly rC binding protein 1; PEBP1: phosphatidylethanolamine binding protein 1; PKC: protein kinase C; RSL3: Ras-selective lethal small molecule 3; TRPML1/2: transient receptor potential mucolipin 1/2; STEAP3: six-transmembrane epithelial antigen of prostate 3.
3.1 Amino acid metabolism
Certain amino acids and derivatives stimulate ferroptosis via modulating oxidative stress. For instance, the GSH/GPX4 axis serves as a barrier to obstruct ferroptosis, while cys is the inhibitory amino acid in the synthesis of GSH and blockade of cys import via SLC7A11 triggering ferroptosis by decreasing GSH levels (Sun et al., 2018). Glu is also a decisive regulator of ferroptosis. It contributes to GSH composition and impacts the system Xc-function. The elevation of extracellular glu levels suppresses system Xc-, leading to the initiation of ferroptosis (Conrad and Sato, 2012).
3.1.1 System Xc-
System Xc-is consisted of SLC7A11 (catalytic subunit) and solute carrier family 3 member 2 (SLC3A2, regulatory subunit) (Dixon et al., 2012). The system Xc-complex on the cell surface sustains redox homeostasis by absorbing external cys and swapping it for intracellular glu in a 1:1 M ratio (Sato et al., 1999). Following importation across the plasma membrane by system Xc-, cys is promptly converted to cysteine, which is considered the limiting precursor of GSH synthesis. GSH is a common endogenous antioxidant with reduced (GSH) and oxidized (GSSG) states, and the GSH/GSSG ratio indicates the degree of cellular oxidative stress (Fujii et al., 2019). Ferroptosis is enhanced by specific events that lower intracellular cysteine levels and subsequently reduce GSH contents. Further, an intricate dual transcriptional regulation governs SLC7A11. The expression of SLC7A11 is positively regulated by nuclear factor erythroid 2-related factor 2 (Nrf2) and activating transcription factor 4. Also, SLC7A11 is negatively modulated by activating transcription factor 3 and p53 at the transcriptional level (Koppula et al., 2021a). Moreover, the mammalian target of rapamycin (mTOR) complex family proteins regulates ferroptosis by manipulating SLC7A11 (Xu et al., 2021). mTORC1 enhances SLC7A11 protein stability by reducing lysosomal degradation; however, high cell density inhibits mTORC1 and promotes SLC7A11 lysosomal degradation (Koppula et al., 2021a). Additionally, mTORC2 decreases the functionality of the SLC7A11 transporter via phosphorylating SLC7A11 at serine 26 (Gu et al., 2017).
3.1.2 GPX4
GPX4, a selenoenzyme, is the sole member of the PL-OOH scavenger family that convert toxic lipid hydroperoxides to nontoxic phospholipid alcohol (Ursini et al., 1985). GPX4 reduces one PL-OOH molecule to one alcohol molecule by using two GSH molecules as donors and produces GSSG, which can be converted to GSH with NADPH/H+ and glutathione reductase (Lin et al., 2020). A variety of approaches and compounds could induce ferroptosis by affecting GPX4 activity. Class I ferroptosis inducers (FINs), including sorafenib, sulfasalazine, erastin, and its analog imidazole ketone erastin, inhibit system Xc-, disturb the synthesis of GSH, and subsequently deplete GSH to suppress the GPX4 enzyme activity. Other FINs directly suppress GPX4 activity, such as ML162, DPI7, and Ras-selective lethal small molecule (RSL-)-3 (Li et al., 2020; Cui et al., 2022). Moreover, buthionine sulfoximine sensitizes cells to ferroptosis by blocking GPX4 translation, and its effect is achieved by repressing glutamate-cysteine ligase and triggering GSH depletion (Sun et al., 2018; Cui et al., 2022). Furthermore, GPX4 mediates multiple physiological processes due to its capacity to avoid cell death and maintain homeostasis in various conditions (Wortmann et al., 2013). In addition, holistic GPX4 deletion in mice resulted in embryonic death, while conditional knockout of GPX4 in mice exhibited abnormalities in multiple organs, including the brain, kidney, endothelium, and liver (Maiorino et al., 2018).
3.2 Lipid metabolism
Aberrant lipid metabolism may enhance lipid peroxidation and induce ferroptosis by altering the lipid compositions of biomembranes (Harayama and Riezman, 2018). In molecular dynamics models, it has been discovered that lipid peroxidation induces lipidomic alterations and damages biomembrane characteristics (formation of structured lipid holes, micellization, enhanced permeability, and increased membrane curvature), resulting in cellular dysfunction and death (Hulbert, 2010; Agmon et al., 2018). Both PUFA-containing membrane PLs and free PUFAs can be peroxidized. A redox lipidomic assay was used to determine which lipid species were favored in regulating ferroptotic cell death. Kagan et al. (2017) found four PL species, including oxygenated AA and AdA-containing PE species, are crucial for ferroptotic death signaling (C18:0/C20:4 and C18:0/C22:4). The synthesis of these two fatty acids depends on the elongation mediated by fatty acid desaturase 1 and very long chain fatty acid protein 5, both of which are increased in mesenchymal cells. Nevertheless, free PUFAs are not required for peroxidation. The bottom to switch ferroptosis is the production of coenzyme-A-derivatives of these PUFAs and their insertion into PLs (Xu et al., 2021).
ACSL4 and LPCAT3 are critical mediators of PUFA-PL synthesis, while arachidonate lipoxygenase (ALOX) is responsible for lipid peroxide synthesis (Dixon et al., 2015; Doll et al., 2017; Li et al., 2022). ACSL4 initially catalyzes the ligation of AA, with CoA to generate AA-CoA, which are subsequently re-esterified and incorporated into PE by LPCAT3 to form AA-PE. Eventually, AA-PE is oxidated to AA-OOH-PE by ALOX. ACSL proteins are mainly found in the endoplasmic reticulum (ER) and OMM. ACSLs are in charge of transforming free long-chain fatty acids into fatty acyl-CoA esters (Capelletti et al., 2020). Only ACSL4 in the ACSLs family correlates with ferroptosis and is thought to be a marker of ferroptosis sensitivity (Kagan et al., 2017). As nonheme iron-containing dioxygenases, ALOX enzymes oxidize PUFAs in a cell-type-dependent manner. Lipid peroxides are produced once ALOX catalyzes the addition of oxygen to an AA molecule. Using pharmacological suppression of ALOX subtypes under GSH depletion circumstances, Yang et al. (2016) suggested that lipoxygenases (LOXs) altered erastin-induced cell death, bolstering the notion that LOXs have an impact on ferroptosis. There are six ALOX genes in humans: ALOX5, ALOX12, ALOX12B, ALOX15, ALOX15B, and ALOXE3, which have different expression patterns in different tissues (Yang et al., 2016). Available studies have shown that various ALOX isoforms have distinctive catalytic capabilities, and experiments with isoform-specific Alox-KO mice demonstrated fundamentally varying biological functions for the different Alox isoforms. For example, the expression of ALOX15 is mediated by spermidine/spermine N1-acetyltransferase 1, a tumor protein p53 (TP53) target gene, and is involved in TP53-mediated ferroptosis (Ou et al., 2016). In contrast, ALOX12 is required for ferroptosis caused by TP53-mediated downregulation of SLC7A11 (Chu et al., 2019). However, studies on the function of ALOX isoforms in ferroptosis have so far been inconclusive. Although overexpression of isoforms such as ALOX5, ALOX12, and ALOX15 can sensitize cells to ferroptosis (Yang et al., 2022), none of the isoforms has yet been proven to play a decisive role in ferroptosis.
In addition, lipid peroxidation also occurs through nonenzymatically spontaneous autoxidations (Lee et al., 2021). In nonenzymatic autoxidations, free ferrous iron interacts with hydrogen peroxide to form ferric iron and hydroxyl radicals, which commences the process of lipid peroxidation by detaching hydrogen from the bis-allylic position of PUFAs (Reis and Spickett, 2012). Subsequently, lipid peroxidation propagates via addition, hydrogen pumping, and fragmentation, and this process is repeated to form a chain reaction (Davies and Guo, 2014). Moreover, lipid ROS triggers ferroptosis in some cell lines by activating the mitogen-activated protein kinase pathway (Yu et al., 2015; Nakamura et al., 2019). Furthermore, the metabolism of PUFAs is related to the formation of toxic byproducts, especially 4-hydroxynonenal (4-HNE), leading to the initiation of ferroptosis (Zhong and Yin, 2015).
3.3 Iron metabolism
Iron metabolism is inextricably linked to ferroptosis. The liver is the primary organ that controls iron metabolism because it produces and secretes hepcidin, the main iron equilibrium regulator (Ganz, 2003). Iron promotes ferroptosis by initiating the Fenton reaction, which nonenzymatically contributes to PUFA-PL peroxidation (Gaschler and Stockwell, 2017; Conrad and Pratt, 2019). Also, iron acts as a critical cofactor in enzyme-mediated lipid peroxidation (Yang et al., 2016; Koppula et al., 2021b). Enzymes that produce ROS, including ALOX, xanthine dehydrogenase, NADPH oxidase, and the mitochondrial electron transport chain complex, bind to iron, heme, or iron-sulfur clusters. Sufficient membrane PL-PUFAs and free intracellular iron are required for ferroptosis (Dixon and Stockwell, 2019). Therefore, iron chelators (e.g., deferoxamine, ciclopirox) could inhibit ferroptotic death by obstructing the production of oxidized lipid species.
The transferrin receptor (TfR) is an essential regulator of ferroptosis. Under physiological conditions, TfR on the plasma membrane regulates cellular iron absorption by transporting bound iron into cells through endocytosis (Anderson and Vulpe, 2009). TfR knockdown blocks ferroptosis production by erastin or cys depletion (Zheng and Conrad, 2020). Alternatively, once stimulated, TfR facilitated ferroptosis by replenishing the cellular iron pool (Yang and Stockwell, 2008). Additionally, iron regulatory protein 1 (IRP1) and IRP2 control iron metabolism genes, including TfR, to ensure the stability of the intercellular labile iron pool (LIP), which contains a tiny amount of free Fe2+ (Gao et al., 2015). Nuclear receptor coactivator 4 (NCOA4) is recognized as an essential receptor for the selective autophagy of ferritin. NCOA4 knockdown restricts the availability of labile iron and imparts ferroptosis resistance (Gao et al., 2016; Hou et al., 2016). NCOA4 produces ferritin and releases iron through lysosomal degeneration. Mancias et al. (2014) discovered that NCOA4 depletion hindered ferritin lysosomal localization and curtailed susceptibility to ferroptosis. The six-transmembrane epithelial antigen of prostate 3 is a metal reductase that transforms Fe3+ to Fe2+, which is then stored in a cytoplasmic LIP mediated by divalent metal transporter 1. Excessive iron in systematic circulation is reserved in ferritin, which is thought to be an iron store consisting of ferritin heavy chain 1 (FTH1) and ferritin light chain (Xie et al., 2016). Iron export is regulated by the specific ferrous iron exporter ferroportin 1 in the plasma membrane in conjunction with a multi-copper ferroxidase, such as ceruloplasmin. (Anderson and Vulpe, 2009). Iron can also be expelled as ferritin via ferritin-containing multivesicular structures and exosomes (Brown et al., 2019). Accumulation of free iron ions, which catalyze the Fenton reaction and result in lipid ROS and ferroptosis, occurs if the equilibrium among iron uptake, utilization, and recycle is disrupted. Some other iron-related proteins have also been proven to be associated with the modulation of ferroptosis, such as heme oxygenase-1 (HO-1) and poly rC binding protein 1, the latter of which is an iron chaperone in the cytoplasm that transports iron to ferritin (Bogdan et al., 2016). The chaperone action is necessary for iron-mediated cytotoxicity and ferroptosis prevention (Protchenko et al., 2021). Moreover, HO-1 promotes heme breakdown, which increases intracellular free iron levels and expedites the ferroptotic process (Chiang et al., 2018). Sun et al. (2015) reported that heat shock protein B-1 (HSPB-1) in various tumor cells was significantly inducible after erastin therapy, indicating its nonnegligible role in ferroptosis. Besides, protein kinase C phosphorylation activates HSPB-1 in HeLa cells, and HSPB-1 decreases iron levels once activated by blocking the expression of telomeric repeat binding factor 1. Furthermore, phosphorylated HSPB-1 decreases lipid peroxidation and iron absorption, suppressing ferroptosis progression. In contrast, HSBP-1 suppression exacerbates erastin-induced ferroptosis (Sun et al., 2015).
