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Abstract

:

Ferroptosis is an emerging type of regulated cell death usually accompanied by the accumulation of ferrous ions (Fe2+) and lipid peroxides. As the metabolic hub of the body, the liver is crucial for iron storage and lipid metabolism. The liver seems to be closely related to ferroptosis through iron and lipid metabolism. Liver disease greatly threatens host health, and exploring effective interventions is essential. Mounting studies have demonstrated that ferroptosis is one of the possible pathogenic mechanisms involved in liver disease. Targeting ferroptosis may provide a promising opportunity for treating liver disease. However, drugs targeting ferroptosis are extremely limited. Therefore, it is an urgent need to develop new and safe ferroptosis regulators. Natural active compounds (NAC), especially those derived from traditional Chinese medicine, have recently shown great therapeutic potential in liver disease via modulating ferroptosis-related genes or pathways. Here, we outline the molecular mechanism of ferroptosis and systematically summarize the regulatory function of NAC on ferroptosis in liver disease. Finally, we discuss the application prospects and potential problems concerning NAC as ferroptosis regulators for managing liver disease.
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1. Introduction


Accidental cell death (ACD) and regulated cell death (RCD) are two types of cell death [1]. In general, ACD is generally characterized by virtual immediacy and unpredictability, making it a challenging phenomenon to control [1,2]. However, as a universal and molecularly regulated process in multicellular organisms, RCD is crucial for organism development and homeostasis maintenance, providing a possible way for human intervention in life activities [2,3].



Ferroptosis was first formally proposed in 2012 as an iron-dependent nonapoptotic cell death triggered by erastin, which is a small anticancer molecule targeting RAS mutation-induced cancer cells [4]. The mechanism of ferroptosis has been further expanded in the last decade. A huge molecular regulatory network covering the antioxidant system, iron metabolism, and lipid metabolism has been preliminarily formed [5] (Figure 1).



Liver disease is common and extremely harmful, which greatly burdens the health care system. Approximately 2 million people worldwide die from liver disease every year, accounting for 4 percent of all deaths [6]. Investigating new targets and strategies to treat liver disease is crucial. At the same time, increasing evidence shows that ferroptosis plays a significant role in the progression of liver disease, which provides potential pharmacological targets for liver disease [7]. The therapeutic effects of ferroptosis on liver disease are two-sided. Inhibiting ferroptosis can alleviate liver injury and fatty liver disease. Conversely, promoting ferroptosis can kill hepatic stellate cells (HSCs) and liver cancer cells. In addition, ferroptosis can also influence disease development through nonparenchymal cells in the liver. Exposure to ethanol [8] or Plasmodium chabaudi hemozoin [9] could enhance iron uptake by Kupffer cells, which may lead to iron deposition in the liver and induce ferroptosis, accelerating the development of related diseases. Inhibition of ferroptosis of liver sinusoidal endothelial cells during liver cold preservation has also been demonstrated to alleviate injury in orthotopic liver transplantation [10]. Although some anticancer drugs, including cisplatin and sorafenib (SOR), have been shown to induce ferroptosis, they are associated with a range of side effects, such as endocrine dyscrasia, peripheral nerve injury, and bowel dysfunction [11]. Therefore, it is of great interest to develop safe and effective treatment regimens to reduce adverse reactions and drug resistance while treating liver disease via regulating ferroptosis. Given the successful application of artemisinin in treating malaria, natural active compounds (NAC) may open up a broad field for ferroptosis regulation and liver disease treatment [12].



As expected, more and more NAC are useful for direct or adjuvant liver disease treatment through ferroptosis regulation. Many NAC based on traditional Chinese medicine (TCM), such as baicalein, quercetin, and curcumin, are widely present in nature, even in our food, and are characterized by multi-target, structural stability, easy availability, and minimal negative effects [13,14]. Given the lack of a comprehensive overview of advances in using NAC to treat liver disease by targeting ferroptosis, we provide a systemic summary of the therapeutic actions and relevant molecular mechanisms of NAC in the improvement of major ferroptosis-related liver disease and further explore the clinical significance and potential issues.




2. The Mechanisms of Ferroptosis


Since ferroptosis was officially proposed in 2012, the search for its mechanism has never stopped. The ferrous ions (Fe2+) accumulation triggers the Fenton reaction, producing excess reactive oxygen species (ROS). When the antioxidant system is insufficient to remove these ROS, phospholipid (PL) peroxidation-mediated membrane damage generates many toxic metabolites, eventually leading to ferroptosis [3]. Unlike apoptosis, cells undergoing ferroptosis are usually accompanied by shrunken mitochondrial, increased mitochondrial membrane density and reduction of mitochondrial ridges without the cytoskeleton’s disintegration, nucleoli’s disappearance, and chromosome condensation [4,15]. Meanwhile, the main biochemical features of ferroptosis include the intracellular iron overload, ROS accumulation, and the depletion of endogenous antioxidants such as GSH, which are different from other RCDs. With the rapid development of techniques and methods, a series of key regulatory genes and pathways related to ferroptosis have been identified. In general, the three basic characteristics of ferroptosis are the accumulation of Fe2+, PL peroxidation, and imbalance of antioxidant system [5]. Therefore, we summarize the regulatory network of ferroptosis around three factors: iron metabolism, lipid metabolism, and antioxidant system.



2.1. Iron Metabolism and Ferroptosis


Iron is an indispensable metal element for cell division, metabolism, and growth. It participates in vital physiological activities such as ATP generation, DNA synthesis, and oxygen transport through iron-containing enzymes [16,17,18]. However, excess free iron induces ROS over-production, which is one of the key mechanisms of ferroptosis. Interestingly, even dietary iron content can affect ferroptosis in the liver [19]. Therefore, iron homeostasis is crucial for liver health (Figure 2).



