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Ferroptosis is a new iron-dependent cell death mode, which is different from the other types of programmed cell death, such as apoptosis, necrosis, and autophagy. Ferroptosis is characterized by a process in which fatal lipids from lipid peroxidation accumulate in cells and eventually lead to cell death. Alcohol-related liver disease (ALD) is a type of liver injury caused by excessive alcohol intake. Alcohol-related liver disease is a broad-spectrum disease category, which includes fatty liver, steatohepatitis, hepatitis, cirrhosis, and hepatocellular tumors. Recent studies have found that ferroptosis is involved in the pathological development of non-viral liver diseases. Therefore, ferroptosis may be an ideal target for the treatment of non-viral liver diseases. In this review article, we will elaborate the molecular mechanism and regulatory mechanism of ferroptosis, explore the key role of ferroptosis in the Alcohol-related liver disease process, and summarize the existing targeted ferroptosis drugs and their feasibility for the treatment of Alcohol-related liver disease.
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1 INTRODUCTION
Alcohol-related liver disease (ALD) refers to liver damage due to excessive alcohol consumption. It involves a broad spectrum of diseases that includes liver steatosis, steatohepatitis, hepatitis, cirrhosis, and hepatocellular carcinoma (HCC) (Liu et al., 2021a). More than 75 million people have been diagnosed with an alcohol use disorder and are at risk for alcohol-related liver disease (Asrani et al., 2019). Recent studies revealed that ferroptosis plays a number of important roles in alcoholic liver disease and ferroptosis is an ideal target for non-viral liver disease (Liu et al., 2020; Jia et al., 2021; Li et al., 2022; Kouroumalis et al., 2023). As a new mode of programmed cell death, ferroptosis is mainly characterized by the accumulation of intracellular lipid reactive oxygen species (ROS) as well as lipid peroxidation. Cells undergoing ferroptosis typically exhibit abnormal mitochondrial morphology, including mitochondrial shrinkage, increased membrane density, and disruption of the outer mitochondrial membrane. Importantly, iron overload has been reported to be correlated with chronic liver diseases, especially ALD (Ali et al., 2022; Kouroumalis et al., 2023). Therefore, in this review, we will address the canonical signaling pathway of ferroptosis as well as its correlation with the pathogenesis of ALD.
2 THE PATHOLOGY OF ALCOHOL-RELATED LIVER DISEASE
Alcohol enters the blood circulation through the gastrointestinal tract, reaches the liver, and is ultimately metabolized by hepatocytes (Teschke, 2018). In hepatocytes, there are three main mechanisms for metabolizing alcohol (Buchanan and Sinclair, 2021), and the first and most important mechanism is ethanol oxidation by alcohol dehydrogenase (ADH) to produce toxic acetaldehyde (Liu et al., 2020). The second route is the micro ethanol oxidation system (MEOS). This system mainly oxidizes ethanol to acetaldehyde and produces ROS through the cytochrome P450 2E1 enzyme (CYP2E1), which triggers oxidative stress and inflammation (Pinero et al., 2018; Teschke, 2018; Zha et al., 2021). The third pathway is the oxidation of ethanol to acetaldehyde by heme-containing catalase (Buchanan and Sinclair, 2021).
The potential molecular mechanisms for ALD development mainly include: direct toxicity and lipid peroxidation of ethanol to hepatocytes, oxidative stress and ROS production, activation of the immune response and accumulation of cytokines, and liver metabolic disorder (Meroni et al., 2018; Kong et al., 2019; Jiang et al., 2020).
Long-term drinking upregulates cytochrome P450 2E1 (CYP2E1), which leads to an increased acetaldehyde concentration and decreased activity of aldehyde dehydrogenase, thus reducing the oxidation of acetaldehyde, resulting in the accumulation of acetaldehyde, eventually causing direct damage to hepatocytes (Ceni et al., 2014; Meroni et al., 2018). In addition, ethanol and acetaldehyde downregulated adiponectin, signal transducer and activator of transcription 3 (STAT3), and zinc levels, thereby inhibiting AMP-activated protein kinase (AMPK), peroxisome proliferator-activated receptor α (PPARα), and the activity of the target genes of AMPK and PPARα. This eventually led to lipid peroxidation and lipid free radical production, resulting in fatty acid accumulation in the liver (Louvet and Mathurin, 2015; Teschke, 2018; Lee et al., 2020). Recent studies have also found that lipid production through free fatty acids from the liver reduced adipose tissue volume in animal models with long-term alcohol intake (Seitz et al., 2018; Buchanan and Sinclair, 2021).
