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Epilepsy is a chronic disorder of the central nervous system characterized by recurrent unprovoked seizures resulting from excessive synchronous discharge of neurons in the brain. As one of the most common complications of many neurological diseases, epilepsy is an expensive and complex global public health issue that is often accompanied by neurobehavioral comorbidities, such as abnormalities in cognition, psychiatric status, and social-adaptive behaviors. Recurrent or prolonged seizures can result in neuronal damage and cell death; however, the molecular mechanisms underlying the epilepsy-induced damage to neurons remain unclear. Ferroptosis, a novel type of regulated cell death characterized by iron-dependent lipid peroxidation, is involved in the pathophysiological progression of epilepsy. Emerging studies have demonstrated pharmacologically inhibiting ferroptosis can mitigate neuronal damage in epilepsy. In this review, we briefly describe the core molecular mechanisms of ferroptosis and the roles they play in contributing to epilepsy, highlight emerging compounds that can inhibit ferroptosis to treat epilepsy and associated neurobehavioral comorbidities, and outline their pharmacological beneficial effects. The current review suggests inhibiting ferroptosis as a therapeutic target for epilepsy and associated neurobehavioral comorbidities.
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1 INTRODUCTION
Epilepsy is a chronic disorder of the central nervous system (CNS) affecting approximately 65 million individuals worldwide (Devinsky et al., 2018; Patel et al., 2019; Akyüz et al., 2023), with a global lifetime prevalence of 7.6 per 1,000 individuals (Van Loo et al., 2022). Epilepsy is characterized by aberrant neuronal activity and recurrent unprovoked seizures as a result of excessive synchronous neuronal discharge. Some forms of epilepsy are more common, while others are rare. Multiple environmental and genetic factors are thought to contribute to common forms of epilepsy, whereas high-impact rare genetic variants have been associated with rarer forms of epilepsy (Fiest et al., 2017). Epilepsy can be classified into two broad categories, idiopathic or genetic, according to the suspected underlying cause. Epilepsy can occur as a result of acute brain injuries, such as neurotrauma, stroke, brain tumors, or status epilepticus, genetic mutation, CNS infection, metabolic disorders, and autoimmune diseases (Vezzani et al., 2019).
Seizures are caused by an acute pathological insult or lesion that leads to a series of changes in molecular, cellular, and physiological properties, including inflammation (Vezzani et al., 2011), blood-brain barrier (BBB) injury (van Vliet et al., 2007), neurodegeneration (Dingledine et al., 2014), and functional changes in ion channels, transporters, receptors, and enzymes involved in neurotransmission (Devinsky et al., 2013). Epilepsy ultimately leads to epileptogenesis, resulting in the damage or loss of neurons, synaptic reorganization, axonal sprouting, and structural and functional changes in glial cells, particularly microglia and astrocytes.
The mechanisms underlying neuronal loss during epilepsy include oxidative stress, inflammation, iron overload, and excitotoxicity (Fabisiak and Patel, 2022; Parsons et al., 2022; Ramos-Riera et al., 2023). Due to inadequately equipped with antioxidant defense systems, the mammalian brain is prone to oxidative damage, which can be attributed to the enrichment of neuronal membrane lipids with poly-unsaturated fatty acyl (PUFA) side-chains, especially docosahexaenoic acid (DHA, C22:6) (Halliwell, 2006), high oxygen consumption (approximately 20% of total oxygen supply), abundance of iron (Burdo and Connor, 2003; Zecca et al., 2004; Ward et al., 2014), generation of mitochondrial reactive oxygen species, and accumulation of peroxisomal hydrogen peroxide (H2O2) (Halliwell, 2006). Previous studies have also identified multiple paradigms in regulated cell death (RCD) based on neuronal loss after epilepsy, including pyroptosis, autophagy, necroptosis, and apoptosis (Galluzzi et al., 2018; Mao et al., 2019a). However, epileptogenesis and the molecular mechanisms underlying neuronal loss after epilepsy are not completely understood. Therefore, further investigation is required to gain insight into the pathogenesis of epilepsy and epileptogenesis and identify clinically meaningful and effective targets for the development of new therapies for epilepsy.
In recent years, ferroptosis, a non-apoptotic iron-dependent lipid peroxide (LPO)-driven form of RCD, has been gaining attention in epilepsy research (Cai and Yang, 2021; Akyüz et al., 2023). Since the first study to report that ferroptosis was involved in seizure-induced cell death in rats and the associated cognitive comorbidities of kainic acid (KA)-induced temporal lobe epilepsy (Ye et al., 2019), emerging evidence has confirmed a role for ferroptosis in the pathogenesis of epilepsy (Cai and Yang, 2021), with several compounds exerting therapeutic effects through the pharmacological inhibition of ferroptosis in experimental epilepsy models. In this review, we briefly describe the core molecular mechanisms underlying ferroptosis and their role in epilepsy. Furthermore, we outline the beneficial pharmacological effects of compounds that inhibit ferroptosis and highlight their potential use in the treatment of epilepsy and associated neurobehavioral comorbidities.
2 MOLECULAR MECHANISMS OF FERROPTOSIS
Ferroptosis occurs when ferroptosis-inducing factors, including iron-dependent reactive oxygen species (ROS) and LPOs, significantly override the antioxidant defense system, resulting in the lethal accumulation of LPO in cellular membranes, and ultimately membrane rupture (Tang and Kroemer, 2020; Lei et al., 2022). Two key signals, i.e., accumulation of free iron and inhibition of SLC7A11/GSH/GPX4 system are required to induce ferroptosis, as shown in Figure 1 (Chen et al., 2021).
[image: Figure 1]FIGURE 1 | Core mechanisms of ferroptosis.
2.1 SLC7A11-GSH-GPX4 axis
