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A B S T R A C T

In the face of cell damage, cells can initiate a response ranging from survival to death, the balance 
being crucial for tissue homeostasis and overall health. Cell death, in both accidental and regu
lated forms, plays a fundamental role in maintaining tissue homeostasis. Among the regulated 
mechanisms of cell death, ferroptosis has garnered attention for its iron-dependent phospholipid 
(PL) peroxidation and its implications in aging and age-related disorders, as well as for its 
therapeutic relevance. In this review, we provide an overview of the mechanisms, regulation, and 
physiological and pathological roles of ferroptosis. We present new insights into the relationship 
between ferroptosis, cellular senescence and aging, emphasizing how alterations in ferroptosis 
pathways contribute to aging-related tissue dysfunction. In addition, we examine the therapeutic 
potential of ferroptosis in aging-related diseases, offering innovative insights into future in
terventions aimed at mitigating the effects of aging and promoting longevity.
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1. Introduction

In the 1830s, the “cell theory” was born thanks to the work of Schleiden on plant cells and Schwann on animal cells. It states that all 
living organisms are made up of one or more cells and that the cell is the structural and functional unit of life. Nowadays, we un
derstand the cell as a dynamic system that integrates both internal and external signals to which it must properly respond. When cell 
structures are damaged, the cell can activate a response ranging from survival to death, depending on the damage factors (type, in
tensity, and duration) and the cell (type, state, and number of cells affected), and, ultimately, if the stress stimulus does not exceed a 
certain threshold [1,2]. Tissue homeostasis is achieved due to a balance between cell division and cell death, and both too much and 
too little cell death can lead to human disease. Cell death removes nonfunctional, damaged, and harmful cells and is classified into 
accidental cell death (ACD) or regulated cell death (RCD) [3]. While the former is triggered by uncontrolled damage factors that 
disassemble the plasma membrane, the latter is driven by the activation of molecularly defined signaling cascades and effector 
mechanisms and can therefore be modulated either pharmacologically or genetically [4]. Multiple forms of RCD have been described, 
such as apoptosis, pyroptosis, necroptosis, ferroptosis, autophagy-dependent cell death, and lysosomal cell death. Among them, fer
roptosis emerges as a form of RCD characterized by iron-dependent phospholipid peroxidation and regulated by several cellular 
metabolic pathways [5]. The uncontrolled peroxidation of polyunsaturated fatty acid chains-containing phospholipids (PUFA-PLs), a 
defining feature of ferroptosis, leads to lethal membrane rupture through altered ion fluxes, water ingress, and biophysical effects [6]. 
These require the dysregulation of iron metabolism and oxygen to catalyze the PL peroxidation through non-enzymatic, the Fenton 
reaction, and enzymatic reactions, lipoxygenases (LOXs), and/or cytochrome P450 oxidoreductase (POR) [7,8]. Also, an imbalance in 
redox homeostasis induces PL peroxidation, considering both the production of reactive oxygen species (ROS) and the antioxidant 
systems. Aging can be defined as a process of gradual and irreversible disorganization over time leading to the deterioration of 
physiological functions necessary for survival and fertility. In the last decade, ferroptosis has become of interest because of its im
plications for aging and the pathogenesis of numerous age-related disorders [9]. Indeed, the modulation of ferroptosis is a promising 
option in the treatment of aging-related diseases [10,11].

Ferroptosis is tightly regulated by different pathways, highlighting the cellular metabolism, which plays an essential role in cellular 
fate, and redox homeostasis [12,13]. In this review, we provide an overview of the mechanisms, regulation, and physiological and 
pathological roles of ferroptosis. Then, we discuss the interconnection of ferroptosis, cellular senescence, and aging. Lastly, we review 
the important role of ferroptosis in aging-related diseases and possible treatments and interventions.

2. Mechanisms of ferroptosis

The PL peroxidation initiated during ferroptosis relies on ROS generation and iron availability. The term ferroptosis was coined in 
2012 [14]. The first evidence of ferroptosis-like cell death appeared in the mid-twentieth century, thanks to the pioneering research of 
Harry Eagle in amino acid and lipid metabolism [15–17]. Specifically, he demonstrated that cell death was triggered by cysteine 
deprivation and that endogenous synthesis of cysteine makes cells resistant to such cell death [18]. Further advances were needed in 
the fields of redox homeostasis, iron metabolism, and cell death, until 2003 when a lethal RAS-selective lethal compound (RSL), 
erastin, was identified, which induced a non-apoptotic form of cell death [19]. Subsequently, it was demonstrated that this form of cell 
death was regulated in an iron-dependent manner and highly modulable with molecular perturbations [20,21]. Moreover, the 
erastin-induced cell death was blocked with iron chelators and lipid ROS scavengers [14]. The relevance of ferroptosis lies in its 

Fig. 1. Mechanisms of ferroptosis execution. Peroxidation of PUFA-PLs, mainly arachidonic and adrenergic phosphatidylethanolamines (APE and 
AdPE, respectively), through enzyme- or radical-mediated reactions leads to increased plasma membrane tension, triggering activation of Piezo 1 
and TRP channels. Altered ionic homeostasis and nanopore formation contribute to the final membrane rupture and cell lysis, probably due to 
NINJ1 injury. Mitochondria are characterized by reduced mitochondrial volume, increased mitochondrial membrane density, reduction or disap
pearance of mitochondrial cristae and rupture of the outer membrane.
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involvement in various physiological and pathological processes, being an important focus of research in medicine.
The discovery of ferroptosis and its implications in aging and aging-related diseases has attracted great interest in the scientific 

community. It constitutes an active and rapidly growing field of research aimed at elucidating its complexities and therapeutic po
tential. Most of the information on the mechanisms of ferroptosis has been obtained from studies with the ferroptosis inducers erastin 
and RSL3 [20,22]. In addition, lipophilic antioxidants and iron chelating agents suppress cell death, such as vitamin E or DFOM, which 
establishes the three core hallmarks of ferroptosis: oxidation of PUFA-PLs, redox-active iron, and loss of lipid peroxide repair [23] 
(Fig. 1).