CYP2E1-mediated or ethanol-induced inflammatory oxidative stress can lead to ROS production, and ROS can bind to different proteins, resulting in corresponding conformational and functional changes (Louvet and Mathurin, 2015; Tan et al., 2020). ROS can also bind directly to DNA to produce a highly carcinogenic extracellular domain ε-DNA adduct. This DNA adduct shows high mutagenic potential for base pairs and gene damage to the body. Therefore, in many studies, ε-DNA adducts were used as markers of DNA damage from lipid peroxidation (Linhart et al., 2014; Seitz et al., 2018). In addition, acetaldehyde mediated the impaired synthesis of glutathione through the downregulation of antioxidant genes, including nuclear factor erythroid 2-related factor 2 (NRF2) and thioredoxin, and thus reduced the production of antioxidant factors and detoxification enzymes, which led to a decrease of antioxidant system activity (Louvet and Mathurin, 2015; Mueller et al., 2018).
Long-term alcohol intake can accelerate the transfer of endotoxins, such as lipopolysaccharide, from the intestine to the liver, and stimulate the accumulation of neutrophils and macrophages, which eventually leads to hepatocyte inflammation and systemic damage of liver Kupffer cells (Linhart et al., 2014; Mueller et al., 2018; Tan et al., 2020). In addition, liver injury activates the proliferation of hepatic stellate cells, thus enhancing transforming growth factor-β (TGF-β) secretion and collagen synthesis, resulting in extracellular matrix deposition and late fibrosis (Gao et al., 2017).
A large number of studies have reported that alcohol intake could significantly increase the risk of iron overload and reduced the iron deficiency in liver cells and Kupffer cells (Suzuki et al., 2002; Xiong et al., 2003; Ioannou et al., 2004; Li et al., 2014). Large quantities of free iron and alcohol synergistically induce oxidative stress and lipid peroxidation, thus increasing the expression of transferrin receptor 1 (TfR1), which improves intestinal iron absorption. Therefore, the additive effects of iron absorption and deposition further increase liver injury (Ramm and Ruddell, 2005; Barbier et al., 2019) (Figure 1).
[image: Figure 1]FIGURE 1 | Alcohol related liver disease (ALD). Alcohol passes through the hepatic endothelial cells and enters into the hepatocytes, where the toxic substance acetaldehyde is first generated under the action of alcohol dehydrogenase, and the acetaldehyde is further metabolized into acetate and finally enters the circulatory system to be eliminated. When drinking heavily for a long time, the human body mainly decomposes alcohol through CYP2E1 (Cytochrome P450 2E1) to generate acetaldehyde, and at the same time generates ROS (Reactive Oxygen Species), the accumulation of a large amount of acetaldehyde will reduce the activity of alcohol dehydrogenase, alcohol, acetaldehyde and Accumulation of ROS also reduces the expression of Adiponectin and STAT3, thereby inhibiting AMPK/PPARα, ultimately leading to lipid peroxidation (Lee et al., 2020). In addition, ROS will also cause corresponding damage to DNA. The increase of alcohol in the intestine will increase the permeability of the intestinal lining, so that LPS (Lipopolysaccharide) can enter into liver cells in large quantities and bind to Toll-like receptors (TLRs), mediate the release of cytokines and inflammatory factors, and then increase TGF-β secretion and collagen production, eventually leading to hepatocyte fibrosis. Kupffer cell-derived tumor necrosis factor (TNF) activates sterol regulatory element-binding protein 1c (SERBP1C) by binding to receptors on hepatocytes, thereby increasing lipid production and ultimately leading to fatty liver. Adiponectin can inhibit adipogenesis, but alcohol causes the release of inflammatory factors in adipose tissue, which inhibits Adiponectin, and eventually leads to fatty liver.