4 FERROPTOSIS IN LIVER DISEASES
The liver is the metabolic hub for processing nutrients, including glucose, lipids, and amino acids. Dietary amino acids can be synthesized into various plasma proteins in the liver. The liver also governs fatty acid metabolism, with hepatocytes manufacturing and performing β-oxidation of fatty acids. Hepatic dysregulation of these nutrients results in oxidative stress and influences hepatic enzyme activities. Additionally, as the primary location of iron storage, the liver maintains iron homeostasis by generating and secreting the principal regulator of iron hepcidin (Ganz, 2003). Since oxidative stress and iron overload are significant factors in most liver diseases, ferroptosis has been involved in various hepatic pathological conditions. Of note, mounting evidence has indicated that ferroptosis of hepatocytes appears to hasten disease progression in some non-cancer liver diseases, including acute liver failure (ALF), viral hepatitis, and hemochromatosis (HH), et al. Conversely, augmented ferroptosis may sensitize aggressive forms of liver cancers (e.g., HCC, et al.) in conventional chemotherapy regimens. (Wu et al., 2021).
4.1 Acute liver failure
ALF is an intractable clinical syndrome with multiple causes featured by a fast reduction in hepatic function, increased aminotransferases, altered mentation, and disturbed coagulation in the absence of chronic liver diseases. Several factors facilitate ALF progression, including viral infections, improper medications, immoderate alcohol consumption, and Ischemia-reperfusion injury (IRI) (Bernal et al., 2010). More than 1,100 marketed drugs are known to cause DILI worldwide, with the nonsteroidal anti-inflammatory drug acetaminophen (APAP) being the most extensively investigated. Previous investigations have demonstrated the toxic effects of APAP metabolite N-acetyl-p-benzoquinone imine, which rapidly depletes GSH to repress mitochondrial respiration and generate ROS (James et al., 2003; Hanawa et al., 2008). Yamada et al. (2020a) have confirmed that APAP-induced ALF correlates with ferroptosis driven by ω-6 PUFAs. The ferroptosis inhibitors, such as deferoxamine (DFO), ferrostatin-1 (Fer-1), UAMC-3203, and vitamin E, exert a protective effect against this type of hepatocyte injury (Schnellmann et al., 1999; Lőrincz et al., 2015; Niu et al., 2022). In addition, lipopolysaccharide (LPS) and D-galactosamine (D-GaIN-)-induced liver injury is a widely used preclinical model of ALF. Huang et al. (2022a) found that transforming growth factor β receptor 1 (TGFβR1) was significantly elevated in LPS/D-GaIN-induced ALF and liver-specific knockout of TGFβR1-moderated LPS/D-GaIN triggered ferroptosis and apoptosis by regulating the phosphorylation of Nrf2 and glycogen synthase kinase 3β (GSK3β), and by augmenting the expression of ferroptosis-associated proteins, such as GPX4, dihydroorotate dehydrogenase, and ferroptosis suppressor protein 1 (Huang et al., 2022a). Hepatic IRI is a significant clinical problem during liver surgical procedures. A previous study has indicated that GPX4 inactivation contributes to hepatic IRI via liver injury, lipid peroxidation, and iron overload by upregulating PTGS2 (Zilka et al., 2017; Yamada et al., 2020b). Moreover, liproxstatin-1 (Lip-1) and peroxisome proliferator-activated receptor γ activator troglitazone have exhibited promising potential in preventing hepatic IRI by restraining ferroptosis (Friedmann Angeli et al., 2014; Ji et al., 2022). The latest findings further revealed that the HECT domain-containing ubiquitin E3 ligase HUWE1 was also an underlying protective modulator that could combat ferroptosis and abnormal iron accumulation by diminishing the amassing of TfR1, reducing the risk of ALF (Wu et al., 2022). However, whether TfR1 participates in ferroptosis in pathological conditions is not clearly characterized (Fillebeen et al., 2019). Therefore, researchers should conduct more in-depth and multifaceted studies to confirm that targeting the HUWE1-TfR1 axis is a new strategy for clinical intervention in ALF.
4.2 Viral hepatitis
Viral hepatitis is a class of infectious diseases characterized by liver inflammation and necrotic lesions induced by persistent infection of various hepatitis viruses (Guidotti and Chisari, 2006). Although hepatitis A, B, C, D, and E differ etiologically and phenomenologically, the clinical symptoms of hepatitis viruses are comparable, with hepatitis B and C being particularly linked to the development of liver fibrosis, HCC, and intrahepatic cholangiocarcinoma (Chen et al., 2021). Previous studies have indicated that the expression of miR-222 was elevated in hepatitis B virus (HBV)-infected cells. Exosomal miR-222 from HBV-infected hepatocytes triggered liver fibrosis via ferroptosis caused by TfR (Zhang et al., 2022). Further, miR-142-3p stimulates the ferroptosis in HBV-infected M1-type macrophages via SLC3A2, leading to the altered synthesis of GSH, malondialdehyde (MDA), and Fe2+ that potentially hastens the development of HCC (Hu et al., 2022).
Hepcidin is activated throughout the progression of hepatitis C. The elevation of circulating ferritin and transferrin (Tf) saturation reinforces iron storage in the hepatic cells during hepatitis C virus (HCV) infection (Wang et al., 2022). The unrestrained HCV replication results in ROS accumulation and aggravates oxidative stress in infected hepatocytes. GSK3β is essential for manipulating oxidative stress. Jiang et al. (2015) studied the GSK3β and Nrf2 signaling pathways in JFH-1 HCV-infected Huh-7.5.1 cells and biopsy liver tissue samples from hepatitis C patients. The results suggested that HCV infection triggered the antioxidative response to Nrf2, as indicated by the enhanced production of Nrf2-dependent molecule HO-1 in HCV-infected hepatocytes. Further, transforming growth factor β1 (TGF-β1) inhibits HCV-induced phosphorylation of GSK3β, which is regulated by protein phosphatase 1. Meanwhile, the response of Nrf2, the cognate substrate of GSK3β, was sharply attenuated (Jiang et al., 2015). Nevertheless, the mechanism accounting for this impaired Nrf2 response in diseased liver still needs more exploration. Hence, whether TGF-β1 interception of the Nrf2 antioxidant response in the diseased liver is the dominant pathogenic factor in its contribution to chronic liver disease still requires more rigorous study. Moreover, the GSK3β-Nrf2 signaling pathway could obstruct ferroptosis via its antioxidant potential (Huang et al., 2022a). In addition, fatty acid desaturase 2 (FADS2) is a rate-limiting element of ferroptosis since it facilitates the atypical desaturation of oleate to highly unsaturated fatty acids, especially mead acid. HCV replication is hampered by the induction of ferroptosis in host cells via FADS2 activation (Yamane et al., 2022).
4.3 Autoimmune hepatitis (AIH)
AIH is a progressive and chronic inflammatory liver disease possibly induced by the reciprocity of an inducement and environmental factors in a genetically vulnerable individual, affecting mainly females (Heneghan et al., 2013). Once left unattended, autoimmune hepatitis manifests a set of immune-mediated hepatic injuries toward a higher likelihood of developing end-stage liver diseases (Sucher et al., 2019). Zhu et al. observed that cyclooxygenase-2 and ACSL4 expression were elevated in the S100-mediated autoimmune hepatitis models, accompanied by the downregulated expression of FTH1 and GPX4. These findings suggest that ferroptosis could serve as a trigger or a middle mediator in the development of AIH (Adams and Barton, 2007). Obviously, further investigations are necessary to illustrate the pathological role of ferroptosis in AIH.
4.4 Hemochromatosis
HH is a hereditary disease manifesting excessive iron deposits in the tissues caused by autosomal recessive disorder (Pietrangelo, 2004). The development of HH is associated with mutations of the homeostatic iron regulator, which regulates the interaction between Tf and TfR (Wang et al., 2017). Due to excessive iron accumulation in parenchymal cells, ROS are generated by the Fenton reaction, resulting in oxidative damage to the body. The liver is the first to be affected (Adams and Barton, 2007). Wang et al. (2017) discovered the occurrence of ferroptosis in HH using diet-induced and transgenic mice. Meanwhile, SLC7A11 can be identified as a potential biomarker for ferroptosis in HH. It has been found that the ROS-Nrf2-antioxidant response element axis may be accountable for the elevation of SLC7A11, which is considered a potential compensatory mechanism to repress ferroptosis in HH. Although this study uncovered a possible mechanism by which ferroptosis drives HH, no explanation was given for the clinical observation that patients with type 2 HH present with symptoms earlier, develop more severe tissue damage, and have worse outcomes than patients with type 1 HH (Wang et al., 2017). In the subsequent study, researchers should focus on the different roles that ferroptosis plays in type 1 HH and type 2 HH.
4.5 NAFLD/nonalcoholic steatohepatitis (NASH)
NAFLD and its advanced stage, NASH, have attracted much attention due to their expanding influence on global health (Friedman et al., 2018). NAFLD is a metabolic stress-induced liver injury in which oxidative stress owing to lipid peroxide accumulation is an essential starting component. Further, iron deposition in hepatic metabolic disorders is also an exacerbating factor for NASH by aggravating the risk of hepatic inflammation and fibrosis (Yang et al., 2020; Gao et al., 2021; Ota, 2021). A high-iron diet exacerbated the oxidative and inflammatory stress in mice, hastening the NAFLD development into intractable advanced liver diseases (Videla and Valenzuela, 2022). Although the significance of ferroptosis in NAFLD and NASH remains unknown, malondialdehyde and 4-HNE, secondary lipid peroxidation products, have been widely considered indicators of oxidative stress in NASH patients (Loguercio et al., 2001). In a choline-deficient and ethionine-supplemented dietary model, the ferroptosis inhibitors reduce ferroptotic cell death and inflammatory cytokine production during the initiation stage of NASH (Tsurusaki et al., 2019). However, the investigators have not yet elucidated whether ferroptosis is involved in promoting liver tissue damage and inflammatory cell infiltration during the progressive phase of NASH. In a classic NAFLD model, Qi et al. (2020) found that ferroptosis inducer Ras-selective lethal small molecule 3 treatment exacerbated the disease symptom, including hepatic steatosis and inflammation, which could be restored by the intervention of ferroptosis inhibitors. Notably, further studies discovered an inducible GPX4 transcript-variant (iGPX4) in NAFLD conditions, and suppression of iGPX4 by siRNA-iGPX4 significantly alleviated oxidative stress and cellular damage by impairing ferroptosis. Indeed, iGPX4 may be a promising target for NAFLD therapy as activated iGPX4 interacts with the canonical cGPX4 by transforming cGPX4 from enzymatically active monomers to enzymatically inactive oligomers in response to lipid stress, which exacerbates ferroptosis (Tong et al., 2022). Thus, these findings suggested that ferroptosis regulation in the setting of NAFLD is a promising possibility as a novel therapeutic target that merits further evaluation.
4.6 Liver fibrosis