2.1. Morphological changes

Morphologically, ferroptosis is distinguished from other types of RCD. Mainly, it is characterized by significant changes in mito
chondrial morphology, including reduced mitochondrial volume, increased mitochondrial membrane density, reduction or disap
pearance of mitochondrial cristae, as well as rupture of the outer membrane [24]. In contrast, the plasma membrane remains intact, 
the nucleus maintains its size and no chromatin condensation is observed [25]. These various mitochondrial alterations suggest that 
ferroptosis may be highly dependent on mitochondrial function and integrity, possibly pointing to mitochondria having some relevant 
role in regulating this cell death process, such as inducing or inhibiting ferroptosis or mitochondrial events as the ultimate step in 
determining final cell fate [26–28].

2.2. Lipid peroxidation

In the context of the mechanisms underlying ferroptosis, it is crucial to realize the convergence of multiple interrelated cellular 
factors. These include ROS biology, iron regulation, and metabolism, which ultimately result in irreversible plasma membrane rupture. 
Importantly, erastin and RSL3 induce ferroptosis through the target of the key elements of the antioxidant system, the system xc

− and 
glutathione peroxidase 4 (GPX4), respectively, leading to the accumulation of PL hydroperoxides (PLOOHs) [29]. The chlorophenoxy 
group of the erastin molecule, a member of the class of quinazolines, functionally interacts with the Phe254 residue of the TM6b 
domain of xCT, thereby mediating the inhibitory effects of erastin and regulating erastin-induced ferroptosis [30]. RSL3, a derivative of 
pyrazole, binds covalently to selenocysteine residue (Sec46) in active site of GPX4 [31]. Also, the cysteine 66 (C66) region serves as an 
allosteric binding site for RSL3 on GPX4, where covalent attachment of compounds to C66 modulates and inhibits the enzyme’s ac
tivity, ultimately leading to its degradation [32].

Ferroptosis is the result of PUFA-PLs peroxidation, which leads to the accumulation of PLOOHs and the subsequent cell membrane 
damage. This damage occurs mainly due to the inactivation of the cellular antioxidant system, especially the system xc

− -GPX4 axis. The 
generation of ROS drives lipid peroxidation, which consists of the removal of hydrogen atoms from the bis-allylic positions of PUFA- 
PLs in lipid bilayers. Feeding cells with deuterated PUFAs, which are less susceptible to oxidation, suppresses ferroptosis [33]. This 
process leads to the generation of a PL radical (PL•), which reacts with molecular oxygen to form a PL peroxyl radical (PLOO•). PL 
peroxyl radicals further react with neighboring PUFAs, forming PLOOHs. Next, PLOOHs, peroxyl radicals, and alkoxyl PL radicals 
(PLO•) continue the propagation of PLOOHs production and generation of secondary products, such as 4-hydroxynonenal (4HNE) and 
malondialdehyde (MDA), whose roles in ferroptosis have not yet been identified [34]. Oxidation selectively affects only one class of 
phospholipids, the phosphatidylethanolamines (PEs), and specifically affects two fatty acyls, arachidonoyl (AA)(20:4) and adrenoyl 
(AdA)(22:4) [35]. Recently, the Stockwell group has proposed a model for the propagation of lipid peroxidation in ferroptosis, sug
gesting that it initiates in the endoplasmic reticulum (ER) membranes and other organelles before spreading to the plasma membrane 
and promoting its rupture [36]. In this scenario, lipid peroxidation could reach the plasma membrane via diffusion of lipid radicals and 
peroxides, possibly through vesicular transport or lipid exchange mechanisms.

PLOOHs arise also from an enzyme-mediated process catalyzed by (non-heme) iron-dependent lipoxygenases (LOXs) during the 
initiation of ferroptosis [33]. LOX catalyzes stereospecific dioxygenation of PUFAs, such as AA and linoleic acids, leading to lipid 
peroxidation, with 15LOX being particularly involved in this process [35]. Phosphatidylethanolamine-binding protein 1 (PEBP1) 
forms complexes with 15LOX, directing its selectivity towards the peroxidation of eicosatetraenoyl-phosphatidylethanolamine 
(ETE-PE) [37]. This process generates 15-hydroperoxy-eicosatetraenoyl-phosphatidylethanolamine (15-HpETE-PE), a peroxidation 
product that serves as a signal to induce ferroptosis and is also used as a biomarker of this process. Indeed, ferrostatin-1 (Fer-1), a 
common ferroptosis inhibitor, inhibits the 15LOX/PEBP1 complex activity, but not 15LOX alone [38]. Recently, it has been reported 
that 15LOX also oxidizes doubly PUFA-acylated PLs (di-PUFA-PLs), where, intriguingly, PEBP1 exhibits no regulatory effects on 
15LOX activity [39]. Interestingly, Pseudomonas aeruginosa expresses a secreted lipoxygenase (PA-LOX) that induces ferroptosis of 
human bronchial epithelial cells [40,41].

Alternatively, it has been described the role of POR and cyclooxygenase-2 (COX2) in the enzyme-mediated lipid peroxidation in 
ferroptosis. Using a series of genome-wide, CRISPR–Cas9 suppressor screens, POR emerged as a key mediator in the initiation of 
ferroptosis, both intrinsic and induced forms [8]. As suggested by the authors, POR would contribute to lipid peroxidation through the 
reduction of ferric iron (Fe3+) to ferrous iron (Fe2+) [42]. In addition, POR would transfer electrons to cytochrome P450 and CYB5A 
and these would remove hydrogens from PUFAs. Cyclooxygenase-2 (COX-2), also known as prostaglandin-endoperoxide synthase 2 
(PTGS2), catalyzes the conversion of arachidonic acid to prostaglandins. PTGS2, the gene encoding COX-2 is upregulated during 
ferroptosis in BJeLR cells upon treatment with either erastin or RSL3 [43]. Although COX-2 is used as a biomarker of ferroptosis 
initiation, its direct involvement in lipid peroxidation remains unclear [43,44]. This ambiguity arises from observations that the COX-2 
inhibitor indomethacin has minimal impact on elastin- or RSL3-induced cytotoxicity.
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It is in debate the relative contributions of enzymatic or free radical reactions to lipid peroxidation in ferroptosis [45]. Free radical 
reactions are influenced by iron metabolism, as iron catalyzes the formation of ROS that attack PUFAs in cellular membranes (reviewed 
below in section 2.2). While pharmacological inhibition of lipoxygenases (LOX) protects cells from ferroptosis [33,35], ferroptosis 
inhibitors such as Fer-1 and liproxstatin (Lip-1) show limited efficacy in the inhibition of 15-LOX, but are good reactivity as 
radical-trapping antioxidants (RTAs), suggesting a more prominent role of lipid autoxidation [46,47]. Probably, both mechanisms are 
important for the execution of ferroptosis, so they must be interrelated in some yet unknown way. Further research is needed to 
elucidate the relative importance of enzymatic processes versus free radicals in lipid peroxidation and the interplay between iron 
regulation, enzymatic pathways, and lipid peroxidation in ferroptosis.