Iron is mainly present as Fe2+ or ferric ions (Fe3+) in organisms [20]. Duodenal cells that take up iron from the diet and reticuloendothelial macrophages that recover iron from aged erythrocytes are the main suppliers of blood iron, with others provided by body stores such as liver cells, cardiac myocytes, and erythroid cells [18,21]. Approximately one-third of iron is stored in the liver, which makes the liver potentially more sensitive to ferroptosis [22]. After aged erythrocytes are phagocytized by reticuloendothelial macrophages, heme is degraded by heme oxygenase-1 (HO-1), and inorganic iron is recovered [23]. The main form of dietary iron is Fe3+, which needs to be reduced to Fe2+ by reductases like duodenal cytochrome b (Dcytb) or other non-enzymatic reducing agents before it can be absorbed into the duodenum by divalent metal transporter 1 (DMT1) [16,24]. However, dietary heme iron is absorbed through an unclear mechanism and decomposed into inorganic iron by HO-1 and its homolog HO-2 [23,25,26]. Iron in duodenal cells and reticuloendothelial macrophages enter the blood through ferroportin (FPN); otherwise, it remains in the cytoplasm in certain forms such as ferritin, which is made up of ferritin light chain (FTL) and ferritin heavy chain 1 (FTH1) [17,27]. Hepcidin, a hormone synthesized and secreted primarily by liver cells, binds to FPN and induces its internalization and degradation via E3 ubiquitin-protein ligase RNF217, thereby preventing excessive iron levels in the circulatory system [18,28]. The exported Fe2+ is rapidly oxidized to Fe3+ by ceruloplasmin or hephaestin [23]. Two Fe3+ ions are bound to transferrin (TF) in plasma and enter iron-requiring cells via transferrin receptor 1 (TFR1)-mediated endocytosis [23,29]. In a recent study, TF nanovesicles coupled with Fe3+ and encapsulated SOR (SOR@TF-Fe3+ NVs) were developed to accelerate iron transport and enhance SOR efficacy. SOR@TF-Fe3+ NVs could more efficiently promote the production of lipid peroxides (LPO), suppress tumor growth, and prolong survival rates in hepatocellular carcinoma (HCC) mouse model than SOR or TF- Fe3+ NVs alone [30]. In endosomes, Fe3+ is released from TF and then reduced to Fe2+ via the six-transmembrane epithelial antigen of prostate 3 (STEAP3) [31]. Later, Fe2+ enters the labile iron pool (LIP) through DMT1 or mucolipin 1/2 (ML1/2) [7,32]. In addition, HO-1-mediated heme degradation, solute carrier family 39 member 8/14 (SLC39A8/14)-mediated Fe2+ import, and nuclear receptor coactivator 4 (NCOA4)-mediated ferritinophagy can increase LIP amount [33]. However, the role of HO-1 in ferroptosis requires further research. In AML12 and HepG2 cells, HO-1 knockdown could accelerate ROS accumulation, lipid peroxidation, and iron overload. In contrast to HO-1 overexpression, HO-1 knockdown also decreased glutathione (GSH) and superoxide dismutase (SOD) levels in vitro [34]. This result may be associated with the HO-1 mediated-enhancement of glutathione peroxidase 4 (GPX4) activity [35]. There are four main destinations of Fe2+ in LIP [5,7]: (1) Fe2+ is exported to extracellular space through FPN; (2) Fe2+ is used in the synthesis of iron-containing proteins; (3) Fe2+ binds to ferritin through the iron chaperone poly (rC) -binding protein 1 (PCBP1); and (4) Fe2+ enters mitochondria via SLC25A28/37 for heme, mitochondrial ferritin, and iron-sulfur (Fe-S) clusters synthesis. Two pathways mainly regulate the intracellular iron metabolism [32]. One is the iron acquisition pathway mediated by the iron regulatory protein1/2 (IRP1/2) [36,37], and the other is the tristetraprolin-mediated iron conservation pathway [38]. Similarly, both pathways regulate intracellular iron levels through the interaction of certain transfer factors with the mRNA of iron metabolism-related proteins such as TFR1, FPN, and FTH1. It is important to note that the regulatory mechanisms of iron metabolism are quite complex, and the above described are only the most basic aspects. The dysfunction of any process of cellular iron metabolism may lead to Fe2+ overload in LIP. Unstable Fe2+ triggers the Fenton reaction to generate excess ROS, leading to PL peroxidation. The substrate of the Fenton reaction can be either hydrogen peroxide (H2O2) or phospholipid peroxides (PLOOHs) [39]. Fe2+ can also promote PL peroxidation by increasing the activity of lipoxygenases (LOXs), nicotinamide adenine dinucleotide phosphate (NADPH) oxidases (NOXs), and EGLN prolyl hydroxylases [3,29,40]. When PLOOHs cannot be removed promptly and effectively, the integrity of the cell membrane will be destroyed, and ferroptosis will eventually occur.




2.2. Lipid Metabolism and Ferroptosis


PL peroxidation is one of the key factors driving ferroptosis. Although PL peroxidation is only one part of lipid metabolism, increasing research suggests that lipid metabolism can influence ferroptosis through multiple dimensions. As a hub of lipid metabolism, the liver is essential for lipid synthesis, storage, consumption, and transportation. The liver may produce more ROS during lipid metabolism, increasing ferroptosis sensitivity. Fatty acids (FAs) can be obtained directly from the diet or synthesized de novo in cells. Free FAs can enter cells via passive diffusion or membrane-associated proteins such as clusters of differentiation 36. Meanwhile, FAs contained in some lipoproteins can be endocytosed via related receptors, such as very low-density lipoprotein receptors [41]. Interestingly, the type of FAs in the diet appears to change the composition of FAs in cells, thereby altering the sensitivity of cells to ferroptosis. When rat β-cells were treated with long-chain saturated fatty acids (SFAs) and ω-6 polyunsaturated fatty acids (PUFAs), both resulted in PL peroxidation, but only the latter triggered ferroptosis [42]. In an acidotic environment, ω-3 and ω-6 PUFAs selectively induced ferroptosis in cancer cells. Notably, a diet rich in long-chain ω-3 PUFAs significantly delayed tumor growth in mice compared with monounsaturated fatty acids (MUFAs)-rich diet [43]. This provides implications for dietary therapies targeting ferroptosis. As essential fatty acids, long-chain ω-3 and ω-6 PUFAs can only be obtained from diet, but both SFAs and MUFAs can be synthesized de novo in cells [39]. Generally, SFAs and MUFAs are less sensitive to ferroptosis than PUFAs. Inhibition of key enzymes for the synthesis of MUFAs, such as stearoyl-CoA desaturase 1 (SCD1), could significantly enhance the anti-tumor effects of ferroptosis inducers in ovarian cancer cell lines and mouse orthotopically xenograft models [44]. While knockout of fatty acid desaturases (FADSs) involved in PUFAs metabolism, such as FADS2, could protect immortalized primary hepatocytes (PH5CH8) and lung cancer cells (A549) from ferroptosis induced by erastin [45]. β-oxidation is thought to inhibit ferroptosis by depleting PUFAs. Fatty acid binding protein 4 (FABP4) plays a vital role in β-oxidation as it transports free FAs to mitochondria and peroxisomes. Under high glucose conditions, inhibition of FABP4 could make human renal proximal tubular epithelial (HK2) cells more sensitive to ferroptosis by inhibiting β-oxidation, which may provide a new therapeutic strategy for treating diabetic kidney disease [46]. FAs must be conjugated to coenzyme A (CoA) by the long-chain acyl-CoA synthetases (ACSLs) family before they can be esterified into PLs. Interestingly, ACSL3 preferred MUFAs as the substrate, while ACSL4 preferred PUFAs such as arachidonic acid (AA) and adrenic acid (AdA) [47]. This implies that regulating the activity of ACSLs may affect the membrane components and thus alter the sensitivity of cells to ferroptosis [48]. Ferroptosis is crucial to irradiation (IR)-induced intestinal injury, and ACSL4 is highly expressed in irradiated intestinal tissues. A recent study showed that ACSL4 inhibitor (troglitazone) could inhibit intestinal PL peroxidation and tissue damage after IR [49]. However, when ACSL4 was hepatocyte-specific deleted in mice, there was no increase in HCC, and the liver showed less fibrosis and proliferation, especially in the HCC model of toxic injury induced by diethylnitrosamine and carbon tetrachloride (CCl4) [50]. This implies that the anticancer effect of ferroptosis in HCC is not absolute. FAs-CoA are then incorporated into membrane PLs by the lyso-phosphatidylcholine acyltransferases (LPCATs) family or lyso-phosphatidyl CoA acyltransferases [39]. In this process, LPCAT3 prefers to esterify AA/AdA-CoA to PUFA-phosphatidylethanolamines (PEs), the key PLs that trigger ferroptosis [11]. Because LPCAT3 inhibitors can change the content of PUFA-PLs in cells and protect from ferroptosis, LPCAT3 is considered as a determinant of ferroptosis [51]. Membrane-bound O-acyltransferase domain 1/2 (MBOAT1/2) are phospholipid-modifying enzymes that the androgen receptor and estrogen receptor can directly upregulate. Interestingly, it has been demonstrated that MBOAT1/2 could selectively transfer MUFAs to lyso-PEs, thereby reducing the sensitivity to ferroptosis [52]. Both LOXs-based enzymatic reaction and free Fe2+-based non-enzymatic reaction promote PL peroxidation. In CCl4-induced acute liver injury (ALI), arachidonate 15-lipoxygenase (ALOX15) triggered PL peroxidation, but genipin treatment could attenuate this process [53]. It should be emphasized that the enzymatic activity of LOXs may not be universally required for ferroptosis. Cyclooxygenases, cytochrome P450, and NOXs can also promote PL peroxidation [54]. PL peroxidation is a process that can propagate and in turn produce more PLOOHs until the reaction is terminated. Ferroptosis may occur when the antioxidant system represented by GPX4 is insufficient to remove ROS, especially PLOOHs.