3 MECHANISM OF FERROPTOSIS
Ferroptosis includes three major metabolites: thiols, lipids, and iron ions, and forms an iron-dependent lipid peroxidation that eventually leads to cell death (Parola and Pinzani, 2019). It was initially found that the cystine-import glutathione (GSH)-GPX4 molecular machine played a role in the inhibition of ferroptosis, and the role of pools as the direct executor of ferroptosis was established (Xu et al., 2023). Recent studies have identified a glutathione peroxidase 4 (GPX4)-independent ferroptosis monitoring pathway (Gu et al., 2023). Importantly, these studies have focused on cell metabolism, and the results have shown a close link between ferroptosis and metabolic pathways (Harrison-Findik et al., 2007; Parola and Pinzani, 2019).
3.1 Classic GPX4 regulates the ferroptosis pathway
In 2001, the Stockwell laboratory carried out a high-throughput screening experiment of new anti-tumor small-molecule drugs, and found a series of compounds that induced a non-apoptotic, non-necrotic cell death mode (Harrison-Findik, 2007). The results of reverse screening showed that a variety of iron chelating agents and lipid soluble free radical scavenging antioxidants inhibited this form of cell death, which was named ferroptosis because it required iron ions (Silva et al., 2017). Two components of cells were identified in ferroptosis: the human cystine/glutamic acid reversal transporter system Xc−, and GPX4 (Jiang et al., 2021; Yan et al., 2021).
In mammalian cells, GPX4 is a major enzyme (Harrison-Findik, 2007; Harrison-Findik et al., 2007) that catalyzes the reduction of phospholipid hydroperoxide (PLOOHs). GPX4 requires its own catalytic selenocysteine and two electrons, generally provided by GSH, to reduce phospholipid and cholesterol hydroperoxide to their corresponding ethanol (Dolma et al., 2003; Yagoda et al., 2007). Conrad’s in-depth and thorough study of the first conditional Gpx4 knockout mice provided early evidence for the lipid peroxidation-dependent non-apoptotic cell death caused by GPX4.
3.2 Peroxidation of phospholipids
Uncontrolled lipid peroxidation is a marker of ferroptosis, and studies in the 1950s pointed to the association between trace elements such as selenium, vitamin E, and cysteine with lipid peroxidation (Dixon et al., 2014; Yang et al., 2014). Lipid peroxidation requires polyunsaturated fatty acid-phospholipids (PUFA-PLs) from the phospholipid bilayer to extract a hydrogen atom between two carbon-carbon double bonds to form a free radical centered on the C atom, and then reacts with an oxygen molecule to produce a hydrogen peroxide radical (Seiler et al., 2008; Maiorino et al., 2018). Genome-wide haploid and clustered regularly interspaced short palindromic repeats (CRISPR)-Cas9 based screening revealed that two membrane remodeling enzymes, acyl-CoA synthetase long chain family member 4 (ACSL4) and lysophosphatidylcholine acyltransferase 3 (LPCAT3), were important drivers of ferroptosis (Schwarz and Foltz, 1999).
The role of ACSL4 in the process of iron death is based on ACSL4 preferentially linking to long-chain PUFAs in the presence of coenzyme A, including arachidonic acid (20:4) and docosahexaenoic acid (22:4), so that they can be re-esterified by many lysophosphatidylcholine acyltransferase (LPCAT) enzymes. The deletion of the Acsl4 gene resulted in a rapid transition from a long-chain PUFA tail to a short chain and monounsaturated fatty acids, while the same phenomenon was observed in wild-type cells with drug inhibition of ACSL4 activity (Doll et al., 2017). Therefore, inhibition of ACSL4 expression may be the main mechanism of inhibiting ferroptosis. There are still many controversies and uncertainties about how lipid peroxidation occurs (Conrad and Pratt, 2019).
3.3 Iron metabolism
The key role played by phospholipid peroxidation in cellular metabolism during ferroptosis explains why it is dependent on iron ions. First, the metabolic enzymes LOXs and POR, which are involved in phospholipid peroxidation, require Fe ions to function as catalysts, and iron ions are also critical for most catalytic enzymes involved in cellular ROS production. Second, non-enzyme-catalyzed and Fe-ion-dependent Fenton chain reactions may be important for ferroptosis: when GPX4 is inhibited, PLOOHs are able to sustain the initiation of Fenton chain reactions for rapid amplification of PLOOHs, which are markers of ferroptosis. These radicals further react with PUFA-PLs to increase the yield of PLOOH (Chen et al., 2021a).
