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Ferroptosis, a distinct form of non-apoptotic cell death characterized by iron dependency and lipid peroxidation, is increasingly linked to various pathological conditions in pregnancy and liver diseases. It plays a critical role throughout pregnancy, influencing processes such as embryogenesis, implantation, and the maintenance of gestation. A growing body of evidence indicates that disruptions in these processes can precipitate pregnancy-related disorders, including pre-eclampsia (PE), gestational diabetes mellitus (GDM), and intrahepatic cholestasis of pregnancy (ICP). Notably, while ICP is primarily associated with elevated maternal serum bile acid levels, its precise etiology remains elusive. Oxidative stress induced by bile acid accumulation is believed to be a significant factor in ICP pathogenesis. Similarly, the liver’s susceptibility to oxidative damage underscores the importance of lipid metabolism dysregulation and impaired iron homeostasis in the progression of liver diseases such as alcoholic liver disease (ALD), non-alcoholic fatty liver disease (NAFLD), cholestatic liver injury, autoimmune hepatitis (AIH), acute liver injury, viral hepatitis, liver fibrosis, and hepatocellular carcinoma (HCC). This review discusses the shared signaling mechanisms of ferroptosis in gestational and hepatic diseases, and explores recent advances in understanding the mechanisms of ferroptosis and its potential role in the pathogenesis of gestational and hepatic disorders, with the aim of identifying viable therapeutic targets.
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1 INTRODUCTION
Programmed cell death (PCD) is a genetically regulated process essential for maintaining body homeostasis and is involved in various pathological conditions. The PCD pathways encompass apoptosis, autophagy, pyroptosis, ferroptosis, among others. Ferroptosis, a recently identified non-apoptotic form of PCD characterized by iron-dependent oxidative damage, has garnered significant attention due to its involvement in a wide range of pathological conditions (Dixon et al., 2012). Although it often interacts with other PCD pathways to induce cell destruction, ferroptosis is distinct in its morphological, biochemical, and genetic characteristics (Zhang et al., 2023) (Table 1).
TABLE 1 | Characteristics of different PCDs.
[image: Table 1]Ferroptosis impacts cellular susceptibility through its involvement in key metabolic pathways, including (seleno)thiol metabolism, fatty acid metabolism, iron metabolism, the mevalonate pathway, and mitochondrial respiration (Zheng and Conrad, 2020). The deficiency of membrane lipid repair enzymes, particularly glutathione peroxidase 4 (GPX4), leads to the accumulation of reactive oxygen species (ROS) in membrane lipids. Modulating ferroptosis is anticipated to impede the progression of diseases related to lipid metabolism. Among these, gestational and hepatic diseases stand out as critical areas where ferroptosis plays a pivotal role. Ferroptosis has been implicated in the pathogenesis of both gestational and hepatic diseases through mechanisms involving iron dysregulation, oxidative stress, and lipid peroxidation. The relaation between gestational and hepatic diseases can be exemplified by conditions such as intrahepatic cholestasis of pregnancy (ICP), which directly links pregnancy with liver dysfunction. ICP is a gestational liver disorder characterized by impaired bile flow, leading to elevated bile acid levels in the maternal circulation. This condition not only manifests in hepatic symptoms, such as pruritus and jaundice, but also poses significant risks to fetal health, including preterm birth, fetal distress, and stillbirth. The occurrence of ICP underscores the critical interplay between pregnancy and liver function, illustrating how gestational diseases can have direct hepatic implications. This connection is particularly important in the context of ferroptosis, as both gestational liver diseases and traditional hepatic disorders may share overlapping pathological mechanisms, including dysregulation of lipid peroxidation, iron metabolism, and oxidative stress. Recognizing these shared pathways highlights the need for an integrated approach to understanding ferroptosis in both pregnancy-related and liver-specific contexts. Understanding the shared signaling mechanisms of ferroptosis in these conditions is crucial for developing targeted therapies, as modulating ferroptosis may hold therapeutic potential across both disease spectra.
Given the growing body of evidence linking ferroptosis to the progression of liver and pregnancy-related diseases, this review aims to explore the common pathways and potential therapeutic targets. By examining the interplay between ferroptosis and these diseases, we hope to shed light on novel strategies for treatment, making this a timely and highly relevant topic in the field of biomedical research.
2 FERROPTOSIS
2.1 Discovery of ferroptosis
In 2003, Dolma et al. utilized synthetic lethal high-throughput screening to discover compounds with genotype-selective cytotoxicity, specifically targeting tumor cells harboring certain oncoproteins or lacking specific tumor suppressors. This approach led to the identification of erastin, a small molecule, lethal to cells expressing RAS and ST, with erastin-induced cell death being non-apoptotic (Dolma et al., 2003). Following this, in 2007, Yagoda et al. revealed that erastin exerts its antitumor effects via mitochondrial voltage-dependent anion channels (VDACs), with VDAC2 and VDAC3 being essential, though not solely sufficient, for erastin-induced cell death (Yagoda et al., 2007). In 2009, Yang identified two compounds, RSL3 and RSL5, which selectively induce cell death in obcogenic RAS-expressing cells. This cell death mechanism was notably distinct from apoptosis, as it was not regulated by caspase inhibitors but could be inhibited by iron chelators and antioxidants (Yang and Stockwell, 2008). In 2012, Dixon et al. coined the term “ferroptosis” to describe this erastin-triggered form of cell death, characterized primarily by mitochondrial volume reduction, mitochondrial membrane ruffling, outer membrane rupture, and loss of cristae (Dixon et al., 2012). Erastin inhibits the cystine/glutamate antiporter system Xc−, resulting in compromised cellular antioxidant defenses, toxic ROS accumulation, and lipid-peroxidized membrane disruption, all leading to oxidative cell death, dependent on intracellular iron (Dixon et al., 2012). Further research found that erastin-induced ferroptosis also elevates levels of lysosome-associated membrane protein 2a, thereby promoting chaperone-mediated autophagy and subsequent GPX4 degradation (Wu et al., 2019). In 2014, Yang et al. demonstrated that glutathione (GSH) depletion is pivotal in erastin-induced ferroptosis, as it inactivates glutathione-dependent peroxidases (GPXs), key enzymes for cellular membrane lipid repair, whose deficiency results in ROS accumulation in membrane lipids (Yang et al., 2014). Besides RSL3, several chloroacetamide-containing GPX4 inhibitors were also identified, including DPI7/ML162, DPI6, DPI8, DPI9, DPI12, DPI13, DPI15 and DPI19 (Yang et al., 2014).
This reflection on the chronological development of ferroptosis research underscores the evolution of our understanding of this distinct form of cell death and its potential implications for cancer therapy. The identification of specific molecules and mechanisms has opened new avenues for targeted therapies, emphasizing the importance of continued research in this field.
2.2 Mechanism of ferroptosis
2.2.1 Iron metabolism
Iron is a vital micronutrient essential for numerous physiological processes, with its deficiency and excess profoundly impacting normal bodily functions. Iron overload is a hallmark of ferroptosis. After intestinal absorption, Fe2+ is oxidized to Fe3+, which is then recognized by the transferrin receptor (TFR) after binding to intracellular transferrin (TF). This complex is endocytosed into cells where six-transmembrane epithelial antigens of the prostate 3 (STEAP3) reduce Fe3+ back to Fe2+ (Frazer and Anderson, 2014). Fe2+ is subsequently incorporated into various iron-binding complexes, facilitating normal physiological reactions. Proper cellular iron transport and regulation are essential for maintaining the body’s internal environment (Figure 1). Iron serve as a redox-active cofactor in numerous biological processes, including respiration, central metabolism, photosynthesis, and the maintenance of cellular redox status. Iron-based sensors function as molecular switches, modulating protein activity in response to changes in cellular redox conditions (Outten and Theil, 2009). When iron-binding complexes reach saturation, excess Fe2+ is transported to the labile iron pool (LIP) via divalent metal transporter 1 (DMT1) to catalyze further reactions. Fe3+ is reduced to Fe2+ during transfer from extracellular to intracellular, generating ROS, such as hydroxyl radicals. The accumulation of ROS leads to lipid peroxidation within cell membranes, ultimately causing cell death (Dixon et al., 2012). In adult mammals, iron is absorbed through the duodenum, while embryos acquire iron via placental transport. Excess Fe2+ is oxidized to Fe3+ by ferroportin (FPN), located on the basal surface of the trophoblast layer in the placental interface, indicating its role in transporting iron from maternal circulation to the fetus (Donovan et al., 2000). Ferrostatin-1 (Fer-1) was identified as a potent ferroptosis inhibitor through high-throughput screening of small molecule libraries (Dixon et al., 2012). The anti-ferroptotic effect of Fer-1 is attributed to its ability to eliminate alkoxyl radicals generated by ferrous iron from lipid hydroperoxides, as well as other rearrangement products (Miotto et al., 2020).
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[image: Figure 1]FIGURE 1 | Physiological cellular iron transport and regulation of ferroptosis. This figure illustrates the pathways involved in cellular iron transport and the regulatory mechanisms of ferroptosis. Iron is primarily transported as transferrin-bound iron (TBI). Plasma-derived transferrin (TF) binds to transferrin receptor 1 (TFR1) on the cell membrane, leading to receptor-mediated endocytosis of the TF-TFR1 complex. Within the acidified endosome, iron is released from TF after reduction by six-transmembrane epithelial antigen of the prostate 3 (Steap3), then transported to the cytoplasm via divalent metal transporter 1 (DMT1). Intracellular iron is either sequestered by ferritin or mobilized where needed. Excess iron, forming non-transferrin-bound iron (NTBI) in overloaded conditions, is managed by ZIP14 (SLC39A14) and ZIP8 (SLC39A8) at the plasma membrane. Ferroptosis regulation is broadly categorized into three pathways (Dixon et al., 2012). The glutathione/glutathione peroxidase 4 (GSH/GPX4) pathway, including the inhibition of system Xc−, the glutamine pathway, and the p53 regulatory axis (Zhang et al., 2023); Iron metabolism regulation, involving pathways such as the autophagy-related gene 5/7 - nuclear receptor coactivator 4 (ATG5/7-NCOA4) pathway, and iron regulatory element binding protein 2 (IREB2) related to ferritin metabolism, with increased of intracellular Fe2+ initiating the Fenton reaction (Zheng and Conrad, 2020); Lipid metabolism-related pathways, where long-chain acyl-CoA synthetase 4 (ACSL4) and lysophosphatidylcholine acyltransferase 3 (LPCAT3) paly roles in lipid regulation and ferroptosis. Additionally, Erastin induces ferroptosis by acting on mitochondria.