2.3. Antioxidant System and Ferroptosis


If Fe2+ overload and PL peroxidation are the arsonists of ferroptosis, the antioxidant system is undoubtedly the firefighter of this fire. Various antioxidant protective mechanisms can timely remove ROS or terminate the transmission of PL peroxidation, thereby protecting cells against ferroptosis. GPX4 is identified as a key negative regulator of ferroptosis by reducing toxic PLOOHs to non-toxic phospholipid alcohols (PLOHs) [55,56]. The inactivation of GPX4 is sufficient to cause uncontrolled membrane lipid peroxidation, leading to ferroptosis in multiple organs and abnormal body development [57]. GSH, a tripeptide composed of glutamate, cysteine and glycine, is mainly synthesized in liver. As an essential substrate for GPX4, GSH is oxidized to oxidized glutathione (GSSG). Then, GSSG can be reduced to GSH through glutathione-disulfide reductase (GSR) with NADPH as the electron donor [54]. Cystine-glutamate antiporter (System Xc−), consisting of SLC7A11 and SLC3A2, is an important pathway for cells to obtain cysteine, a key substrate for GSH synthesis. Inactivation of GPX4 by disrupting System Xc− has been demonstrated to treat various diseases. For example, the anticancer molecule SOR could promote ferroptosis of HSCs by reducing SLC7A11 to alleviate liver fibrosis (LF) [58]. In addition, nuclear factor erythroid 2-related factor 2 (NRF2) and heat shock protein family A member 5 can act as positive regulators of GPX4. At the same time, P53 and many non-coding RNAs, such as miR-539 and miR-6516-5p, can down-regulate GPX4 [59]. They have all become important targets for the regulation of ferroptosis. Paralleling the GPX4-based mechanism, endogenous lipophilic radical-trapping antioxidants (RTAs) such as ubiquinol (CoQ10H2), vitamin K hydroquinone (VKH2), and dihydrobiopterin (BH4) can also prevent ferroptosis by scavenging lipid free radicals [60]. Ferroptosis suppressor protein 1 (FSP1) is a NAD(P)H-ubiquinone reductase that is located in the plasma membrane. It can reduce ubiquinone (CoQ10) to CoQ10H2, which in turn prevents the proliferation of LPO [61,62]. FSP1 can effectively reduce vitamin K to VKH2, including menadione and phylloquinone, exerting its anti-ferroptosis function [63]. The recently identified FSP1 inhibitor 3-phenyl quinazolinones, represented by icFSP1, could induce FSP1 agglutination in tumors and synergize with ferroptosis inducers to enhance the ferroptosis response, thereby inhibiting tumor growth in vivo [64]. GTP cyclohydrolase 1 (GCH1) is the rate-limiting enzyme for the synthesis of BH4 [65]. Interestingly, BH4 not only can act as a direct antioxidant to prevent cells from lipid peroxidation, but also can be used to synthesize CoQ10 de novo, which is equivalent to providing a double safeguard against ferroptosis [66]. As the main organelle for ROS production in cells, the mitochondrion is closely associated with ferroptosis, and their relationship has attracted much attention. As expected, mitochondria have their mitochondrial GPX4 (mGPX4)-independent antioxidant pathways. Dihydroorotate dehydrogenase (DHODH) is a flavin-dependent enzyme in the inner mitochondrial membrane. A recent study found that DHODH can not only oxidize dihydroorotate to orotate, but also reduce COQ10 to COQ10H2 [67]. Together with mGPX4, DHODH constructs the antioxidant system of mitochondria, which withstands the tremendous pressure of mitochondrial membrane lipid peroxidation. Uridine, a key substrate for synthesizing DNA, RNA, and glucose, was shown to trigger ferroptosis in HCC cells and suppress the further development of HCC [68]. Uridine synthesis in tumor cells mainly depends on the de novo synthesis pathway [69]. Interestingly, DHODH is one of the rate-limiting enzymes for de novo synthesis of uridine and its expression can be inhibited by high concentration of uridine in vitro, which may explain why uridine can induce ferroptosis in HCC cells [68]. However, the inhibitory effect of DHODH on ferroptosis is controversial because DHODH only functions at high concentrations that also effectively inhibit FSP1 [70]. Sulfane sulfur (S0) species have a potent antioxidant effect. Still, their relationship with ferroptosis was unclear in the past [71,72]. In addition to synthesizing GSH, cysteine can also be used to synthesize S0 species, but the intracellular concentration of S0 species is much lower than that of GSH. However, it has been demonstrated that the S0 species, especially hydropersulfides, could stop radical chain reactions via the formation and self-recombination of perthiyl radicals, thereby inhibiting lipid peroxidation and ferroptosis [73]. Given its prevalence in living organisms, hydropersulfides may represent a primitive radical scavenging system [74]. Previous studies have shown that depletion of cystathionine β-synthase (CBS), an enzyme promoting hydropersulfide synthesis by providing H2S, could sensitize breast cancer cells to ferroptosis without affecting GSH levels [75]. This suggests that modulation of substances that affect hydropersulfides may be an attractive strategy for anti-HCC chemotherapy [74]. Furthermore, exogenous hydropersulfides donors have been shown to inhibit ferroptosis in various cell models, implying that the development of hydropersulfides donors with optimal drug-like properties and selectivity for specific tissues could be a potential therapeutic strategy for liver disease [76]. In addition, the nitroxygenation of inducible nitric oxide synthase (iNOS)-derived NO• with 15-LOX-generated lipid intermediates such as eicosatetraenoyl-PE could enhance resistance to ferroptosis [77].



It is worth mentioning that the whole-genome CRISPR activation screen has played a significant role in discovering key antioxidative enzymes and pathways. We believe that with the development of related technologies, more anti-ferroptosis mechanisms will be discovered, bringing more opportunities for treating ferroptosis-related diseases.





3. NAC Treat Liver Disease by Targeting Ferroptosis


Liver disease is one of the major threats to human health. Increasing evidence shows that ferroptosis is closely related to liver disease [7,78,79,80]. Currently, there are no definitive effective drugs for the improvement of liver disease, such as ALI, non-alcoholic fatty liver disease (NAFLD), and LF. In addition, drug resistance in cancer treatment has always been an issue at present [13]. Therefore, it is urgent to develop safe and effective drugs. NAC, including TCM, have become an important source for the development of drugs targeting ferroptosis due to their high therapeutic potential and low toxicity. Among them, various flavonoids and terpenoids have been reported to exert certain curative effects on liver disease via targeting ferroptosis [13,14]. Here, we summarize the therapeutic impact of newly discovered NAC on treating main liver disease and the potential mechanisms of regulating ferroptosis (Figure 3).