Cellular antioxidant systems that directly neutralize lipid peroxides comprise four anti-ferroptosis defense systems with distinct subcellular localizations. Ferroptosis defense systems include the SLC7A11/GSH/GPX4 (solute carrier family 7 member 11/glutathione/glutathione peroxidase 4), DHODH-CoQH2 (dihydroorotate dehydrogenase-dihydroubiquione), GCH1-BH4 (GTP cyclohydrolase 1-tetrahydrobiopterin), and FSP1-CoQ10 (ferroptosis suppressor protein 1-coenzyme Q10) pathways (Lei et al., 2022). SLC7A11/GSH/GPX4 is involved in amino acid metabolism and is a major cellular anti-ferroptosis defense system (Lei et al., 2022; Sun et al., 2022).
SLC7A11 and solute carrier family 3 member 2 (SLC3A2) make up the cystine/glutamate antiporter system Xc−. xCT, also known as xCT, is a core component of system Xc− working as the transporter subunit of system Xc−, importing extracellular cystine and exporting intracellular glutamate to mediate the antiporter activity and (Sato et al., 1999; Koppula et al., 2018). The xCT-mediated uptake of extracellular cystine is promptly reduced to cysteine by a reduction reaction that consums nicotinamide adenine dinucleotide phosphate (NADPH) in the cytosol. Cysteine functions as a rate-limiting precursor for GSH biosynthesis, which is the principal cofactor for GPX4-mediated LPO detoxification (Koppula et al., 2021). As part of the GPX protein family, whose main biological role is protect lipids from peroxidation (Brigelius-Flohé and Maiorino, 2013; Brigelius-Flohé and Flohé, 2020), GPX4 has been identified as a key inhibitor of ferroptosis (Dixon et al., 2012; Friedmann Angeli et al., 2014; Yang et al., 2014; Ingold et al., 2018; Forcina and Dixon, 2019) and is regulated by epigenetic factors, transcription factors, and post-translational modifications (PTMs) (Cui et al., 2022). GPX4 simultaneously converts phospholipid hydroperoxides (PL-OOH) to non-toxic phospholipid alcohols and oxidizes two GSH molecules to oxidized glutathione (GSSG) (Ursini et al., 1982; Seibt et al., 2019). Previous studies have shown that the inhibition of SLC7A11 activity, or cystine depletion, in culture media can induce ferroptosis (Koppula et al., 2021).
2.2 Iron homeostasis
As an essential redox-active metal for neuronal activity and normal physiological function, iron plays a vital role in energy metabolism, biosynthesis, neurotransmission, and myelination (Crichton et al., 2011). Iron metabolism in humans is regulated through iron transport, absorption, and recycling. Iron homeostasis is highly modulated by iron regulatory proteins (IRPs), which include IRP1 and IRP2 (Piccinelli and Samuelsson, 2007; Muckenthaler et al., 2008; Ward et al., 2014), which bind to the iron response element (IRE) of iron-metabolizing genes and regulate their expression, leading to changes in cellular iron metabolism (Wang and Pantopoulos, 2011; Gao et al., 2019) and preventing the excessive accumulation of iron (Reichert et al., 2020; Sun et al., 2022). When intracellular iron is low, iron-sulfur (Fe-S) is released from the active site of the IRP, permitting IRP to bind to the IRE of divalentmetal-iontransporter-1 (DMT1) and transferrin receptor (TfR) gene transcripts to activate TfR translation, while IRPs bind to ferroportin (FPN) gene transcripts to inhibit FPN translation, resulting in the promotion of free iron absorption to increase the intracellular concentration and reduce the excretion of cellular iron (Reichert et al., 2020; Wei et al., 2020; Sun et al., 2022).
Iron (Fe3+) binds to circulating Tf to form the holotransferrin (holo-Tf) complex, (Ganz, 2008), which binds to transferrin receptor 1 (TfR1) and thereby enters brain microvascular endothelial cells (BMECs) through clathrin-mediated endocytosis (McCarthy and Kosman, 2012). TfR1, expressed on the luminal side of the BMECs, regulates the iron homeostasis in order to maintain proper brain function (Pardridge et al., 1987; Ward et al., 2014). The Fe3+-Tf-TfR complex is then transported into the endosome, where Fe3+ detaches from Tf and is reduced to Fe2+ by metalloreductases, duodenal cytochrome b (DCYTB) (Tulpule et al., 2010) or six-transmembrane epithelial antigen of prostrate 3 (STEAP3) (Ohgami et al., 2005). Fe2+ enters the cytosol via DMT1 (De Domenico et al., 2008). The unbound redox-active iron (Fe2+) in the cytosol forms a labile iron pool (LIP), which acts as an intermediate between stored, utilized, or imported iron, and feeds iron-catalyzed ROS production (Hassannia et al., 2021). Excess unbound Fe2+ can be exported to cells via FPN with the help of ceruloplasmin or hephaestin to oxidize Fe2+ and form Fe3+ (Andrews and Schmidt, 2007; Andrews, 2010). Alternatively, ferritin that consists of two isoforms: ferritin heavy (FTH) and ferritin light (FTL) stores unbound Fe2+ as non-reactive Fe3+. FTH exhibits activity of ferroxidase and is involved in rapid iron uptake and reutilization, while FTL take part in the long-term storage of iron through nucleation (Mills et al., 2010; Crichton et al., 2011; Singh et al., 2014; Ward et al., 2014). Ferritin can be degraded via ferritinophagy, an autophagy-like process that releases labile iron to facilitate LPO-mediated ferroptosis (Hadian and Stockwell, 2020). The utilized unbound Fe2+ can be transported to the mitochondria for heme biosynthesis, iron-sulfur cluster formation, and as a cofactor for mitochondrial enzymes.
Dysregulation and accumulation of free iron causes oxidative stress-dependent damage to neurons in the CNS, resulting in neurological diseases, including epilepsy (Chen S. et al., 2020). Free iron accumulation is involved in free radical formation and propagation of LPO, leading to the accumulation of lethal LPOs and the initiation of ferroptosis (Chen et al., 2021). Iron catalyzes the Fenton reaction, which induces the generation of free radicals that attack membrane-bound PUFAs in the non-enzymatic LPO pathway, while arachidonate lipoxygenases (ALOXs), the nonheme iron-containing enzymes, initiate the dioxygenation of membrane phospholipids containing PUFAs from linoleic acid (LA, 18:2 n-6) to arachidonic acid (AA, 20:4 n-6) in the enzymatic LPO pathway (Ryter et al., 2007; David et al., 2022). Alternatively, iron functions as an essential cofactor for cytochrome P450 oxidoreductase (POR) or ALOXs, both which promote the induction of LPO (Lei et al., 2022). The generated free radicals near the membrane react with PUFAs to produce lipid hydroperoxides, which are highly susceptible to degradation to form a variety of lipid derived α,β-unsaturated 4-hydroxyaldehydes, of which 4-hydroxynonenal (4-HNE) is the most prominent (Sayre et al., 2006; Schneider et al., 2008). Meanwhile, iron can promote the activity of iron-dependent peroxidases, including LOXs; thus, making cells are increasingly sensitive to ferroptosis (Chen X. et al., 2020).