Iron ions enter cells via TFR, a process that can be inhibited by the expression of heat shock protein beta-1 (HSPB1), which reduces iron uptake and thereby suppress erastin-induced ferroptosis (Sun et al., 2015). Free iron within the cell can be incorporated into iron-binding proteins, such as ferritin, which serve as a storage form of iron. In conditions of iron deficiency, tristetraprolin is expressed to degrade mRNA transcripts, thereby reducing the synthesis of iron-binding proteins and maintaining the capacity of the intracellular iron pool. Ferritin, composed of two subunits—ferritin heavy chain (FTH) and ferritin light chain (FTL)—regulates intracellular Fe2+ metabolism. Fe3+ that is not reduced to Fe2+ by DMT1 is stored in ferritin and can be converted to Fe2+ as needed, playing a role in the regulation of ferroptosis and other cellular processes (Torti and Torti, 2013). Post-transcriptional inhibition of ferritin expression by iron-regulatory proteins 1 (IRP1, also known as ACO1) and 2 (IRP2, also known as IREB2), along with an increase in TFR1 levels, enhances cellular sensitivity to ferroptosis. Conversely, nuclear receptor coactivator 4 (NCOA4) mediates selective autophagy, leading to the lysosomal degradation of ferritin and the release of free iron, thereby promoting ferroptosis (Hou et al., 2016). Nuclear factor erythroid 2 related factor 2 (Nrf2), a key regulator of the antioxidant response, when inhibited, leads to the inactivation of GPX4 and FTH, as well as an increase in LIP, which induces ferroptosis (Tao et al., 2022; Anandhan et al., 2023). Nrf2-regulated heme oxygenase-1 (HO-1) is a key mediator of BAY-induced ferroptosis catalyzing heme degradation to produce Fe2+ (Chang et al., 2018). In mammalian cells, poly (rC)-binding protein 1 (PCBP1) functions as a cytosolic iron chaperone, binding and delivering iron to recipient proteins. In the absense of PCBP1, iron can generate ROS, leading to lipid peroxidation and triggering ferroptosis. Therefore, PCBP1’s role as an iron chaperone is essential in limiting cytosolic iron toxicity and preventing ferroptosis (Protchenko et al., 2021). Additionly, the transport of iron and ferritin out of the cell is facilitated by ferroportin and the ferritin transfer protein Prominin2, thereby inhibiting ferroptosis (Brown et al., 2019).
The balance of iron within the cell is a delicate equilibrium. Its proper management is crucial for health, and its disruption can have severe consequences. The study of ferroptosis provides valuable insights into this balance and may lead to breakthroughs in treating iron-related disorders. As our knowledge expands, so does the potential to harness ferroptosis for therapeutic benefit, offering hope for the mitigation of iron-induced pathologies.
2.2.2 Lipids metabolism
Polyunsaturated fatty acids (PUFAs), the unsaturated components of the lipid bilayer, play a pivotal role in determining cellular sensitivity to ferroptosis. Placental lipids are composed of approximately 60% phospholipid, 34% cholesterol, 4% cholesterol esters, and 2% triacylglycerol. Free PUFAs must undergo esterification to membrane phospholipids and subsequent oxidation to propagate the ferroptotic (Brown et al., 2016). The weak C-H bonds in the methylene groups adjacent to the C-C double bonds of PUFAs result in a rapid rate of lipid autoxidation. The presence of multiple unsaturations further complicates the product profiles observed in these autoxidations processes, with some intermediate peroxyl radicals undergoing cyclization to form more complex structures (Conrad and Pratt, 2019).
Lipid peroxidation primarily involves non-enzymatic autoxidation and enzymatic processes. Autoxidation refers to the free radical oxidation of organic compounds, which, when involving biologically significant moleculaes like lipids, is termed peroxidation (Yin et al., 2011). Iron can catalyze non-enzymatic lipid autoxidation via the Fenton reaction, where free iron reacts with hydrogen peroxide to generate ferrous and hydroxyl radicals. These hydroxyl radicals react with hydrogen atoms at the diallyl position of polyunsaturated fatty acids-containing phospholipids (PUFA-PLs), producing carbon-centered phospholipid radicals (PL•). These radicals then react with oxygen molecules to form phospholipid peroxide radicals (PL-OO•) which in turn extract hydrogen from other PUFAs, leading to the formation of phospholipid hydroperoxide (PL-OOH) and lipid free radicals (PL•), thereby initiating a chain reaction of lipid peroxidation. Enzymatic lipid peroxidation is primarily mediated by lipoxygenases (LOXs) and non-heme dioxygenases (Haeggström and Funk, 2011), with cyclooxygenases (COXs) playing a lesser role (Rouzer and Marnett, 2003). Recently, Fas-associated factor 1 (FAF1) was identified as assembling into a globular structure that sequesters free PUFAs within a hydrophobic core, thus preventing their peroxidation (Cui et al., 2022).
The LOX-catalyzed oxidation of arachidonic acid (AA) and adrenic acid (AdA) can enhance cellular sensitivity to ferroptosis. These key PUFAs are central to lipid peroxidation, a hallmark of ferroptosis in placental trophoblast cells. The formation of AA/AdA-CoA derivatives begins with the ligation of CoA to free AA/AdA by Acyl-CoA synthetase lysophosphatidylcholine acyltransferase 3 (LPCAT3) (Kagan et al., 2017), followed by LPCAT3-mediated esterification of these derivations to AA- and AdA-containing phosphatidylethanolamine (AA-PE and AdA-PE) (Hishikawa et al., 2008), ultimately leading to LOX-catalyzed intracellular ferroptosis. Wenzel et al. found that 15-LOX can bind to phosphatidylethanolamine-binding protein 1 (PEBP1) to generate hydroperoxy-PE, resulting in GPX4 dysfunction and the promotion of ferroptosis (Wenzel et al., 2017). Membrane association induces a conformational change in the 15-LOX/PEBP1 complex, catalyzing the production of pro-ferroptotic death signals (Manivarma et al., 2023). While LOX contributes to early lipid peroxidation in ferroptosis, its inhibition does not prevent cell death, whereas free radical-trapping antioxidants do, indicating that autoxidation is the primary driver of ferroptosis (Shah et al., 2018). Recently, Zou et al. used genome-wide CRISPR/Cas9 suppressor screens to identify cytochrome P450 oxidoreductase (POR) as a key mediator of ferroptotic cell death in cells predisposed to ferroptosis (Zou et al., 2020).
ROS are byproducts of aerobic metabolism in cells, typically neutralized by the cellular antioxidant system. However, excessive ROS can overwhelm this system, leading to the destruction of cellular components and resulting in cell necrosis when antioxidant defenses fail (Niki, 2009). GSH, a small molecule antioxidant, plays a pivotal role in scavenging intracellular ROS. Composed of glutamate, glycine, and cysteine, GSH functions by exchanging disulfide bonds with peroxisomal proteins and serving as a reductant for GSH peroxidase. Cysteine is the rate-limiting amino acid in GSH synthesis (Lu, 2009). Nrf2, the primary transcription factor regulating GSH metabolism, induces the transcription of several key enzymes involved in GSH synthesis and recycling, including glutamate cysteine ligase (GCL), GSH synthase, GPX2, GSH S-transferases (GSTs), and GSH reductase (GR) (Harvey et al., 2009). Among the seven GPXs in mammals, GPX4 is unique in its ability to oxidize GSH to GSSG while reducing cytotoxic lipid peroxides (L-OOH) to their corresponding alcohols (L-OH), preventing ROS formation (Friedmann Angeli and Conrad, 2018).
Acyl-CoA synthetase long-chain family (ACSL4) and LPCAT3 are critical in the oxidation of AA/AdA. ACSL4 facilitates the ligation of free PUFAs with coenzyme A to form PUFA-CoAs, which are essential in PUFA-PLs biosynthesis (Gan, 2022). ACSL4 esterifies coenzyme A to free fatty acids in an ATP-dependent process, activating the fatty acids for subsequent oxidation (Doll et al., 2017). The activation of ACSL4 promotes ferroptosis (Li et al., 2019), while reduced expression of ACSL4 and LPCAT3 decreases lipid peroxide accumulation, thus inhibiting ferroptosis. LOXs also contribute to PUFA oxidation by catalyzing the addition of oxygen atoms to the double bonds of PUFAs, leading to lipid peroxidation. Inhibition of LOXs has been shown to suppress ferroptosis (Shah et al., 2018). Magtanong et al. demonstrated that exogenous monounsaturated fatty acids (MUFAs) can mitigate the effects of system Xc− inhibition, cystine deprivation, or GPX4 inactivation, effectively preventing the iron-dependent oxidative cell death characteristic of ferroptosis, particularly in the presence of ACSL3 (Magtanong et al., 2019). Stearoyl-CoA desaturase-1 (SCD1), which catalyzes the conversion of saturated fatty acids to MUFAs, plays a critical role in this process. Inhibition of SCD1 reduces CoQ10 levels, thereby inducing cellular ferroptosis (Tesfay et al., 2019).