Liver fibrosis is a pathological alternation present in the course of most chronic liver diseases (Mederacke et al., 2015). The initiation of hepatic fibrosis is triggered by the imbalance of extracellular matrix synthesis/degradation caused by hepatic stellate cell (HSC) activation. Initiation and perpetuation are the two stages of HSC activation. The initiation phase primarily depends on paracrine mechanisms. In the sustained activation phase, HSCs exhibit cell behavior alternations, such as excessive proliferation, fibre production, and matrix disintegration (Aydın and Akçalı, 2018; Sun et al., 2020). These pathological changes disrupt the standard structure and physiological function of the liver. Thus, suppression of HSC activation has been considered a promising treatment regimen for liver fibrosis.
Recently, the function of ferritinase in the development of liver fibrosis has been revealed. Numerous genes and proteins have been identified to modulate the process of ferroptosis in HSCs. In a study concerning N6-methyladenosine (m6A) modification, Shen et al. (2021) reported that m6A modification appeared to enhance Beclin-1-mediated autophagy and consequently trigger ferroptosis in human HSCs, which is further confirmed by silencing YT521-B homology domain family, a critical m6A reader protein for sustaining Beclin-1 mRNA stability. Unfortunately, no research has been done to ascertain which selective autophagy (such as NCOA4-mediated ferritinophagy) m6A modifications affect ferroptosis (Gao et al., 2016). In addition, human umbilical cord mesenchymal stem cells promoted HSCs ferroptosis through the delivery of exosomal Beclin-1 and mediation of system Xc-/GPX4 (Tan et al., 2022). Thus, ferroptosis induction in HSCs by targeting the system Xc-/GPX4 axis might be an effective approach to ameliorate liver fibrosis.
4.7 Liver cancer
The prevalence of HCC has increased in recent decades (Caines et al., 2020). HCC is the fourth-leading cause of cancer death globally and the second-leading cause of years of life lost worldwide to cancer (Fitzmaurice et al., 2019; Yang et al., 2019). Current studies have confirmed that activation of ferroptosis could inhibit the disease progression of HCC in the early and advanced stages. Zhang et al. (2019) found that GPX4 was strongly expressed in fresh liver cancer tissues compared to that in paired normal liver tissues. The microarray assay results suggested that ferroptosis might be suppressed in hepatocarcinogenesis. To further confirm this hypothesis, DEN/CCl4-induced liver cancer xenograft mice were administered piperazine erastin in the presence and absence of Lip-1. They found that piperazine erastin significantly decreased the size and number of tumor foci in the liver of DEN/CCl4-induced mice and the volume of Bel-7402 cell xenografts, accompanied by reduced levels of GPX4 expression. However, Lip-1 administration abolished the antitumor effects of erastin (Zhang et al., 2019). Sorafenib is an FDA-approved drug for the treatment of patients with advanced HCC, and it has been confirmed to be a potential ferroptosis inducer. Mechanistically, sorafenib suppresses system Xc-, which promotes ER stress, GSH depletion, and the iron-dependent accumulation of lipid ROS (Dixon et al., 2014). Moreover, the p62-kelch-like ECH-associated protein 1 (Keap1)-Nrf2 pathway is associated with ferroptosis. The elevated expression of the substrate adaptor p62 protein inhibits Nrf2 degradation and promotes subsequent Nrf2 nuclear accumulation by inactivating Keap1 (Sun et al., 2016b). Of note, sorafenib controls Nrf2 to delay advanced HCC progression by regulating redox and iron metabolism.
Moreover, p53 serves as a critical mediator to affect the activity of system XC- by downregulating SLC7A11 transcription and augmenting the expression of spermine/spermidine-n1-acetyltransferase 1, raising the level of ALOX15 and boosting the accumulation of cytoplasmic peroxides (Ou et al., 2016; Zhang et al., 2019), and ultimately inducing ferroptosis in liver carcinoma cells. A growing body of surveys found that the tumor suppressor protocadherin β 14 (PCDHB14) is inactivated in the livers of HCC patients, indicating PCDHB14 may function as a potential biomarker for HCC. Notably, p53 activates PCDHB14 and inhibits SLC7A11 expression by enhancing p65 protein ubiquitination-mediated degradation, thereby abrogating p65 bind to the SLC7A11 promoter (Zhao et al., 2022). Furthermore, Wang et al. (2018) identified cystathionine β-synthase as a novel negative ferroptosis regulator using a pharmacological probe. The inhibition of cystathionine β-synthase by CH004 significantly delayed HCC growth by inducing ferroptosis in vivo (Wang et al., 2018). In addition, previous research revealed that loss of leukemia inhibitory factor receptor (LIFR) promoted liver tumorigenesis and conferred resistance to drug-induced ferroptosis. A lack of LIFR promotes the nuclear factor κB signaling via src homology-2 domain-containing protein tyrosine phosphatase 1, activating the iron-sequestering cytokine lipocalin 2 (LCN2), reducing iron levels, and leading to robust resistance to ferroptosis. In xenografts from HCC patients with low LIFR but high LCN2 expression, sorafenib is insensitive to suppress tumor progression by inducing ferroptosis. Hence, it might be a promising strategy to improve HCC treatment by targeting ferroptosis via anti-LCN2 medication (Yao et al., 2021). It is important to note that there is an ongoing debate on how sorafenib causes ferroptosis in HCC cells. For instance, according to research by Xiang et al. (2022), sorafenib induces ferroptosis in a manner that depends on cell density and Hippo signaling. Thus, a deeper exploration of the correlation between the various mechanisms is warranted. These findings indicate that ferroptosis may be a promising HCC therapeutic target.
5 THERAPEUTIC OPPORTUNITIES
The induction or inhibition of ferroptosis offers considerable potential for treating several illnesses, including liver diseases. Since discovered in 2012, ferroptosis-involved studies and applications have multiplied. Numerous FINs and ferroptosis inhibitors have been uncovered, with several now in clinical trials (Stockwell, 2022). In this section, we will summarize the classical, well-recognized FINs and ferroptosis inhibitors, emphasizing their potential roles in the treatment of liver diseases. We will also point out the mechanism by which natural active ingredients halt the development of liver diseases by regulating ferroptosis (Table1).
TABLE 1 | Promising natural active ingredient for regulating ferroptosis.
[image: Table 1]5.1 Ferroptosis inducers
FINs can be categorized into four types based on diverse mechanisms (Table 2) (Feng and Stockwell, 2018). Class I FINs operate by repressing system Xc- and depleting intracellular GSH; class II FINs directly inactivate GPX4; class III FINs primarily devour GPX4 and endogenous antioxidant CoQ10; class IV FINs induce ferroptosis by exacerbating iron overload or activating HO-1 (Hassannia et al., 2019). Malignant tumors have a higher requirement for iron to support growth than normal cells, making tumor cells more vulnerable to ferroptosis (Hassannia et al., 2019). Thus, FINs raise great hopes for the potentiality of ferroptosis as a viable approach to eliminate therapy-resistant malignancies. Several FINs have been licensed by the FDA to be utilized in clinics, and they have shown remarkable efficacy as a revolutionary anticancer treatment for a range of carcinomas. For example, cisplatin is a platinum-based chemotherapy agent used for clinical chemotherapy, such as sarcoma, malignant epithelial tumors, lymphoma, and germ cell tumors (Dasari and Bernard Tchounwou, 2014). Sorafenib is the only first-line therapeutic in clinical practice for advanced HCC treatment by inducing apoptosis and impeding angiogenesis (Dixon et al., 2014; Nie et al., 2018). Louandre et al. (2013) showed that sorafenib induced ferroptosis in vivo (Lachaier et al., 2014; Nie et al., 2018). Also, several studies using HCC cell lines suggested that the anticancer effect of sorafenib is attributed to ferroptosis induction via SLC7A11 inhibition (Louandre et al., 2013; Dixon et al., 2014; Lachaier et al., 2014). Another study has indicated that the cell proliferation regulator retinoblastoma (Rb) protein can disturb sorafenib-induced ferroptosis in liver cancer (Louandre et al., 2015). Thus, the Rb status in HCC patients could be a tremendous prognostic marker during sorafenib therapy. Nowadays, drug resistance is a primary concern that restricts the application of sorafenib, and the average resistance impact lasts around a year. Cellular drug resistance may result from the abnormity of negatively-regulated genes of ferroptosis. Sun et al. (2016a) observed that upregulation of Metallothionein 1G (MT-1G) by Nrf2 led to resistance of HCC cells to sorafenib. In contrast, the knockdown of MT-1G enhanced lipid peroxidation and GSH depletion, contributing to sorafenib-triggered ferroptosis. Anticancer efficacy of sorafenib can be enhanced via ferroptosis by inhibiting MT-1G function (Sun et al., 2016a). In addition, Liu et al. (2021) constructed iron-based metalorganic framework nanoparticles loaded with sorafenib and a peptide with tumor-penetrating properties, synergistically delaying HCC cell malignant transformation by stimulating ferroptosis.
TABLE 2 | Major ferroptosis inducers.
[image: Table 2]One of the crucial applications of FINs in treating liver diseases is the induction of ferroptosis in HSCs by natural active ingredients derived from traditional Chinese medicine. Artemisinin and its derivatives have strong pharmacological efficacy against liver fibrosis by elevating ferroptosis in activated HSCs. Mechanically, artesunate upregulated the expression of autophagy-associated proteins and inhibited the expression of FTH1 and NCOA4, indicating that ferritinophagy-mediated ferroptosis in HSCs is crucial in the antifibrotic therapy of artesunate (Kong et al., 2019). Further, artemether could reduce SLC7A11 expression by regulating p53, leading to ferroptosis of HSCs in fibrotic livers (Fu et al., 2020). Besides, artemether has also been found to elevate intracellular iron contents of HSCs by obstructing IRP2 ubiquitination degradation, triggering ROS accumulation and ferroptosis (Li et al., 2020). So how does artemether inhibit the ubiquitination degradation of IRP2? Li et al. (2020) discovered that STIP1 homology and U-box containing protein 1 is the E3 ligase most likely to participate in IRP2 ubiquitin, but whether another significant ubiquitinase of IRP2, F-box and Leucine Rich Repeat Protein 5, is involved in this process has not been answered positively by the researchers and needs further investigation. The stimulation of ferroptosis in HSCs by dihydroartemisinin is associated with m6A modification, which reduces fat mass by suppressing the expression of obesity-associated genes via m6A modification of BECN1 mRNA, consequently reducing liver fibrosis via ferritin autophagy-mediated ferroptosis (Shen et al., 2022). Moreover, other active ingredients of Chinese medicine, including wogonoside (WG), isoliquiritigenin (ISL), decursin, and chrysophanol, exert their antihepatic fibrosis efficacy by inducing HSCs ferroptosis. WG is an active flavonoid extracted from Scutellaria baicalensis and can effectively attenuate liver fibrosis in mice and in vitro. Specifically, WG-treated HSC-T6 cells showed mitochondrial ridge breakdown and condensation, and WG alleviates liver fibrosis via enhancing ferroptosis in HSCs by regulating SLC7A11, GPX4, and GSH (Liu et al., 2022). The outcomes of this study indicated that WG had a beneficial effect on liver fibrosis in mice, however to verify its therapeutic efficacy, the researchers should set up a positive control group to strengthen their conclusions. In addition, it is necessary to study data on the toxicity of WG on the liver in order to confirm the potential of WG for clinical application. Recently, Hang et al. reported that ISL alleviated liver fibrosis by triggering HSCs ferroptosis through the suppression of GPX4 and elevation of TfR and DMT1 expression, thereby generating a significant amount of ROS (Huang et al., 2022b). Another study showed that decursin administration reduced CCl4-induced hepatic fibrosis by raising Fe2+ and lipid ROS levels and decreasing GSH and GPX4 levels (Que et al., 2022). Furthermore, Kuo et al. (2020) discovered that chrysophanol from the rhizomes of Rheum palmatum L. could reduce ER stress and promote ferroptosis, which in turn mediates the activation of HSC-T6 and alleviates HBV X protein-induced liver fibrosis. Nowadays, a growing body of studies suggests that natural active ingredients may have hepatoprotective effects by augmenting ferroptosis, and more research on ferroptosis-related liver diseases is anticipated.