Emerging studies have shown the levels of cell GSH and the labile iron pool are intimately linked (Chen J. et al., 2022). Reduced cysteine levels lead to the depletion of GSH levels and reduction of GPX4 levels and activity, resulting in the accumulation of unrepaired lipid peroxides and ferrous ions (Friedmann Angeli et al., 2014; Stockwell et al., 2017). GSH is a very important component of Fe2+ in unstable iron pools, it binds to Fe2+ to prevent lipid peroxidation, directly inhibiting GSH biosynthesis and triggering ferroptosis (Hider and Kong, 2011). GSH play a role in providing a ligand for the cytosolic iron pool (Hider et al., 2021). GSH depletion is one of the earliest detectable events in the substantia nigra (SN) of Parkinson’s disease, and a reduced levels of GSH in immortalized midbrain-derived dopaminergic neurons results in increases in the cellular labile iron pool (LIP). This increase is independent of either iron regulatory protein/iron regulatory element (IRP/IRE) or hypoxia inducible factor (HIF) induction but is both H2O2 and protein synthesis-dependent. This study suggest a novel mechanistic link between dopaminergic GSH depletion and increased iron levels based on translational activation of TfR1 (Kaur et al., 2009). Taken together, although the two pathways,i.e.,.SLC7A11-GSH-GPX4 axis and iron homeostasis, implicated in ferroptosis are indicated as separate, combined contribution of the two pathways in ferroptosis might vary in different systems.
2.3 Lipid peroxidation
Phospholipids with polyunsaturated acyl tails (PL-PUFAs) are the substrates for LPO during ferroptosis (Hadian and Stockwell, 2020) and are generated by acyl-coenzyme A (CoA) synthetase, long-chain family member 4 (ACSL4) and lysophosphatidylcholine acyltransferase (LPCATs). In the non-enzymatic LPO pathway, PUFAs are ligated with CoA by ACSL4 to produce acyl-CoA, which can be re-esterified into phospholipids by LPCATs. Iron initiates the non-enzymatic Fenton reaction and can be incorporated into ROS producing enzymes, acting as an essential cofactor for ALOXs and POR, which promote LPO, generating lipid peroxides or peroxidated PL-PUFAs(PL-PUFA-OOH), and eventually triggering cell death is the last step of ferroptosis (Hadian and Stockwell, 2020; Zou et al., 2020).
3 THE ROLE OF FERROPTOSIS IN EPILEPSY
3.1 The role of ferroptosis in epilepsy-associated neuronal death
Ferroptosis has gained substantial attention and sparked great interest in the epilepsy research community in recent years. Given that ferroptosis has also been implicated in epilepsy pathogenesis, the pharmacological inhibition of ferroptosis may provide new therapeutic opportunities to treat this debilitating disease. Ferroptosis was first observed in the kainic acid-induced temporal lobe epileptic rat model (Ye et al., 2019), and was later corroborated in other studies and models of epilepsy (Mao et al., 2019b; Li et al., 2019). Mao et al. (2019a) demonstrated the induction of ferroptosis in mice models of pilocarpine (Pilo)and pentylenetetrazole (PTZ) kindling-induced seizures (Mao et al., 2019b). Previous indications that ferroptosis is involved in epilepsy were substantiated by hematological findings in children with epilepsy, which showed a consistent increase in 4-hydroxynonenal (4-HNE) and NAPDH oxidase 2 (NOX2), depletion of GSH, and inactivation of GPX4 (Petrillo et al., 2021).
Emerging evidence indicates that specific regulators modulate ferroptosis in epilepsy. For example, lysyl oxidase (LysOX) has been implicated in the pathogenesis of seizure-induced neuronal damage through extracellular signal-regulated protein kinase (ERK)-dependent 5-lipoxygenase (ALOX5) (Mao et al., 2022). In this study, lysOX promoted LPO in neurons by activating ERK-dependent ALOX5, which subsequently promotes ferroptosis. The enforced expression of LysOX increased the sensitivity of neurons to ferroptosis and aggravated seizure-induced hippocampal damage. Furthermore, inhibition of LysOX by β-aminopropionitrile (BAPN) significantly alleviated neuronal damage by preventing seizure-induced ferroptosis, revealing the LysOX-ERK-ALOX5 pathway as a target for ferroptosis regulation and therapeutic intervention (Mao et al., 2022). Another study has shown that circadian locomotor output cycles kaput (CLOCK) functions as an inhibitor of ferroptosis by increasing expression of GPX4 and peroxisome proliferator-activated receptor gamma (PPAR-γ) to protect against KA-induced seizures in mice (Wang et al., 2022). Knockout of CLOCK in mice exacerbated KA-induced seizures and reduced hippocampal expression of GPX4 and PPAR-γ in mice and N2a cells, while CLOCK overexpression inhibited ferroptosis by upregulating GPX4 and PPAR-γ. Together, this indicates that CLOCK inhibits GPX4 and PPAR-γ-dependent ferroptosis in KA-induced seizure mice.
3.2 The role of astrocyte activation-induced neuronal ferroptosis in epilepsy
Emerging evidence indicates that astrocytes, which are specialized neural cells of neuroepithelial origin, are crucial to the initiation and progression of epilepsy (Vezzani et al., 2022). Astrocytic activation is closely related to the emergence of ferroptosis in neurons. Neurotoxic A1 astrocytes mediate neuronal death by secreting neurotoxic long-chain saturated lipids (Guttenplan et al., 2021). A recent study revealed a correlation between astrocytic activation and neuronal ferroptosis in C57BL/6J male mice models of PTZ kindling-induced epileptic seizures and showed that A1 astrocytes induce ferroptosis via the chemokine receptor CXCL10/CXCR3 axis in epilepsy (Liang et al., 2023). Additionally, they found that ferroptosis inhibition prevented A1 astrocyte activation-induced neurotoxicity. CXCL10 increased the production of lipid ROS in a dose-dependent manner, which was blocked by the ferroptosis inhibitors ferrostatin-1 (Fer-1) and GSH in N2a cells. Similarly, NSC74859, a signal transducer and activator of transcription 3 (STAT3) inhibitor, reversed the CXCL10-induced downregulation of SLC7A11 and GPX4 and upregulation of lipid ROS. These findings suggest that A1 astrocyte-secreted CXCL10 activates STAT3 and suppresses SLC7A11/GPX4 in neurons via CXCR3, leading to ferroptosis (Liang et al., 2023). Clinical evidence also supported this correlation between A1 astrocytes and neuronal ferroptosis in patients with epilepsy. Therefore, A1 astrocyte activation-induced neuronal ferroptosis is a novel therapeutic target for epilepsy precision medicine.