The intricate interplay between PUFAs, lipid peroxidation, and ferroptosis reveals the complex regulatory mechanisms underlying cellular redox homeostasis. The sensitivity of PUFAs to oxidation and their role in ferroptosis highlight the potential for targeted therapies in diseases characterized by lipid metabolism dysregulation. The delicate balance between iron, lipid metabolism, and cellular antioxidant systems is crucial for maintaining cellular integrity and preventing ferroptosis. As research continues to unravel the complexities of ferroptosis, the potential for developing targeted therapies to modulate this form of cell death becomes increasingly promising.
2.2.3 The system Xc−-GSH-GPX4 pathway
Several pathways are involved in suppressing ferroptosis (Figure 2). System Xc− is a cystine/glutamate antiporter protein that is widely distributed in the phospholipid bilayer of cell membranes and consists of two subunits, solute carrier family members (SLC7A11 and SLC3A2) (Lewerenz et al., 2013). Due to the rapid reduction of intracellular cystine, the intracellular concentration of cysteine is typically higher than extracellular levels. System Xc− imports cystine and exports glutamate (Bannai, 1986), with the imported cystine participating in the synthesis of GSH. Deletion of SLC7A11 induces tumor-selective ferroptosis and inhibits the growth of pancreatic ductal adenocarcinoma (PDAC) growth (Badgley et al., 2020).
[image: Figure 2]FIGURE 2 | Ferroptosis-suppressing pathways. This figure depicts GPX4, ferroptosis suppressor protein 1 (FSP1), dihydroorotate dehydrogenase (DHODH), and GTP cyclohydrolase-1 (GCH1) suppress ferroptosis at different subcellular compartments. FSP1 is located at the plasma membrane where it functions as an oxidoreductase that reduces coenzyme Q10 (CoQ), suppressing lipid peroxidation. It prevents lipid peroxidation and associated ferroptosis via the reduction of ubiquinol/α-tocopherol on the level of lipid radicals unlike GPX4/GSH. FSP1 can also promote the endosomal sorting complex required for transport (ESCRT)-III to enhance the repair of cell membranes in a CoQ10-independent manner. FSP1-CoQ10-NAD(P)H axis can be activated through nuclear factor erythroid 2 related factor 2 (Nrf2) to inhibit ferroptosis. Synthesis of tetrahydrobiopterin/dihydrobiopterin (BH4/BH2) by GCH1-expressing cells caused lipid remodeling, suppressing ferroptosis by selectively preventing depletion of phospholipids.
P53 inhibits cystine uptake and sensitizes cells to ferroptosis by suppressing SLC7A11 expression (Jiang L. et al., 2015). Interferon γ (IFNγ), released by CD8 T cells, downregulates the expression of SLC3A2 and SLC7A11, promoting lipid peroxidation and ferroptosis in tumor cells (Wang W. et al., 2019). Chu et al. found that SLC7A11 specifically binds to and inhibits the enzymatic activity of arachidonate 12-lipoxygenase (ALOX12). Inactivation of ALOX12 impedes p53-mediated ferroptosis induced by oxidative stress and removes the suppression of p53-dependent tumor growth. Notably, ALOX12 does not significantly affect ferroptosis triggered by erastin or GPX4 inhibitors (Chu et al., 2019). Erastin induces ferroptosis by inhibiting system Xc−, thereby impairing cysteine entry into cells and inhibiting GSH synthesis, leading to decreased GPX activity and ROS accumulation (Dixon et al., 2012). Erastin also induces mitochondrial dysfunction via VDACs and can negatively regulate ferroptosis by stimulating heat shock protein beta-1 (HSPB1) expression, reducing cellular iron uptake and lipid ROS production (Sun et al., 2015).
GPX4 reduces phospholipid hydroperoxide products (AA/AdA-PE-OOH) to their corresponding phosphatidyl alcohols (PLOH). As a key inhibitor of ferroptosis, the loss of GPX4 activity leads to the accumulation of lipid peroxides, a hallmark of ferroptosis (Forcina and Dixon, 2019). GPX4, being a selenoprotein, requires selenocysteine for its biosynthesis, and selenium is critical for its anti-ferroptotic effects (Friedmann Angeli and Conrad, 2018). At the transcriptional level, gpx4 can produce three different proteins-mitochondrial (m-), nuclear (n-), and cytosolic (c-) GPX4 due to the presence of multiple transcriptional start sites, but only c-GPX4 is essential for ferroptosis (Liang et al., 2009). The expression of GPX4 is regulated by transcription factors such as stimulating protein 1 (SP1), nuclear factor Y (NF-Y), and activator protein (AP) (Ufer et al., 2003). Seiler et al. induced GPX4 inactivation in mice and cells, finding that 12/15-LOX knockout cells were unaffected by GSH deprivation, suggesting that cell death induced by GSH depletion or reduced GPX4 activity requires 12/15-LOX (Seiler et al., 2008). The translocation of apoptosis-inducing factor (AIF) from mitochondria to the nucleus was also observed, indicating that GPX4 inactivation can trigger AIF-mediated cell death (Seiler et al., 2008). Yang and colleagues identified the first GPX4 inhibitor, RAS-selective lethal compounds 3 (RSL-3), which, unlike erastin, does not act on system Xc−, but directly inhibits GPX4, triggering ferroptosis without depletion of GSH (Yang et al., 2014). Treatment of RSL3-exposed primary human renal proximal tubule epithelial cells (HRPTEpiCs) with liproxstatin-1 (Lip-1) has shown that Lip-1 protects against RSL3-induced cell death, and Lip-1 can inhibit RSL3-induced oxidation of BODIPY 581/591 C11 (Friedmann Angeli et al., 2014).
Dihydroorotate dehydrogenase (DHODH) is an enzyme situated on the outer surface of the mitochondrial inner membrane, the inactivation of which induces extensive mitochondrial lipid peroxidation and ferroptosis in cancer cells with low GPX4 expression (Mao et al., 2021). DHODH functions in parallel with mitochondrial GPX4 but operates independently of cytoplasmic GPX4, to prevent ferroptosis of the inner mitochondrial membrane. It achieve this by reducing ubiquinone to ubiquinol, a free-radical-trapping antioxidant that possesses anti-ferroptotic properties (Mao et al., 2021).
The intricate regulatory network controlling ferroptosis underscores the complexity of cellular redox balance. The interplay between ferroptosis and other cellular processes, such as mitochondrial function and amino acid transport, suggests that ferroptosis is not an isolated event but rather deeply integrated into cellular physiology. The role of GPX4 and its dependence on selenium highlight the potential for dietary or supplemental interventions to modulate susceptibility to ferroptosis. This could have implications for the prevention or treatment of diseases associated with oxidative stress, including neurodegenerative disorders and certain cancers.
2.2.4 The FSP1-CoQ10-NAD(P)H system
Recent studies have identified ferroptosis suppressor protein 1 (FSP1) as an inhibitor of ferroptosis that operates independently of the system Xc−-GSH-GPX4 axis (Doll et al., 2019; Bersuker et al., 2019). FSP1 was discovered as a significant factor in ferroptosis resistance through a synthetic lethal CRISPR-Cas9 screen following RSL3 treatment (Bersuker et al., 2019). Coenzyme Q10 (CoQ10), a key component of the mevalonate pathway, is the only endogenously synthesized lipid-soluble antioxidant present in all membranes (Bentinger et al., 2007; Kaymak et al., 2020). A reduction in CoQ10 levels increases cellular susceptibility to ferroptosis; one study found that FIN56 depletes CoQ10 and promotes ferroptosis by regulating the mevalonate pathway (Shimada et al., 2016).
FSP1, initially recognized as a response gene to the oncogene p53 (Horikoshi et al., 1999), functions as an oxidoreductase of CoQ, catalyzing the regeneration of CoQ10 via NAD(P)H in the plasma membrane. This process produces ubiquinol, which directly reduces lipid radicals, thereby terminating lipid autoxidation and preventing the accumulation of lipid peroxides (Yan et al., 2021; Marshall et al., 2005). FSP1 is capable of protecting cells from ferroptosis induced by GPX4 deficiency. The absence of either GPX4 or FSP1 leads to the accumulation of lipid peroxides in the cells, triggering ferroptosis, which suggests a synergistic inhibitory role of FSP1 and GPX4 in ferroptosis (Doll et al., 2019; Plays et al., 2021). Additionally, Mishima et al. discovered that FSP1 also functions as a vitamin K reductase, effectively reducing vitamin K to its hydroquinone form. This form acts as a potent radical-trapping antioxidant and inhibitor of lipid peroxidation, thereby further inhibiting ferroptosis. This mechanism explains vitamin K’s role in counteracting the toxic effects of warfarin (Mishima et al., 2022). FSP1 can prevent erastin- and RSL3-induced ferroptosis through a ubiquinol-independent mechanism. Specifically, FSP1-dependent recruitment of endosomal sorting complexes required for transport (ESCRT)-III facilitates resistance to ferroptosis by activating a membrane repair mechanism that regulates membrane outgrowth and fission (Dai et al., 2020; Li et al., 2023). Moreover, the regulation of FSP1 involves cAMP-response-element-binding protein and Nrf2 (Nguyen et al., 2020; Chorley et al., 2012). The negative regulators of p53, MDM2 and MDMX, also influence FSP1 by modulating the peroxisome proliferator-activated receptor-α (PPARα) (Venkatesh et al., 2020).
The discovery of FSP1 as a distinct ferroptosis suppressor highlights the complexity of cellular mechanisms that govern this form of cell death. FSP1’s multifaceted role in ferroptosis, through its interaction with CoQ10 and its independent mechanism from the GSH-GPX4 axis, suggests that it could be a key target for therapeutic interventions in diseases where ferroptosis plays a significant role.