5.2 Ferroptosis inhibitors
Exogenous inhibition of ferroptosis is accomplished primarily via two approaches: iron chelation and inhibition of lipid peroxidation (Table 3) (Schnellmann et al., 1999). Some ferroptosis inhibitors are FDA-licensed or have undergone clinical trials in treating iron overload disorders. Iron chelators can chelate iron and stop the spread of lipid peroxidation by inhibiting the Fenton reaction. Numerous iron chelators have been demonstrated effective in treating ALF, NAFLD, and other non-cancer liver diseases. Schnellmann et al. (1999) discovered in 1999 that DFO might lessen APAP-induced liver damage by intracellular chelating iron. However, this change in medication hepatotoxicity is temporary. Therefore, the sustentation of DFO critical concentration is crucial for its effectiveness (Xue et al., 2016). DFO has also shown therapeutic potential in delaying the development of NAFLD and hastening the repairment of hepatic steatosis. DFO treatment alleviated hepatic iron accumulation, upregulated the expression of lipid metabolism-related proteins, and ameliorated hepatic steatosis in ob/ob NAFLD mice (Mohammed et al., 2016). Additionally, DFO possesses antifibrotic and antioxidant properties. It was discovered that DFO administration dramatically maintained liver function and reversed hepatic histopathological lesions and iron accumulation in rats. DFO also substantially reduced CCl4-induced elevation of lipid peroxidation and superoxide dismutase and GPX4 expressions.
TABLE 3 | Major inhibitors of ferroptosis.
[image: Table 3]Lipophilic antioxidants, such as Fer-1, vitamin E, and Lip-1, act as radical scavengers to decrease lipid peroxides and are beneficial in abolishing ferroptosis to impede the progression of liver disease (Dixon et al., 2012). Fer-1 therapy was found to increase cell survival in primary mouse hepatocytes with APAP incubation, and it also showed a protective effect in other ALFs, including hepatic IRI (Lőrincz et al., 2015; Li et al., 2022). Additionally, in concanavalin A- (Con A)-induced AIH, pretreatment with Fer-1 reduced the severity of Con A-induced liver lesions and the occurrence of ferroptosis events, including the elevation of hepatic GSH, GPX4, and system Xc-expressions and downregulation of ferrous iron levels in liver tissues (Zeng et al., 2020). In addition, it was found that Vitamin E protected against excessive lipid peroxidation in GPX4-deficient mice featuring hepatic ferroptosis (Carlson et al., 2016).
Notably, multiple active ingredients extracted from natural botanicals have been demonstrated to shield the liver from ferroptosis-mediated damage. An active alkaloid (+)-clausenamide [(+)-CLA] extracted from Clausena lansium (Lour.) Skeels suppressed APAP-induced hepatocellular ferroptosis. In detail, (+)-CLA treatment reduced hepatic pathological damage and inhibited drug-induced ferroptosis by activating the Keap1-Nrf2 pathway. Mechanistically, (+)-CLA prevents Nrf2 ubiquitination and boosts Nrf2 stability by selectively interacting with the cys-151 residue of Keap1 (Wang et al., 2020). Additionally, several natural active components protect against APAP-induced DILD, such as 3,4-dihydroxyphenylethyl alcohol glycoside (DAG), which offers an alternative drug for treating ALF. Moreover, DAG extracted from Sargentodoxa cuneate exerts its antioxidant effect by upregulating GPX4 expression and downregulating phosphoextracellular regulated protein kinases and HO-1 expression to counteract APAP-induced ferroptosis in hepatocytes (Liu et al., 2022). Furthermore, it was found that oyster-derived tyr-Ala peptide showed promising hepatoprotective properties in the LPS/D-GaIN-induced ALF model by repressing ferroptotic signaling (Siregar et al., 2021). However, tyr-Ala peptide being a bioactive peptide, when administered orally they are broken down into amino acids in the gastrointestinal tract, and are less bioavailable. Therefore, to overcome this drawback, a formulation form that can be injected intramuscularly, subcutaneously or intravenously should be developed at a later stage. Moreover, Zhao et al. (2022) demonstrated that exosomes pretreated with baicalin prevent the formation of ROS and lipid peroxide-induced ferroptosis by triggering the Keap1-Nrf2 pathway via p62 and dramatically alleviating LPS/D-GaIN-induced liver injury. Simultaneously, natural active ingredients have been demonstrated to be useful in treating chronic liver diseases such as NAFLD and viral hepatitis via restraining ferroptosis. Ginkgolide B (GB) in Ginkgo biloba extracts has been reported to ameliorate hepatic lipid deposition and steatosis in obese mice via its antiferroptotic activity by activating Nrf2 (Yang et al., 2020). The authors did not, however, discuss how GB impacts high lipid levels associated with hepatic ferroptosis, and more research is required to determine the precise mechanism by which GB reduces hepatic inflammatory responses and lipid peroxidation-induced ferroptosis by activating Nrf2. Similarly, dehydroabietic acid ameliorated high-fat diet-induced NAFLD by triggering Nrf2, elevating the levels of GSH, HO-1, and GPX4 for attenuating the accumulation of ROS and lipid peroxide MDA, subsequently suppressing hepatic ferroptosis (Gao et al., 2021).
6 FUTURE DIRECTIONS AND PERSPECTIVES
There is growing consensus that the aberrant activation or suppression of ferroptosis is crucial to the pathological progression of numerous liver diseases, making it a promising therapeutic target for the treatment of hepatic disorders. However, the specific role of ferroptosis has to be further studied. This review summarizes that numerous potential agents, including small-molecule compounds and natural active ingredients, may serve as ferroptosis inducers or inhibitors for treating liver diseases. Sorafenib, sulfasalazine, statins, and artemisinins have shown efficacy as monotherapy or combination therapy in treating multiple malignancies. Sorafenib is authorized to treat advanced-stage renal cell carcinoma, unresectable HCC, and differentiated thyroid carcinoma (Chen et al., 2021). Sulfasalazine has shown promise in preclinical studies as a potent inhibitor of CD133-positive and highly CD44v9-expressed HCC cells (Song et al., 2017; Wada et al., 2018).
Statins may improve the prognosis of patients with various malignancies, including HCC patients undergoing transarterial chemoembolization (Graf et al., 2008). With new technologies such as high-throughput functional screening and artificial intelligence, a growing number of ferroptosis-targeted drugs will be successfully launched.
The outcomes of ferroptosis investigations would aid in the early diagnosis of numerous liver diseases. In clinical practice, although liver function tests along with physical or imaging exams have been widely utilized as non-invasive screening methods to identify and assess different liver diseases, it is still vital to explore novel approaches to early diagnosis of liver diseases due to the lack of specificity and limitations of low sensitivity (Thapa and Walia, 2007; Chen et al., 2011). Specific ferroptosis markers have become useful diagnostic targets for various liver conditions. For instance, hepatic IRI is expected to be detected by the overexpression of the ferroptosis indicator PTGS2. Also, secondary lipid peroxidation products malondialdehyde and 4-HNE are frequently used as oxidative stress markers in NASH patients. Additionally, the levels of ferroptosis-related proteins, including GPX4, Nrf2, and Tf, can also be used to predict the onset of many liver diseases like acute and chronic hepatitis by reflecting the degree of hepatic oxidative stress and inflammation.
Further, since iron homeostasis has long been recognized to control immune system function, and lipid peroxidation has previously been linked to various immunological responses (Weismann and Binder, 2012), there is also a possibility to combine the modulation of ferroptosis with immunotherapy (Xu et al., 2021). Wang et al. identified ferroptotic regulation as a novel antitumor strategy. They claimed that augmented ferroptosis enhanced the antitumor actions of CD8+ T lymphocytes by stimulating ferroptosis and lipid peroxidation in tumor cells using tumor immunotherapy with a programmed death-ligand 1 (PD-L1) antibody. Further, the production of interferon-γ by CD8+ T lymphocytes drastically repressed the expression of SLC3A2 and SLC7A11 and the uptake of cys in the tumor cells. Additionally, the blockage of cys in conjunction with the PD-L1 antibody caused tumor cell ferroptosis and boosted T-cell immunity (Wang et al., 2019). Recently, Liu et al. (2021) synthesized a dual-targeting phosphatidylinositol-3-kinase and histone deacetylase inhibitor BEBT-908 that robustly reduces tumor cell proliferation and enhances the efficacy in antiprogrammed cell death protein 1 immunotherapy in mice by triggering immunogenic ferroptosis, demonstrating BEBT-908 would be a potential targeted therapeutic medicine against various cancer types (Fan et al., 2021). Thus, the combination of immunotherapy with ferroptosis induction could be a novel strategy in the management of liver cancers.
Altogether, a better comprehension of ferroptotic function may facilitate the discovery of efficient therapeutic approaches for therapying liver diseases, potentially bringing ferroptosis to the forefront of translational medicine in the future.
AUTHOR CONTRIBUTIONS
YL: writing—original draft, software, and visualization; YL, JH, SL, PC, and ZQ: writing—review and editing; MY: conceptualization and project administration; XT, PC, and ZQ: funding acquisition and conceptualization. All authors have read and agreed to the published version of the manuscript. All authors contributed to the article and approved the submitted version.
FUNDING
This study was supported by the National Natural Science Foundation of China (Grant Nos. 82074077 and 81903901). This study was also funded by the Open Project of Hubei Key Laboratory of Wudang Local Chinese Medicine Research (Hubei University of Medicine) (Grant No. WDCM2022011).
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.
REFERENCES
 Adams, P. C., and Barton, J. C. (2007). Haemochromatosis. Lancet 370 (9602), 1855–1860. doi:10.1016/S0140-6736(07)61782-6
 Adams, P. C. (2001). Is there a threshold of hepatic iron concentration that leads to cirrhosis in C282Y hemochromatosis?Am. J. Gastroenterol. 96 (2), 567–569. doi:10.1111/j.1572-0241.2001.03472.x
 Agmon, E., Solon, J., Bassereau, P., and Stockwell, B. R. (2018). Modeling the effects of lipid peroxidation during ferroptosis on membrane properties. Sci. Rep. 8 (1), 5155. doi:10.1038/s41598-018-23408-0
 Anderson, G. J., and Vulpe, C. D. (2009). Mammalian iron transport. Cell. Mol. Life Sci. 66 (20), 3241–3261. doi:10.1007/s00018-009-0051-1
 Angelucci, E., Muretto, P., Nicolucci, A., Baronciani, D., Erer, B., Gaziev, J., et al. (2002). Effects of iron overload and hepatitis C virus positivity in determining progression of liver fibrosis in thalassemia following bone marrow transplantation. Blood 100 (1), 17–21. doi:10.1182/blood.v100.1.17