3.3 The role of ferroptosis in epilepsy-associated cognitive deficits
A recent study showed that the anti-aging protein Klotho improved cognitive deficits in a rat model of temporal lobe epilepsy by inhibiting ferroptosis (Xiang et al., 2021). In a rat model of lithium chloride and pilocarpine (LiCl-Pilo)-induced temporal lobe epilepsy, Klotho overexpression effectively ameliorated cognitive deficits and prevented ferroptosis, as evidenced by the reduced iron accumulation, downregulated DMT1 expression, and increased FPN in the hippocampus. Furthermore, Klotho significantly increased GPX4 and GSH levels and suppressed ROS production (Xiang et al., 2021). In summary, Klotho exerted neuroprotection against epilepsy-associated cognitive deficits by inhibiting ferroptosis in a LiCl Pilo-induced temporal lobe epilepsy rat model.
4 PHARMACOLOGICAL INHIBITION OF FERROPTOSIS TO TREAT EPILEPSY
Once ferroptosis was shown to play role in the pathogenesis of epilepsy, scientists immediately began exploring the possibility of treating epilepsy by pharmacologically inhibiting ferroptosis (Kahn-Kirby et al., 2019; Ye et al., 2019; Akyüz et al., 2023). Previously, inhibition of ferroptosis by Fer-1 prevented hippocampal neuronal loss and ameliorated cognitive impairment in KA-induced temporal lobe epilepsy in rats (Ye et al., 2019). Another report demonstrated the role of ferroptosis in the pathogenesis of mitochondrial disease-associated epilepsies and found that α-tocotrienol quinone (EPI-743) potently dose-dependently ameliorated ferroptosis in the cells of patient of five distinct pediatric epilepsy syndromes by reducing LPO and 15-hydroxyeicosatetraenoic acid (15-HETE), a specific 15-LO product (Kahn-Kirby et al., 2019). Baicalein has also been shown to significantly inhibit epilepsy in an iron chloride (FeCl3)-induced posttraumatic epilepsy mouse model and in ferric ammonium citrate (FAC)-induced HT22 hippocampal neuron cells by decreasing lipid ROS and 4-HNE, downregulating prostaglandin endoperoxide synthase 2 (PTGS2), and inhibiting the expression of 12/15-lipoxygenase (12/15-LOX). This suggests that baicalein exerts neuroprotection against posttraumatic epilepsy seizures by suppressing ferroptosis (Li et al., 2019). In both Pilo- and PTZ kindling-induced epileptic seizure mouse models, Fer-1 treatment potently ameliorated seizures by increasing the levels of GPX4 and GSH, inhibiting the production of 4-HNE and malondialdehyde, and decreasing accumulation of iron and the expression of PTGS2 mRNA in the hippocampus (Mao et al., 2019a). Mounting evidence indicates that the pharmacological inhibition of ferroptosis exerts neuroprotective effects in vitro and in vivo epileptic disease models (Table 1; Figure 2).
TABLE 1 | Emerging compounds targeted key regulators of ferroptosis to attenuate epilepsy.
[image: Table 1][image: Figure 2]FIGURE 2 | Pharmacological inhibition of ferroptosis to treat epilepsy.
5 CONCLUSIONS AND PERSPECTIVES
This review summarizes the recent progress in understanding of the pathological role and regulatory mechanisms of ferroptosis in epilepsy and highlights the use of ferroptosis inhibitors to reduce neuronal death and as a new therapeutic target for epilepsy. Ferroptosis is involved in epilepsy at three main stages: 1) ferroptosis-mediated epilepsy-associated neuronal death, 2) astrocyte activation-induced neuronal ferroptosis, and 3) ferroptosis-mediated epilepsy-associated cognitive deficits. However, given that current research investigating the role of ferroptosis in epilepsy is still in the initial stage, the specific mechanism by which ferroptosis orchestrates diverse cellular events in epilepsy is still poorly understood. First, the regulatory mechanism of ferroptosis in epilepsy needs to be elucidated. Second, identifying the diverse regulators of ferroptosis in epilepsy remains a challenge to be resolved. Third, although neuron-glia interactions have a clear role in the pathophysiology of epilepsy, whether other cells, such as oligodendrocytes, astrocytes, and microglia, are involved in modulating ferroptosis has yet to be determined. Lastly, recent investigations have been obtained from experimental studies that have a far-reaching clinical impact; thus, more clinical studies are needed. However, the potential drawbacks or limitations of the proposed pharmacological interventions such as ferrostatin as iron chelator causing systemic iron deprivation and thew role of multidrug resistance transporter P-glycoproteins that limit drug efficacy is uncertain (Lazarowski et al., 2007; Auzmendi et al., 2021). It remains an open conundrum for future investigate on whether inhibiting ferroptosis also renders drug resistance. Recent study have shown that P-glycoprotein confers resistance to ferroptosis inducers in cancer (Frye et al., 2023), suggesting that it is of fundamental importance to confirm whether P-glycoproteins play a role of confers drug resistance to ferroptosis inhibitors for epilepsy treatment. Nevertheless, pharmacological inhibition of ferroptosis is a promising therapeutic target for epilepsy.
AUTHOR CONTRIBUTIONS
Review design: YJ and XJ; data collection and figure preparation: YJ; manuscript draft: YJ and HW; manuscript revision: YJ, LR, XJ, and HW. All authors approved the final version of the manuscript.
FUNDING
This work was supported in part by Key Science and Technology Research Plan of Hebei Medical Science Research Project (20231367, 20220426).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Akyüz, E., Saleem, Q. H., Sari, Ç., Auzmendi, J., and Lazarowski, A. (2023). Enlightening the mechanism of ferroptosis in epileptic heart. Curr. Med. Chem. 30. doi:10.2174/0929867330666230223103524
 Andrews, N. C. (2010). Ferrit(in)ing out new mechanisms in iron homeostasis. Cell. Metab. 12, 203–204. doi:10.1016/j.cmet.2010.08.011
 Andrews, N. C., and Schmidt, P. J. (2007). Iron homeostasis. Annu. Rev. Physiol. 69, 69–85. doi:10.1146/annurev.physiol.69.031905.164337