This regulation is mediated mainly through two key proteins in the post-transcriptional network, IRP1 and IRP2, which regulate intracellular iron storage and release, as well as transfer and excretion (Harrison-Findik et al., 2007; Doll et al., 2017). It is conceivable that many intracellular processes change the sensitivity of cells to iron death by changing the active iron content of cells. Recent studies on mouse models in vivo further elucidated the important role of iron regulation in ferroptosis. For example, knockout ferritin heavy chain may cause heart disease by enhancing ferroptosis (Fang et al., 2020; Packer, 2023).
3.4 GPX4-independent monitoring pathway
By using gene suppression screening or CRISPR-Cas9 synthetic lethal screening, the Conrad and other research groups independently identified an important protein in ferroptosis, ferroptosis suppressor protein 1 (FSP1), which acted from a completely different thiol-dependent axis (Kim et al., 2001; Dixon et al., 2015). Because of the homology between FSP1 and apoptosis inducing factor mitochondria associated 1 (AIFM1), FSP1 was previously named apoptosis inducing factor mitochondria associated 2 (AIFM2) (Kwon et al., 2015; Brown et al., 2019; Fang et al., 2020). Originally considered a pro-apoptotic protein, AIFM1 was found to mediate the proper folding and transport of mitochondrial membrane proteins (Yu et al., 2020). Similarly, FSP1 does not have many apoptotic functions, but protects cells from GPX4 inhibitors and Gpx4 gene knockout-induced ferroptosis. FSP1 appears in several membrane structures, including the plasma membrane, Golgi, and perinuclear structure. Mutation of the FSP1 will lead to loss of its cell protective function (Doll et al., 2019), and increased expression of FSP1 initiates tumorigenesis even in KRAS-mutated cells at the presence of ferroptosis inducer (Muller et al., 2022). In terms of mechanism, because of its NADH-ubiquinone (CoQ10) oxidoreductase activity (Bersuker et al., 2019), FSP1 has inhibits lipid peroxidation and iron death. The mechanism is to produce pantothenol by restoring ubiquinone (CoQ10), which in turn directly restores lipid free radicals and ends lipid autoxidation (Lv et al., 2022). Recently published article utilizing NanoString technology revealed that NUPR1 (nuclear protein 1, transcriptional regulator), which is upregulated at the presence erastin (a ferroptosis inducer by depletion of GSH and thereby stimulating GPX4 degradation), is a driver of ferroptosis resistance. By upregulating LCN2 (lipocalin 2) expression, NUPR1 inhibits iron accumulation and subsequent oxidative damage, and ultimately results in the inhibition the ferroptosis mediated cell death (Liu et al., 2021b).
3.5 New pathway of p53 dependent cell ferroptosis
Since its discovery in 1979, p53 has been one of the focuses of oncology. In fact, p53 also plays an important role in tumors and the recently discovered induction of cell ferroptosis (Wu et al., 2002). The Gu Wei laboratory published an article in 2015, which first revealed that p53 inhibited tumor development by promoting cell ferroptosis (Ohiro et al., 2002). Cystine is a dimer of cysteine. Cysteine is an important component in the synthesis of GSH, and GSH is the main donor restoring power to the ferroptosis inhibitor protein GPX4. The deficiency of Cys leads to a deficiency of GSH synthesis, which affects the normal function of GPX4 and leads to cell ferroptosis. P53 was shown to inhibit solute carrier family 7 member 11 (SLC7A11) expression at transcriptional level, thus promoting cell ferroptosis and leading to tumor inhibition. Further studies showed that the acetylation of the p53 K101 site played an important role in the inhibition of SLC7A11 by p53 (Wang et al., 2021). These results suggest that induction of ferroptosis may be an important weapon for p53 to inhibit tumor growth. A study in 2019 found that when p53 downregulated SLC7A11, lipoxygenase12 (ALOX12) was released. Free ALOX12 oxidizes polyunsaturated fatty acid chains of cell membrane phospholipids, resulting in cell ferroptosis. These results also demonstrate that the p53-SCL7A11 axis promoted ferroptosis in a GSH-independent manner (Susin et al., 1999). Recently, the Gu Wei laboratory study on the IPL2 gene also showed that it inhibited ferroptosis by cleaving the oxidized cell membrane PUFA. Interestingly, p53 activated iPLA2β when external stimuli were minimal to inhibit ferroptosis (Reinhardt et al., 2020). In particular, it was shown that the p53/SLC7A11/ALOX12 and p53/iPLA2β pathways were independent of GPX4 and ACSL4. These two pathways are different from the classical iron death model proposed by Stockwell and represent a new type of iron death mechanism. In conclusion, the iron death regulated by p53 is a basic iron death pathway which is different from and related to the classical GPX4-centered iron death model (Figure 2).