3.1. Acute Liver Injury (ALI)


ALI is a clinical syndrome of liver failure caused by rapid damage of hepatocytes in the absence of pre-existing cirrhosis [81]. ALI, as a rare and life-threatening disease, can be caused by drugs, viruses, ischemia, or other external reasons [82,83]. Acetaminophen (APAP) is widely used for relieving heat and pain, but its overuse can cause ALI. Previous studies have demonstrated that ferroptosis is related to APAP-induced liver injury [84,85]. Nrf2 is a key gene against ferroptosis by regulating a series of proteins related to iron metabolism, antioxidants, and autophagy, such as FTH1, GPX4, SLC7A11, and HO-1 [83,86]. Interestingly, fucoidan [87], abietic acids [88], astaxanthin [89], clausenamide [90], daidzein [91], 3,4-dihydroxyphenylethyl alcohol glycoside [92], Fuzheng Yanggan Mixture [93], and water extract from Herpetospermum pedunculosum [94] could alleviate APAP-induced liver injury by regulating Nrf2 or downstream effector proteins. In liver transplantation, ischemia-reperfusion (I/R) usually causes ALI, and ferroptosis is the therapeutic target to alleviate I/R injury [95]. The phosphatidylinositol-3-kinase (PI3K)/protein kinase B (AKT) pathway was crucial to regulating cell death [96]. Meanwhile, cAMP response element-binding protein (CREB) has been reported to promote GPX4 expression [97]. Galangin, a natural flavonoid, has been shown to exert its anti-ferroptosis effect, possibly by activating the PI3K/AKT/CREB pathway, significantly improving the pathological damage of liver tissues in mice with I/R [98]. Taurine, widely present in marine animal tissues, is a potential drug for alleviating I/R injury in liver due to its excellent antioxidant and anti-inflammatory properties. Recently, taurine has been shown to increase the expression of GPX4 and SLC7A11 in liver tissues, which suggests the anti-ferroptosis effect of taurine and its therapeutic potential in liver I/R injury [99]. CCl4 and lipopolysaccharide (LPS)/D-galactosamine (D-gal) are often used as inducers in the construction of the ALI model. TCM and its derivatives have shown great therapeutic potential for ALI. Although the mechanisms are not exactly the same, ginsenoside Rd [100], bicyclol [101], gandankang [102], sulforaphane [83], genipin [53], baicalein [103], liensinine [104], artemisitene [105], glycyrrhizin [106], niujiaodihuang detoxify decoction [107], and low-polarity fraction from Ficus pandurata Hance [108] have all been shown to alleviate CCl-4 or LPS/ D-gal-induced ALI via preventing ferroptosis. NRF2, GPX4, and lipid metabolism-related enzymes such as ALOX12/15 and ACSL4 are the major targets of these TCMs. The cyclic GMP-AMP synthase (cGAS)/stimulator of interferon genes (STING) pathway is crucial for the immune system [109]. Recent studies have shown that the cellular redox homeostasis maintained by GPX4 is required for STING activation [77], and that cGAS inhibits ROS excessive accumulation by promoting the oligomerization of dynamin-related protein 1 in the outer mitochondrial membrane [110]. Interestingly, ginsenoside Rd alleviated CCl4-induced ALI in mice by inhibiting ferroptosis through the cGAS/STING pathway, which further implies the therapeutic potential of TCM for ALI by targeting ferroptosis [100]. Bioactive peptides can be used as therapeutic agents for many diseases due to their diverse biological functions. Tyrosine-alanine (YA) peptide, the main ingredient of oyster-derived hydrolysate, possesses strong antioxidant and anti-inflammatory properties. A recent study showed that YA pretreatment could reverse the ferroptosis in LPS/D-gal-induced ALI model and also prevent ALI by inhibiting inflammatory, apoptosis, and pyroptosis [111].




3.2. Alcohol and Environmental Pollutants-Induced Liver Disease


In daily life, alcohol consumption is an important cause of liver injury. Alcohol-related liver disease (ALD), the leading global cause of chronic liver disease, involves pathological processes ranging from hepatic steatosis to inflammation, fibrosis, cirrhosis, and HCC [112]. Increasing evidence suggests that ferroptosis plays an important role in ALD and holds promise as an ideal target [113]. Alcohol promotes intestinal iron absorption and increases the risk of hepatic iron overload through a synergistic effect with free iron [113]. In addition, acetaldehyde, the major intermediate metabolite of ethanol, is responsible for the generation of ROS and down-regulating the expression of key antioxidant genes such as Nrf2, thereby impairing the antioxidant system [114]. As the most potent active component of tea polyphenols, epigallocatechin-3-gallate (EGCG) may prevent and treat ALD. On the one hand, EGCG could alleviate hepatic iron overload by inhibiting intestinal absorption of non-heme iron and upregulating the expression of FTH1 and FTL. On the other hand, EGCG upregulated NRF2 and GPX4 expression and improved antioxidant function in mice suffering from iron overload [115]. Fucoidan, a polysaccharide derived from brown algae, is a natural antioxidant because of its sulfuric acid group [116]. Similar to EGCG, fucoidan could inhibit hepatic iron overload via regulating hepcidin-intestinal DMT1/FPN axis and alleviate oxidative damage of liver cells through upregulating P62/NRF2/SLC7A11 pathway in rats that were exposed to alcohol for a long term [117]. Silibinin and genistein, both natural flavonoids, could alleviate ethanol-or acetaldehyde-induced liver injury via inhibiting NCOA4-mediated ferritinophagy and activating NRF2/HO-1 pathway, respectively [114,118]. PTEN-induced putative kinase 1(PINK1)/Parkin-mediated mitophagy could suppress intracellular ROS accumulation by removing damaged mitochondria [119], but its relationship with ferroptosis is still unclear. A recent study reported that silibinin could bind to PINK1 and Parkin directly, promote PINK1/ Parkin-mediated mitophagy, and reduce ferritin degradation as well as ROS levels, thereby protecting against ferroptosis [118]. Furthermore, silibinin may directly bind to TFR1 to inhibit cellular iron uptake and maintain iron homeostasis in ethanol- and acetaldehyde-induced liver injury [118]. Both murine double minute X (MDMX)/peroxisome proliferator-activated receptor alpha (PPARα) pathway [120] and liver kinase B1 (LKB1)/AMP-activated protein kinaseα (AMPKα) signal axis [121] were shown to be associated with ferroptosis. For alcohol-induced liver injury, verbenalin [120] and Tiaogan Jiejiu Tongluo Formula [121] showed a certain therapeutic effect through inhibiting intracellular lipid peroxidation, which was regulated by the MDMX/PPARα pathway and LKB1/AMPKα signal axis, respectively. Melatonin, a hormone present in various organisms from algae to humans, is responsible for regulating circadian rhythms and is also an important endogenous antioxidant. Brain and muscle ARNT-like 1 (BMAL1) is a circadian clock protein found to promote ferroptosis through autophagic degradation of itself [122]. A recent study showed that melatonin exerted its anti-ferroptosis effect by activating the BMAL1-dependent activation of NRF2-related antioxidant response elements (ARE) [123]. At present, environmental pollutants such as heavy metals, non-metallic toxic elements, and pesticides are also important inducements of liver injury. Therefore, it is important to explore the NAC against the pollutants-induced liver injury (PILI). Diquat is a selective herbicide that can induce oxidative stress, karyolysis, karyopyknosis, and changes in hepatic cord arrangement in piglets [124]. Recent studies showed that holly polyphenols extracts (HPE) [124] and glycine [125] could alleviate diquat-induced liver injury by targeting ferroptosis. Mechanistically, they both enhanced GPX4 expression, and HPE also inhibited the transfer of Fe3+ by decreasing TFR1 abundance [124,125]. Bisphenol A (BPA), an environmental pollutant used in manufacturing plastic packaging materials, was reported to disrupt lipid metabolism and promote ferroptosis in the liver by activating the G protein-coupled estrogen receptor. Artemisia argyi essential oil, a volatile oil component extracted from leaves of Artemisia argyi H. Lév. & Vaniot, was shown to increase GPX4 expression and reduce the accumulation of Fe2+ in cells, thereby alleviating BPA-induced liver ferroptosis [126]. Fluoride is a toxic non-metallic element, and liver is considered one of the important target organs of fluorosis. The silent information regulator 1(SIRT1)/forkhead box O3 (FOXO3) pathway was involved in rats’ aluminum phosphide-induced acute lung injury [127]. Similarly, the SIRT1/FOXOs pathway could lead to lipid peroxidation and iron accumulation under fluorosis conditions, ultimately triggering ferroptosis [128]. Alpha lipoic acid is an important natural free radical scavenger. It was reported to inhibit the occurrence of lipid peroxidation via the System Xc-/GPX4 axis, thereby preventing fluorine-induced ferroptosis in liver cells [129]. Alpha lipoic acid also ameliorated cobalt-induced liver injury via inhibiting ferroptosis [130]. In addition, ammonia [131], lead [132], mercuric chloride [133], ethyl carbamate [134,135], di (2-ethylhexyl) phthalate [136], aflatoxin B1 [137], and acrylamide [138] could cause liver injury by inducing ferroptosis. And there are corresponding NAC to prevent or treat pollutants-induced liver injury (Table 1).