2.2.5 The GCH1/BH4/DHFR system
Kraft et al. identified a sset of genes that conteract cellular ferroptosis independently of the GPX4/GSH system, among which are GTP cyclohydrolase-1 (GCH1) and its metabolic derivatives tetrahydrobiopterin/dihydrobiopterin (BH4/BH2) (Kraft et al., 2020). Overexpression of GCH1, MS4A15, and OLFR367-ps not only reduces lipid peroxidation but provides nearly complete protection against ferroptosis (Kraft et al., 2020). BH4 serves as a potent free-radical-trapping antioxidant, capable of directly decreasing the accumulation of PUFA-containing lipid peroxides, thereby shielding cells from lipid peroxidation and ferroptosis, as well as contributing to the synthesis of CoQ10. Inhibition of dihydrofolate reductase (DHFR), which catalyzes the regeneration of BH4, using methotrexate can synergize with GPX4 inhibition to induce ferroptosis (Soula et al., 2020). BH4 synthesis supports cell proliferation even in the presence of GPX4 inhibition induced by RSL3 and ML21, yet it proves ineffective against erastin-induced GPX4 inhibition, highlighting that the role of BH4 independently of cystine depletion (Soula et al., 2020). GCH1 has also been recognized as a polymorphic locus linked to pain sensitivity, cardiovascular risk, and chronic diseases such as diabetes (Tegeder et al., 2006; Takimoto et al., 2005; Alp et al., 2003). Recently, Cronin et al. demonstrated that genetic inactivation of GCH1 significantly impairs T-cell proliferation in mature mice and humans, while enhancement of BH4 levels via GCH1 overexpression boosts the response of CD4+ and CD8+ T-cells, thereby enhancing their anti-tumor activity (Cronin et al., 2018).
The identification of GCH1 and BH4 as key regulators of ferroptosis provides a deeper understanding of the complex interplay between cellular metabolism, redox balance, and cell death pathways. The ability of BH4 to directly reduce lipid peroxides and its role in CoQ10 synthesis underscore its dual function as an antioxidant and a modulator of cellular bioenergetics. the multifaceted role of GCH1 and BH4 in regulating ferroptosis, immune function, and cellular metabolism highlights their potential as therapeutic targets. Further research into the mechanisms by which these molecules modulate ferroptosis could lead to the development of new treatments for a range of diseases.
2.3 Ferroptosis inducers and inhibitors
Numerous genes and signaling pathways are involved in both the induction and inhibition of ferroptosis, offering new avenues for potential therapeutic interventions in related diseases (Tables 2, 3).
TABLE 2 | Ferroptosis inducers (FINS).
[image: Table 2]TABLE 3 | Ferroptosis inhibitors.
[image: Table 3]3 FERROPTOSIS IN GESTATION
3.1 Gestational physiology
Iron is essential for fetal growth and development, with the placenta acting as an intermediary to facilitate the exchange of materials between mother and fetus, enabling the fetus to obtain iron from maternal circulation. The maternal dietary intake of ferric iron (Fe3+), with 85%–90% absorbed as non-heme iron, serves as a primary source of iron for fetal development (Raper et al., 1984). Fe3+ is reduced to ferrous iron (Fe2+) by reductases such as duodenal cytochrome b reductase 1 (DCYTB), prion-protein (PrPC), and Steap3 (McKie et al., 2001; Ohgami et al., 2005; Tripathi et al., 2015), which are then absorbed through DMT1 located at the apical part of enterocytes.
The ferrous oxidase hephaestin (Heph) and FPN in the intestinal tract facilitate the absorption of iron into the systematic circulation (Yeh et al., 2011). Otherwise, iron binds to ferritin and is excreted with intestinal cells. Heme iron absorption and nutrient transport occur primarily through the syncytiotrophoblast, with these cells expressing transporter proteins that mediate iron transfer. Iron is primarily transported from the maternal circulation to the placenta bound to transferrin, ferritin, or heme, with transferrin-bound iron (TBI) being the predominant form absorbed by the placenta (Sangkhae and Nemeth, 2019). TBI is transferred to the apical side of the placental trophoblast via TFR1. Knockout of TFR1 in mice, resulting in a deficiency in both the embryo and placenta, leads to severe anemia and high embryonic lethality (Levy et al., 1999). DMT1, located in the cytoplasm and basement membrane of the syncytiotrophoblast, mediates the movement of ferrous ions from endosomes to the cytoplasm and across the basement membrane (Chong et al., 2005). In the case of iron overload, when iron is overloaded, transferrin is saturated, excess iron forms non-transferrin-bound iron (NTBI) in the circulation. It has been discovered that in addition to DMT1, endosomal transport proteins ZIP14 (SLC39A14) and ZIP8 (SLC39A8), which mediate NTBI uptake at the plasma membrane, are also present in the placenta (Liuzzi et al., 2006). Iron can be stored in the placenta or transferred into the fetal matrix via FPN, and then cross the endothelium to enter the fetal circulation as NTBI (Evans et al., 2011). Complete knockout of FPN, results in embryonic lethality, whereas conditional knockout that preserves FPN, expression in the placenta allows normal embryonic development, underscoring the critical role of FPN in placental iron export (Donovan et al., 2005).
During the first trimester, iron requirements decrease compared to pre-pregnancy levels due to the cessation of menstruation. However, as pregnancy advances, maternal RBC mass increases, and placental and fetal growth accelerates, leading to a heightened physiological demand for iron in the later stage of pregnancy (Fisher and Nemeth, 2017). The placenta retains approximately 90 mg of iron to maintain its function and delivers around 270 mg to the fetus over the course of the pregnancy (Cao and O'Brien, 2013). The expansion of maternal plasma volume and increasing need for iron to support fetal growth during the second and third trimesters result in elevated erythropoiesis to sustain hemoglobin levels, ultimately depleting maternal iron reserves. An estimated 36% of pregnant women aged 15–49 globally suffer from anemia with around 40% of these cases attributed to iron deficiency (Ataide et al., 2023). Severe anemia is associated with adverse outcomes such as postpartum hemorrhage, maternal mortality, and long-term complications, including low birth weight and neonatal growth retardation (Daru et al., 2018).
Both iron deficiency and iron overload can pose risks, creating a U-shaped relationship between maternal hemoglobin concentration and the risk of adverse pregnancy outcomes (Dewey and Oaks, 2017). Iron supplementation to pregnant women with sufficient iron stores may also present potential risks (Georgieff et al., 2019). In pathological states where large amounts of iron are suddenly released from damaged cells, NTBI can react with oxygen to form ROS, which can damage cellular lipid membranes, leading to oxidative stress and the activation of programmed cell death pathways such as ferroptosis and iron-associated autophagy (Tang et al., 2021). High iron levels are also associated with increased blood viscosity and a diminished systemic response to inflammation and infection. Serum ferritin serves as a biomarker for maternal iron status. Studies indicate that higher ferritin concentrations in early pregnancy are linked to more favorable pregnancy outcomes, whereas high ferritin levels in late pregnancy are associated with poorer outcomes, including preterm labor and low birth weight (Dewey and Oaks, 2017; Chang et al., 2003; Hanieh et al., 2013). Research conducted in developing countries has shown that high doses of in-home iron fortification can lead to iron accumulation in the colon, altering the infant gut microbiome and causing intestinal inflammation (Jaeggi et al., 2015).
Neonates preferentially absorb heme iron of animal origin ingested by the mother during pregnancy, as opposed to maternal iron intake in the form of ferrous sulfate (Young et al., 2012). Thus, pregnant woman require additional dietary iron to meet the increasing demands as gestation progresses. Hepcidin, the primary regulator of systemic iron homeostasis, controls plasma iron concentration and the distribution of iron in tissues by inhibiting intestinal iron absorption, iron recycling in macrophages, and iron mobilization from hepatic stores (Nemeth and Ganz, 2006). During normal pregnancy, maternal hepcidin levels are significantly reduced to facilitat sufficient iron transport across the placenta. Recently Sangkhae et al. discovered that maternal hepcidin levels play a pivotal role in determining embryonic and fetal iron endowment, with higher hepcidin levels potentially leading to embryonic anemia and increased embryonic mortality (Sangkhae et al., 2020). The gradual decrease in hepcidin levels from early to late gestation enhances iron release from enterocytes and hepatocytes, consequently elevating iron levels in the placenta (van Santen et al., 2013). Yang et al. found that estrogens inhibit the hepcidin transcription in hepatocytes in vivo and in vitro in mice, thereby increasing iron uptake (Yang et al., 2012).
A study utilizing single-cell transcriptomics was conducted to explore the cell-cell interactome between fetal placental trophoblast cells and maternal endometrial stromal cells (Pavličev et al., 2017). Wu et al. analyzed this dataset with a particular focus on genes related to iron homeostasis and ferroptosis, concluding that ferritin genes are highly expressed across major cell types. Additionally, they found that trophoblast cells might be more susceptible to ferroptosis compared to other cell types at the maternal-fetal interface due to the high expression of Lpcat3 and Sat1, both of which play critical roles in ferroptosis (Ng et al., 2019).
The placental bed is composed of uterine spiral arteries that deliver oxygen-rich blood to the developing fetus and placenta. Until 8–10 weeks of gestation, these maternal spiral arteries remain obstructed by congealed endothelial cells and blood clots, creating a hypoxic and hypoglycemic environment for the embryo (Ng et al., 2019). At 10–12 weeks of gestation, the spiral arteries become canalized, allowing maternal blood to flood into the placental lacunae, and exposing the fetal villi to a nutrient-rich environment containing glucose, oxygen, and iron (Ng et al., 2019). This process is kin to a hypoxia/reperfusion event, which can lead to significant oxidative stress and tissue injury. Spiral artery remodeling begins after blastocyst implantation with the invasion of extravillous trophoblast (EVT) cells into the decidua and the formation of a continuous EVT shell at the maternoplacental interface (Burton et al., 1999). Incomplete occlusion and fragmentation of the EVT shell due to insufficient EVT cells invasion into the spiral arteries, result in a relatively hyperoxic environment, potentially leading to the generation of ROS (Hempstock et al., 2003). An imbalance between oxidant and antioxidant activities, known as oxidative stress, is driven by increased ROS, which induces ferroptosis and contributes to the remodeling of spiral arteries (Figure 3). However, excessive and prolonged oxidative stress can lead to persistent ferroptosis, resulting in pathological outcomes such as shallow trophoblast invasion and vessel luminal narrowing (Gumilar et al., 2023).