 Auzmendi, J., Akyuz, E., and Lazarowski, A. (2021). The role of P-glycoprotein (P-gp) and inwardly rectifying potassium (Kir) channels in sudden unexpected death in epilepsy (SUDEP). Epilepsy Behav. 121, 106590. doi:10.1016/j.yebeh.2019.106590
 Brigelius-Flohé, R., and Flohé, L. (2020). Regulatory phenomena in the glutathione peroxidase superfamily. Antioxid. Redox Signal. 33, 498–516. doi:10.1089/ars.2019.7905
 Brigelius-Flohé, R., and Maiorino, M. (2013). Glutathione peroxidases. Biochim. Biophys. Acta 1830, 3289–3303. doi:10.1016/j.bbagen.2012.11.020
 Burdo, J. R., and Connor, J. R. (2003). Brain iron uptake and homeostatic mechanisms: An overview. Biometals 16, 63–75. doi:10.1023/a:1020718718550
 Cai, Y., and Yang, Z. (2021). Ferroptosis and its role in epilepsy. Front. Cell. Neurosci. 15, 696889. doi:10.3389/fncel.2021.696889
 Chen, J., Li, M., Liu, Z., Wang, Y., and Xiong, K. (2022a). Molecular mechanisms of neuronal death in brain injury after subarachnoid hemorrhage. Front. Cell. Neurosci. 16, 1025708. doi:10.3389/fncel.2022.1025708
 Chen, K. N., Guan, Q. W., Yin, X. X., Wang, Z. J., Zhou, H. H., and Mao, X. Y. (2022b). Ferrostatin-1 obviates seizures and associated cognitive deficits in ferric chloride-induced posttraumatic epilepsy via suppressing ferroptosis. Free Radic. Biol. Med. 179, 109–118. doi:10.1016/j.freeradbiomed.2021.12.268
 Chen, S., Chen, Y., Zhang, Y., Kuang, X., Liu, Y., Guo, M., et al. (2020a). Iron metabolism and ferroptosis in epilepsy. Front. Neurosci. 14, 601193. doi:10.3389/fnins.2020.601193
 Chen, X., Kang, R., Kroemer, G., and Tang, D. (2021). Ferroptosis in infection, inflammation, and immunity. J. Exp. Med. 218, e20210518. doi:10.1084/jem.20210518
 Chen, X., Yu, C., Kang, R., and Tang, D. (2020b). Iron metabolism in ferroptosis. Front. Cell. Dev. Biol. 8, 590226. doi:10.3389/fcell.2020.590226
 Crichton, R. R., Dexter, D. T., and Ward, R. J. (2011). Brain iron metabolism and its perturbation in neurological diseases. J. Neural Transm. (Vienna) 118, 301–314. doi:10.1007/s00702-010-0470-z
 Cui, C., Yang, F., and Li, Q. (2022). Post-translational modification of GPX4 is a promising target for treating ferroptosis-related diseases. Front. Mol. Biosci. 9, 901565. doi:10.3389/fmolb.2022.901565
 David, S., Jhelum, P., Ryan, F., Jeong, S. Y., and Kroner, A. (2022). Dysregulation of iron homeostasis in the central nervous system and the role of ferroptosis in neurodegenerative disorders. Antioxid. Redox Signal. 37, 150–170. doi:10.1089/ars.2021.0218
 De Domenico, I., McVey Ward, D., and Kaplan, J. (2008). Regulation of iron acquisition and storage: Consequences for iron-linked disorders. Nat. Rev. Mol. Cell. Biol. 9, 72–81. doi:10.1038/nrm2295
 Devinsky, O., Vezzani, A., Najjar, S., De Lanerolle, N. C., and Rogawski, M. A. (2013). Glia and epilepsy: Excitability and inflammation. Trends Neurosci. 36, 174–184. doi:10.1016/j.tins.2012.11.008
 Devinsky, O., Vezzani, A., O'Brien, T. J., Jette, N., Scheffer, I. E., de Curtis, M., et al. (2018). Epilepsy. Nat. Rev. Dis. Prim. 4, 18024. doi:10.1038/nrdp.2018.24
 Dingledine, R., Varvel, N. H., and Dudek, F. E. (2014). When and how do seizures kill neurons, and is cell death relevant to epileptogenesis. Adv. Exp. Med. Biol. 813, 109–122. doi:10.1007/978-94-017-8914-1_9
 Dixon, S. J., Lemberg, K. M., Lamprecht, M. R., Skouta, R., Zaitsev, E. M., Gleason, C. E., et al. (2012). Ferroptosis: An iron-dependent form of nonapoptotic cell death. Cell. 149, 1060–1072. doi:10.1016/j.cell.2012.03.042
 Fabisiak, T., and Patel, M. (2022). Crosstalk between neuroinflammation and oxidative stress in epilepsy. Front. Cell. Dev. Biol. 10, 976953. doi:10.3389/fcell.2022.976953
 Fiest, K. M., Sauro, K. M., Wiebe, S., Patten, S. B., Kwon, C. S., Dykeman, J., et al. (2017). Prevalence and incidence of epilepsy: A systematic review and meta-analysis of international studies. Neurology 88, 296–303. doi:10.1212/WNL.0000000000003509
 Forcina, G. C., and Dixon, S. J. (2019). GPX4 at the crossroads of lipid homeostasis and ferroptosis. Proteomics 19, e1800311. doi:10.1002/pmic.201800311
 Friedmann Angeli, J. P., Schneider, M., Proneth, B., Tyurina, Y. Y., Tyurin, V. A., Hammond, V. J., et al. (2014). Inactivation of the ferroptosis regulator Gpx4 triggers acute renal failure in mice. Nat. Cell. Biol. 16, 1180–1191. doi:10.1038/ncb3064
 Frye, W., Huff, L. M., González Dalmasy, J. M., Salazar, P., Carter, R. M., Gensler, R. T., et al. (2023). The multidrug resistance transporter P-glycoprotein confers resistance to ferroptosis inducers. bioRxiv : the preprint server for biology 2023.02.23.529736. doi:10.1101/2023.02.23.529736
 Galluzzi, L., Vitale, I., Aaronson, S. A., Abrams, J. M., Adam, D., Agostinis, P., et al. (2018). Molecular mechanisms of cell death: Recommendations of the nomenclature committee on cell death 2018. Cell. Death Differ. 25, 486–541. doi:10.1038/s41418-017-0012-4
 Ganz, T. (2008). Iron homeostasis: Fitting the puzzle pieces together. Cell. Metab. 7, 288–290. doi:10.1016/j.cmet.2008.03.008
 Gao, G., Li, J., Zhang, Y., and Chang, Y. Z. (2019). Cellular iron metabolism and regulation. Adv. Exp. Med. Biol. 1173, 21–32. doi:10.1007/978-981-13-9589-5_2
 Guttenplan, K. A., Weigel, M. K., Prakash, P., Wijewardhane, P. R., Hasel, P., Rufen-Blanchette, U., et al. (2021). Neurotoxic reactive astrocytes induce cell death via saturated lipids. Nature 599, 102–107. doi:10.1038/s41586-021-03960-y
 Hadian, K., and Stockwell, B. R. (2020). SnapShot: Ferroptosis. Cell. 181, 1188–1188.e1. doi:10.1016/j.cell.2020.04.039
 Halliwell, B. (2006). Oxidative stress and neurodegeneration: Where are we now. J. Neurochem. 97, 1634–1658. doi:10.1111/j.1471-4159.2006.03907.x
 Hao, Y., Ou, Y., Zhang, C., Chen, H., Yue, H., Yang, Z., et al. (2022). Seratrodast, a thromboxane A2 receptor antagonist, inhibits neuronal ferroptosis by promoting GPX4 expression and suppressing JNK phosphorylation. Brain Res. 1795, 148073. doi:10.1016/j.brainres.2022.148073
 Hassannia, B., Van Coillie, S., and Vanden Berghe, T. (2021). Ferroptosis: Biological rust of lipid membranes. Antioxid. Redox Signal. 35, 487–509. doi:10.1089/ars.2020.8175
 Hider, R., Aviles, M. V., Chen, Y. L., and Latunde-Dada, G. O. (2021). The role of GSH in intracellular iron trafficking. Int. J. Mol. Sci. 22, 1278. doi:10.3390/ijms22031278