3.3. Non-Alcoholic Fatty Liver Disease (NAFLD)


The NAFLD, first proposed by Schaffner in 1986, is characterized by excessive accumulation of liver fat and defined as the presence of steatosis in 5% of hepatocytes histologically [139]. Due to its close association with metabolic diseases, NAFLD has been proposed to be replaced by metabolic fatty liver disease, which can more accurately reflect the pathogenesis of metabolic dysfunction and fatty liver disease in patients [140,141]. We habitually use NAFLD throughout this review. As the most common liver disease in the world, NAFLD has a global prevalence of about 30% [139]. NAFLD is characterized by liver cell injury, liver cell death, inflammation, oxidative stress, insulin resistance, and lipid metabolism disorders [141,142]. Meanwhile, the pathogenesis of NAFLD also involves endoplasmic reticulum (ER) stress, mitochondrial dysfunction, genetic susceptibility, and gut-liver axis related signal transduction [141,143]. The NAFLD covers a spectrum of liver disorders ranging from simple fatty accumulation in the liver to the more severe form of steatohepatitis, which may eventually progress to life-threatening cirrhosis and HCC [142]. However, the mechanism of NAFLD is not fully understood, and there is currently no recognized standard therapy for the treatment of NAFLD. Iron overload is common in patients with NAFLD, and iron-induced lipid peroxidation is an important factor in NAFLD [80]. Malondialdehyde (MDA) and 4-hydroxynonenal (4-HNE) are the products of lipid peroxidation. Interestingly, MDA and 4-HNE were increased in more than 90% of patients with NAFLD [144]. Oxidative stress is considered to be the main factor in the development of steatosis to non-alcoholic steatohepatitis (NASH). The disorder of iron metabolism is also an important feature of NASH [145]. RSL3 (ferroptosis activator) was shown to aggravate NASH symptoms, which were alleviated by sodium selenite (GPX4 activator) and deferoxamine mesylate salt (iron chelator) [146]. As an important ferroptosis regulator, NRF2 was shown to be down-regulated in NAFLD mice, and enhancing the NRF2/HO-1 pathway could effectively prevent the development of NAFLD [147,148]. Accumulating evidence suggests that ferroptosis can induce oxidative stress, aggravate inflammation, and promote cell damage, thereby accelerating the pathological process of NAFLD [22]. Given the close association between ferroptosis and NAFLD, exploring several potential NAC targeting ferroptosis to treat NAFLD is necessary.



Dehydroabietic acid (DAA) is a natural diterpene with anti-tumor [149], anti-inflammatory [150], anti-bacteria [151], and other biological activities. Under normal physiological conditions, kelch-like epichlorohydrin-related protein-1 (KEAP1) binds to NRF2 in the cytoplasm and inactivates NRF2 [152]. A previous study showed that DAA could improve hepatic steatosis induced by high-fat diet (HFD) through activating PPAR-γ and PPAR-α [153]. Further research showed that DAA could release NRF2 after binding to KEAP1 and suppress ferroptosis via regulating the NRF2-ARE pathway, thus improving HFD-induced NAFLD [152]. Atractylodin (ART) is a natural active component extracted from Atractylodes lancea De Candolle, with pharmacological properties such as anti-oxidation and anti-inflammation actions [154]. Ginkgolide B (GB), a terpene trilactone extracted from of Ginkgo biloba leaves, has anti-spinal cord injury and neuroprotective effects [155]. Similar to DAA, GB [155] and ART [154] could inhibit ferroptosis through the NRF2 pathway, thereby alleviating oxidative stress in NAFLD. Urolithin C (UroC) is one of ellagitannin’s most abundant bioavailable gut microbiota metabolites and contains two phenolic rings with o-dihydroxyl and mono-hydroxyl substitutions [156]. Gut microbiota and the liver may interact through the gut-liver axis. Microbiota disorder is one of the main characteristics of NAFLD. Studies about microbiota transplantation suggest adjusting microbiota disorders may be an effective measure for the treating NAFLD [157]. A recent study demonstrated that UroC could normalize the Firmicutes to Bacteroidota ratio and increase the ratio of some beneficial bacteria such as Parabacteroides goldsteinii and Lactobacillus vaginalis in NAFLD mice induced by choline-deficient, amino acid-defined and high-fat diet [156]. Mechanistically, UroC may regulate lipid metabolism by activating the AMPK pathway to inhibit ferroptosis, thereby alleviating NAFLD [156]. Zeaxanthin (ZEA), a carotenoid from the isoprene group, is widely found in green leafy vegetables, fruits, and yellow corn. P53 protein is not only an important tumor suppressor but also a regulator of ferroptosis. P53 could inhibit the expression of SLC7A1, resulting in decreased GSH biosynthesis and GPX4 activity [158]. Meanwhile, P53 could also upregulate ALOX15 and induce lipid peroxidation by activating spermidine/spermine N1-acetyltransferase 1 [159]. ZEA could down-regulate the expression of P53 in free FA-induced HepG2 cells, thereby reducing cellular lipid peroxidation and inhibiting ferroptosis, suggesting that ZEA has the potential to intervene NAFLD [160]. Mitochondrion, as the main site of ROS production, is closely related to ferroptosis, and plays a vital role in the development of NAFLD [161,162]. A previous study confirmed that mitochondrial ROS (mROS) could aggravate hepatocyte oxidative damage and promote NAFLD development [163]. Previous studies have demonstrated that EGCG [164] and quercetin [165] both alleviated lipid accumulation stress in HFD-induced steatotic hepatocytes by targeting mROS-mediated ferroptosis. In addition, EGCG could also improve intestinal microbiota dysbiosis and certain enzymes from genera to affect host metabolism, thereby protecting against NASH induced by methionine-choline-deficient diet. ER is the main site of lipid synthesis in hepatocytes. ER stress may cause lipid metabolism disorders, and then induce ferroptosis [166]. Acacetin, another flavonoid, has been shown to protect against NAFLD by regulating inflammation and AMPK-related lipid metabolism [167]. A further study showed that acacetin could reduce HFD-induced liver lipid accumulation by inhibiting ER stress-dependent ferroptosis, suggesting that acacetin may be a potential therapeutic drug for NAFLD [168]. In addition, acacetin could also inhibit ER stress and hepatocyte apoptosis by targeting PPARγ, which has a significant protective effect on APAP-induced liver injury [169]. In summary, NAC showed promising therapeutic effect on NAFLD by targeting ferroptosis, and further mechanisms need to be explored.