2.3. Plasma membrane rupture

The culmination of ferroptosis, i.e.: the exact molecular event responsible for eventual cell death, involves the rupture of the plasma 
membrane. Although it remains difficult to understand all the steps in this process, recent discoveries have made it possible to 
formulate a model to elucidate the sequence of events [48]. Accumulation of lethal levels of PLOOHs, either enzymatically or 
radical-mediated reactions, causes cell death. This impairs the biophysical properties of the plasma membrane, affecting mechano
sensing channels and osmotic processes [49,50]. More specifically, excessive accumulation of PLOOHs in the plasma membrane leads 
to an increase in membrane tension, triggering the activation of mechanosensitive piezo-type ion channel component 1 (Piezo 1) and 
transient receptor potential (TRP) channels. Consequently, the cell loses its ionic homeostasis and becomes permeable to cations [49]. 
This influx of cations, including Na+ and Ca2+, is accompanied by outflow of K+. In addition, Na+/K+-ATPase is inhibited, possibly 
due to interactions with oxidized PLs, which further increases nonselective cation fluxes. These alterations in ionic balance lead to cell 
swelling and further increase in membrane tension, initiating a negative feedback loop that culminates in plasma membrane rupture. 
In addition, lipid peroxidation induces the formation of nanopores, a few nanometers in size, in the plasma membrane, facilitating the 
water and ion fluxes [51]. The osmoprotectant polyethylene glycol (PEG) can delay the onset of ferroptosis without affecting lipid 
peroxidation itself. This observation suggests that the degree of membrane damage, including the size and/or number of membrane 
pores, increases with the duration and intensity of the stimulus. The formation of pores is also characteristic of other forms of RCD, 
such as necroptosis and pyroptosis [52,53]. On the other hand, the increase in Ca2+ initiates a protective response that limits the extent 
of the membrane damage through the recruitment of the endosomal sorting complexes required for transport (ESCRT)-III to the plasma 
membrane [51]. The involvement of ninjurin1 (NINJ1) in the formation of pores in ferroptosis is controversial. Hirata et al. 
demonstrated that the deletion of NINJ1 did not change significantly the susceptibility of RAW cells to ferroptosis [49]. However, 
recently Dondelinger et al. and Ramos et al. have demonstrated that cell swelling activates the oligomerization of NINJ1, inducing 
plasma membrane rupture and release of damage-associated molecular pattern (DAMP) molecules during ferroptosis [54,55]. Notably, 
NINJ1 activation is trigger-dependent, resulting in plasma membrane rupture induced by GPX4 inhibitors such as RSL3 and ML210, 
and not by other ferroptosis inducers such as erastin and FINO2 [54]. So, the action of NINJ1 may be context and cell-specific, and 
targeting NINJ1 could be a therapeutic strategy to reduce the inflammation associated with ferroptosis.

As assessed by molecular dynamics simulation of lipid membranes, the impact of lipid peroxidation on the integrity of the plasma 
membrane would arise from the conical shape of PE hydroperoxides [56]. These cannot pack in a lipid bilayer, leading to an increased 
membrane curvature and accessibility of oxidants, starting a negative feedback loop. Ultimately, despite repair efforts, the accumu
lated membrane damage is likely to be irreparable, leading to cell lysis and rupture of the plasma membrane.

3. Regulation

The sensitivity of cells to ferroptosis is modulated by various molecules and pathways that exert both positive and negative reg
ulatory effects, such as lipid metabolism, iron homeostasis, redox regulation, and associated processes (Fig. 1).

3.1. Redox homeostasis

Cysteine availability is the rate-limiting step in the biosynthesis of reduced glutathione (GSH). The system xc
− is a cystine/glutamate 

antiporter that is part of the SoLute Carrier 7 (SLC7) family. It functions as a heterodimer consisting of a light chain, known as xCT or 
SLC7A11, and a heavy chain 4F2hc, known as SLC3A2 or CD98hc [57]. The system xc

− imports cystine, the oxidized form of cysteine, in 
exchange for intracellular glutamate. Cyst(e)ine levels regulate the GPX4 protein synthesis, at least partially through the 
Rag-mTORC1-4EBP signaling pathway [58]. The transsulfuration pathway of methionine and glucose can also synthesize cysteine [59,
60]. Adequate GSH levels are necessary for the normal function of GPX4, an antioxidant selenoenzyme that reduces any PL hydro
peroxides (PLOOHs) to the corresponding alcohols (PLOHs) in the cell membrane, acting as a ferroptosis gatekeeper. GPX4 presents a 
catalytic selenocysteine residue and employs the pair of electrons, most commonly provided by GSH as a cofactor, but also by other 
low-molecular thiols or even protein thiols in conditions of extreme GSH limitation [61]. GPX4 knockout mice revealed that GPX4 is 
essential for development and inducible knockout mice also result in adult death, accompanied by mitochondrial dysfunction, 
increased apoptosis, and neurodegeneration in the brain. Studies with GPX4 knockout mice have shown that GPX4 is essential in 
development, whereas inducible knockout mice exhibit adult mortality, accompanied by mitochondrial dysfunction, increased 
apoptosis, and neurodegeneration in the brain [62,63]. These findings demonstrate the role of GPX4 in cellular homeostasis and 
suggest that its function extends beyond its antioxidant activity to roles in mitochondrial integrity and neuronal survival. The con
sequences of GPX4 deficiency highlight its potential as a therapeutic target in diseases associated with oxidative stress, 
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neurodegeneration and mitochondrial dysfunction, warranting an exploration of the mechanistic pathways regulated by this enzyme.
Although GPX4 is an essential regulator counteracting lipid peroxidation, it has been observed that GPX4 inhibition fails to 