 Hider, R. C., and Kong, X. L. (2011). Glutathione: A key component of the cytoplasmic labile iron pool. Biometals 24, 1179–1187. doi:10.1007/s10534-011-9476-8
 Hirata, Y., Tsunekawa, Y., Takahashi, M., Oh-Hashi, K., Kawaguchi, K., Hayazaki, M., et al. (2021). Identification of novel neuroprotective N,N-dimethylaniline derivatives that prevent oxytosis/ferroptosis and localize to late endosomes and lysosomes. Free Radic. Biol. Med. 174, 225–235. doi:10.1016/j.freeradbiomed.2021.08.015
 Ingold, I., Berndt, C., Schmitt, S., Doll, S., Poschmann, G., Buday, K., et al. (2018). Selenium utilization by GPX4 is required to prevent hydroperoxide-induced ferroptosis. Cell. 172, 409–422.e21. doi:10.1016/j.cell.2017.11.048
 Jia, J. N., Yin, X. X., Li, Q., Guan, Q. W., Yang, N., Chen, K. N., et al. (2020). Neuroprotective effects of the anti-cancer drug lapatinib against epileptic seizures via suppressing glutathione peroxidase 4-dependent ferroptosis. Front. Pharmacol. 11, 601572. doi:10.3389/fphar.2020.601572
 Kahn-Kirby, A. H., Amagata, A., Maeder, C. I., Mei, J. J., Sideris, S., Kosaka, Y., et al. (2019). Targeting ferroptosis: A novel therapeutic strategy for the treatment of mitochondrial disease-related epilepsy. PLoS ONE 14, e0214250. doi:10.1371/journal.pone.0214250
 Kaur, D., Lee, D., Ragapolan, S., and Andersen, J. K. (2009). Glutathione depletion in immortalized midbrain-derived dopaminergic neurons results in increases in the labile iron pool: Implications for Parkinson's disease. Free Radic. Biol. Med. 46, 593–598. doi:10.1016/j.freeradbiomed.2008.11.012
 Koppula, P., Zhang, Y., Zhuang, L., and Gan, B. (2018). Amino acid transporter SLC7A11/xCT at the crossroads of regulating redox homeostasis and nutrient dependency of cancer. Cancer Commun. Lond. Engl. 38, 12. doi:10.1186/s40880-018-0288-x
 Koppula, P., Zhuang, L., and Gan, B. (2021). Cystine transporter slc7a11/xCT in cancer: Ferroptosis, nutrient dependency, and cancer therapy. Protein Cell. 12, 599–620. doi:10.1007/s13238-020-00789-5
 Lazarowski, A., Czornyj, L., Lubienieki, F., Girardi, E., Vazquez, S., and D'Giano, C. (2007). ABC transporters during epilepsy and mechanisms underlying multidrug resistance in refractory epilepsy. Epilepsia 48 (5), 140–149. doi:10.1111/j.1528-1167.2007.01302.x
 Lei, G., Zhuang, L., and Gan, B. (2022). Targeting ferroptosis as a vulnerability in cancer. Nat. Rev. Cancer 22, 381–396. doi:10.1038/s41568-022-00459-0
 Li, Q., Li, Q. Q., Jia, J. N., Sun, Q. Y., Zhou, H. H., Jin, W. L., et al. (2019). Baicalein exerts neuroprotective effects in FeCl(3)-induced posttraumatic epileptic seizures via suppressing ferroptosis. Front. Pharmacol. 10, 638. doi:10.3389/fphar.2019.00638
 Liang, P., Zhang, X., Zhang, Y., Wu, Y., Song, Y., Wang, X., et al. (2023). Neurotoxic A1 astrocytes promote neuronal ferroptosis via CXCL10/CXCR3 axis in epilepsy. Free Radic. Biol. Med. 195, 329–342. doi:10.1016/j.freeradbiomed.2023.01.002
 Mao, X., Wang, X., Jin, M., Li, Q., Jia, J., Li, M., et al. (2022). Critical involvement of lysyl oxidase in seizure-induced neuronal damage through ERK-Alox5-dependent ferroptosis and its therapeutic implications. Acta Pharm. Sin. B 12, 3513–3528. doi:10.1016/j.apsb.2022.04.017
 Mao, X. Y., Zhou, H. H., and Jin, W. L. (2019a). Ferroptosis induction in pentylenetetrazole kindling and pilocarpine-induced epileptic seizures in mice. Front. Neurosci. 13, 721. doi:10.3389/fnins.2019.00721
 Mao, X. Y., Zhou, H. H., and Jin, W. L. (2019b). Redox-related neuronal death and crosstalk as drug targets: Focus on epilepsy. Front. Neurosci. 13, 512. doi:10.3389/fnins.2019.00512
 McCarthy, R. C., and Kosman, D. J. (2012). Mechanistic analysis of iron accumulation by endothelial cells of the BBB. Biometals 25, 665–675. doi:10.1007/s10534-012-9538-6
 Mills, E., Dong, X. P., Wang, F., and Xu, H. (2010). Mechanisms of brain iron transport: Insight into neurodegeneration and CNS disorders. Future Med. Chem. 2, 51–64. doi:10.4155/fmc.09.140
 Muckenthaler, M. U., Galy, B., and Hentze, M. W. (2008). Systemic iron homeostasis and the iron-responsive element/iron-regulatory protein (IRE/IRP) regulatory network. Annu. Rev. Nutr. 28, 197–213. doi:10.1146/annurev.nutr.28.061807.155521
 Ohgami, R. S., Campagna, D. R., Greer, E. L., Antiochos, B., McDonald, A., Chen, J., et al. (2005). Identification of a ferrireductase required for efficient transferrin-dependent iron uptake in erythroid cells. Nat. Genet. 37, 1264–1269. doi:10.1038/ng1658
 Pardridge, W. M., Eisenberg, J., and Yang, J. (1987). Human blood-brain barrier transferrin receptor. Metab. Clin. Exp. 36, 892–895. doi:10.1016/0026-0495(87)90099-0
 Parsons, A., Bucknor, E., Castroflorio, E., Soares, T. R., Oliver, P. L., and Rial, D. (2022). The interconnected mechanisms of oxidative stress and neuroinflammation in epilepsy. Antioxidants (Basel) 11, 157. doi:10.3390/antiox11010157
 Patel, D. C., Tewari, B. P., Chaunsali, L., and Sontheimer, H. (2019). Neuron-glia interactions in the pathophysiology of epilepsy. Nat. Rev. Neurosci. 20, 282–297. doi:10.1038/s41583-019-0126-4
 Petrillo, S., Pietrafusa, N., Trivisano, M., Calabrese, C., Saura, F., Gallo, M. G., et al. (2021). Imbalance of systemic redox biomarkers in children with epilepsy: Role of ferroptosis. Antioxidants (Basel) 10, 1267. doi:10.3390/antiox10081267
 Piccinelli, P., and Samuelsson, T. (2007). Evolution of the iron-responsive element. RNA 13, 952–966. doi:10.1261/rna.464807
 Ramos-Riera, K. P., Pérez-Severiano, F., and López-Meraz, M. L. (2023). Oxidative stress: A common imbalance in diabetes and epilepsy. Metab. Brain Dis. doi:10.1007/s11011-022-01154-7
 Reichert, C. O., de Freitas, F. A., Sampaio-Silva, J., Rokita-Rosa, L., Barros, P. L., Levy, D., et al. (2020). Ferroptosis mechanisms involved in neurodegenerative diseases. Int. J. Mol. Sci. 21, 8765. doi:10.3390/ijms21228765
 Ryter, S. W., Kim, H. P., Hoetzel, A., Park, J. W., Nakahira, K., Wang, X., et al. (2007). Mechanisms of cell death in oxidative stress. Antioxid. Redox Signal. 9, 49–89. doi:10.1089/ars.2007.9.49
 Sato, H., Tamba, M., Ishii, T., and Bannai, S. (1999). Cloning and expression of a plasma membrane cystine/glutamate exchange transporter composed of two distinct proteins. J. Biol. Chem. 274, 11455–11458. doi:10.1074/jbc.274.17.11455
 Sayre, L. M., Lin, D., Yuan, Q., Zhu, X., and Tang, X. (2006). Protein adducts generated from products of lipid oxidation: Focus on HNE and one. Drug Metab. Rev. 38, 651–675. doi:10.1080/03602530600959508