3.4. Liver Fibrosis (LF)


The LF is accompanied by excessive accumulation of extracellular matrix (ECM) proteins, and advanced LF can lead to cirrhosis and liver failure [170]. HSCs are the main type of ECM-secreting cells, and their activation is the core event of LF [171]. Inhibition of HSCs activation, or induction of HSCs death, may be two effective ways to reverse LF [172]. However, the pathogenesis of LF is not fully elucidated, and specific drugs for treating LF do not exist. Increasing evidence suggests that inhibiting hepatocyte ferroptosis or promoting HSCs ferroptosis may be effective ways to treat LF. For example, simvastatin was shown to inhibit the activation of HSCs via triggering ferroptosis [173]. Here, we focused on the NAC targeting ferroptosis for treating LF and analyzed their mechanisms in treating it. Artemisinin, a sesquiterpene lactone drug extracted from the stem and leaf of Artemisia annua, has greatly contributed to human resistance to malaria. Recent studies suggested that artemisinin and its derivatives could also fight tumors by inducing ferroptosis, implying their potential in the treatment of LF [174]. Artemether, an artemisinin derivative, was confirmed to induce ferroptosis of HSCs through a P53-dependent mechanism [175]. Further studies showed that artemether reduced the ubiquitination of IRP2 by inhibiting the binding of IRP2 to STIP1 homology and U-box containing protein 1, which increased iron content, and eventually induced ferroptosis of HSCs [176]. Artesunate, a water-soluble hemisuccinate derived from artemisinin, could induce ferroptosis of HSCs by activating ferritinophagy [177]. N6-methyladenosine (m6A) is the most abundant modification of eukaryotic mRNA. The m6A “reader” proteins YTH domain family 1/2/3 (YTHDF1/2/3) can recognize and direct m6A-modified RNA for subsequent processing [178]. Interestingly, dihydroartemisinin (DHA), another artemisinin derivative, could prolong the half-life of BECN1 mRNA through YTHDF1, which in turn promoted ferritinophagy and eventually induced ferroptosis of HSCs [178]. Curcumol, a sesquiterpene extracted from turmeric root, could also promote NOCA4-mediated ferritinophagy and exert an anti-LF effect [179]. In addition, as the main bioactive ingredient of Rhizoma coptidis, berberine could modulate ferritin through autophagy/ROS pathway and ubiquitin-proteasome system, which triggered HSCs ferroptosis and inhibited the production of ECM on account of the imbalance of iron homeostasis and the production of ROS [180]. Phlorizin is a flavonoid extracted from the lychee core. High-throughput sequencing of mRNA and lncRNA in liver tissues indicated that phlorizin’s mechanism in treating LF may include ferroptosis, carbon metabolism, and related biomechanical changes [181]. Decursin, an active compound of Angelicae sinensis radix, was shown to improve LF [182]. A further study confirmed that decursin could upregulate Fe2+ and lipid ROS, and down-regulate GPX4 and GSH in murine HSCs [183]. Celastrol is a bioactive natural triterpenoid extracted from Tripterygium wilfordii. Peroxiredoxins (PRDXs), belonging to peroxidases that reduce peroxides, have a conserved cysteine residue as the site of oxidation [184]. A recent study showed that celastrol could directly bind to PRDX1, PRDX2, PRDX4, and PRDX6 via the active cysteine sites and inhibit their antioxidant activities [185]. Moreover, celastrol could upregulate HO-1 activity, leading to excessive heme decomposition and accumulation of Fe2+, which eventually induced ferroptosis in activated HSCs [185]. In addition, magnesium isoglycyrrhizinate, a derivative of glycyrrhizinate, also exerted its anti-fibrotic effect by regulating the ferroptosis of HSCs through an HO-1-dependent mechanism [186]. Ellagic acid is a natural polyphenol product isolated from fruits and vegetables. A recent study showed that it exerted its anti-fibrotic activity by enhancing vesicle-associated membrane protein 2 degradation through a proteasome-dependent pathway in HSCs, which resulted in impaired FPN translocation and iron overload [187]. Caveolin-1 (Cav-1) is an integral membrane protein, and its deficiency-mediated ferroptosis plays a significant role in concanavalin A-induced ALI [188]. Isoliquiritigenin (ISL), a flavonoid extracted from the root of glycyrrhiza uralensis, showed an anti-inflammatory effect in acute or chronic liver injury models [189]. Interestingly, ISL also promoted ferroptosis of HSCs by promoting Cav-1 expression, which in turn inhibited GPX4 expression and increased TFR1 and DMT1 expression [190]. Ginsenoside Rh2 (G-Rh2), a kind of NAC extracted from ginseng, inhibited HSCs activation through the AKT-mTOR pathway [191]. A further study confirmed that G-Rh2 could also inhibit HSCs activation by enhancing ferroptosis through upregulating interferon regulatory factor 1 to inhibit SLC7A11 [192]. Wild bitter melon (WM), a wild variety of bitter melon, is rich in ethyl acetate, which has strong antioxidant activity [193]. A recent study showed that WM extract treatment could induce overproduction of ROS, activation of ER stress, and ferroptosis in LPS-activated HSC-T6 cells, thereby exerting its anti-fibrotic effect [193]. Chrysophanol, a natural anthraquinone extracted from the rhizomes of Rheum palmatum, could also impair hepatitis B virus X protein-induced activation of HSCs through ER stress and GPX4-independent pathways [194]. Lipocalin-2 (LCN2) is a secreted glycoprotein which induces ferroptosis resistance through the transactivation of nucleoprotein 1, which may be the driving force behind ferroptosis resistance [195]. Danshensu, an active molecule extracted from Salvia miltiorrhiza herb, was demonstrated to reverse the up-regulation of LCN2 expression induced by LPS in T6 and LX-2 cells, thereby improving LF [195]. Wogonoside (WG), a flavonoid extracted from Radix baicalensis, could promote the consumption of SLC7A11, GPX4, and GSH, as well as the production of iron, ROS, and MDA in HSC-T6, but did not affect hepatocytes or macrophages [196]. Importantly, HSCs ferroptosis mediated by the SOCS1/P53/SLC7A11 pathway was associated with the therapeutic effect of WG on LF [196].