completely arrest ferroptosis in specific pathological contexts. Furthermore, some cells show resistance to ferroptosis-inducing agents 
directed against GPX4, indicating the existence of alternative regulatory pathways of ferroptosis that operate independently of GPX4 
[64]. The first discovery was the ferroptosis suppressor protein 1- coenzyme Q10 (FSP1-CoQ10) pathway [65,66]. FSP1, also known as 
AIFM2, catalyzes the reduction of CoQ10 (ubiquinone) to CoQ10H2 (ubiquinol) and vitamin K, using NAD(P)H and FAD, independently 
of GSH [67]. CoQ10H2 effectively traps PL peroxyl radicals (lipophilic radical-trapping antioxidant (RTA)), thus stopping the process of 
PL peroxidation. FSP1 requires myristoylation for its antiferroptotic function, as this post-translational modification enables the 
recruitment of FSP1 to the plasma membrane, Golgi apparatus, and perinuclear structures [65]. Moreover, FSP1 regenerates oxidized 
α-tocopheryl radical (vitamin E) directly in vitro or indirectly by CoQ10H2 [66]. In addition, it has been reported that FSP1 activates the 
ESCRT-III-dependent membrane repair pathway, which is responsible for ferroptosis resistance [68]. Since the discovery of FSP1, 
numerous novel ferroptosis pathways have been identified that function independently of GPX4. These pathways include 
p53-mediated lipoxygenase, and iPLA2β pathway, iNOs/NO pathway, DHODH pathway, GCH1/BH4 pathway, Ferritin, and prominin2 
pathway, and SREBP1-SCD1-MUFA pathway [64,69,70]. Further research is needed to elucidate the different functions of these 
pathways and how they interact with each other. Understanding these relationships could open new avenues for therapeutic inter
vention, especially in diseases where ferroptosis plays a critical role, offering the possibility of more targeted and effective treatments.

3.2. Lipid metabolism

Two membrane-remodeling enzymes (Lands cycle), acyl-coenzyme A synthetase long-chain family member 4 (ACSL4) and lyso
phosphatidylcholine acyltransferase 3 (LPCAT3), have been identified as essential genes for ferroptosis through genome-wide CRISPR- 
based genetic screening and microarray analysis of ferroptosis-resistant cell lines methods [71,72]. These enzymes are involved in the 
incorporation of PUFAs into PLs and contribute to the maintenance of lipid membrane integrity, thus influencing the susceptibility of 
cells to ferroptotic cell death. ACSL4 mediates the ligation of PUFAs to CoA, with a high preference for arachidonoyl (AA-CoA). Then, 
LPCAT3 catalyzes the esterification of AA-CoA into lysophospholipids, specifically targeting phosphatidylcholine and phosphatidyl
ethanolamine, primarily present in the ER [73]. The inhibition of LPCAT3 does not completely suppress ferroptosis, partially explained 
by an increase in C22:4 PLs [74]. Collectively, ACSL4, LPCAT3, and 15-LOX work in coordination, converting AA and AdA to 
PE-AA/PE-AdA hydroperoxides, and promoting and regulating ferroptosis. Moreover, a novel ACSL4-independent ferroptosis pathway 
has been identified which requires ALOX12 for p53-mediated tumor suppression [75].

3.3. Iron metabolism

As the name suggests, ferroptosis is a type of cell death that depends on the presence of iron. Free iron or iron-containing enzymes 
are responsible for the peroxidation of PL-PUFAs by free Fenton reactions or enzymatically regulated reactions, respectively. Thus, the 
mechanisms governing iron homeostasis and bioavailability are essential in the control of the sensitivity of cells toward ferroptosis 
[76]. These include iron uptake, export, chaperoning and storage, and different regulatory pathways of iron metabolism, such as the 
iron-regulatory protein (IRP)–iron-responsive element (IRE) network, the nuclear receptor co-activator 4 (NCOA4)-mediated ferriti
nophagy pathway, the prolyl hydroxylase domain (PHD)–hypoxia-inducible factor (HIF) axis or the nuclear factor erythroid 2-related 
factor 2 (NRF2) regulatory hub [29,76]. Iron is transported through the bloodstream bound to transferrin and enters cells through 
transferrin receptor-mediated endocytosis. Once inside the cells, ferritin stores iron in the form of ferric iron. Iron chelators dexra
zoxane and deferoxamine have protective effects on ferroptosis. The former reverses doxorubicin-induced ferroptosis and car
diotoxicity in rats by regulating high mobility group box 1 (HMGB1) [77]. The latter upregulates the system xc

− -GPX4 axis, with 
neuroprotective after experimental traumatic brain injury and in primary cortical neurons from mouse embryos [78,79].

On the other hand, autophagic degradation of ferritin promotes ferroptosis, as it leads to an increase in cellular labile iron content 
[80]. NCOA4 mediates ferritinophagy through the recognition of ferritin and delivery to autophagosomes [81,82]. The recent 
development of the non-classical inhibitor of ferroptosis, YL-939, revealed the role of prohibitin 2 (PHB2) in ferroptosis [83]. PHB2 
regulates ferroptosis by modulating both the ferritin expression and ferritinophagy and therefore, the iron bioavailability. YL-939 
upregulates the expression of ferritin, decreasing the iron content and the ferroptosis susceptibility. Thus, in a sense, ferroptosis ap
pears to be a form of autophagy-dependent cell death.

3.4. Amino acid metabolism

The transsulfuration and glutaminolysis pathways play significant roles in ferroptosis. As we have reviewed, cysteine is essential in 
the control of ferroptosis. In addition to the system xc

− , the transsulfuration pathway also provides cysteine from methionine [84]. The 
transsulfuration pathway involves the consecutive action of cystathionine β-synthase (CBS) and cystathionine γ-lyase (CTH). 
Knockdown of cysteinyl-tRNA synthetase (CARS) induces the transsulfuration pathway and inhibits erastin-induced ferroptosis, 
probably because of the observed increase in intracellular cysteine [85]. Moreover, erastin-resistant cells present NRF2 constitutively 
activated, which upregulates the expression of CBS [84]. Thus, the transsulfuration pathway emerges as a critical source of cysteine, a 
crucial precursor for GSH synthesis, thereby increasing the cell’s antioxidant capacity and reducing susceptibility to lipid peroxidation.