 Schneider, C., Porter, N. A., and Brash, A. R. (2008). Routes to 4-hydroxynonenal: Fundamental issues in the mechanisms of lipid peroxidation. J. Biol. Chem. 283, 15539–15543. doi:10.1074/jbc.R800001200
 Seibt, T. M., Proneth, B., and Conrad, M. (2019). Role of GPX4 in ferroptosis and its pharmacological implication. Free Radic. Biol. Med. 133, 144–152. doi:10.1016/j.freeradbiomed.2018.09.014
 Shao, C., Liu, Y., Chen, Z., Qin, Y., Wang, X., Wang, X., et al. (2022). 3D two-photon brain imaging reveals dihydroartemisinin exerts antiepileptic effects by modulating iron homeostasis. Cell. Chem. Biol. 29, 43–56.e12. doi:10.1016/j.chembiol.2021.12.006
 Shao, C., Yuan, J., Liu, Y., Qin, Y., Wang, X., Gu, J., et al. (2020). Epileptic brain fluorescent imaging reveals apigenin can relieve the myeloperoxidase-mediated oxidative stress and inhibit ferroptosis. Proc. Natl. Acad. Sci. U.S.A. 117, 10155–10164. doi:10.1073/pnas.1917946117
 Singh, N., Haldar, S., Tripathi, A. K., Horback, K., Wong, J., Sharma, D., et al. (2014). Brain iron homeostasis: From molecular mechanisms to clinical significance and therapeutic opportunities. Antioxid. Redox Signal. 20, 1324–1363. doi:10.1089/ars.2012.4931
 Stockwell, B. R., Friedmann Angeli, J. P., Bayir, H., Bush, A. I., Conrad, M., Dixon, S. J., et al. (2017). Ferroptosis: A regulated cell death nexus linking metabolism, redox Biology, and disease. Cell. 171, 273–285. doi:10.1016/j.cell.2017.09.021
 Sun, Y., Xia, X., Basnet, D., Zheng, J. C., Huang, J., and Liu, J. (2022). Mechanisms of ferroptosis and emerging links to the pathology of neurodegenerative diseases. Front. Aging Neurosci. 14, 904152. doi:10.3389/fnagi.2022.904152
 Tang, D., and Kroemer, G. (2020). Ferroptosis. Curr. Biol. 30, R1292–R1297. doi:10.1016/j.cub.2020.09.068
 Tulpule, K., Robinson, S. R., Bishop, G. M., and Dringen, R. (2010). Uptake of ferrous iron by cultured rat astrocytes. J. Neurosci. Res. 88, 563–571. doi:10.1002/jnr.22217
 Ursini, F., Maiorino, M., Valente, M., Ferri, L., and Gregolin, C. (1982). Purification from pig liver of a protein which protects liposomes and biomembranes from peroxidative degradation and exhibits glutathione peroxidase activity on phosphatidylcholine hydroperoxides. Biochim. Biophys. Acta 710, 197–211. doi:10.1016/0005-2760(82)90150-3
 Van Loo, K., Carvill, G. L., Becker, A. J., Conboy, K., Goldman, A. M., Kobow, K., et al. (2022). Epigenetic genes and epilepsy - emerging mechanisms and clinical applications. Nat. Rev. Neurol. 18, 530–543. doi:10.1038/s41582-022-00693-y
 van Vliet, E. A., da Costa Araújo, S., Redeker, S., van Schaik, R., Aronica, E., and Gorter, J. A. (2007). Blood-brain barrier leakage may lead to progression of temporal lobe epilepsy. Brain 130, 521–534. doi:10.1093/brain/awl318
 Vezzani, A., Balosso, S., and Ravizza, T. (2019). Neuroinflammatory pathways as treatment targets and biomarkers in epilepsy. Nat. Rev. Neurol. 15, 459–472. doi:10.1038/s41582-019-0217-x
 Vezzani, A., French, J., Bartfai, T., and Baram, T. Z. (2011). The role of inflammation in epilepsy. Nat. Rev. Neurol. 7, 31–40. doi:10.1038/nrneurol.2010.178
 Vezzani, A., Ravizza, T., Bedner, P., Aronica, E., Steinhäuser, C., and Boison, D. (2022). Astrocytes in the initiation and progression of epilepsy. Nat. Rev. Neurol. 18, 707–722. doi:10.1038/s41582-022-00727-5
 Wang, F., Guo, L., Wu, Z., Zhang, T., Dong, D., and Wu, B. (2022). The Clock gene regulates kainic acid-induced seizures through inhibiting ferroptosis in mice. J. Pharm. Pharmacol. 74, 1640–1650. doi:10.1093/jpp/rgac042
 Wang, J., and Pantopoulos, K. (2011). Regulation of cellular iron metabolism. Biochem. J. 434, 365–381. doi:10.1042/BJ20101825
 Ward, R. J., Zucca, F. A., Duyn, J. H., Crichton, R. R., and Zecca, L. (2014). The role of iron in brain ageing and neurodegenerative disorders. Lancet Neurol. 13, 1045–1060. doi:10.1016/S1474-4422(14)70117-6
 Wei, X., Yi, X., Zhu, X. H., and Jiang, D. S. (2020). Posttranslational modifications in ferroptosis. Oxid. Med. Cell. Longev. 2020, 8832043. doi:10.1155/2020/8832043
 Xiang, T., Luo, X., Zeng, C., Li, S., Ma, M., and Wu, Y. (2021). Klotho ameliorated cognitive deficits in a temporal lobe epilepsy rat model by inhibiting ferroptosis. Brain Res. 1772, 147668. doi:10.1016/j.brainres.2021.147668
 Xie, R., Zhao, W., Lowe, S., Bentley, R., Hu, G., Mei, H., et al. (2022). Quercetin alleviates kainic acid-induced seizure by inhibiting the Nrf2-mediated ferroptosis pathway. Free Radic. Biol. Med. 191, 212–226. doi:10.1016/j.freeradbiomed.2022.09.001
 Yang, N., Zhang, K., Guan, Q. W., Wang, Z. J., Chen, K. N., and Mao, X. Y. (2022). D-penicillamine reveals the amelioration of seizure-induced neuronal injury via inhibiting aqp11-dependent ferroptosis. Antioxidants (Basel) 11, 1602. doi:10.3390/antiox11081602
 Yang, W. S., SriRamaratnam, R., Welsch, M. E., Shimada, K., Skouta, R., Viswanathan, V. S., et al. (2014). Regulation of ferroptotic cancer cell death by GPX4. Cell. 156, 317–331. doi:10.1016/j.cell.2013.12.010
 Ye, Q., Zeng, C., Dong, L., Wu, Y., Huang, Q., and Wu, Y. (2019). Inhibition of ferroptosis processes ameliorates cognitive impairment in kainic acid-induced temporal lobe epilepsy in rats. Am. J. Transl. Res. 11, 875–884.
 Ye, Q., Zeng, C., Luo, C., and Wu, Y. (2020). Ferrostatin-1 mitigates cognitive impairment of epileptic rats by inhibiting P38 MAPK activation. Epilepsy Behav. 103, 106670. doi:10.1016/j.yebeh.2019.106670
 Zecca, L., Youdim, M. B., Riederer, P., Connor, J. R., and Crichton, R. R. (2004). Iron, brain ageing and neurodegenerative disorders. Nat. Rev. Neurosci. 5, 863–873. doi:10.1038/nrn1537
 Zhang, X., Wu, S., Guo, C., Guo, K., Hu, Z., Peng, J., et al. (2022). Vitamin E exerts neuroprotective effects in pentylenetetrazole kindling epilepsy via suppression of ferroptosis. Neurochem. Res. 47, 739–747. doi:10.1007/s11064-021-03483-y
 Zou, Y., Li, H., Graham, E. T., Deik, A. A., Eaton, J. K., Wang, W., et al. (2020). Cytochrome P450 oxidoreductase contributes to phospholipid peroxidation in ferroptosis. Nat. Chem. Biol. 16, 302–309. doi:10.1038/s41589-020-0472-6
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Jin, Ren, Jing and Wang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-14-1185071-t001.jpg
Compounds