 Ayala, A., Muñoz, M. F., and Argüelles, S. (2014). Lipid peroxidation: Production, metabolism, and signaling mechanisms of malondialdehyde and 4-hydroxy-2-nonenal. Oxidative Med. Cell. Longev. 2014, 360438. doi:10.1155/2014/360438
 Aydın, M. M., and Akçalı, K. C. (2018). Liver fibrosis. Turk J. Gastroenterol. 29 (1), 14–21. doi:10.5152/tjg.2018.17330
 Bannai, S., Tsukeda, H., and Okumura, H. (1977). Effect of antioxidants on cultured human diploid fibroblasts exposed to cystine-free medium. Biochem. Biophysical Res. Commun. 74 (4), 1582–1588. doi:10.1016/0006-291X(77)90623-4
 Bernal, W., Auzinger, G., Dhawan, A., and Wendon, J. (2010). Acute liver failure. Lancet 376 (9736), 190–201. doi:10.1016/S0140-6736(10)60274-7
 Bogdan, A. R., Miyazawa, M., Hashimoto, K., and Tsuji, Y. (2016). Regulators of iron homeostasis: New players in metabolism, cell death, and disease. Trends Biochem. Sci. 41 (3), 274–286. doi:10.1016/j.tibs.2015.11.012
 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. Cell. 51 (5), 575–586. doi:10.1016/j.devcel.2019.10.007
 Caines, A., Selim, R., and Salgia, R. (2020). The changing global epidemiology of hepatocellular carcinoma. Clin. Liver Dis. 24 (4), 535–547. doi:10.1016/j.cld.2020.06.001
 Capelletti, M. M., Manceau, H., Puy, H., and Peoc'h, K. (2020). Ferroptosis in liver diseases: An overview. Int. J. Mol. Sci. 21 (14), 4908. doi:10.3390/ijms21144908
 Carlson, B. A., Tobe, R., Yefremova, E., Tsuji, P. A., Hoffmann, V. J., Schweizer, U., et al. (2016). Glutathione peroxidase 4 and vitamin E cooperatively prevent hepatocellular degeneration. Redox Biol. 9, 22–31. doi:10.1016/j.redox.2016.05.003
 Chen, J., Talwalkar, J. A., Yin, M., Glaser, K. J., Sanderson, S. O., and Ehman, R. L. (2011). Early detection of nonalcoholic steatohepatitis in patients with nonalcoholic fatty liver disease by using MR elastography. Radiology 259 (3), 749–756. doi:10.1148/radiol.11101942
 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
 Cheng, Q., Bao, L., Li, M., Chang, K., and Yi, X. (2021). Erastin synergizes with cisplatin via ferroptosis to inhibit ovarian cancer growth in vitro and in vivo. J. Obstet. Gynaecol. Res. 47 (7), 2481–2491. doi:10.1111/jog.14779
 Chiang, S. K., Chen, S. E., and Chang, L. C. (2018). A dual role of heme oxygenase-1 in cancer cells. Int. J. Mol. Sci. 20 (1), 39. doi:10.3390/ijms20010039
 Chu, B., Kon, N., Chen, D., Li, T., Liu, T., Jiang, L., et al. (2019). ALOX12 is required for p53-mediated tumour suppression through a distinct ferroptosis pathway. Nat. Cell. Biol. 21 (5), 579–591. doi:10.1038/s41556-019-0305-6
 Conrad, M., and Pratt, D. A. (2019). The chemical basis of ferroptosis. Nat. Chem. Biol. 15 (12), 1137–1147. doi:10.1038/s41589-019-0408-1
 Conrad, M., and Sato, H. (2012). The oxidative stress-inducible cystine/glutamate antiporter, system x (c) (-): Cystine supplier and beyond. Amino Acids 42 (1), 231–246. doi:10.1007/s00726-011-0867-5
 Cui, C., Yang, F., and Li, Q. (2022). Post-translational modification of GPX4 is a promising target for treating ferroptosis-related diseases. Front. Mol. Biosci. 9, 901565. doi:10.3389/fmolb.2022.901565
 Dasari, S., and Bernard Tchounwou, P. (2014). Cisplatin in cancer therapy: Molecular mechanisms of action. Eur. J. Pharmacol. 740, 364–378. doi:10.1016/j.ejphar.2014.07.025
 Davies, S. S., and Guo, L. (2014). Lipid peroxidation generates biologically active phospholipids including oxidatively N-modified phospholipids. Chem. Phys. Lipids 181, 1–33. doi:10.1016/j.chemphyslip.2014.03.002
 Deas, E., Cremades, N., Angelova, P. R., Ludtmann, M. H. R., Yao, Z., Chen, S., et al. (2015). Alpha-synuclein oligomers interact with metal ions to induce oxidative stress and neuronal death in Parkinson's disease. Antioxidants Redox Signal. 24 (7), 376–391. doi:10.1089/ars.2015.6343
 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., and Stockwell, B. R. (2019). The hallmarks of ferroptosis. Annu. Rev. Cancer Biol. 3 (1), 35–54. doi:10.1146/annurev-cancerbio-030518-055844
 Dixon, S. J., and Stockwell, B. R. (2014). The role of iron and reactive oxygen species in cell death. Nat. Chem. Biol. 10 (1), 9–17. doi:10.1038/nchembio.1416
 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., and Conrad, M. (2017). Iron and ferroptosis: A still ill-defined liaison. IUBMB Life 69 (6), 423–434. doi:10.1002/iub.1616
 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
 Dolma, S., Lessnick, S. L., Hahn, W. C., and Stockwell, B. R. (2003). Identification of genotype-selective antitumor agents using synthetic lethal chemical screening in engineered human tumor cells. Cancer Cell. 3 (3), 285–296. doi:10.1016/s1535-6108(03)00050-3
 Fan, F., Liu, P., Bao, R., Chen, J., Zhou, M., Mo, Z., et al. (2021). A dual PI3K/HDAC inhibitor induces immunogenic ferroptosis to potentiate cancer immune checkpoint therapy. Cancer Res. 81 (24), 6233–6245. doi:10.1158/0008-5472.Can-21-1547
 Feng, H., and Stockwell, B. R. (2018). Unsolved mysteries: How does lipid peroxidation cause ferroptosis?PLoS Biol. 16 (5), e2006203. doi:10.1371/journal.pbio.2006203
 Fillebeen, C., Charlebois, E., Wagner, J., Katsarou, A., Mui, J., Vali, H., et al. (2019). Transferrin receptor 1 controls systemic iron homeostasis by fine-tuning hepcidin expression to hepatocellular iron load. Blood 133 (4), 344–355. doi:10.1182/blood-2018-05-850404
 Fitzmaurice, C., Abate, D., Abbasi, N., Abbastabar, H., Abd-Allah, F., Abdel-Rahman, O., et al. (2019). Global, regional, and national cancer incidence, mortality, years of life lost, years lived with disability, and disability-adjusted life-years for 29 cancer groups, 1990 to 2017: A systematic analysis for the global burden of disease study. JAMA Oncol. 5 (12), 1749–1768. doi:10.1001/jamaoncol.2019.2996
 Friedman, S. L., Neuschwander-Tetri, B. A., Rinella, M., and Sanyal, A. J. (2018). Mechanisms of NAFLD development and therapeutic strategies. Nat. Med. 24 (7), 908–922. doi:10.1038/s41591-018-0104-9
 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. Cell. Biol. 16 (12), 1180–1191. doi:10.1038/ncb3064
 Fu, W., Ma, Y., Li, L., Liu, J., Fu, L., Guo, Y., et al. (2020). Artemether regulates metaflammation to improve glycolipid metabolism in db/db mice. Diabetes Metab. Syndr. Obes. 13, 1703–1713. doi:10.2147/dmso.S240786
 Fujii, J., Kobayashi, S., and Homma, T. (2019). “Regulation of ferroptosis through the cysteine-glutathione redox Axis,” in Ferroptosis in health and disease ed . Editor D. Tang (Cham: Springer International Publishing), 197–213.
 Galluzzi, L., Vitale, I., Aaronson, S. A., Abrams, J. M., Adam, D., Agostinis, P., et al. (2018). Molecular mechanisms of cell death: Recommendations of the nomenclature committee on cell death 2018. Cell. Death Differ. 25 (3), 486–541. doi:10.1038/s41418-017-0012-4
 Ganz, T. (2003). Hepcidin, a key regulator of iron metabolism and mediator of anemia of inflammation. Blood 102 (3), 783–788. doi:10.1182/blood-2003-03-0672
 Gao, G., Xie, Z., Li, E. W., Yuan, Y., Fu, Y., Wang, P., et al. (2021). Dehydroabietic acid improves nonalcoholic fatty liver disease through activating the Keap1/Nrf2-ARE signaling pathway to reduce ferroptosis. J. Nat. Med. 75 (3), 540–552. doi:10.1007/s11418-021-01491-4
 Gao, M., Monian, P., Pan, Q., Zhang, W., Xiang, J., and Jiang, X. (2016). Ferroptosis is an autophagic cell death process. Cell. Res. 26 (9), 1021–1032. doi:10.1038/cr.2016.95
 Gao, M., Monian, P., Quadri, N., Ramasamy, R., and Jiang, X. (2015). Glutaminolysis and transferrin regulate ferroptosis. Mol. Cell. 59 (2), 298–308. doi:10.1016/j.molcel.2015.06.011
 Gaschler, M. M., Andia, A. A., Liu, H., Csuka, J. M., Hurlocker, B., Vaiana, C. A., et al. (2018). FINO(2) initiates ferroptosis through GPX4 inactivation and iron oxidation. Nat. Chem. Biol. 14 (5), 507–515. doi:10.1038/s41589-018-0031-6
 Gaschler, M. M., and Stockwell, B. R. (2017). Lipid peroxidation in cell death. Biochem. Biophys. Res. Commun. 482 (3), 419–425. doi:10.1016/j.bbrc.2016.10.086
 Graf, H., Jüngst, C., Straub, G., Dogan, S., Hoffmann, R. T., Jakobs, T., et al. (2008). Chemoembolization combined with pravastatin improves survival in patients with hepatocellular carcinoma. Digestion 78 (1), 34–38. doi:10.1159/000156702
 Gu, Y., Albuquerque, C. P., Braas, D., Zhang, W., Villa, G. R., Bi, J., et al. (2017). mTORC2 regulates amino acid metabolism in cancer by phosphorylation of the cystine-glutamate antiporter xCT. Mol. Cell. 67 (1), 128–138. doi:10.1016/j.molcel.2017.05.030
 Guidotti, L. G., and Chisari, F. V. (2006). Immunobiology and pathogenesis of viral hepatitis. Annu. Rev. Pathol. 1, 23–61. doi:10.1146/annurev.pathol.1.110304.100230
 Guo, J., Duan, L., He, X., Li, S., Wu, Y., Xiang, G., et al. (2021). A combined model of human iPSC-derived liver organoids and hepatocytes reveals ferroptosis in DGUOK mutant mtDNA depletion syndrome. Adv. Sci. (Weinh) 8 (10), 2004680. doi:10.1002/advs.202004680
 Hanawa, N., Shinohara, M., Saberi, B., Gaarde, W. A., Han, D., and Kaplowitz, N. (2008). Role of JNK translocation to mitochondria leading to inhibition of mitochondria bioenergetics in acetaminophen-induced liver injury. J. Biol. Chem. 283 (20), 13565–13577. doi:10.1074/jbc.M708916200
 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
 Harayama, T., and Riezman, H. (2018). Understanding the diversity of membrane lipid composition. Nat. Rev. Mol. Cell. Biol. 19 (5), 281–296. doi:10.1038/nrm.2017.138
 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
 Heneghan, M. A., Yeoman, A. D., Verma, S., Smith, A. D., and Longhi, M. S. (2013). Autoimmune hepatitis. Lancet 382 (9902), 1433–1444. doi:10.1016/S0140-6736(12)62163-1
 Hinman, A., Holst, C. R., Latham, J. C., Bruegger, J. J., Ulas, G., McCusker, K. P., et al. (2018). Vitamin E hydroquinone is an endogenous regulator of ferroptosis via redox control of 15-lipoxygenase. PLoS One 13 (8), e0201369. doi:10.1371/journal.pone.0201369
 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
 Hou, W., Xie, Y., Song, X., Sun, X., Lotze, M. T., Zeh, H. J., et al. (2016). Autophagy promotes ferroptosis by degradation of ferritin. Autophagy 12 (8), 1425–1428. doi:10.1080/15548627.2016.1187366
 Hu, Z., Yin, Y., Jiang, J., Yan, C., Wang, Y., Wang, D., et al. (2022). Exosomal miR-142-3p secreted by Hepatitis B virus (HBV)-hepatocellular carcinoma (HCC) cells promotes ferroptosis of M1-type macrophages through SLC3A2 and the mechanism of HCC progression. J. Gastrointest. Oncol. 13 (2), 754–767. doi:10.21037/jgo-21-916
 Huang, S., Wang, Y., Xie, S., Lai, Y., Mo, C., Zeng, T., et al. (2022a). Hepatic TGFβr1 deficiency attenuates lipopolysaccharide/D-galactosamine-induced acute liver failure through inhibiting gsk3β-nrf2-mediated hepatocyte apoptosis and ferroptosis. Cell. Mol. Gastroenterol. Hepatol. 13 (6), 1649–1672. doi:10.1016/j.jcmgh.2022.02.009
 Huang, S., Wang, Y., Xie, S., Lai, Y., Mo, C., Zeng, T., et al. (2022b). Isoliquiritigenin alleviates liver fibrosis through caveolin-1-mediated hepatic stellate cells ferroptosis in zebrafish and mice. Phytomedicine 101, 154117. doi:10.1016/j.phymed.2022.154117
 Hulbert, A. J. (2010). Metabolism and longevity: Is there a role for membrane fatty acids?Integr. Comp. Biol. 50 (5), 808–817. doi:10.1093/icb/icq007
 Hung, M. S., Chen, I. C., Lee, C. P., Huang, R. J., Chen, P. C., Tsai, Y. H., et al. (2017). Statin improves survival in patients with EGFR-TKI lung cancer: A nationwide population-based study. PLoS One 12 (2), e0171137. doi:10.1371/journal.pone.0171137
 James, L. P., Mayeux, P. R., and Hinson, J. A. (2003). Acetaminophen-induced hepatotoxicity. Drug Metab. Dispos. 31 (12), 1499–1506. doi:10.1124/dmd.31.12.1499
 Ji, Q., Fu, S., Zuo, H., Huang, Y., Chu, L., Zhu, Y., et al. (2022). ACSL4 is essential for radiation-induced intestinal injury by initiating ferroptosis. Cell. Death Discov. 8 (1), 332. doi:10.1038/s41420-022-01127-w
 Jiang, Y., Bao, H., Ge, Y., Tang, W., Cheng, D., Luo, K., et al. (2015). Therapeutic targeting of GSK3β enhances the Nrf2 antioxidant response and confers hepatic cytoprotection in hepatitis C. Gut 64 (1), 168–179. doi:10.1136/gutjnl-2013-306043