[image: Figure 3]FIGURE 3 | Ferroptosis in early gestation. Before 8–10 weeks, spiral arteries are completely blocked by endothelial cells and clots, creating hypoxia and hypoglycemia in the embryo. Until the end of the first trimester (10–12 weeks), the spiral arteries open and a sudden increase in oxygen and iron can significantly accumulate ROS, oxidative stress, and tissue damage, inducing ferroptosis which contributes to remodeling the spiral arteries. Normally, villi are covered with villous cytotrophoblast and syncytiotrophoblast, containing fetal vessels covered with villous endothelium. Extravillous trophoblast (EVT) invasion causes spiral artery remodeling thereby creating low-resistant perfusion. Under ischemic conditions, the villous trophoblast becomes discontinuous. Increased fibrin and syncytial knotting deposit on the villous surface. Spiral arteries are inappropriately remodeled due to impaired EVT invasion and ischemia exposes villous tissue to increased oxidative stress. Factors such as iron status, antioxidants, environmental exposure, and ferroptosis-related genes can influence the process. However, the persistence of ferroptosis may cause pathological effects such as shallow trophoblast invasion and narrowing of the vascular lumen.
3.2 Pre-eclampsia (PE)
PE is a pregnancy disorder, typically manifesting after the 20th week of gestation, characterized by hypertension and proteinuria. Oxidative stress is believed to induce lipid peroxidation of cell membranes and excessive ferroptosis at the maternal-fetal interface leading to the pathological features of PE, including shallow endovascular invasion of EVT cells and inadequate remodeling of maternal spiral arteries.
The GPX4 gene variant (rs713041), linked to oxidative stress, has been associated with increased susceptibility to PE in the Chinese Han population (Chen et al., 2020). Selenium, essential for GPX4 function, plays a critical role in inhibiting ferroptosis (Ingold et al., 2018). Min et al. demonstrated an inverse relationship between blood selenium levels and the risk of PE (Xu et al., 2016). Research has consistently shown that serum iron concentration, ferritin levels, and percent transferrin saturation are significantly eleveted in patients with PE compared to normal pregnancies (Rayman et al., 2002; Gutierrez-Aguirre et al., 2017).
In PE models, upregulation of miR-30b-5p leads to reduced GSH and elevated labile Fe2+, both of which are crucial in promoting ferroptosis (Zhang et al., 2020). This finding suggests that targeting this microRNA could be a therapeutic strategy to mitigate the effects of PE. Additionally, markers of mitochondrial fission/fusion, apoptosis, and mitochondrial complex expression are differentially disrupted in the full-term preeclamptic placenta. The level of ROS signaling in these placentas may be sufficient to trigger compensatory antioxidant and mitochondrial responses, helping maintain tissue function despite the pathological stress (Holland et al., 2018).
The interplay between oxidative stress, ferroptosis, and the dysregulation of iron metabolism in the pathogenesis of PE underscores the complexity of this pregnancy disorder. The identification of specific genetic variants and environmental factors such as selenium deficiency that contribute to the risk of PE highlights potential avenues for early diagnosis and intervention. Moreover, understanding the compensatory mechanisms that maintain tissue function in the face of oxidative stress may lead to the development of novel treatments aimed at bolstering these natural defenses, thereby improving outcomes for both mother and child. Further research is necessary to fully elucidate these mechanisms and to translate these findings into clinical practice.
3.3 Gestational diabetes mellitus (GDM)
GDM is traditionally defined as glucose intolerance of varying degrees that develops or is first detected during pregnancy. Hyperglycaemia is believed to induce ferroptosis due to high glucose conditions, decreased glutathione levels, disrupted iron transport, and increased lipid peroxidation in trophoblast cells. The accumulation of iron contributes to elevated lipid peroxidation which subsequently triggers ferroptosis. The role of iron metabolism and oxidative stress in GDM pathology suggests that interventions targeting these pathways could potentially mitigate the development or severity of GDM.
Two decades ago, Lao et al. identified a correlation between elevated serum ferritin levels and glucose intolerance in the third trimester among non-anemic women (Lao et al., 2001). Since then, elevated ferritin levels have been associated with an increased risk of GDM (Sun et al., 2020). The identification of specific biomarkers, such as elevated ferritin and hemoglobin, could improve early detection and allow for more timely interventions. A recent meta-analysis confirmed that patients with GDM exhibit higher levels of serum iron, ferritin, transferrin saturation, hepcidin, and hemoglobin, alongside a lower total iron-binding ability, compared to those without GDM. This suggests that high serum ferritin and hemoglobin levels are linked to an elevated risk of GDM (Yang K. et al., 2022). Monitoring and managing iron levels, as well as antioxidant therapies, might be beneficial in high-risk pregnancies. In trophoblast cells affected by GDM, mitochondria were observed to significantly swollen, with notable changes such as the disappearance or reduction, which are indicative of ferroptosis (Zhao et al., 2023). Additionally, the expression of genes related to ferroptosis is altered in placental tissues of patients with GDM (Zhao et al., 2023).
The connection between GDM and ferroptosis offers a compelling avenue for research into the mechanisms underlying this pregnancy complication. Furthermore, understanding the molecular changes in placental tissues associated with GDM could lead to targeted therapies that protect the placenta from ferroptosis, thereby potentially improving pregnancy outcomes.
It is also important to consider the broader implications of these findings for maternal and fetal health beyond the pregnancy itself. GDM is known to increase the risk of developing type 2 diabetes later in life (Vounzoulaki et al., 2020; Moon and Jang, 2022). Understanding the role of ferroptosis may provide insights into these long-term health consequences. Overall, while more research is needed to fully understand the interplay between GDM and ferroptosis, these findings provide a foundation for developing novel preventive and therapeutic strategies for GDM and its associated complications.
3.4 Recurrent pregnancy loss (RPL)
RPL, also known as recurrent spontaneous abortion (RSA), is defined as the occurrence of two or more consecutive miscarriages. Decidual stromal cells (DSCs) are the predominant cell type in the maternal decidua during early pregnancy. In patients with PRL, communication between these stromal cells and other cell types is disrupted, leading to heterogeneity among maternal decidual cells (Du et al., 2021). Lipid metabolism and redox balance are essential to placental health. The phospholipase A2 (PLA2) protein family comprises lipid-modifying enzymes, with PLA2G6 specifically expressed in the human placenta. Trophoblasts deficient in PLA2G6 exhibit increased sensitivity to ferroptosis when GPX4 activity is absent (Beharier et al., 2020). Novel therapeutic strategies may aim at supporting trophoblast function and reducing the risk of miscarriage. For instance, interventions that enhance GPX4 activity or stabilize lipids to prevent peroxidation could be beneficial. Recent research by Peng et al. has indicated that hypoxia can trigger ferroptosis in human trophoblast cells, which may contribute to miscarriage (Tian et al., 2024). It provides a potential mechanistic link between environmental factors and pregnancy loss, as hypoxia is a common feature in various pregnancy complications.
The connection between ferroptosis and RPL suggests that cellular susceptibility to ferroptosis may play a significant role in pregnancy failure. In conclusion, RPL can have significant physical and psychological impacts on affected women, and an improved understanding of the underlying mechanisms could lead to better support and care for those experiencing recurrent miscarriages. While more research is needed to fully elucidate the mechanisms involved in RPL, the emerging link between ferroptosis and RPL offers promising avenues for the development of new diagnostic and therapeutic approaches to improve pregnancy outcomes for women with a history of recurrent miscarriages.
3.5 Intrahepatic cholestasis of pregnancy (ICP)
Cholestatic liver disease is classified into intrahepatic cholestasis (IHC) and extrahepatic cholestasis based on the location of the bile flow obstruction. IHC is caused by disorders affecting hepatic parenchymal cells and/or intrahepatic bile ducts, leading to impaired metabolism and transport of bile acids within the liver. In contrast, extrahepatic cholestasis, also known as obstructive cholestasis, arises from obstruction in the extrahepatic bile duct disease. ICP is the most common liver disease during pregnancy, characterized by pruritus and elevated bile acids, typically occurring in the third trimester and resolving quickly after delivery (Geenes and Williamson, 2009). ICP is diagnosed when nonfasting total bile acid levels reach or exceed 19 μmol/L after excluding other potential causes (Girling et al., 2022). Elevated bile acid levels are associated with an increased risk of adverse pregnancy and fetal outcomes (Wikström Shemer et al., 2013). Women with ICP are more likely to experience GDM, PE, and both spontaneous and iatrogenic preterm delivery compared to those without ICP (Wikström Shemer et al., 2013).
Oxidative stress induced by bile acids is thought to contribute to the pathogenesis of ICP (Schoots et al., 2018). Perez et al. found increased serum bile acid concentrations and signs of oxidative stress in the placenta in ICP rat models, and UDCA treatment can partially prevent changes in the antioxidant system (Perez et al., 2006). Studies have shown that blood selenium levels are significantly lower in patients with ICP compared to those with normal pregnancies (Reyes et al., 2000). Similarly, plasma GPX levels are also significantly reduced in patients with ICP (Hu et al., 2015). Patients with ICP exhibit higher superoxide dismutase (SOD) and malondialdehyde (MDA) activity in maternal erythrocytes, and MDA activity in umbilical cord blood is elevated compared to normal pregnancies (Zhu et al., 2019). Fang et al. identified differential gene expression in placenta samples from normal and ICP pregnancies, discovering that epidermal growth factor receptor (EGFR), associated with ferroptosis, could be a potential target for ICP therapy (Fang and Fang, 2022). Nuclear receptors (NR), a family of transcriptional regulators, are activated by binding to bile acids. Farnesoid X receptor (FXR), a member of this family, becomes activated upon binding bile acids (Makishima et al., 1999). Excessive activation of FXR inhibits bile acid production by inducing the expression of small heterodimer partner 1 (SHP-1), which represses the expression of cytochrome P450 7A1 (CYP7A1), a key enzyme in bile acid synthesis (Calkin and Tontonoz, 2012; Goodwin et al., 2000). Therefore, alterations in FXR are implicated in cholestasis. Tschuck et al. found that FXR agonists such as Turofexorate and Fexaramine limit lipid peroxidation and ferroptosis. FXR activation upregulates ferroptosis-inhibitory proteins such as FSP1, PPARα, GPX4, SCD1, and ACSL3, thereby reducing lipid peroxidation (Tschuck et al., 2023). The FXR agonist W450 significantly reduces bile acid levels and induces the expression of bile acid transporters in the placenta, thereby protecting the placenta from damage caused by oxidative stress (Wu et al., 2015). Modulating specific pathways involving potential therapeutic targets, such as EGFR and FXR agonists, could protect the placenta and improve pregnancy outcomes.