Glutaminolysis is also required for the execution of ferroptosis [86]. In glutaminolysis, the glutamine is converted into glutamate 
and α-ketoglutarate, an important tricarboxylic acid (TCA) cycle intermediate. Indeed, it is remarkable that the mitochondrial 
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glutaminase (GLS) GLS2, rather than cytosolic GLS1, plays a crucial role in the induction of ferroptosis, highlighting the importance of 
mitochondria in this process [86,87]. Glutamate serves a dual function: it facilitates cysteine uptake through the system xc-for the 
synthesis of GSH and constitutes a component of GSH itself. In addition, endogenous glutamate levels regulate ferroptosis sensitivity 
through adenylyl cyclase 10 (ADCY10)-dependent yes-associated protein (YAP) suppression in lung adenocarcinoma cells. Elevated 
extracellular glutamate inhibits the function of the xc-system, reducing cystine entry into the cell. In particular, glutamate acts as an 
excitatory neurotransmitter, with neurotoxic and excitatory effects.

4. Functions of ferroptosis

Although ferroptosis was discovered in the context of screening for new anticancer molecules, this process has physiological 
functions and is also found in phylogenetically separate species such as protozoa, algae, fungi, and plants [88–92]. Emerging evidence 
suggests that ferroptosis plays physiological roles in a variety of biological processes, including tumor suppression, immune functions, 
bone homeostasis, development, and aging [93–98].

4.1. Tumor suppressor and immune-associated functions

First reports of ferroptosis as a tumor suppressor revealed that p53 downregulates the expression of SLC7A11, the cystine/ 
glutamate antiporter, limiting the production of intracellular glutathione (GSH) and sensitizing cells to ferroptosis [93]. Ferroptosis 
influences the cycle, proliferation, and progression of cancer, including both solid and blood-related tumors, and it is mediated through 
the epigenetic regulator MLL4 [99]. Its induction in cancer cells has been associated with impairments in cell migration, invasion, and 
metastasis [100]. Moreover, the CD8+ T cells induce ferroptosis of tumor cells through the secretion of interferon-γ (IFN-γ) to 
downregulate the expression of SLC3A2 and SLC7A11 and through the incorporation of arachidonic acid into C16 and C18 acyl 
chain-containing PLs via ACSL4 [101,102]. However, recent research indicates that, under specific circumstances, ferroptosis may act 
as a potential carcinogenic factor. For instance, the ferroptosis of pathologically activated neutrophils (PMNs) promotes tumor growth 
as it mediates immune suppression [103]. Moreover, a cholesterol-rich diet upregulates the CD36 expression and the uptake of fatty 
acids through CD36 by CD8+ T cells in the tumor microenvironment (TME) induces the ferroptotic death of this, resulting in a 
decreased production of cytotoxic cytokines [104]. So, how can we take advantage of the beneficial aspects of ferroptosis in cancer 
therapy while mitigating its potential to promote immunosuppression and tumor growth?

Therefore, the dual role of ferroptosis in cancer appears to depend on the specific type of cell undergoing cell death. Although 
inducing ferroptosis in tumor cells may be advantageous, its impact on immune cells is detrimental. In this context, Nishizawa et al. 
demonstrated that lipid peroxidation occurring in ferroptotic cells is transmitted to neighboring cells through paracrine signaling, 
through the secretome, thus facilitating the spread of ferroptosis [105]. Furthermore, Alarcón-Veleiro et al. demonstrated the ability of 
ovarian cancer cells to propagate ferroptosis via paracrine signaling through the release of small extracellular vesicles [106]. In 
addition, cell-to-cell contact of cancer cells with other cell populations, such as cancer-associated fibroblasts (CAF), endothelial cells, 
and immune cells in the TME, regulates the sensitivity of cells to ferroptosis, which is of particular importance in the context of 
antineoplastic drug resistance [107]. This underlines the importance of ferroptosis in the context of cancer progression and highlights 
the intercellular communication mechanisms involved in this process. Could these intercellular signals be targeted as a new strategy to 
selectively induce ferroptosis in tumor cells while protecting immune cells?

Ferroptosis is also related to antiviral immunity and vaccination. Selenium supplementation upregulates the GPX4 expression in 
follicular helper T (TFH) cells, which inhibits the ferroptosis in TFH cells and promotes the production of long-lasting immunological B 
cell responses [108]. As research progresses, these questions will be crucial in guiding the development of targeted therapies that can 
exploit ferroptosis for effective cancer treatment while minimizing its potential drawbacks.

4.2. Roles in aging, homeostasis, and development

Ferroptosis plays diverse roles in bone homeostasis, aging, and development. During the aging of Caenorhabditis elegans, gluta
thione depletion is associated with ferrous iron elevation, making the cells more susceptible to ferroptosis [98]. Interestingly, blocking 
ferroptosis, either by inhibiting lipid peroxidation or limiting iron retention, prolongs life and health expectancy, but not on a temporal 
scale, suggesting a role for ferroptosis in organism frailty at specific life stages rather than in constant aging. Likewise, Fischer-344 rats 
show an age-dependent increase in ferroptosis in the kidney, spleen, liver, ovary, uterus, cerebellum, and bone marrow, assessed with 
an HNEJ-1 mouse monoclonal antibody which recognizes 4-hydroxy-2-nonenal (HNE)-modified proteins [97]. In addition, ferroptosis 
is involved in embryonic erythropoiesis, where its inhibition delays erythrocyte enucleation.

Finally, Shen et al. demonstrated that ferroptosis is crucial for the development and pathogenicity of Magnaporthe oryzae, the rice 
blast fungus [91]. This process is dependent on ferric ions and is characterized by the accumulation of lipid peroxides, which was 
confirmed by an optimized fluorescence imaging technique. The study demonstrated that reduced glutathione and NADPH oxidases 
regulate the production of reactive oxygen species required for ferroptosis. This form of cell death is essential for the maturation of 
conidia into appressoria, the structures that allow the fungus to infect rice plants. Disruption of ferroptosis, either by iron chelation or 
chemical inhibition, reduces the ability of the fungus to invade its host. Furthermore, ferroptosis and autophagy cooperate to regulate 
this cell death during fungal development, highlighting their interconnected roles in fungal pathogenesis.
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5. Interconnection of ferroptosis, cellular senescence, and aging

Contrary to cell death, cellular senescence is a cell state induced by stress signals that lead to cell-cycle arrest, senescence-associated 
secretory phenotype (SASP), metabolic dysregulation, and macromolecular damage [109]. Cellular senescence is a hallmark of aging, 
as senescent cells accumulate in aged tissues, notably fibroblasts, endothelial cells, and immune cells, but almost any cell, attributable 
in large part to telomere shortening [110,111]. However, great variations are found across tissue type, tissue section, and methods of 
assessing senescence [112]. While cellular senescence is recognized primarily by its contribution to aging, its main function is to 
prevent the propagation of cellular damage and to induce its elimination by the immune system, especially in the context of 
tumorigenesis [113]. Consequently, senotherapeutic strategies aimed at selectively eliminating senescent cells (senolytics) or 
modulating SASP (senomorphs) hold great promise for promoting healthy aging and mitigating age-related conditions such as oste
oarthritis, atherosclerosis and cancer [114,115].