 Kagan, V. E., Mao, G., Qu, F., Angeli, J. P., Doll, S., Croix, C. S., et al. (2017). Oxidized arachidonic and adrenic PEs navigate cells to ferroptosis. Nat. Chem. Biol. 13 (1), 81–90. doi:10.1038/nchembio.2238
 Kagan, V. E., Tyurina, Y. Y., Sun, W. Y., Vlasova, I. I., Dar, H., Tyurin, V. A., et al. (2020). Redox phospholipidomics of enzymatically generated oxygenated phospholipids as specific signals of programmed cell death. Free Radic. Biol. Med. 147, 231–241. doi:10.1016/j.freeradbiomed.2019.12.028
 Kim, E. H., Shin, D., Lee, J., Jung, A. R., and Roh, J.-L. (2018). CISD2 inhibition overcomes resistance to sulfasalazine-induced ferroptotic cell death in head and neck cancer. Cancer Lett. 432, 180–190. doi:10.1016/j.canlet.2018.06.018
 Kim, K. M., Cho, S. S., and Ki, S. H. (2020). Emerging roles of ferroptosis in liver pathophysiology. Arch. Pharm. Res. 43 (10), 985–996. doi:10.1007/s12272-020-01273-8
 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. (2021a). Cystine transporter slc7a11/xCT in cancer: Ferroptosis, nutrient dependency, and cancer therapy. Protein Cell. 12 (8), 599–620. doi:10.1007/s13238-020-00789-5
 Koppula, P., Zhuang, L., and Gan, B. (2021b). Cytochrome P450 reductase (POR) as a ferroptosis fuel. Protein Cell. 12 (9), 675–679. doi:10.1007/s13238-021-00823-0
 Kuo, C.-Y., Chiu, V., Hsieh, P.-C., Huang, C.-Y., Huang, S. J., Tzeng, I. S., et al. (2020). Chrysophanol attenuates Hepatitis B virus X protein-induced hepatic stellate cell fibrosis by regulating endoplasmic reticulum stress and ferroptosis. J. Pharmacol. Sci. 144 (3), 172–182. doi:10.1016/j.jphs.2020.07.014
 Lachaier, E., Louandre, C., Godin, C., Saidak, Z., Baert, M., Diouf, M., et al. (2014). Sorafenib induces ferroptosis in human cancer cell lines originating from different solid tumors. Anticancer Res. 34 (11), 6417–6422.
 Lee, H., Zandkarimi, F., Zhang, Y., Meena, J. K., Kim, J., Zhuang, L., et al. (2020). Energy-stress-mediated AMPK activation inhibits ferroptosis. Nat. Cell. Biol. 22 (2), 225–234. doi:10.1038/s41556-020-0461-8
 Lee, J. Y., Bae, K. H., Lee, S. C., and Lee, E. W. (2021). Lipid metabolism and ferroptosis. Biol. [Online] 10 (3), 184. doi:10.3390/biology10030184
 Li, J., Cao, F., Yin, H. L., Huang, Z. J., Lin, Z. T., Mao, N., et al. (2020a). Ferroptosis: Past, present and future. Cell. Death Dis. 11 (2), 88. doi:10.1038/s41419-020-2298-2
 Li, W., Luo, L. X., Zhou, Q. Q., Gong, H. B., Fu, Y. Y., Yan, C. Y., et al. (2022a). Phospholipid peroxidation inhibits autophagy via stimulating the delipidation of oxidized LC3-PE. Redox Biol. 55, 102421. doi:10.1016/j.redox.2022.102421
 Li, X., Wu, L., Tian, X., Zheng, W., Yuan, M., Tian, X., et al. (2022b). miR-29a-3p in exosomes from heme oxygenase-1 modified bone marrow mesenchymal stem cells alleviates steatotic liver ischemia-reperfusion injury in rats by suppressing ferroptosis via iron responsive element binding protein 2. Oxidative Med. Cell. Longev. 2022, 6520789. doi:10.1155/2022/6520789
 Li, Y., Jin, C., Shen, M., Wang, Z., Tan, S., Chen, A., et al. (2020b). Iron regulatory protein 2 is required for artemether -mediated anti-hepatic fibrosis through ferroptosis pathway. Free Radic. Biol. Med. 160, 845–859. doi:10.1016/j.freeradbiomed.2020.09.008
 Lin, X., Ping, J., Wen, Y., and Wu, Y. (2020). The mechanism of ferroptosis and applications in tumor treatment. Front. Pharmacol. 11, 1061. doi:10.3389/fphar.2020.01061
 Liu, G., Wei, C., Yuan, S., Zhang, Z., Li, J., Zhang, L., et al. (2022a). Wogonoside attenuates liver fibrosis by triggering hepatic stellate cell ferroptosis through SOCS1/P53/SLC7A11 pathway. Phytother. Res. 36, 4230–4243. doi:10.1002/ptr.7558
 Liu, T., Yang, L., Gao, H., Zhuo, Y., Tu, Z., Wang, Y., et al. (2022b). 3,4-dihydroxyphenylethyl alcohol glycoside reduces acetaminophen-induced acute liver failure in mice by inhibiting hepatocyte ferroptosis and pyroptosis. PeerJ 10, e13082. doi:10.7717/peerj.13082
 Liu, X., Zhu, X., Qi, X., Meng, X., and Xu, K. (2021). Co-administration of iRGD with sorafenib-loaded iron-based metal-organic framework as a targeted ferroptosis agent for liver cancer therapy. Int. J. Nanomedicine 16, 1037–1050. doi:10.2147/ijn.S292528
 Loguercio, C., De Girolamo, V., de Sio, I., Tuccillo, C., Ascione, A., Baldi, F., et al. (2001). Non-alcoholic fatty liver disease in an area of southern Italy: Main clinical, histological, and pathophysiological aspects. J. Hepatol. 35 (5), 568–574. doi:10.1016/s0168-8278(01)00192-1
 Lőrincz, T., Jemnitz, K., Kardon, T., Mandl, J., and Szarka, A. (2015). Ferroptosis is involved in acetaminophen induced cell death. Pathol. Oncol. Res. 21 (4), 1115–1121. doi:10.1007/s12253-015-9946-3
 Louandre, C., Ezzoukhry, Z., Godin, C., Barbare, J. C., Mazière, J. C., Chauffert, B., et al. (2013). Iron-dependent cell death of hepatocellular carcinoma cells exposed to sorafenib. Int. J. Cancer 133 (7), 1732–1742. doi:10.1002/ijc.28159
 Louandre, C., Marcq, I., Bouhlal, H., Lachaier, E., Godin, C., Saidak, Z., et al. (2015). The retinoblastoma (Rb) protein regulates ferroptosis induced by sorafenib in human hepatocellular carcinoma cells. Cancer Lett. 356 (2), 971–977. doi:10.1016/j.canlet.2014.11.014
 Maiorino, M., Conrad, M., and Ursini, F. (2018). GPx4, lipid peroxidation, and cell death: Discoveries, rediscoveries, and open issues. Antioxid. Redox Signal 29 (1), 61–74. doi:10.1089/ars.2017.7115
 Mancias, J. D., Wang, X., Gygi, S. P., Harper, J. W., and Kimmelman, A. C. (2014). Quantitative proteomics identifies NCOA4 as the cargo receptor mediating ferritinophagy. Nature 509 (7498), 105–109. doi:10.1038/nature13148
 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
 Mederacke, I., Dapito, D. H., Affò, S., Uchinami, H., and Schwabe, R. F. (2015). High-yield and high-purity isolation of hepatic stellate cells from normal and fibrotic mouse livers. Nat. Protoc. 10 (2), 305–315. doi:10.1038/nprot.2015.017
 Miess, H., Dankworth, B., Gouw, A. M., Rosenfeldt, M., Schmitz, W., Jiang, M., et al. (2018). The glutathione redox system is essential to prevent ferroptosis caused by impaired lipid metabolism in clear cell renal cell carcinoma. Oncogene 37 (40), 5435–5450. doi:10.1038/s41388-018-0315-z
 Mohammed, A., Abd Al Haleem, E. N., El-Bakly, W. M., and El-Demerdash, E. (2016). Deferoxamine alleviates liver fibrosis induced by CCl4 in rats. Clin. Exp. Pharmacol. Physiol. 43 (8), 760–768. doi:10.1111/1440-1681.12591
 Nakamura, T., Naguro, I., and Ichijo, H. (2019). Iron homeostasis and iron-regulated ROS in cell death, senescence and human diseases. Biochim. Biophys. Acta Gen. Subj. 1863 (9), 1398–1409. doi:10.1016/j.bbagen.2019.06.010
 Neufeld, E. J. (2006). Oral chelators deferasirox and deferiprone for transfusional iron overload in thalassemia major: New data, new questions. Blood 107 (9), 3436–3441. doi:10.1182/blood-2006-02-002394
 Nie, J., Lin, B., Zhou, M., Wu, L., and Zheng, T. (2018). Role of ferroptosis in hepatocellular carcinoma. J. Cancer Res. Clin. Oncol. 144 (12), 2329–2337. doi:10.1007/s00432-018-2740-3
 Niu, B., Lei, X., Xu, Q., Ju, Y., Xu, D., Mao, L., et al. (2022). Protecting mitochondria via inhibiting VDAC1 oligomerization alleviates ferroptosis in acetaminophen-induced acute liver injury. Cell. Biol. Toxicol. 38 (3), 505–530. doi:10.1007/s10565-021-09624-x
 Ota, T. (2021). Molecular mechanisms of nonalcoholic fatty liver disease (NAFLD)/Nonalcoholic steatohepatitis (NASH). Adv. Exp. Med. Biol. 1261, 223–229. doi:10.1007/978-981-15-7360-6_20
 Ou, Y., Wang, S. J., Li, D., Chu, B., and Gu, W. (2016). Activation of SAT1 engages polyamine metabolism with p53-mediated ferroptotic responses. Proc. Natl. Acad. Sci. U. S. A. 113 (44), E6806–e6812. doi:10.1073/pnas.1607152113
 Pietrangelo, A. (2004). Hereditary hemochromatosis-a new look at an old disease. N. Engl. J. Med. 350 (23), 2383–2397. doi:10.1056/NEJMra031573
 Piperno, A., Pelucchi, S., and Mariani, R. (2020). Inherited iron overload disorders. Transl. Gastroenterol. Hepatol. 5, 25. doi:10.21037/tgh.2019.11.15
 Powell, E. E., Ali, A., Clouston, A. D., Dixon, J. L., Lincoln, D. J., Purdie, D. M., et al. (2005). Steatosis is a cofactor in liver injury in hemochromatosis. Gastroenterology 129 (6), 1937–1943. doi:10.1053/j.gastro.2005.09.015
 Protchenko, O., Baratz, E., Jadhav, S., Li, F., Shakoury-Elizeh, M., Gavrilova, O., et al. (2021). Iron chaperone poly rC binding protein 1 protects mouse liver from lipid peroxidation and steatosis. Hepatology 73 (3), 1176–1193. doi:10.1002/hep.31328
 Qi, J., Kim, J. W., Zhou, Z., Lim, C. W., and Kim, B. (2020). Ferroptosis affects the progression of nonalcoholic steatohepatitis via the modulation of lipid peroxidation-mediated cell death in mice. Am. J. Pathol. 190 (1), 68–81. doi:10.1016/j.ajpath.2019.09.011
 Que, R., Cao, M., Dai, Y., Zhou, Y., Chen, Y., and Lin, L. (2022). Decursin ameliorates carbon-tetrachloride-induced liver fibrosis by facilitating ferroptosis of hepatic stellate cells. Biochem. Cell. Biol. 100, 378–386. doi:10.1139/bcb-2022-0027
 Reis, A., and Spickett, C. M. (2012). Chemistry of phospholipid oxidation. Biochim. Biophys. Acta 1818 (10), 2374–2387. doi:10.1016/j.bbamem.2012.02.002
 Sato, H., Tamba, M., Ishii, T., and Bannai, S. (1999). Cloning and expression of a plasma membrane cystine/glutamate exchange transporter composed of two distinct proteins. J. Biol. Chem. 274 (17), 11455–11458. doi:10.1074/jbc.274.17.11455
 Schnellmann, J. G., Pumford, N. R., Kusewitt, D. F., Bucci, T. J., and Hinson, J. A. (1999). Deferoxamine delays the development of the hepatotoxicity of acetaminophen in mice. Toxicol. Lett. 106 (1), 79–88. doi:10.1016/s0378-4274(99)00021-1
 Shah, R., Margison, K., and Pratt, D. A. (2017). The potency of diarylamine radical-trapping antioxidants as inhibitors of ferroptosis underscores the role of autoxidation in the mechanism of cell death. ACS Chem. Biol. 12 (10), 2538–2545. doi:10.1021/acschembio.7b00730
 Shah, R., Shchepinov, M. S., and Pratt, D. A. (2018). Resolving the role of lipoxygenases in the initiation and execution of ferroptosis. ACS Cent. Sci. 4 (3), 387–396. doi:10.1021/acscentsci.7b00589
 Shen, M., Guo, M., Li, Y., Wang, Y., Qiu, Y., Shao, J., et al. (2022). m6A methylation is required for dihydroartemisinin to alleviate liver fibrosis by inducing ferroptosis in hepatic stellate cells. Free Radic. Biol. Med. 182, 246–259. doi:10.1016/j.freeradbiomed.2022.02.028
 Shen, M., Li, Y., Wang, Y., Shao, J., Zhang, F., Yin, G., et al. (2021). N(6)-methyladenosine modification regulates ferroptosis through autophagy signaling pathway in hepatic stellate cells. Redox Biol. 47, 102151. doi:10.1016/j.redox.2021.102151
 Shimada, K., Skouta, R., Kaplan, A., Yang, W. S., Hayano, M., Dixon, S. J., et al. (2016). Global survey of cell death mechanisms reveals metabolic regulation of ferroptosis. Nat. Chem. Biol. 12 (7), 497–503. doi:10.1038/nchembio.2079
 Siregar, A. S., Nyiramana, M. M., Kim, E. J., Cho, S. B., Woo, M. S., Lee, D. K., et al. (2021). Oyster-derived tyr-ala (YA) peptide prevents lipopolysaccharide/D-galactosamine-induced acute liver failure by suppressing inflammatory, apoptotic, ferroptotic, and pyroptotic signals. Mar. Drugs 19 (11), 614. doi:10.3390/md19110614
 Skouta, R., Dixon, S. J., Wang, J., Dunn, D. E., Orman, M., Shimada, K., et al. (2014). Ferrostatins inhibit oxidative lipid damage and cell death in diverse disease models. J. Am. Chem. Soc. 136 (12), 4551–4556. doi:10.1021/ja411006a
 Song, X., Zhu, S., Chen, P., Hou, W., Wen, Q., Liu, J., et al. (2018). AMPK-mediated BECN1 phosphorylation promotes ferroptosis by directly blocking system X(c)(-) activity. Curr. Biol. 28 (15), 2388–2399. doi:10.1016/j.cub.2018.05.094
 Song, Y., Jang, J., Shin, T. H., Bae, S. M., Kim, J. S., Kim, K. M., et al. (2017). Sulfasalazine attenuates evading anticancer response of CD133-positive hepatocellular carcinoma cells. J. Exp. Clin. Cancer Res. 36 (1), 38. doi:10.1186/s13046-017-0511-7