Experimental model

Epilepsy type

Findings

Mode of
action

References

Quercetin Kainic acid/Male C57BL/6] | Temporal lobe epilepsy | |Seizure-like behaviors; |cognitive Nrf2/SLC7AL1/  Xie et al. (2022)
mice impairment; | glutamate-induced GPX4
HT22 neuronal cell death; TSIRT1/Nrf2/
SLCTAII/GPX4
GIF-0726-1 Glutamate/HT22 cells - 1Cell viability; |Lipd ROS; |ferrous ions Tons Hirata et al.
(2021)
GIF-0726-1 Erastin/HT22 cells - 7Cell viability; |Lipd ROS; |ferrous ions Tons Hirata et al.
(2021)
BAPN |Ferroptosis Mao etal. (2022)
Ferrostatin-1 Kainic acid/rats Temporal lobe epilepsy | |Initiation and progression of ferroptosis in | GPX4 Ye et al. (2019)
the hippocampus; TGPX4; TGSH; lipid
peroxides; Liron accumulation; | hippocampal
neuronal loss; Tcognitive function
Ferrostatin-1 Kainic acid/adult male SD rats | Temporal lobe epilepsy | |Cognitive impairment; Jactivation of P38 MAPK Ye et al. (2020)
P38 MAPK; Tsynaptophysin; Tpostsynaptic
density protein 95
Lapatinib Kainic acid/Male C57BL/6] | Temporal lobe epilepsy | |Epileptic seizures; |seizure-induced GPX4 Jia et al. (2020)
mice hippocampal damage and electrical activity;
14-HNE; [PTGS2 (mRNA)
Lapatinib Erastin/HT22 cells Temporal lobe epilepsy | TCell viability; lipid ROS; [4-HNE; | MDA; = GPX4 Jia et al. (2020)
TSLC7ALL; TGPX4; 15-LOX; |ACSLA
Lapatinib Glutamate/HT22 cells Temporal lobe epilepsy | TCell viability; | lipid ROS; |4-HNE; | MDA; | GPX4 Jia et al. (2020)
1SLC7ALL; 1GPX4; 15-LOX; |ACSLA
Dihydroartemisinin ~ Kainic acid/Balb/c nude mice | Temporal lobe epilepsy | TTrxR; TGSH Shaoetal. (2022)
Apigenin Kainic acid/Male C57BL/6] | Temporal lobe epilepsy | |Epileptic symptoms; Joxidative stress; GPX4 Shaoetal. (2020)
mice 1SIRT1; | Ac-p53; TGPX4; TTexR; 1GSH
Apigenin Kainic acid/SH-SY5Y - UIntracellular superoxide; lipid peroxidation = GPX4 Shao et al. (2020)
accumulation; TGPX4
D-Penicillamine Kainic acid/Male C57BL/6] | Temporal lobe epilepsy ~ |Seizure-induced neuronal injury; [Neuronal | Aqpll/ACSL4  Yang et al.
mice survival; |ACSL4; | Ptgs2; [lipid peroxide (2022)
D-Penicillamine Glutamate or erastin/ - 7Cell viability; |lipid ROS; [Ptgs |ACSL4; | AqplI/ACSLA  Yang et al.
HT22 cells TAgpl1 (2022)
Baicalein FeCly/mouse Posttraumatic epilepsy ISeizure score; |number of seizures; |average | 12/15-LOX Liet al. (2019)
seizure duration; |4-HNE; | 12/15-LOX
Baicalein Ferric ammonium citrate/ - 1Cell viability; |Lipd ROS; |4-HNE; TGPX4; |~ GPX4; PTGS2  Li et al. (2019)
HT22 cells 1PTGS2
Baicalein Erastin/HT22 cells - 1Cell viability; |Lipd ROS; |4-HNE; TGPX4; | GPX4; 12/ Liet al. (2019)
112/15-LOX 15-L0X
Ferrostatin-1 FeCly/Male CS7BL/6] mice | Posttraumatic epilepsy | Hippocampal damage; |seizure score; GPX4 Chen et al.
Lspikes; |epileptiform discharge; | seizures per (2022b)
day; |the number of seizures; Tseizure latency;
Ltime in seizure; |epileptogenic progression;
Teognitive deficits; |4-HNE; TGPX4
Quercetin Kainic acid/Male C57BL/6] | Temporal lobe epilepsy | |Hippocampal damage; |seizure-like Nrf2/SLC7A11/  Xie et al. (2022)
mice behaviors; |cognitive impairment; TSIRTI; | GPX4
TNrf2; TSLC7A11; TGPX4; Imorphological
changes of mitochondria
Quercetin Glutamate/Erastin/HT22 cells | - 1Cell viability; |4-HNE; |MDA; [lipid ROS; | Nrf2/SLC7A11/  Xie et al. (2022)
TSIRTI; TNrf2; TSLC7ALL; TGPX4 GPX4
Seratrodast Pentylenetetrazole/Male Generalized clonic-tonic | |Hippocampal damage; T latency of the initial = GPX4 Hao et al. (2022)
C57BLI6] mice convulsions myoclonic jerks and GTCS; |seizure score;
Lseizure duration; TGPX4; | p-JNK
Seratrodast Erastin/HT22 cells - 1Cell viability; | mitochondria damage; [lipid | SLC7A11/GPX4  Hao etal. (2022)
ROS; [ROS; IMDA; TSLC7A11; 1GPX4;
TGSH/GSSG; |p-JNK; |ps3
Vitamin E Pentylenetetrazole/SD rat Generalized clonic-tonic | |Epileptic grade; |seizure latency; [number of = GPX4 Zhang et al.
convulsions. seizures; |15-LOX; | MDA; Jiron (2022)

accumulation; TGPX4; TGSH

12/15-LOX, 12/15-lipoxygenase; ACSL4, acyl-coA, synthetase long chain family member 4; ACSL4, long-chain acyl-CoA, synthetase 4; BAPN,p-aminopropionitrile; Nrf2, nuclear factor
(erythroid-derived 2)-like 2; HO-1, haem-oxygenase-1; ACSL4, acyl-coA, synthetase long chain family member 4; ALOX5,5-lipoxygenase; MDA, malondialdehyde; GSH, glutathione; GSSG,

oxi

ized glutathione; ALOXS, arachidonate 5-lipoxygena; Ptgs2,prostaglandin-endoperoxide synthase PTGS2, p synthase 2; TrxR, thioredoxin r.





OPS/xhtml/nav.xhtml
Contents

		Cover

		Targeting ferroptosis as novel therapeutic approaches for epilepsy		1 Introduction

		2 Molecular mechanisms of ferroptosis		2.1 SLC7A11-GSH-GPX4 axis

		2.2 Iron homeostasis

		2.3 Lipid peroxidation





		3 The role of ferroptosis in epilepsy		3.1 The role of ferroptosis in epilepsy-associated neuronal death

		3.2 The role of astrocyte activation-induced neuronal ferroptosis in epilepsy

		3.3 The role of ferroptosis in epilepsy-associated cognitive deficits





		4 Pharmacological inhibition of ferroptosis to treat epilepsy

		5 Conclusions and perspectives

		Author contributions

		Funding

		Publisher’s note

		References









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






OPS/images/fphar-14-1185071-g001.gif





OPS/images/fphar-14-1185071-g002.gif









OPS/images/crossmark.jpg
©

|





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