In addition to inducing ferroptosis in HSCs, prevention of ferroptosis in hepatocytes also appears to combat LF. Iron overload caused by HO-1 overexpression could cause ferroptosis of hepatocytes, thereby promoting the progression of liver injury and LF [197]. Regarding preventing ferroptosis in hepatocytes, Mori fructus aqueous extracts [198] and gandankang formula [199] activated the NRF2 pathway and provided protective effect against LF.




3.5. Hepatocellular Carcinoma (HCC)


The HCC, the most common type of liver cancer, is closely related to impaired cell death pathways [200]. Despite advances in treatment, increasing resistance to existing therapies, such as SOR, worsens the prognosis of HCC patients, leading to the search for alternative treatment strategies [201]. The relationship between ferroptosis and HCC is complex: elevated intracellular iron concentration may promote HCC development, and activation of ferroptosis may potentially prevent HCC cell proliferation [202]. Chemotherapy, phytochemicals, nanoparticles, and noncoding RNA have been shown to treat HCC by regulating ferroptosis [203]. SOR, a first-line treatment for HCC, could induce ferroptosis via inhibiting the SLC7A11 or HBXIP/SCD axis in HCC cells [204,205]. Moreover, inhibition of FTH1 renders could sensitize HCC cells to RSL3- and iron-induced ferroptosis [7]. But HCC cells can inhibit ferroptosis through regulatory mechanisms such as the antioxidant regulator NRF2, the transsulfuration pathway, and mechanistic targets of mTOR, thereby continuing tumor growth [203]. Previous studies have shown that NRF2 could enhance drug resistance in HCC through multiple pathways [206,207]. The CBS activation under tumor necrosis factor alpha-induced oxidative stress could also inhibit ferroptosis and promote tumor progression by increasing cystathionine and GSH production in HCC cells [203,208]. Moreover, miR-21-5p could inhibit ferroptosis by regulating the AKT/mTOR pathway in HCC cells [209]. Therefore, it is urgent to develop more drugs targeting ferroptosis for the treatment of HCC. Increasing evidence suggests that NAC can directly trigger ferroptosis in HCC cells or enhance the ferroptosis-inducing ability of anticancer drugs such as SOR to improve the therapeutic effect. DHA was demonstrated to be effective in treating LF, and it also showed great therapeutic potential for liver cancer. Previous studies showed that DHA could trigger ferroptosis of liver cancer cells by activating anti-survival unfolded protein responses, which contributed to increased expression of Chac glutathione specific γ-glutamylcyclotransferase 1 and accelerated formation of phosphatidylethanolamine-binding protein/15-LOX [210,211]. A recent study showed that DHA could strengthen the ability of SOR to trigger ferroptosis in HepG2 cells, as evidenced by lower levels of HO-1, SLC7A11, GSH, GPX4, and recombinant glutamate cysteine ligase, catalytic, as well as increased levels of lipid ROS, LIP, and MDA [212].



Improving drug delivery is one way to make drugs more efficient. For example, nanoscale drug delivery systems (NDDSs) were proven to enhance drug stability and solubility, prolong circulation time, and promote selective accumulation in tumors [213]. Recently, a nanoplatform was constructed by incorporating amphiphilic dendrimers into liposomes for effective co-delivery of the SOR and hemin. The pH-sensitive vesicles could exert potent anticancer potency by inducing ferroptosis and apoptosis in the acidic tumor microenvironment [214]. In addition, a multifunctional nanodrug, which loaded DHA on Fe3+-doped MnO2 nanosheets (Fe-MnO2/DHA), was developed to treat HCC [215]. Fe-MnO2/DHA could be degraded to Fe2+, Mn2+, and DHA by interacting with GSH, which is highly expressed in tumor cells. On the one hand, Fe2+, Mn2+, and DHA could promote the ferroptosis of tumor cells by producing ROS. On the other hand, Fe-MnO2/DHA could mediate the three-pronged stimulation of oxidative stress, which led to high immune activation of immunogenic cell death and polarization of macrophages. Moreover, an angelica polysaccharide-based nanocarrier material encapsulating curcumin in its hydrophobic core was developed to improve water solubility and bioavailability of curcumin and ultimately achieve the dual effects of sensitizing ferroptosis and anti-tumor [216]. Although the mechanism is not identical, artesunate [217], tiliroside [218], metformin [219], ursolic acid [220], camptothecin [221], and withaferin A [222] could also sensitize HCC cells to SOR via inducing ferroptosis (Table 2).



Iron overload is an important cause of ferroptosis. Therefore, NCOA4-mediated ferritinophagy is a significant target of many natural compounds because it may lead to iron overload. Esculetin [223], caryophyllene oxide [224], d-Borneol [225], and electrophilic sesquiterpenes isolated from Eupatorium chinense L. [226] could trigger ferroptosis of liver cancer cells through activating NCOA4-mediated ferritinophagy. In addition, SSPH I, a steroidal saponin isolated from Schizocapsa plantaginea Hance, could also upregulate the expression of TFR1 and FPN, leading to iron overload and inducing ferroptosis [227].



SLC7A11-GSH-GPX4 axis is the key antioxidant pathway against ferroptosis. Pien-Tze-Huang, a Chinese patent medicine approved by China Food and Drug Administration, may effectively improve the microenvironment of LF and inhibit the occurrence of HCC through triggering ferroptosis of tumor cells via suppressing the SLC7A11-GSH-GPX4 axis [228]. Moreover, rhamnazin [229], polyphyllin VI [230], corosolic acid [231], solasonine [232], parthenolide [233], cryptotanshinone [234], and heteronemin [235] could trigger ferroptosis in HCC cells through down-regulating GPX4 expression. Among them, parthenolide, cryptotanshinone, corosolic acid, and solasonine could also inhibit the synthesis of GSH by rapid thiol oxidation [233] and reducing the expression of SCL7A11 [234] and glutathione synthetase (GSS) [231,232], respectively. Interestingly, aspirin, a derivative of salicylic acid, could trigger ferroptosis by restricting NF-κB-activated SLC7A11 transcription, thereby inhibiting the growth of HCC [236]. ART was shown to treat NAFLD by activating NRF2 and its downstream proteins [154]. However, ART could inhibit the expression of GPX4 and FTL. Meanwhile, it could also upregulate the expression of ACSL4 and TFR1 proteins in HCC cells [237]. Therefore, the regulatory results of ferroptosis by the same natural compound in treating different diseases may be opposite.



As already stated, ER stress can also trigger ferroptosis. Interestingly, eupalinolide B from Eupatorium lindleyanum DC could exert an anti-proliferation effect on HCC by activating ferroptosis induced by ER stress and HO-1 activation [238]. Bioinformatics analysis is widely used to explore the complex mechanisms and effective targets of drug treatment. According to the analysis of relevant data, dehydroabietic acid [239], curcumin [240], and Astragalus membranaceus [241] could exert their potential effect in treating HCC by regulating ferroptosis-related genes or pathways. It is expected that more effective targets will be identified with the development of various omics techniques and analytical methods.