[image: Figure 2]FIGURE 2 | Mechanisms of ferroptosis regulation. The classic GPX4 (glutathione peroxidase 4) pathway. System Xc-brings cystine into cells and is reduced to cystine under the action of GSH, and cystine is an important synthetic raw material for GSH. GPX4 reduces PL-OOH (phospholipid hydroperoxide) to PL-OH in the presence of GSH, thereby inhibiting ferroptosis. ACSL4 (acyl-CoA synthetase long chain family member 4)/LPCAT3 (lysophosphatidylcholine acyltransferase 3) is a very important driver of ferroptosis. PUFA (polyunsaturated fatty acid) is catalyzed by ACSL4 to generate PUFA-CoA, which is then catalyzed by LPCAT3 to generate PL (phospholipid), which is finally catalyzed by LOXs (lipoxygenase) to generate PL-OOH, and then lipid peroxidation occurs, eventually leading to The membrane ruptures, driving iron death. 2. The accumulation of a large amount of iron ions in cells can also induce ferroptosis. 3. P53-mediated ferroptosis pathway. One of the pathways is to inhibit the expression of SLC7A11 (solute carrier family 7 member 11) in the System Xc-complex, thereby inhibiting GSH synthesis, resulting in the inhibition of GPX4 activity and ultimately the induction of ferroptosis. In addition, decreased expression of SLC7A11 increases free ALox12 (lipoxygenase12), which catalyzes the production of PUFAs-OOH from PUFAs. Another pathway is to inhibit the activity of ALox12 through the downstream target gene iPLA2β of p53, thereby inhibiting the occurrence of ferroptosis. This also shows that P53 plays an important role in the process of ferroptosis.
Although cystatin-GSH-GPX4 is thought to be the primary ferroptosis regulatory system in mammals, recent genome-wide screens have identified ferroptosis mechanisms that do not depend on GPX4 (Yang et al., 2022). By using either a genetic repression screen or a CRISPR-Cas9 synthetic lethality screen, the Conrad and Olzmann groups independently identified an important protein in ferroptosis, FSP1, which functions from a completely different thiol-dependent axis (Magtanong et al., 2019; Zheng and Conrad, 2020; Lange and Olzmann, 2021). A study (2019) identified the lipid oxidase ALOX12 as a key regulator of p53-dependent ferroptosis (Chu et al., 2019). However, SLC7A11 directly binds ALOX12 and thus restricts its function (Koppula et al., 2021). Recently, the Wei Gu laboratory found a new target gene of p53, iPLA2β, which inhibited ferroptosis by cleaving the oxidized cell membrane PUFA (70).