 Soula, M., Weber, R. A., Zilka, O., Alwaseem, H., La, K., Yen, F., et al. (2020). Metabolic determinants of cancer cell sensitivity to canonical ferroptosis inducers. Nat. Chem. Biol. 16 (12), 1351–1360. doi:10.1038/s41589-020-0613-y
 Stockwell, B. R. (2022). Ferroptosis turns 10: Emerging mechanisms, physiological functions, and therapeutic applications. Cell. 185 (14), 2401–2421. doi:10.1016/j.cell.2022.06.003
 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
 Sucher, E., Sucher, R., Gradistanac, T., Brandacher, G., Schneeberger, S., and Berg, T. (2019). Autoimmune hepatitis—immunologically triggered liver pathogenesis—diagnostic and therapeutic strategies. J. Immunol. Res. 2019, 9437043. doi:10.1155/2019/9437043
 Sun, X., Niu, X., Chen, R., He, W., Chen, D., Kang, R., et al. (2016a). Metallothionein-1G facilitates sorafenib resistance through inhibition of ferroptosis. Hepatology 64 (2), 488–500. doi:10.1002/hep.28574
 Sun, X., Ou, Z., Chen, R., Niu, X., Chen, D., Kang, R., et al. (2016b). Activation of the p62-Keap1-NRF2 pathway protects against ferroptosis in hepatocellular carcinoma cells. Hepatology 63 (1), 173–184. doi:10.1002/hep.28251
 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
 Sun, Y. M., Chen, S. Y., and You, H. (2020). Regression of liver fibrosis: Evidence and challenges. Chin. Med. J. Engl. 133 (14), 1696–1702. doi:10.1097/cm9.0000000000000835
 Sun, Y., Zheng, Y., Wang, C., and Liu, Y. (2018). Glutathione depletion induces ferroptosis, autophagy, and premature cell senescence in retinal pigment epithelial cells. Cell. Death Dis. 9 (7), 753. doi:10.1038/s41419-018-0794-4
 Tan, Y., Huang, Y., Mei, R., Mao, F., Yang, D., Liu, J., et al. (2022). HucMSC-derived exosomes delivered BECN1 induces ferroptosis of hepatic stellate cells via regulating the xCT/GPX4 axis. Cell. Death Dis. 13 (4), 319. doi:10.1038/s41419-022-04764-2
 Tang, D., Chen, X., Kang, R., and Kroemer, G. (2021). Ferroptosis: Molecular mechanisms and health implications. Cell. Res. 31 (2), 107–125. doi:10.1038/s41422-020-00441-1
 Tao, N., Li, K., and Liu, J. (2020). Molecular mechanisms of ferroptosis and its role in pulmonary disease. Oxidative Med. Cell. Longev. 2020, 9547127. doi:10.1155/2020/9547127
 Thapa, B. R., and Walia, A. (2007). Liver function tests and their interpretation. Indian J. Pediatr. 74 (7), 663–671. doi:10.1007/s12098-007-0118-7
 Tong, J., Li, D., Meng, H., Sun, D., Lan, X., Ni, M., et al. (2022). Targeting a novel inducible GPX4 alternative isoform to alleviate ferroptosis and treat metabolic-associated fatty liver disease. Acta Pharm. Sin. B 12, 3650–3666. doi:10.1016/j.apsb.2022.02.003
 Tonnus, W., Meyer, C., Steinebach, C., Belavgeni, A., von Mässenhausen, A., Gonzalez, N. Z., et al. (2021). Dysfunction of the key ferroptosis-surveilling systems hypersensitizes mice to tubular necrosis during acute kidney injury. Nat. Commun. 12 (1), 4402. doi:10.1038/s41467-021-24712-6
 Tsurusaki, S., Tsuchiya, Y., Koumura, T., Nakasone, M., Sakamoto, T., Matsuoka, M., et al. (2019). Hepatic ferroptosis plays an important role as the trigger for initiating inflammation in nonalcoholic steatohepatitis. Cell. Death Dis. 10 (6), 449. doi:10.1038/s41419-019-1678-y
 Ursini, F., Maiorino, M., and Gregolin, C. (1985). The selenoenzyme phospholipid hydroperoxide glutathione peroxidase. Biochim. Biophys. Acta 839 (1), 62–70. doi:10.1016/0304-4165(85)90182-5
 Videla, L. A., and Valenzuela, R. (2022). Perspectives in liver redox imbalance: Toxicological and pharmacological aspects underlying iron overloading, nonalcoholic fatty liver disease, and thyroid hormone action. Biofactors 48 (2), 400–415. doi:10.1002/biof.1797
 Wada, F., Koga, H., Akiba, J., Niizeki, T., Iwamoto, H., Ikezono, Y., et al. (2018). High expression of CD44v9 and xCT in chemoresistant hepatocellular carcinoma: Potential targets by sulfasalazine. Cancer Sci. 109 (9), 2801–2810. doi:10.1111/cas.13728
 Wang, H., An, P., Xie, E., Wu, Q., Fang, X., Gao, H., et al. (2017). Characterization of ferroptosis in murine models of hemochromatosis. Hepatology 66 (2), 449–465. doi:10.1002/hep.29117
 Wang, L., Cai, H., Hu, Y., Liu, F., Huang, S., Zhou, Y., et al. (2018). A pharmacological probe identifies cystathionine β-synthase as a new negative regulator for ferroptosis. Cell. Death Dis. 9 (10), 1005. doi:10.1038/s41419-018-1063-2
 Wang, L., Chen, X., and Yan, C. (2022a). Ferroptosis: An emerging therapeutic opportunity for cancer. Genes. & Dis. 9 (2), 334–346. doi:10.1016/j.gendis.2020.09.005
 Wang, M., Liu, C. Y., Wang, T., Yu, H. M., Ouyang, S. H., Wu, Y. P., et al. (2020). (+)-Clausenamide protects against drug-induced liver injury by inhibiting hepatocyte ferroptosis. Cell. Death Dis. 11 (9), 781. doi:10.1038/s41419-020-02961-5
 Wang, M. P., Joshua, B., Jin, N. Y., Du, S. W., and Li, C. (2022b). Ferroptosis in viral infection: The unexplored possibility. Acta Pharmacol. Sin. 43 (8), 1905–1915. doi:10.1038/s41401-021-00814-1
 Wang, W., Green, M., Choi, J. E., Gijón, 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
 Weismann, D., and Binder, C. J. (2012). The innate immune response to products of phospholipid peroxidation. Biochim. Biophys. Acta 1818 (10), 2465–2475. doi:10.1016/j.bbamem.2012.01.018
 Weïwer, M., Bittker, J. A., Lewis, T. A., Shimada, K., Yang, W. S., MacPherson, L., et al. (2012). Development of small-molecule probes that selectively kill cells induced to express mutant RAS. Bioorg. Med. Chem. Lett. 22 (4), 1822–1826. doi:10.1016/j.bmcl.2011.09.047
 Wortmann, M., Schneider, M., Pircher, J., Hellfritsch, J., Aichler, M., Vegi, N., et al. (2013). Combined deficiency in glutathione peroxidase 4 and vitamin E causes multiorgan thrombus formation and early death in mice. Circ. Res. 113 (4), 408–417. doi:10.1161/circresaha.113.279984
 Wu, J., Wang, Y., Jiang, R., Xue, R., Yin, X., Wu, M., et al. (2021). Ferroptosis in liver disease: New insights into disease mechanisms. Cell. Death Discov. 7 (1), 276. doi:10.1038/s41420-021-00660-4
 Wu, Y., Jiao, H., Yue, Y., He, K., Jin, Y., Zhang, J., et al. (2022). Ubiquitin ligase E3 HUWE1/MULE targets transferrin receptor for degradation and suppresses ferroptosis in acute liver injury. Cell. Death Differ. 29 (9), 1705–1718. doi:10.1038/s41418-022-00957-6
 Xiang, J., Jiang, M., and Du, X. (2022). The role of Hippo pathway in ferroptosis. Front. Oncol. 12, 1107505. doi:10.3389/fonc.2022.1107505
 Xie, Y., Hou, W., Song, X., Yu, Y., Huang, J., Sun, X., et al. (2016). Ferroptosis: Process and function. Cell. Death Differ. 23 (3), 369–379. doi:10.1038/cdd.2015.158
 Xu, G., Wang, H., Li, X., Huang, R., and Luo, L. (2021a). Recent progress on targeting ferroptosis for cancer therapy. Biochem. Pharmacol. 190, 114584. doi:10.1016/j.bcp.2021.114584
 Xu, S., Min, J., and Wang, F. (2021b). Ferroptosis: An emerging player in immune cells. Sci. Bull. 66, 2257–2260. doi:10.1016/j.scib.2021.02.026
 Xu, Y., Li, X., Cheng, Y., Yang, M., and Wang, R. (2020). Inhibition of ACSL4 attenuates ferroptotic damage after pulmonary ischemia-reperfusion. Faseb J. 34 (12), 16262–16275. doi:10.1096/fj.202001758R
 Xue, H., Chen, D., Zhong, Y. K., Zhou, Z. D., Fang, S. X., Li, M. Y., et al. (2016). Deferoxamine ameliorates hepatosteatosis via several mechanisms in ob/ob mice. Ann. N. Y. Acad. Sci. 1375 (1), 52–65. doi:10.1111/nyas.13174
 Yamada, N., Karasawa, T., Kimura, H., Watanabe, S., Komada, T., Kamata, R., et al. (2020a). Ferroptosis driven by radical oxidation of n-6 polyunsaturated fatty acids mediates acetaminophen-induced acute liver failure. Cell. Death Dis. 11 (2), 144. doi:10.1038/s41419-020-2334-2
 Yamada, N., Karasawa, T., Wakiya, T., Sadatomo, A., Ito, H., Kamata, R., et al. (2020b). Iron overload as a risk factor for hepatic ischemia-reperfusion injury in liver transplantation: Potential role of ferroptosis. Am. J. Transpl. 20 (6), 1606–1618. doi:10.1111/ajt.15773
 Yamane, D., Hayashi, Y., Matsumoto, M., Nakanishi, H., Imagawa, H., Kohara, M., et al. (2022). FADS2-dependent fatty acid desaturation dictates cellular sensitivity to ferroptosis and permissiveness for hepatitis C virus replication. Cell. Chem. Biol. 29 (5), 799–810.e4. doi:10.1016/j.chembiol.2021.07.022
 Yang, J. D., Hainaut, P., Gores, G. J., Amadou, A., Plymoth, A., and Roberts, L. R. (2019). A global view of hepatocellular carcinoma: Trends, risk, prevention and management. Nat. Rev. Gastroenterol. Hepatol. 16 (10), 589–604. doi:10.1038/s41575-019-0186-y
 Yang, L., Cao, L. M., Zhang, X. J., and Chu, B. (2022). Targeting ferroptosis as a vulnerability in pulmonary diseases. Cell. Death Dis. 13 (7), 649. doi:10.1038/s41419-022-05070-7
 Yang, W. S., Kim, K. J., Gaschler, M. M., Patel, M., Shchepinov, M. S., and Stockwell, B. R. (2016). Peroxidation of polyunsaturated fatty acids by lipoxygenases drives ferroptosis. Proc. Natl. Acad. Sci. U. S. A. 113 (34), E4966–E4975. doi:10.1073/pnas.1603244113
 Yang, W. S., SriRamaratnam, R., Welsch, M. E., Shimada, K., Skouta, R., Viswanathan, V. S., et al. (2014). Regulation of ferroptotic cancer cell death by GPX4. Cell. 156 (1), 317–331. doi:10.1016/j.cell.2013.12.010
 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
 Yang, Y., Chen, J., Gao, Q., Shan, X., Wang, J., and Lv, Z. (2020). Study on the attenuated effect of Ginkgolide B on ferroptosis in high fat diet induced nonalcoholic fatty liver disease. Toxicology 445, 152599. doi:10.1016/j.tox.2020.152599
 Yao, F., Deng, Y., Zhao, Y., Mei, Y., Zhang, Y., Liu, X., et al. (2021). A targetable LIFR-NF-κB-LCN2 axis controls liver tumorigenesis and vulnerability to ferroptosis. Nat. Commun. 12 (1), 7333. doi:10.1038/s41467-021-27452-9
 Yu, Y., Xie, Y., Cao, L., Yang, L., Yang, M., Lotze, M. T., et al. (2015). The ferroptosis inducer erastin enhances sensitivity of acute myeloid leukemia cells to chemotherapeutic agents. Mol. Cell. Oncol. 2 (4), e1054549. doi:10.1080/23723556.2015.1054549
 Zeng, T., Deng, G., Zhong, W., Gao, Z., Ma, S., Mo, C., et al. (2020). Indoleamine 2, 3-dioxygenase 1enhanceshepatocytes ferroptosis in acute immune hepatitis associated with excess nitrative stress. Free Radic. Biol. Med. 152, 668–679. doi:10.1016/j.freeradbiomed.2020.01.009
 Zhang, Q., Qu, Y., Zhang, Q., Li, F., Li, B., Li, Z., et al. (2022). Exosomes derived from Hepatitis B virus-infected hepatocytes promote liver fibrosis via miR-222/TFRC axis. Cell. Biol. Toxicol. [Epub ahead of print]doi:10.1007/s10565-021-09684-z
 Zhang, X., Du, L., Qiao, Y., Zhang, X., Zheng, W., Wu, Q., et al. (2019a). Ferroptosis is governed by differential regulation of transcription in liver cancer. Redox Biol. 24, 101211. doi:10.1016/j.redox.2019.101211
 Zhang, Y., Tan, H., Daniels, J. D., Zandkarimi, F., Liu, H., Brown, L. M., et al. (2019b). Imidazole ketone erastin induces ferroptosis and slows tumor growth in a mouse lymphoma model. Cell. Chem. Biol. 26 (5), 623–633. doi:10.1016/j.chembiol.2019.01.008
 Zhao, S., Huang, M., Yan, L., Zhang, H., Shi, C., Liu, J., et al. (2022). Exosomes derived from baicalin-pretreated mesenchymal stem cells alleviate hepatocyte ferroptosis after acute liver injury via the keap1-NRF2 pathway. Oxid. Med. Cell. Longev. 2022, 8287227. doi:10.1155/2022/8287227
 Zheng, J., and Conrad, M. (2020). The metabolic underpinnings of ferroptosis. Cell. Metab. 32 (6), 920–937. doi:10.1016/j.cmet.2020.10.011
 Zhong, H., and Yin, H. (2015). Role of lipid peroxidation derived 4-hydroxynonenal (4-HNE) in cancer: Focusing on mitochondria. Redox Biol. 4, 193–199. doi:10.1016/j.redox.2014.12.011
 Zilka, O., Shah, R., Li, B., Friedmann Angeli, J. P., Griesser, M., Conrad, M., et al. (2017). On the mechanism of cytoprotection by ferrostatin-1 and liproxstatin-1 and the role of lipid peroxidation in ferroptotic cell death. ACS Cent. Sci. 3 (3), 232–243. doi:10.1021/acscentsci.7b00028
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 © 2023 Lu, Hu, Chen, Li, Yuan, Tian, Cao and Qiu. 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/fphar-14-1196287-t002.jpg
Class
Characteristics