Ferroptosis, on the other hand, is a regulated form of cell death driven by iron-dependent lipid peroxidation. Despite their distinct 
roles, both ferroptosis and cellular senescence play distinct but complementary roles in the maintenance of cellular homeostasis and 
aging. Although numerous studies have highlighted the interconnection between ferroptosis and cellular senescence, the precise 
underlying mechanisms are not fully understood. Senescent cells, both cultured in vitro and observed ex vivo, show impaired ferri
tinophagy together with high iron accumulation, making them resistant to ferroptosis [116,117]. The induction of ferroptosis 
selectively targets and eliminates senescent cells, both primary and paracrine, establishing itself as a senolytic approach [118–121]. 
For instance, the BRD4 bromodomain protein inhibitor JQ1 facilitates the induction of ferroptosis by promoting the activation of 
ferritinophagy and suppressing the expression of ferroptosis-associated genes such as GPX4, SLC7A11, and SLC3A2 [120,122].

However, the relationship between ferroptosis and cellular senescence is complex. Recent findings of Ma et al. point in another 
direction. They have described that cryptochrome 1 is downregulated in aged human ovarian granulosa cells, promoting ferriti
nophagy, through reduction of the ubiquitination and degradation of NCOA4, and inducing cell senescence [123]. Also, pro-ferroptosis 
signaling induces vascular smooth muscle senescence (VSMCs), promoting arterial aging [124,125]. In hepatic stellate cells, curcumol 
activates the HIF-1α-NCOA4-FTH1 signaling axis, inducing ferroptosis and cellular senescence that protects from hepatic fibrosis 
[126]. On the other hand, induction of senescence by palbociclib, an inhibitor of cyclin-dependent kinase 4 and 6 (CDK4/6) in B16F10 
melanoma cells, increases their susceptibility to auranofin-induced ferroptosis [127]. These various findings underscore the complex 
relationship between ferroptosis and cellular senescence, raising the question of causality between the two processes. Further research 
is required to elucidate their underlying mechanisms and their potential therapeutic implications in aging and aging-related disorders.

To this whole network between senescence and ferroptosis must be added oxidative stress and iron overload. Persistent low-grade 
inflammation, known as inflammaging, not only triggers oxidative stress but also acts as a driver of the aging process [128,129]. This 

Fig. 2. Schematic representation of the interaction between ferroptosis, cellular senescence, oxidative stress and iron overload in aging. Ferroptosis 
and cellular senescence play distinct but complementary roles in the maintenance of cellular homeostasis and aging. Oxidative stress and iron 
overload exacerbate cellular senescence and ferroptosis, contributing to aging. The state of chronic inflammation further perpetuates cellular 
aging processes.
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chronic inflammaging state promotes ROS generation and exacerbates oxidative damage, further perpetuating cellular senescence and 
ferroptosis, contributing to age-related pathologies [130]. More research is needed to further investigate the complex interplay be
tween various factors associated with aging, such as cellular senescence, inflammation, and oxidative stress, and their relationship 
with ferroptosis (Fig. 2).

6. Role of ferroptosis in aging-related diseases

Due to the strong connection between ferroptosis and aging, the contribution of ferroptosis to the progression of aging-related 
disorders has been extensively researched, including cancer, neurodegenerative, and cardiovascular diseases (Fig. 3). By specif
ically modulating the ferroptotic pathways, for example, using iron chelators or inhibitors of GPX4, it may be possible to intervene in 
the progression of these diseases and mitigate their detrimental effects in aging individuals. Also, ferroptosis is emerging as a 
degenerative mechanism involved in the pathogenesis and progression of several aging-related diseases that pose a major global 
burden. These include type 2 diabetes mellitus (T2DM) [131,132], osteoarthritis and osteoporosis [133,134], chronic obstructive 
pulmonary disease (COPD) [135,136], non-alcoholic fatty liver disease (NAFLD) [137,138], age-related macular degeneration (AMD) 
[139,140] and presbycusis [141,142].

6.1. Cancer

As we have previously reviewed, ferroptosis is a tumor suppressor mechanism. Indeed, cancer cells require higher concentrations of 
iron, which makes them more vulnerable to death by ferroptosis [143]. Cancer cells, which often exhibit increased iron metabolism, 
are particularly vulnerable to ferroptosis, making this pathway a promising target for cancer therapy.

Some examples of cancer types where ferroptosis has been validated are hepatocellular carcinoma (HCC), gastric cancer, pancreatic 
ductal adenocarcinoma, triple-negative breast cancer (TNBC), and renal cell carcinoma [144–148]. Tumor suppressor genes p53, 
BRCA1-associated protein 1 (BAP1), fumarate hydratase, Kelch-like ECH-associated protein 1 (KEAP1), and the epigenetic regulator 
MLL4 have been shown to exert their antitumor effects, in part, by promoting ferroptosis in cancer cells [149]. For instance, p53 
downregulates the SLC7A11 expression, critical for ROS-dependent or low-dose paclitaxel-induced ferroptosis [93,150], and requires 
LOX12 [75], increasing sensitivity to ferroptosis. Moreover, the S47 single-nucleotide polymorphism of TP53, prevalent in many 
premenopausal African-American women, is defective in promoting ferroptosis and correlates with increased susceptibility to breast 
cancer [151]. The interplay between ferroptosis and tumor suppressor genes underscores a common mechanism in cancer where 
disrupted iron metabolism and increased oxidative stress led to cell death.