Research on ICP placentas also reveals increased susceptibility to acute hypoxia and ischemia-reperfusion injury, with altered expression of hypoxia-regulated genes like hypoxia-inducible factor-1α (HIF-1α), regulated in development and DNA damage response 1 (REDD1), and mammalian target of rapamycin (mTOR) (Wei and Hu, 2014).
The complex interplay between bile acid-induced oxidative stress, ferroptosis, and the placenta’s vulnerability to hypoxia in ICP highlights the multifaceted nature of this pregnancy complication. While more research is needed to fully understand the pathophysiology of ICP, the current findings provide valuable insights into potential therapeutic targets and the importance of placental health in pregnancy. Understanding how alterations in lipid metabolism and oxidative stress contribute to ICP could lead to novel preventive and therapeutic strategies, potentially benefiting both the mother and the fetus.
4 FERRIOTSIS IN LIVER DISEASES
Cell death is a key driver in the onset and progression of various liver diseases, with viral, toxic, immunologic, or metabolic factors potentially leading to apoptosis, necrosis, and necroptosis of hepatocytes. This cell death results in inflammation and compensatory cell proliferation, processes closely linked to the development of liver fibrosis, cirrhosis, and hepatocellular carcinoma (Luedde et al., 2014; Schwabe and Luedde, 2018). Programmed cell death modalities, including necroptosis, pyroptosis, and ferroptosis, are mechanisms designed to eliminate intracellular pathogens or mutated cancer cells. However, these processes also result in cell rupture, and the release of intracellular immune contents, triggering inflammatory immune responses and potentially harming healthy cells (Kolb et al., 2017). Studies have indicated that the GSH/GPX4 axis is essential in preventing lipid oxidation-induced acute renal failure, and ferroptosis significantly contributes to liver damage and renal tissue injury due to ischemia/reperfusion (Friedmann Angeli et al., 2014).
While cell death is a natural and necessary process, its dysregulation can have severe consequences for liver health. The recognition that ferroptosis plays a significant role in hepatic and renal injury provides a new perspective on the management of liver diseases. Further research into the mechanisms underlying ferroptosis and its impact on liver disease progression is essential for developing effective therapeutic strategies.
4.1 Alcoholic liver disease (ALD)
Recent studies have highlighted the significant role of ferroptosis in the development of ALD, a major form of liver damage caused by excessive alcohol consumption. Acute and chronic ethanol exposure contributes to an increase in mitochondrial ROS in the liver, which is associated with a decrease in the activity of the mitochondrial GSH antioxidant system and oxidative damage to mitochondrial proteins and DNA. Meanwhile, iron overload, as a key inducer of lipid accumulation and ferroptosis, is related to the progression and mortality of ALD (Mueller and Rausch, 2015). Alcohol consumers exhibit alterations in iron and iron-related proteins, including unaltered, elevated, or decreased levels of serum iron, increased duodenal iron transport proteins, downregulation of serum hepcidin, decreased or unaltered levels of transferrin, and increased or unaltered levels of transferrin saturation (Ferrao et al., 2022).
Ethanol exacerbates ALD by regulating various key molecules, leading to lipid metabolism disorders and ferroptosis in the liver. Concurrent cell death and lipid peroxidation were observed in both alcohol-treated mice and hepatocytes, which can be alleviated by a ferroptosis inhibitor (Liu CY. et al., 2020). Luo et al. demonstrated that chronic ethanol exposure not only leads to the accumulation of hepatic iron instability and lipid peroxides, but also disrupts the methionine cycle, resulting in decreased cysteine levels and GSH depletion, which triggers ferroptosis (Luo et al., 2023). Ethanol disrupts the aberrant signaling of liver sirtuin 1 (SIRT1), a nicotinamide adenine dinucleotide (NAD+, NADH)-dependent class III histone deacetylase, playing a central role in the pathogenesis of ALD (You et al., 2015). Zhou et al. observed significantly alleviated liver injury in the intestinal-specific SIRT1 knockout mice compared with the wild-type mice after ethanol feeding (Zhou et al., 2020). This effect was attributed to the reduction of hepatic ferroptosis, which was evidenced by improved iron metabolism, increased hepatic GSH levels, reduced lipid peroxidation, and the downregulation of genes associated with ferroptosis (Zhou et al., 2020). Ethanol inhibits the regulatory molecule of lipid metabolism, Lipin-1, by suppressing SIRT1 (You et al., 2015). Exacerbation of steatohepatitis in Lipin-1 overexpressing mice is associated with excessive iron accumulation, altered iron distribution, decreased levels of GSH, reduced NADPH levels, increased MDA levels, and impaired expression of genes related to ferroptosis (Zhou et al., 2019). Therefore, targeting the ferroptosis signaling pathway may offer a novel approach to treating ALD, given the significant role of ferroptosis in the disease’s development and progression.
4.2 Non-alcoholic fatty liver disease (NAFLD)
The liver serves as the metabolic hub for nutrients such as glucose, lipids, and amino acids. Metabolic disorders can lead to the degeneration and death of hepatocytes, resulting in various liver diseases. NAFLD is characterized by fat accumulation in more than 5% of hepatocytes in the absence of excessive alcohol consumption or other secondary causes of hepatic steatosis (e.g., obesity, hyperlipidemia, type 2 diabetes mellitus, and other metabolic syndromes) (Cusi et al., 2017). NAFLD is one of the most prevalent causes of liver disease worldwide, often paralleling the global rise in obesity (Younossi et al., 2018). It is marked by abnormal lipid deposition in the liver, which can progress from simple steatosis to nonalcoholic steatohepatitis (NASH), a precursor to cirrhosis and liver cancer (Isaacs, 2023; Tokushige et al., 2021).
NAFLD is associated with increased gluconeogenesis (Sunny et al., 2011). Insulin signaling, which is negatively regulated by protein phosphatases such as PTP1B and Shp-1, plays a critical role in this process. Liver-specific deletion of PTP1B enhances insulin signaling, thereby improving insulin’s ability to inhibit gluconeogenesis in the liver. This action helps prevent endoplasmic reticulum stress induced by a high-fat diet, with generates excessive ROS, leading to inflammation, hepatic injury, and the progression of NAFLD. Reducing ROS production has been shown to significantly decrease lipid accumulation in the liver (Bailey et al., 2015; Delibegovic et al., 2009). Systemic insulin resistance drives the development of NAFLD, creating a vicious cycle where hepatic lipid accumulation further exacerbates insulin resistance (Rui, 2014).
Ferroptosis has been identified as a trigger for initial cell death in steatohepatitis. This was demonstrated using a choline-deficient, ethionine-supplemented (CDE) diet model, where the application of a ferroptosis inhibitor showed significant effects (Tsurusaki et al., 2019). Qi et al. observed changes in the severity of NASH in mice treated with ferroptosis inducers like RSL-3 and GPX4 activators (Qi et al., 2020). The involvement of iron metabolism in NAFLD pathogenesis points to the possibility of using iron depletion strategies to manage the disease. Approximately 25%–30% of the body’s total iron is stored in the liver as ferritin. The liver plays a central role in the uptaking, utilization, and secretion of iron, making it a primary target for iron overload (Protchenko et al., 2021). Approximately one-third of patients with NAFLD exhibit signs of iron disorders, such as elevated serum ferritin with normal or slightly elevated transferrin saturation (Datz et al., 2017). Studies have indicated that serum ferritin levels can be an independent predictor of NAFLD severity (Kowdley et al., 2012; Valenti et al., 2012). Elevated ferritin is associated with metabolic insulin resistance syndrome and increased hepatic iron and fat, with patients with NASH exhibiting iron overloaded tending to have more severe disease (Nelson et al., 2011). Iron depletion has been shown to reduce insulin resistance and liver enzyme levels. Hepatic iron deposition in NAFLD is linked to specific histologic features of the liver (Nelson et al., 2011). NAFLD livers display higher intrahepatic levels of iron and ROS compared to normal livers, with excess iron promoting hepatic oxidative stress, inflammatory vesicle activation, induction of inflammatory and immune mediators, and hepatocyte injury, thereby contributing to NASH development (Handa et al., 2016; Capelletti et al., 2020).
The accumulation of lipids induces oxidative stress, a key initiator of cell death, with ferroptosis increasing the likelihood of hepatocyte swelling, inflammation, and fibrosis (Machado and Diehl, 2016). Enoyl coenzyme A hydratase 1 (ECH1) has been shown to alleviate hepatic steatosis by inhibiting ferroptosis (Liu et al., 2021). Currently, there are no particularly effective treatments for NAFLD. However, the American Association for the Study of Liver Diseases (AASLD) recommends statins for reducing the risk of cerebrovascular disease in NAFLD patients (Rinella et al., 2023). Melatonin and vitamin E have shown promise in treating NAFLD by alleviating hepatic ferroptosis and improving hepatic steatosis and inflammation, although their effectiveness in reducing hepatic fibrosis is limited (Guan et al., 2023; Lavine et al., 2011; Bril et al., 2019). A combination therapy or more targeted approaches may be necessary to address the complex pathophysiology of NAFLD. The role of ferroptosis in NAFLD opens new avenues for therapeutic intervention, targeting ferroptosis to prevent disease progression.