Reagent

Structure

Function

Applications

EEENEES

Class 1 Deplete GSH by Erastin Sg Inhibit SLC7ALL; block  Experimental | Dixon et al. (2012)
inhibiting system Xc O%/T cystine input; bind to reagent
VDAC2/3
5‘)“&
Piperazine erastin Ulr Inhibit SLC7A11; block  Experimental | Yang et al. (2014)
cystine input reagent
Q
Sora
Imidazole ketone P Inhibit SLC7AIL; block  Experimental | Zhang et al. (2019b)
erastin O:& . cystine input reagent
3O
Q
0
Sorafenib e - Inhibit system Xc- Approved for Louandre et al.
o e ‘marketing (2015)
T 2
i
Sulfasalazine G"f R Inhibit system Xc- Preclinical Kim et al. (2018)
\Q"'NC&“'
BSO A~ Inhibit GCL; decrease ~ Clinical trial | Miess et al. (2018)
g o GSH synthesis phase
NH,
Cisplatin (fl Combine with GSH to Approved for | Cheng et al. (2021)
H,N- plt_CI inactivate GPX4 marketing
NH,
Class 11 | Direct inactivate GPX4 RSL3 Inhibit GPXd covalently  Experimental | Yang and Stockwell
reagent (2008), Hangauer
P et al. (2017), Cheng
oL etal. (2021)
ML162/210 o Weiwer et al. (2012),
~ Yang et al. (2014)
%
o
gD
<
DPI compounds & Inhibit GPX4 covalently ~ Experimental | Yang et al. (2014)
7,10,12,13,17,18,19 ll I‘] lI reagent
o
Class 1T Devour GPX4 and FIN56 Y o Bind and activate SQS Experimental Shimada et al. (2016)
CoQI0 via SQS- "—fmj to reduce CoQI0 reagent
mevalonate pathway d 8 3
Statins 9 Block the synthesis of  Approved for | Hung et al. (2017)
Wﬂ GPX4 ‘marketing
NH,
Class IV Induct iron overload or FINO2 & Direct oxidation of Experimental Gaschler et al. (2018)
activate HO-1 OH | ferrous iron and lipids reagent
-0
Other iFSP1 Deplete CoQ10, Preclinical Doll et al. (2019)
types decrease GPX4 activity
5
MTX Tw;[ g Suppress DHFR Approved for Soula et al. (2020)
5" [Py activity; inhibit marketing
‘)f‘:)k““ BH4 production
,
Brequinar Decrease DHODH Preclinical Mao et al (2021)
. activity; cause
accumulation of
v mitochondrial peroxide
n lipids
Dihydroartemisinin Degrade ferritin, Phase II clinical Zheng and Conrad

lipid ROS

qualene synthase; DHFR: dihydrofolate reductase; VDAC: voltage-dependent anion channel.

trial

(2020)





OPS/images/fphar-14-1196287-t003.jpg
Class Reagent Structure Function Applications References

Characteristics

Clas1 | Inhibi accmaaion DFO ronconsumption Approvd for | Newid (2006, Yang nd Sockwell
otion keing. | (2009, Dison e . 201, Soua
@t
22 Experimental
bpyidine o
<
Cidopiox po—r—
. g
[T peen— Fet Rl savenger Expermensl | Banni e o, 197, Dixon .
peroidaton . (3013, Fedman Angel o
= a0t Hiaman e . 201
lpt Exprimenl
s
Vianin & " Approved for
g
Rosigltazone. o_gi o ACSLA inhibitor; inhibit Approved for Shah et al. (2018)
{QH gy | e
enndent mamner
D
Trgliaone i Das
B Da
)=o
§
u i
Nerosatint 1 Necroptots inhibiorssetve | Precinal o et al 2020

RIPKI inhi

K bashtetis L oo et BSOSt T





OPS/xhtml/nav.xhtml
Contents

		Cover

		Ferroptosis as an emerging therapeutic target in liver diseases		1 Introduction

		2 The characteristics of ferroptosis

		3 The mechanism of ferroptosis		3.1 Amino acid metabolism

		3.2 Lipid metabolism

		3.3 Iron metabolism





		4 Ferroptosis in liver diseases		4.1 Acute liver failure

		4.2 Viral hepatitis

		4.3 Autoimmune hepatitis (AIH)

		4.4 Hemochromatosis

		4.5 NAFLD/nonalcoholic steatohepatitis (NASH)

		4.6 Liver fibrosis

		4.7 Liver cancer





		5 Therapeutic opportunities		5.1 Ferroptosis inducers

		5.2 Ferroptosis inhibitors





		6 Future directions and perspectives

		Author contributions

		Funding

		Publisher’s note

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Pharmacology






OPS/images/fphar-14-1196287-g001.gif
S
Pysetn X
e g o
B
. TNy %
]
S






OPS/images/fphar-14-1196287-t001.jpg
Disease Experimental model Compound Structure Function References
In vitro In vivo
Ferroptosis | Fibrosis  Male CCl,-induced Primary Artesunate Q)k,\rm Upregulate autophagy- Kong et al.
inducers chronic liver fibrosis | HSCs; LX-2 related genes; (2019)
ICR mice wl L downregulate p62, FTHI,
o and NCOA4
activate ferritinophagy
Fibrosis  Male C57BL/Ks]-db/ Artemether Target p53-SLC7A1L; | Li et al. (2020b),
db mice preventing the Fu et al. (2020)
ubiquitination-mediated
degradation of IRP2
Fibrosis  Male CCl-induced Primary  Dihydroartemisinin Upregulate m6A. Shen etal. (2022)
liver fibrosis ICR | HSCs; LX-2 modification of
mice BECNI mRNA; activate
ferritinophagy
Fibrosis ~ Male CCl,-induced | HSC-T6; WG Downregulate a-SMA | Liu et al. (2022a)
liver fibrosis C57BL/ | AML-12; and COLIal; deplete
6 mice RAW264.7 SLC7A11, GPX4,
and GSH
"
Fibrosis  Male CCl,-induced HSC-T6 ISL Suppress GPX4; Huang et al.
liver fibrosis C57BL/ upregulate TfR and (2022b)
6 mice; Zebrafish H " DMT1
raised in 0.06% TAA
system water
on o o
Fibrosis HSC-T6 Chrysophanol Modulate ER stress | Kuo etal. (2020)
(HBV)
Ferroptosis ALF Male APAP-induced | Hepa RG (+)-CLA Activate Keapl-Nrf2; Wang et al.
Inhibitors DILI C57BL/6 mice upregulate GPX4 (2020)
ALF Male APAP-induced | AMLI2 DAG HO Downregulating p-ERK | Liu etal. (2022b)
DILI C57BL/6 mice 6 and HO-1; increase
SLC7A11, GPX4, HO-1
OR
ALF Male LPS/D-GalN- tyr-Ala Activate Siregar et al.
induced ALF C57BL/ Keapl-Nrf2 via p62 (2021)
6 mice
ALF Male LPS/D-GalN- Primary Baicalin Activate Nrf2; decrease Zhao et al.
induced ALF C57BL/ | hepatocytes hepatic lipid deposition (2022)
6 mice
NAFLD  Male HFD-induced HepG2 Ginkgolide B Increase HO-1, GSH, and | Yang et al.
NAFLD C57BL/ GPX4; prevent ROS (2020)
6 mice accumulation
NAFLD ~ Male HED-induced | HEK293T; Dehydroabietic Decrease MDA Gao et al. (2021)
NAFLD C57BL/ HL7702
6 mice
i
oo

Abbreviations: a-SMA: a-smooth muscle actin; COLlal: collagen 1al (I).










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Pharmacology