4 THE CORRELATION BETWEEN ALD AND FERROPTOSIS
In previous review on ALD patients, oxidative stress were found in the liver (Dey and Cederbaum, 2006). Recently, by investigating the hepatic tissues from 31 patients with ALD and 5 normal livers, iron overload in hepatocytes is also a risk factor for liver fibrosis in ALD patients, with the increased TfR expression in hepatocytes of tissues with ALD (Suzuki et al., 2002). In addition, in alcoholic steatohepatitis rat models, iron accumulation was observed in hepatic macrophages/Kupffer cells (KC) with increased transferrin receptor-1 and hemochromatosis transcription and translation, elevated iron uptake and nonheme iron content and decreased response to NF-κB. Moreover, macrophages derived from human PBMC, showed that iron overload stimulate the TNF-α release (Tsukamoto, 2002; Xiong et al., 2008). In severe alcoholic hepatitis (SAH) patients, iron overload in hepatocytes/macrophages triggered a dis-integrin and metalloprotease 17 (ADAM17) activation was investigated by transcriptomics of patient PBMCs. Activated ADAM17 cleaved and released soluble extracellular domains, and then increased tumor necrosis factorα and soluble CD163, thereby activating macrophages, and ultimately enhanced liver inflammation. Therefore, serum iron, sCD163 and inflammatory cytokine as TNF-α correlate with outcome of SAH patients (Maras et al., 2018). In general, previous studies have shown that iron overload is an important factor driving alcohol-induced liver injury (Chu et al., 2019; Gautheron et al., 2020; Chen et al., 2021b). Recently, an in vitro study on L-02 cells, a normal human hepatocyte line and in vivo study on alcohol induced liver injury C57BL/6 mice, found that alcohol induced hepatocyte death, accompanied by accumulation of lipid peroxidation and decreased expression of SLC7A11 and GPX4 (Xu et al., 2023). De novo lipogenesis plays a crucial role in ALD. In the wild type and CYP2E1 KO mice with alcohol induced liver injury, activation of hepatocyte cannabinoid receptor-1 (CB1R) by hepatic stellate cell derived 2-arachidonoylglycerol (2-AG), drives bidirectional signaling between hepatocytes and hepatic stellate cell through SLC7A1/glutamate signaling, and thereafter induce alcoholic steatosis (Choi et al., 2019). Studies on Lpin1-Tg mice with the C57BL/6 background showed that Lipin-1, a magnesium ion-dependent phospholipase, could regulate lipid metabolism through the production of diacylglycerol (DAG) (Brohee et al., 2021). Lipin-1 is closely related to alcoholic steatohepatitis in adipose tissue by overexpression of adipose-specific lipin-1, which in turn accelerates iron accumulation, causes lipid peroxidation, reduces GSH and GAPDH, and promotes ferroptotic liver damage in mice after alcohol administration (Zhou et al., 2019). These results suggest that adipon-1 in adipose tissue induces alcoholic liver injury by driving iron death in hepatocytes. In addition to lipin-1, another mammalian NAD+- dependent protein deacetylase, also plays an important role in ALD. In the intestinal-specific Sirt1 KO mice, increased liver inflammation, iron metabolism and lipid peroxidation disorders were observed, accompanied by normalized liver iron death related genes (such as Gpx4, Acsl4, and p53), thus forming a protective effect on liver injury caused by alcohol (Zhou et al., 2020). In alcohol induced rat liver injury model, inhibition of p62/Nrf2/Keap1/SLC7A11 pathway by fucoidan could protect hepatocytes from ferroptosis and inhibit iron overload (Xue et al., 2022).
Senescence is a cellular process marked with irreversible cell cycle arrest, which limits the proliferative potential of cells. Cellular senescence has been correlated with a varieties of liver diseases, including ALD (Ferreira-Gonzalez et al., 2021). Expression of senescence markers, i.e., hepatocyte p21 expression, has been proved to be negatively correlated with ALD outcomes (Aravinthan et al., 2013). Inhibition of cellular senescence by vitamin C, could alleviate the pathogenesis of ALD (Baek et al., 2022). Yangonin could ameliorate cellular senescence in ALD through the activation of nuclear receptor FXR (Dong et al., 2021). Oroxylin A could inhibit the alcohol induced hepatocyte senescence through the activation of YAP pathway (Jin et al., 2018). These studies suggest that inhibition of cellular senescence could alleviate ALD. Meanwhile, senescence has been reported with iron overload and ferroptosis in liver diseases, especially ALD. Through Fenton reaction, iron overload in the liver could stimulate the liver damage by increasing oxidative stress, activating Kupffer cells (KCs) and hepatic stellate cells (HSCs) and thereby stimulating ferroptosis (Li et al., 2022). Meanwhile, alcohol could stimulate iron absorption and enhance iron uptake in hepatocytes (Rouault, 2003). To a broader definition, alcohol is also detrimental to cells by inducing cellular senescence and aberrant iron metabolism. Studies on bone marrow derived mesenchymal stem cells revealed that alcohol could induce premature senescence by increasing intracellular ROS and upregulate senescent marker genes as p16INK4a and p21kip1, and thereby impair osteogenic differentiation (Chen et al., 2017). However, another study revealed that iron accumulation in senescent cells is coupled with the inhibition of ferroptosis. Studies in senescent cells of ageing hepatic tissue revealed that intracellular iron is greatly accumulated with the lysosomal dysfunction and impaired ferritin degradation, and the senescent cells are resistant to ferroptosis (Masaldan et al., 2018). Therefore, targeting cellular senescence by the regulation of iron overload and inducing ferroptosis may be a promising clinical strategy for the ALD treatment.