4.3 Cholestatic liver injury
Cholestasis results from impairments in the intrahepatic formation and excretion of bile, or extrahepatic obstruction of the bile ducts, leading to the retention of bile acids or bilirubin. Cholestatic liver injury is characterized by inflammation, severe obstruction of bile flow leading to altered disposal of bile acids, elevated serum transaminase levels; and ultimately, it progresses to severe fibrosis, cirrhosis, and liver failure (Woolbright and Jaeschke, 2019). For acute cholestasis-induced liver injury caused by gallstones, surgical treatment may be an option, whereas chronic conditions such as biliary atresia, primary biliary cholangitis (PBC), and primary sclerosing cholangitis (PSC) lack effective treatment options beyond ursodeoxycholic acid (UDCA). This poses a significant challenge to the demand for liver transplantation, as patients ultimately exhibit severe obstruction or even cirrhosis. Therefore, it is essential to gain a deeper understanding of the mechanisms by which cholestasis leads to liver injury to provide potential targets for disease treatment.
Hydrophobic bile acids (BAs) can induce hepatocyte death during cholestastic liver disease. Toxic BAs can directly activate hepatocyte death receptors and induce oxidative damage, leading to mitochondrial dysfunction, primarily affects the liver and extrahepatic tissues, such as the heart, skeletal muscle, and placenta. Studies have shown that bile acids can promote the generation of ROS, and reducing ROS production can protect hepatocytes from bile acid-induced cell death (Sokol et al., 2001; Sokol et al., 1998). Elevated serum BA concentrations are associated with a spectrum of cellular alterations, encompassing membrane perturbations, pro-inflammatory signaling cascades, and mitochondrial dysfunction. These effects are mediated by redox-dependent pathways, either directly or indirectly. Specific BA species, including UDCA, cholic acid (CA), deoxycholic acid (DCA), and chenodeoxycholic acid (CDCA), have been investigated for their therapeutic potential in various conditions such as cholelithiasis, PBC, and disorders of BA synthesis. Despite these preliminary investigations, further rigorous clinical trials are warranted to establish the efficacy of these BA derivatives in the treatment of the aforementioned diseases and to elucidate their mechanistic interplay with oxidative stress pathways (Orozco-Aguilar et al., 2021).
4.4 Autoimmune hepatitis (AIH)
The body hosts two types of immune systems: innate and adaptive. The innate immune system, primarily comprising cells like dendritic cells, macrophages, and neutrophils, is responsible for recognizing microbial infections. The adaptive immune system, on the other hand, involves T and B lymphocytes along with natural killer (NK) cells, which provide a more specific and targeted response to pathogens (Iwasaki and Medzhitov, 2015).
AIH is a condition characterized by parenchymal inflammation, driven by autoimmune responses against hepatocytes. It is marked by serum autoantibody positivity, elevated IgG levels, and sporadic necrosis with plasma cell and lymphocyte infiltration observed in liver histology (Czaja, 2014). Recent studies have increasingly highlighted the role of ferroptosis in the immune system, including its function in the immune-mediated suppression of tumors (Yang Y. et al., 2022; Stockwell and Jiang, 2019). Intracellular iron overload in T cells can lead to oxidative stress and DNA fragmentation, potentially impairing lymphocyte function (Shaw et al., 2017). Interestingly, the ferroptosis inducer erastin does not cause cell death in human peripheral blood mononuclear cells (PBMC), but instead increases lipid peroxidation, promoting PBMC proliferation and differentiation into B cells and NK cells (Wang et al., 2018). Muri et al. reported that the inhibition of ferroptosis crucial for the development, maintenance, and response of innate-like B cells and marginal zone (MZ) B cells, which require the presence of GPX4 (Muri et al., 2019). Wang et al. found that immunotherapy-activated CD8 T cells enhanced ferroptosis-specific lipid peroxidation in tumor cells, contributing to the antitumor effects of immunotherapy (Wang W. et al., 2019). Conversely, a specific subset of CD4 T cells, known as follicular helper T (TFH) cells, has also been shown to be regulated by ferroptosis, displaying lipid peroxidation and mitochondrial morphological changes similar to those characteristic of ferroptosis (Yao et al., 2021).
Studies have used animal models to investigate the role of ferroptosis in AIH. For instance, ferroptosis has been found to contribute to AIH induced by concanavalin A (Con A) in mice, with the ferroptosis inhibitor Fer-1 showing therapeutic effects (Zeng et al., 2020). The hepatic gene indoleamine 2, 3-dioxygenase 1 (IDO1) was significantly upregulated in this model, and ferroptosis elimination inhibits IDO1 upregulation and nitrification stress (Zeng et al., 2020). Caveolin-1 (Cav-1) plays a protective role against ferroptosis in AIH, with its downregulation in liver tissues associated with ferritin events and reactive nitrogen species (RNS) production, contributing to Con A-induced hepatic injury (Deng et al., 2020). Another study showed that ferroptosis induction using S100 in a mouse model led to the upregulation of COX2 and ACSL4, and the downregulation of GPX4 and FTH1, with Fer-1 restoring these expression profiles (Zhu et al., 2021). Microarray analysis in a Con A-induced AIH mouse model identified differentially expressed miRNAs and signaling pathways related to ferroptosis, which could be potential therapeutic targets (Liu Y. et al., 2020).
As our understanding of the interplay between ferroptosis and immunity grows, so does the opportunity to develop targeted interventions that could revolutionize the treatment of autoimmune diseases like AIH. In conclusion, while more research is needed to fully elucidate the mechanisms by which ferroptosis influences immune function and AIH, the current findings provide a compelling rationale for further investigation into the role of regulated cell death in immune-mediated diseases.
4.5 Acute liver injury
Acute liver failure is characterized by a sudden and severe injury to hepatocytes, leading to a rapid decline in liver function, which can progress to a fatal outcome within a short period. This condition can be triggered by various factors, including drugs, alcohol, ischemia/reperfusion injury (IRI), viruses, and AIH (Stravitz and Lee, 2019).
Drug-induced liver injury (DILI) is a common cause of liver damage, presenting diverse clinical manifestations such as cholestatic liver injury, acute hepatitis with or without jaundice, and nodular regenerative hyperplasia (Yuan and Kaplowitz, 2013). The molecular mechanisms underlying DILI involve mitochondrial dysfunction, increased ROS levels, elevated apoptosis and necrosis, and bile duct injury associated with immune-mediated pathways (Allison et al., 2023). Drug-induced mitochondria damage, along with their reactive metabolites, leads to oxidative stress, activation of stress signaling pathways, impaired mitochondrial function, and endoplasmic reticulum stress, which collectively cause hepatocellular death and promote subsequent inflammatory and regenerative responses (Iorga and Dara, 2019). In hepatocytes, direct toxicity and intracellular stress such as endoplasmic reticulum stress or mitochondrial toxicity can result in cell death through mechanisms like mitochondrial outer membrane permeabilization (MOMP) or mitochondrial permeability transition (MPT) (Iorga et al., 2017). Acetaminophen (APAP)-induced cell death has been shown to involve ferroptosis (Lőrincz et al., 2015). The ferroptosis inhibitor Fer-1 protects hepatocytes in vitro from APAP-induced damage. Although the majority of APAP is excreted after conjugation with glucuronic acid or sulfate, a small portion is metabolized by cytochrome P450 enzymes into N-acetyl-p-benzoquinone imine (NAPQI). NAPQI rapidly reacts with GSH, leading to significant GSH depletion (McGill et al., 2013; Mitchell et al., 1973). NAPQI also reacts with cellular proteins to form APAP adducts, particularly binding to mitochondrial proteins, which is recognized as a vital initiating event in cell death. Mice treated with APAP exhibit reduced GPX activity (Tirmenstein and Nelson, 1990), highlighting the role of GSH depletion and GPX inhibition in APAP-induced ferroptosis. Recent studies by Niu et al. demonstrated that injecting VDAC oligomerization inhibitor VBIT-12 and the ferroptosis inhibitor UAMC-3203 into the tail veins of APAP-injured mice significantly reduced APAP-induced ferroptosis by protecting mitochondrial function (Niu et al., 2022). These findings suggest that ferroptosis inhibitors may have clinical utility in the prevention and treatment of liver damage in various settings.
Liver IRI occurs due to reduced blood and oxygen supply to the organ, followed by reperfusion, which causes oxygen-dependent cellular damage (de Groot and Rauen, 2007), and impaired organ function. IRI can arise in various clinical scenarios, including systemic shock, heart failure, respiratory failure, trauma, and liver transplantation (Rushing and Britt, 2008; Birrer et al., 2007; Nickkholgh et al., 2008; Kupiec-Weglinski and Busuttil, 2005). The ferroptosis inhibitor Lip-1 has been shown to reduce IRI in the liver and kidney (Friedmann Angeli et al., 2014). A study identified that liver injury, lipid peroxidation, and the upregulation of the ferroptosis marker Ptgs2 in an I/R-injured mouse model were significantly prevented by Fer-1 or α-tocopherol, suggesting that ferroptosis plays a critical role in the pathogenesis of IRI (Yamada et al., 2020).
4.6 Viral hepatitis
Ferroptosis, a form of regulated cell death characterized by iron accumulation and lipid peroxidation, plays a crucial role in the progression of viral hepatitis. Its involvement in viral infections, including hepatitis, can manipulate ferroptosis to either boost their replication or avoid immune detection (Hu et al., 2023). In the case of hepatitis, viruses may trigger ferroptosis by disrupting iron homeostasis and increasing oxidative stress, which in turn can damage liver cells and promote viral replication and liver injury.