Ferroptosis is also employed as a biomarker of patient outcomes. He et al. developed a ferroptosis score (FPS) model to assess the 
ferroptosis status of melanoma patients [152]. This model was based on 32 ferroptosis-related genes (FRGs) identified from the 
FerrDB4 database, which are linked to patient outcomes and can distinguish patient states [153].

The clinical relevance of ferroptosis is further highlighted by its role in therapy resistance. Cancer cells in a mesenchymal state, 

Fig. 3. Role of ferroptosis in different aging-related diseases.
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often associated with resistance to conventional therapies, rely on GPX4 activity for survival [154–157]. This dependence extends to 
persister cells of various cancer types, which also show increased sensitivity to GPX4 inhibition. GPX4 inhibition has been shown to 
induce selective ferroptotic death of these treatment-resistant cells, preventing tumor recurrence in vivo [158]. This reveals a broader 
theme in which modulation of ferroptosis pathways could overcome drug resistance, a major challenge in cancer treatment.

Ferroptosis is also intricately linked to the epithelial-to-mesenchymal transition (EMT), a process that contributes to cancer 
metastasis and drug resistance. Mesenchymal cancer cells tend to be more susceptible to ferroptosis than their epithelial counterparts, 
and drug-resistant cancer cells undergoing EMT are more easily killed by ferroptosis inducers. Epigenetic reprogramming of EMT has 
been shown to contribute to promoting ferroptosis in head and neck cancer cells [159]. Inhibition of EMT through histone deacetylase 
inhibition decreased ferroptosis susceptibility, while EMT induction through miR-200 family inhibitors increased susceptibility to 
ferroptosis inducers. This connection between EMT and ferroptosis highlights a broader mechanism where changes in cell state in
fluence sensitivity to oxidative stress and iron metabolism dysregulation. Thus, targeting EMT-associated pathways represents a 
promising therapeutic approach to enhance ferroptosis responsiveness and overcome drug resistance in cancer therapy, such as small 
molecules, nanomaterials, exosomes, or genic therapy [11,160,161] (Table 1).

Ferroptosis is also connected to radiotherapy (RT), which employs ionizing radiation to eliminate cancer cells by inducing DNA 
damage and radiolysis of water, which generates ROS [162]. RT induces lipid peroxidation and ferroptosis in several types of cancer, as 

Table 1 
Pharmacological modulation of ferroptosis induction in cancer therapy.

Compound Molecular target 
(s)

Mechanism of action Cancer References 
(PMID)

RSL3 GPX4 Inhibits GPX4 through the alkylation of 
selenocysteine

Fibrosarcoma, NSCLC, pancreatic cancer, 
leukemia, TNBC, HCC, thyroid cancer, CRC

24439385
30545638
36257316
30524291
36895980
37596261

FINO2 GPX4 and iron Iron and PUFAs oxidation, ROS production and 
deactivation of GPX4

Fibrosarcoma 29610484

Artesunate GPX4 Oxidation of iron, depletion of GSH and 
induction of ferritinophagy

RCC, HCC, non-Hodgkin lymphoma, DLBCL, PDAC 35028002
38560249
33121039
37326033
26097885

Erastin SLC7A11 Inhibition of SLC7A11 and GSH depletion HCC, melanoma, NSCLC, LUAD, ovarian cancer, 
thyroid cancer, glioma, breast cancer, RCC, 
prostate cancer

31974380
37277863
31897145
33483372

JQ1 SLC7A11, GPX4 
and BRD4

BRD4 inhibition, induction of ferritinophagy 
and downregulation of GPX4, SLC7A11 and 
SLC3A2

Breast cancer, lung cancer 30988278
34003467

Sorafenib SLC7A11and 
GPX4

Inhibition of SLC7A11 and TRIM54-mediated 
FSP1 ubiquitination

AML, HCC, neuroblastoma, NSCLC, RCC, liver 
cancer

25368241
37460053
37351514
37695069
27264843
22725255
34768109

Cisplatin GSH Reaction with GSH to inhibit GPX4 Ovarian cancer, pancreatic cancer, NSCLC, 
urothelial cancer

27477897
28012440
35534546
35784745

Cyst(e)inase GSH Degradation of cysteine and cystine, leading to 
a decrease in GSH levels

RCC, prostate cancer, chronic lymphocytic 
leukemia, pancreatic cancer, ovarian cancer

27869804
35086957
31043744
32241947

Heme Iron Upregulation of HMOX1 and increase in LIP Glioblastoma, leukemia, lung cancer 36228518
36395526

Lovastatin HMGCR Increases the efficacy of ICB by downregulating 
PD-L1 expression

NSCLC, prostate cancer, ovarian cancer 35943796

Simvastatin HMGCR Downregulation of the mevalonate pathway 
and GPX4

TNBC 34627266

Atorvastatin HMGCR Induction of mitochondria-dependent 
ferroptosis by downregulating GPX4

CRC 35309902
34564973

Haloperidol DRD2 and S1R Association with autophagy-mediated 
ferroptosis

Glioblastoma, HCC 37249604
28756230
37249604

Curcumin 
derivatives

FTH1 and TFEB TFEB-mediated lysosome degradation of GPX4 
Downregulation of lncRNA H19

Lung cancer 37689240
35224289
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evidenced by increased staining of lipid peroxidation markers, such as C11-BODIPY and lipid peroxidation markers MDA and 4-HNE, 
and expression of ferroptosis-associated genes, such as PTGS2 or ACSL4 [162–164]. RT also activates ATM to suppress SLC7A11 
expression [165]. In addition, varying RT doses and fractionation schedules induce differential levels of ferroptosis. RT also induces 
GSH depletion [163]. Novel strategies, such as the use of magnetic fields polarized with iron oxide nanoparticles or the use of 
photosens-photodynamic therapy, induce ferroptosis through the generation of ROS, which confers immunogenic characteristics to 
this form of cell death [166,167]. Taken together, these findings establish a synergistic relationship between ferroptosis and RT, 
suggesting that the use of ferroptosis inducers in conjunction with RT could be a promising strategy to increase ferroptosis sensitivity 
and thus improve RT efficacy.