5 DRUGS FOR FERROPTOSIS AND THE POSSIBILITY OF ITS USE IN ALCOHOL-RELATED LIVER DISEASE
In recent years, increasingly more drugs targeting cell ferroptosis have appeared. Compounds that can precisely regulate ferroptosis play an important role in explaining the mechanism of ferroptosis-related diseases. The first approach is inducers targeting system Xc−, including sorafenib (Llovet et al., 2008; Dahlmanns et al., 2017; Ma et al., 2017; Huang et al., 2022), sulfalazine (Tsai et al., 2016; Patel et al., 2019), and glutamate (Bridges et al., 2012; Parker et al., 2021). The second approach is targeting GPX4, such as RAS-selective lethal 3 (RSL3) and ML-162 (Shin et al., 2018; Sui et al., 2018; Li et al., 2021; Liu et al., 2022). The ferroptosis inhibitors, Fer-1 (Miotto et al., 2020; Sripetchwandee et al., 2023), lipoxstatin-1 (Yang et al., 2014; Shin et al., 2018; Fan et al., 2021), and 1,8-Diazafluoren-9-one (DFO) (Bruni et al., 2018; Zeng et al., 2022; Zhou et al., 2022), are the three most frequently used compounds (Table 1).
TABLE 1 | The Potential target of ferroptosis inducers and inhibitors in alcohol-related liver diseases.
[image: Table 1]5.1 Ferroptosis inducers
Sorafenib is a class of kinase inhibitors approved by the food and drug administration (FDA) for the treatment of HCC, and sorafenib has been reported to induce cell ferroptosis in HCC, too (Yang et al., 2016). In addition, sorafenib also inhibits system Xc−, which leads to a decrease of GSH and the accumulation of lipid ROS (Dixon et al., 2012). In addition, sorafenib also promotes hepatocyte fibrosis, but whether ferroptosis is involved in hepatocyte fibrosis remains to be further studied (Zilka et al., 2017).
An FDA-approved anti-inflammatory drug for rheumatoid arthritis is sulfasalazine (Llovet et al., 2008; Friedmann Angeli et al., 2014). Sulfasalazine is an antagonist of system Xc−, and inhibits the absorption of cystine and thus reduces the synthesis of GSH(89). In addition, sulfasalazine promotes iron death by inhibiting system Xc− in cancer cells (Shin et al., 2018). However, sulfasalazine monotherapy can cause tumor resistance, so it is usually combined with traditional drugs (Chande et al., 2016; Ma et al., 2017).
RSL3 is the first GPX4 inhibitor that causes irreversible inactivation of GPX4 by directly covalently binding to its nucleophilic active site. It was shown that a 2 μM concentration of RSL3 caused cell death (Su et al., 2020). Similarly, compound ML162 is a GPX4 inhibitor that induces ferroptosis by inhibiting GPX4 enzyme activity.
5.2 Ferroptosis inhibitors
Ferrostastin-1 (Fer-1) is the first ferroptosis inhibitor, and it can reduce the oxidation of PUFAs in the membrane structure. In addition, many studies focused on the synthesis and activation of PLOOHs, particularly the precursors of PLOOHs, PUFAs, in the ferroptosis state. Non-enzyme-catalyzed, Fe-dependent Fenton chain reactions may be important for ferroptosis: when GPX4 is inhibited, PLOOHs are able to sustain the initiation of Fenton chain reactions in order to rapidly amplify PLOOHs, which are markers of ferroptosis. PLOOHs generate the radicals PLO and PLOO with Fe2+ and F3+, respectively, which further react with PUFA-PLs to increase the yield of PLOOHs. Because GPX4 is the major PLOOH-neutralizing enzyme, one of the usual molecular mechanisms of erastin and RSL-3-induced ferroptosis is that both compounds inhibit GPX4 activity, except that erastin does so directly, whereas RSL-3 inhibits GPX4 activity by inhibiting cysteine uptake (Shintoku et al., 2017). As a result, this leads to the accumulation of PLOOHs, which in turn cause rapid and irreparable cytoplasmic membrane damage and ultimately cell death (Shintoku et al., 2017). Previous studies showed that Fer-1 ameliorated liver injury by inhibiting ferroptosis in liver cell (Yamada et al., 2020; Jiang et al., 2022).