With hepatitis B and C, ferroptosis is associated with liver inflammation and fibrosis, where viral proteins can cause iron overload and lipid peroxidation, resulting in hepatocyte death. Heat shock protein family A member 8 (HSPA8) serves as a pivotal host factor in regulating Hepatitis B virus (HBV) replication and ferroptosis in liver cancer, suppressing ferroptosis by upregulating the expression of SLC7A11/GPX4 and reducing ROS and Fe2+ accumulation (Wang et al., 2023). The ferroptosis-related gene SLC1A5 correlates with the progression of HBV-related hepatocellular carcinoma (HCC), suggesting its potential as an excellent novel prognostic indicator (Su et al., 2023). Hepatitis C virus (HCV) core protein can directly induce mitochondrial injury, oxidative stress, and antioxidant gene expression (Okuda et al., 2002). Lipid peroxidation plays a critical role in determining cellular permissiveness for replication of HCV. The limitation of HCV replication through lipid peroxidation is primarily attributed to the iron-catalyzed peroxidation of hepatic very long-chain polyunsaturated fatty acids (HUFAs) that are dependent on the enzyme fatty acid desaturase 2 (FADS2) (Yamane et al., 2022). FADS2 plays a pivotal role in regulating HCV replication within infected cells by facilitating both the classical and non-classical desaturation of fatty acids and is a crucial determinant of cellular susceptibility to ferroptosis. HCV also triggers an antioxidant response via the glycogen synthase kinase (GSK) 3β-Nrf2 signaling pathway in hepatocytes, wich inhibits ferroptosis by suppressing oxidative stress (Jiang Y. et al., 2015; Huang et al., 2022).
Understanding the molecular mechanisms by which these hepatitis viruses manipulate ferroptosis offers new avenues for therapeutic intervention. The current findings suggest that targeting ferroptosis in viral hepatitis could be a promising strategy, especially by using antioxidants or ferroptosis inhibitors to protect liver cells from oxidative stress and lipid peroxidation. This could ultimately help control viral hepatitis progression.
4.7 Liver fibrosis
Liver fibrosis is defined by the excessive deposition of extracellular matrix proteins as a reaction to persist liver damage. When liver fibrosis progresses to cirrhosis, it presents a critical phase with severe complications such as liver failure and hepatocellular carcinoma (HCC). Activation of hepatic stellate cells (HSCs) is recognized as the principal catalyst of liver fibrogenesis (Jiao et al., 2009).
Ferroptosis plays a dual role in liver fibrosis. On one hand, it can be protective by eliminating of HSCs, and thus, ferroptosis induction by drugs like erastin, sorafenib, and artemether (ART) have been shown to alleviate hepatic fibrosis (Wang L. et al., 2019). On the other hand, ferroptosis can also contribute to liver injury and fibrosis, suggesting that it acts as a double-edged sword (Yu et al., 2020). Compounds such as ferrostatin-1 and hepatic transferrin can ameliorate liver fibrosis by inhibiting ferroptosis, implying a protective role against fibrotic development. DHODH has been identified as a crucial factor in inhibiting ferroptosis in the liver. Its inhibitor brequinar has shown promise in inhibiting and even treating liver fibrosis by inducing ferroptosis (Mao et al., 2021). Understanding the precise mechanisms by which ferroptosis contributes to or protects against liver fibrosis is crucial for developing targeted therapies.
4.8 Hepatocellular carcinoma (HCC)
Ferroptosis plays a critical role in the pathophysiology of cancer, and numerous strategies involving nanomaterials, clinical drugs, experimental compounds, and gene-based approaches have been developed to induce ferroptosis in cancer cells have been developed (Shen et al., 2018). In 2003, Dolma et al. identified that erastin exhibited cytotoxicity against cells expressing the mutant Ras oncogene (BjeLR) (Dolma et al., 2003). Subsequent research by Yang et al. identified small molecules RSL3 and RSL5, which triggered cell death in the presence of oncogenic RAS, exhibiting properties similar to those of erastin (Yang and Stockwell, 2008). GPX4, a key regulator of ferroptosis in cancer cells, is inactivated by erastin through the depletion of GSH (Yang et al., 2014).
Drugs like sulfasalazine, typically used for rheumatic disorders, have been repurposed to induce ferroptosis in cancer cells by inhibiting the system Xc− (Bannai and Kasuga, 1985; Lo et al., 2008). Artemisinin derivatives have also shown potential in inducing ferroptosis in various tumor cell lines, with iron-related gene expression influencing the response to these derivatives (Ooko et al., 2015). Furthermore, artesunate has been shown to induce ferroptosis specifically in certain cancer types, although resistance mechanisms, such as the activation of the Nrf2-antioxidant response element (ARE) pathway in head and neck cancer cells, can reduce its effectiveness (Eling et al., 2015; Roh et al., 2017).
Non-coding RNAs (ncRNAs), including microRNAs (miRNAs), long non-coding RNAs (IncRNAs), and circular RNAs (circRNAs), have been shown to play significant roles in the regulation of ferroptosis, influencing cancer growth (Zuo et al., 2022). In lung cancer, for example, Song et al. reported that exosome miR-4443 regulates the expression of FSP1 via METLL3 through m6A modification, increasing cisplatin resistance and reducing the efficacy of non-small cell lung cancer (NSCLC) treatments (Song et al., 2021). Additionally, miR-27a-3p, lncRNA P53RRA, and lncRNA NEAT1 have been implicated in inducing ferroptosis and thus inhibiting lung cancer progression (Lu et al., 2021; Mao et al., 2018; Wu and Liu, 2021). In other cancers, numerous ncRNAs have also been found to play pivotal roles in cancer development and response to drug therapy by regulating ferroptosis (Yadav et al., 2021; Ni et al., 2021). These ncRNAs can target key ferroptosis-related genes such as GPX4, SLC3A2, and SLC7A11, offering novel therapeutic approaches or diagnostic biomarkers for cancer.
In 2023, liver cancer accounted for 6% of cancer-related deaths in men and 4% in women in the United States, with HCC being the most common form (Siegel et al., 2023). Higher dietary iron intake has been linked to an increased risk of HCC development (Fonseca-Nunes et al., 2014). Research suggests that activating ferroptosis can inhibit HCC cell growth, with drugs like sorafenib, a first-line HCC therapy, inducing ferroptosis in HCC cells (Lachaier et al., 2014). Resistance to sorafenib can be modulated by factors like metallothionein (MT)-1G, and recent findings implicate ferroptosis in HCC progression through various molecular axes (Sun et al., 2016). Recently, Lyu et al. reported that ferroptosis is involved in the progression of HCC through the circ0097009/miR-1261/SLC7A11 axis recently (Lyu et al., 2021). Additionally, Qi et al. found that erastin upregulates the lncRNA GABPB1-AS1, which downregulates the level of GABPB1 protein by preventing translation, thereby inhibiting cellular antioxidant capacity (Qi et al., 2019). Meanwhile, miR-214 enhances the effects of erastin and by inhibiting the expression of activating transcription factor 4 (ATF4) in HepG2 and Hep3B cancer cells (Bai et al., 2020). Overall, inducing ferroptosis represents a promising strategy for the treatment of HCC. Further research is needed to fully understand the mechanism of ferroptosis in HCC and to develop effective strategies to induce ferroptosis without causing harm to healthy cells. The potential for personalized ferroptosis-inducing therapies in cancer treatment becomes increasingly tangible.
The significance of ferroptosis in the context of hepatic pathologies is gaining substantial recognition as a key mechanism underlying ALD, NAFLD, cholestatic liver injury, AIH, acute liver injury, viral hepatitis, liver fibrosis, and HCC. This form of regulated cell death, distinguished by iron-dependent lipid peroxidation, underscores the delicate equilibrium between iron metabolism and oxidative stress within hepatocytes. It not only amplifies the severity of established liver conditions, such as alcoholic liver disease and viral hepatitis, but also presents a promising therapeutic target. By manipulating the pathways associated with ferroptosis, it may be feasible to devise innovative interventions aimed at mitigating liver damage and enhancing patient outcomes across a spectrum of hepatic disorders. Furthermore, the intricate relationship between ferroptosis and hepatic immune responses warrants further exploration, particularly in the context of chronic liver inflammation and the progression of fibrosis. Gaining this insight could facilitate the discovery of biomarkers for early diagnosis and the development of novel therapeutic strategies that harness the modulation of ferroptosis to effectively combat liver diseases.
5 COMMON FERROPTOSIS PATHWAYS IN GESTATIONAL AND HEPATIC DISEASES
Ferroptosis, an iron-dependent form of regulated cell death driven by lipid peroxidation, has emerged as a critical mechanism in the pathophysiology of both gestational-related diseases and liver disorder (Table 4). In gestational diseases such as PE, GDM, RPL, and ICP, ferroptosis contributes to tissue damage and oxidative stress, influencing placental function and fetal development. In liver diseases, including ALD, NAFLD, cholestatic liver diseases, AIH, viral hepatitis, liver fibrosis, cirrhosis, and HCC, ferroptosis similarly drives hepatocyte death.
TABLE 4 | Common ferroptosis pathways and potential therapeutic targets in gestational and hepatic diseases.
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Ferroptosis, characterized by disruptions in lipid metabolism, iron metabolism, and the antioxidant system, has gained attention as a promising therapeutic target due to its emerging role in various diseases, including placental dysfunction and liver disorders. While increasing evidence highlights its significance, the molecular mechanisms driving ferroptosis in both gestational physiology and liver diseases remain poorly understood, leaving critical questions unanswered. Initially discovered in the context of cancer and neurodegenerative diseases, ferroptosis has since been implicated in pregnancy complications and liver pathologies. However, the precise balance between ferroptosis deficiency and excess in these these conditions is still unclear. Further studies are necessary to elucidate the precise role of ferroptosis in pregnancy-related disorders and liver diseases, to better understand its mechanisms and therapeautic potential.
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