4. Discussion and Prospects


In recent years, the incidence of liver disease has increased due to various factors such as viruses, alcohol, drug abuse, and environmental pollution. NAFLD is one of the most common chronic diseases, and liver cancer has become an important cause of cancer-related death. Liver disease poses a great threat to people’s lives and property. However, effective therapeutic drugs are not still limited due to the pathogenesis of liver disease, such as LF and NAFLD, is still unclear. In addition, the problem of drug resistance in existing treatments for HCC will also remain for a long time. Exploring new pathogenic mechanisms and therapeutic drugs becomes an important task in the current intervention of liver disease. As a new type of RCD, ferroptosis is closely associated with the occurrence and development of various diseases, including liver disease. Here, we summarize the molecular mechanisms of ferroptosis from three aspects: iron metabolism, lipid metabolism, and antioxidant system, which may all be potential therapeutic targets. Several trials have already explored the potential application of ferroptosis regulators such as ferrostatin-1 [85], liproxstatin-1 [146], and erastin [204] in diseases such as liver injury, NASH, and HCC. NAC, including TCM formulas and biological extracts, have the advantages of wide sources, high safety, and multiple therapeutic targets. Mounting evidence shows that NAC have great potential as drugs, nutraceuticals, and even functional foods for treating liver disease associated with ferroptosis [11]. Here, we summarize the NAC experimentally demonstrated to potentially treat liver disease by regulating ferroptosis. These NAC include flavonoids, terpenoids, saponins, esters, alkaloids, organic acids, and so on, and their mechanisms of action are different. Moreover, some TCM formulas, such as gandankang, have also shown good therapeutic effects [102,199].



With the development of biotechnology, such as whole-genome CRISPR activation screen, high-throughput screening, omics technology, and bioinformatics analysis, more therapeutic targets and effective NAC related to ferroptosis will be identified. In addition, modification of drugs such as NDDSs can improve NAC’s solubility, targeting, and permeability, thereby enhancing their bioavailability and potency. Therefore, exploring and modifying NAC targeting ferroptosis has a bright prospect for treating liver disease.



However, some problems still need to be solved in developing and utilizing NAC. NAC are generally less toxic, but this does not guarantee they are all safe. Recent studies have confirmed that triptolide [242], toosendanin [243], aurantio-obtusin [244], and Epimedium koreanum Nakai [245] all induced hepatotoxicity by triggering ferroptosis. NAC that triggers ferroptosis in HSCs and HCC cells may also cause damage to healthy hepatocytes. Moreover, the regulatory effects of these compounds on ferroptosis at different stages of disease development are not fully understood. Interestingly, some NAC, such as curcumin and DAA, may exhibit opposite effects on regulating ferroptosis in different cells, causing the disease to progress in a beneficial direction. In addition, some NAC can cause ferroptosis and other types of RCD, such as apoptosis, and it is unclear which one is dominant. Furthermore, the existing studies on NAC for treating liver disease by regulating ferroptosis were mainly carried out on animal or cell in vitro, and molecular mechanisms underlying the therapeutic effects of these NAC require further investigation. For future clinical trials, appropriate drug dosage, efficient delivery methods, and safety evaluation will be the main issues to be addressed [14]. It is also worth exploring whether combining multiple NAC can achieve better efficacy. In conclusion, regulating ferroptosis by NAC is an interesting and promising therapeutic approach due to the wide range of sources and the diversity of mechanisms. Although there are still many problems to be solved in the future, the therapeutic potential of NAC will eventually be realized.




5. Conclusions


Liver disease is a worldwide health issue that greatly threatens people’s health. The RCD is widely involved in the occurrence and development of various diseases. As an emerging type of RCD, ferroptosis plays an important role in the pathogenesis of liver disease, including ALI, ALD, NAFLD, LF, and HCC. Therefore, the development of therapies targeting ferroptosis is a promising strategy for the treatment of liver disease. Increasing studies have shown that NAC can improve liver disease by regulating ferroptosis-related signaling pathways, such as NRF2/HO-1. However, the mechanism by which NAC selectively induce ferroptosis in different types of liver cells needs to be further explored. In addition, future research should focus on optimizing drug delivery methods, exploring appropriate drug combinations and doses, and evaluating drug safety. In summary, NAC are potent ferroptosis regulators and are expected to play a great role in the treatment of liver disease.
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Figure 1. Molecular mechanisms of ferroptosis (by Figdraw). Fe2+ accumulation and PUFAs-PE formation are key steps in triggering ferroptosis. Furthermore, some antioxidant systems, including SLC7A11-GSH-GPX4 axis, Cysteine/S0 species axis, FSP1-CoQ10H2/VKH2 axis, iNOS/ NO• axis, and GCH1-BH4 axis, play a crucial role in preventing phospholipid peroxidation and scavenging reactive oxygen species. 
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Figure 2. Iron homeostasis in the body (by Figdraw). Fe3+ from diet is reduced by Dcytb and then transported into duodenum enterocyte via DMT1. Dietary heme iron is absorbed through an unclear mechanism and decomposed by HO-1/2 in enterocyte. Macrophage degraded red blood cells to recycle iron. The exported iron binds to TF and travels to tissues for utilization. Excess iron can be stored in liver through TFR1 and SLC39A8/14. The release of iron is precisely controlled by FPN, the sole iron exporter. Hepcidin, synthesized by the liver, is the significant regulator of iron homeostasis. 
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Figure 3. Natural active compounds exert therapeutic effects on liver disease by regulating ferroptosis. ALI, acute liver injury; ALD, alcohol-related liver disease; PILI, pollutants-induced liver injury; NAFLD, non-alcoholic fatty liver disease; LF, liver fibrosis; HCC, hepatocellular carcinoma. 
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Table 1. Representative NAC as ferroptosis regulators in pollutants-induced liver injury.
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	Pollutants
	Active Compounds
	Potential Therapeutic Targets
	Ref.





	Ammonia
	Curcumin
	ACSL4, PTGS2, SLC7A1
	[131]



	Lead
	Melatonin
	Gut-liver axis, AMPK
	[132]



	Mercuric chloride
	Oleanolic acid
	GPX4, SOD1, NRF2, SLC7A11, TFR1
	[133]



	Ethyl carbamate
	Cuttlefish collagen hydrolysate
	GSH, HO-1
	[134]



	Di(2-ethylhexyl) phthalate
	Apigenin
	System Xc-, GPX4, TFR1, FTH1, FTL, ACSL4, LPCAT3, and PTGS2
	[136]



	Aflatoxin B1
	Total flavonoids of Rhizoma Drynariae
	GSH, GPX4, Microbiota-Gut-Liver Axis Interaction
	[137]



	Acrylamide
	Quercetin
	NCOA4, FTH1
	[138]










 





Table 2. Representative NAC as ferroptosis regulators synergizing with SOR.
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	Active Compounds
	Targets
	Synergy Mechanism
	Ref.





	Artesunate
	Lysosomal cathepsin B/L activity
	Induces oxidative stress and lysosome-mediated ferritinophagy
	[217]



	Tiliroside
	TANK-binding kinase 1 (TBK1)
	Promotes KEAP1-mediated NRF2 degradation and inhibits the expression of the downstream target protein of NRF2
	[218]



	Metformin
	ATF4/STAT3
	Increases Fe2+, ROS, and lipid peroxidation
	[219]



	Ursolic acid
	MCL-1 and SLC7A11
	Reduces the synthesis of GSH, increases ROS and lipid peroxidation accumulation
	[220]



	Camptothecin
	NRF2 and SLC7A11.
	Increases lipid peroxidation and iron concentration, decreases TAC, GPX4, and GSR activity
	[221]



	Withaferin A
	KEAP1/NRF2
	Mitigates NRF2 signaling activation-mediated epithelial to mesenchymal transition (EMT) and SLC7A11 expression.
	[222]
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