Vitamin E is also a type of fat-soluble RTA that inhibits cell iron death by reducing membrane PUFA oxidation levels (Yang et al., 2014). Dated back to last century, vitamin E has been proved to alleviate lipid peroxidation for the treatment of alcoholic liver injury in murine models (Nanji et al., 1996). Further murine studies on vitamin E revealed that it could mitigate the toxic effects of alcohol by reducing oxidative stress (Kaur et al., 2010). In 2016, Carlson et al. found that vitamin E enabled hepatocyte-specific Gpx4-silenced mice to survive normally (Dixon et al., 2014). These results suggest that vitamin E may improve hepatocyte degeneration by inhibiting ferroptosis.
Accumulating evidences revealed the therapeutic potential of ferroptosis inhibitors in chronic liver diseases. In acute-on-chronic liver failure murine models established by carbon tetrachloride, D-galactosamine, lipopolysaccharide or H2O2, Fer-1 could alleviate lipid peroxidation, repress ferroptosis and play hepatocyte role via the inhibition of Nrf2 (Wu et al., 2022). Ferrostatin-1 could also effectively attenuate liver damage and protected liver structures in autoimmune hepatitis animal models through the regulation of GPX4/Nrf2/HO-1 signaling pathway (Zhu et al., 2021). It play hepatocyte protective role by reducing iron load in thioacetamide-induced acute liver injury murine model (Jiang et al., 2022). DFO could reduce intracellular iron levels and thereby alleviate liver fibrosis induced by CCl4 in rats (Mohammed et al., 2016). It could also dose-dependently reduce the hepatocellular inflammation and improve liver function for more than 500 chronically transfused patients within 1 year of the observation period (Brissot et al., 2005). Liproxstatin-1 could also alleviate fatty liver disease with metabolic dysfunction in mice (Tong et al., 2023). Vitamin E has been well documented for chronic liver diseases as liver fibrosis and nonalcoholic fatty liver disease (Di Sario et al., 2007; El Hadi et al., 2018; Nagashimada and Ota, 2019). However, there still exist controversial on the pharmacological effect of vitamin E on nonalcoholic fatty liver disease (Lavine et al., 2011; Ivancovsky-Wajcman et al., 2019). To date, the majority of the studies on ferroptosis inhibitors are based on animal models, there is a blank for clinical studies on ferroptosis inhibitor in the treatment of both ALD and the other chronic liver diseases.
Although there is a consensus that lipid disorder and iron overload are common features of alcoholic liver disease, it is only in recent years that researchers began to think about the relationship between ferroptosis and alcohol-induced liver injury. In the study of ALD, we found that this type of liver injury is accompanied by cell ferroptosis, and the status of liver injury is significantly improved by inhibiting cell ferroptosis. Previous cell and mouse ALD models showed that alcohol treatment led to the accumulation of ROS and lipid peroxidation, which were compensated by ferroptosis inhibitors. Therefore, we have reason to believe that targeting ferroptosis will be a promising method for the treatment of ALD (Zhou et al., 2019).
6 CONCLUSION AND PERSPECTIVES
Ferroptosis is a cell death mode regulated by iron metabolism and lipid peroxidation pathways. Cell ferroptosis is involved in many diseases, including ALD. The specific role of ferroptosis in ALD is still under study, and as cell ferroptosis itself is a complex process, its potential molecular mechanisms are currently not very clear. Therefore, it is necessary to perform more in-depth research to understand cell ferroptosis and the relationship between cell ferroptosis and disease occurrence.
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