RSL3 Ras-selective lethal, GPX4 Glutathione peroxidase 4, NSCLC Non-small cell lung cancer, TNBC Triple-negative breast cancer, 
HCC Hepatocellular carcinoma, CRC Colorectal cancer, PUFAs Polyunsaturated fatty acids, ROS Reactive oxygen species, GSH 
Glutathione, RCC Renal cell carcinoma, DLBCL Diffuse large B-cell lymphoma, PDAC Pancreatic ductal adenocarcinoma, SLC7A11 
Solute carrier family 7 member 11, LUAD Lung adenocarcinoma, BRD4 Bromodomain-containing protein 4, TRIM54 Tripartite motif- 
containing protein 54, FSP1 Ferroptosis suppressor protein 1, AML Acute myeloid leukemia, HMOX1 Heme oxygenase 1, LIP Labile 
iron pool, HMGCR 3-hydroxy-3-methylglutaryl-CoA reductase, ICB Immune checkpoint blockade, PD-L1 Programmed death-ligand 1, 
DRD2 Dopamine receptor D2, S1R Sigma-1 receptor, FTH1 Ferritin heavy chain 1, TFEB Transcription factor EB.

The complex role of ferroptosis in cancer points to both its potential as a therapeutic target and the challenges associated with its 
manipulation. While the induction of ferroptosis in cancer cells holds promise as a strategy to overcome drug resistance and improve 
the efficacy of traditional therapies such as radiotherapy, the dual role of ferroptosis in different cellular contexts must be carefully 
considered. Could the same pathways that make ferroptosis a powerful anticancer tool also contribute to unintended consequences, 
such as immunosuppression or increased tumor aggressiveness in certain contexts? Furthermore, emerging evidence that ferroptosis 
can spread through paracrine signaling within the tumor microenvironment raises questions about how we can selectively target 
cancer cells to induce ferroptosis without triggering detrimental effects on surrounding normal or immune cells. These questions 
highlight the need to better understand the effects of ferroptosis in a specific context.

6.2. Neurodegenerative diseases

Ferroptosis is crucial in the onset and progression of neurodegenerative disorders, such as Alzheimer’s disease (AD), Parkinson’s 
disease (PD), multiple sclerosis, amyotrophic lateral sclerosis (ALS), Huntington’s disease (HD) and stroke [168–174]. These condi
tions share common pathological mechanisms such as iron accumulation, oxidative stress, and disruptions in cell death pathways. By 
examining these mechanisms across different diseases, we can better understand the unifying role of ferroptosis in neurodegeneration 
and its potential as a therapeutic target.

Iron accumulation in several cortical areas (hippocampus, cortex, and basal ganglia), PL peroxidation, and ferroptosis have been 
described in AD [169,175,176]. The progression of Alzheimer’s disease (AD) is due to the accumulation of β-amyloid (Aβ) plaques and 
neurofibrillary tangles, and increasing evidence suggests a link between ferroptosis and AD progression, presenting ferroptosis as a 
potential therapeutic target. Indeed, Ayton et al. proposed the “ferroptosis hypothesis”, independent of the “Aβ hypothesis” and “tau 
protein hypothesis”, where levels of iron in the brain determine the rate of neurodegeneration by ferroptosis [177]. This hypothesis 
challenges long-standing models of AD and raises important questions: Could interventions that reduce brain iron levels or inhibit 
ferroptosis significantly alter the course of AD? Multiple factors, including dysfunctions in iron metabolism and antioxidant systems, 
neuroinflammation, and oxidative stress play a role in AD pathology and contribute to neuronal cell death and cognitive decline [178,
179]. Presenilin mutations, the cause of autosomal dominant familial AD, sensitize multiple cell types to ferroptosis due to the 
downregulation of GPX4 expression and selenium uptake [180]. The observed connections between ferroptosis and mutations asso
ciated with familial AD underscore the need to explore whether ferroptosis could be a common pathway in both genetic and sporadic 
forms of the disease. Increased extracellular glutamate levels due to reduced levels of vesicular glutamate transporter (VGLUT1) 
expression in the cortex inhibit system xc− , leading to ferroptosis [181,182]. NCOA4-mediated ferritinophagy has been suggested to 
play a role in the pathogenesis of AD, although there are no studies of NCOA4 expression levels or function in pathological specimens 
from AD patients [183]. In AD patients there is a decrease in brain levels of NRF2, making the brains of AD patients more susceptible to 
ferroptosis [184]. So, NRF2 activation represents a promising avenue for the treatment of AD, offering the potential to counteract 
oxidative stress, neuroinflammation, and ferroptosis.

The relationship between Parkinson’s disease (PD) and ferroptosis remains relatively unexplored. Recently, Liu et al. demonstrated 
that three differentially expressed genes-HMGB1, ceruloplasmin, and transferrin-encode secreted proteins that could influence sus
ceptibility to ferroptosis of dopaminergic neurons in the substantia nigra of PD patients [185]. On the one hand, the formation of 
oligomeric α-synuclein (α-syn) generates ROS-promoting PL peroxidation [186]. On the other hand, the loss of dopamine increases the 
susceptibility of neurons to ferroptosis, as dopamine is a strong inhibitor of ferroptotic cell death that increases GPX4 stability [187]. 
Lastly, it has been demonstrated by different techniques the accumulation of iron, a major hallmark of ferroptosis, in the substantia 
nigra of PD patients, which would contribute to neuronal cell loss by generating ROS via Fenton reaction [188]. Also, it is crucial the 
regulation of ferroptosis by non-neural cells, such as the heme oxygenase 1 (HO-1) activity in the microglia, and alterations in the 
neuron-glia crosstalk can contribute to PD pathogenesis [189,190]. The involvement of non-neuronal cells, such as microglia, in the 
regulation of ferroptosis further complicates the landscape, indicating that therapeutic strategies may have to target not only neurons, 
but also the broader neuroinflammatory environment.

Ferroptosis is implicated in ALS, with a decrease in GPX4 observed in patients and mouse models, mediating selective motor neuron 
death [172]. In ALS, SPY1, a member of the Speedy/RINGO family of cell cycle regulators, is downregulated, leading to increased 
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vulnerability to ferroptosis through dysregulation of the GCH1/BH4 axis and transferrin receptor protein 1 (TFR1)-induced iron 
accumulation [191]. Therefore, SPY1 proves to be an interesting therapeutic target for ALS through suppression of ferroptosis. In the 
case of HD, the expression of the N-terminal fragment containing the expanded polyglutamine (HTTQ94) of mutant huntingtin can 
promote ferroptosis, and ALOX5 is a major factor required for the ACSL4-independent ferroptosis [192]. Like other neurodegenerative 
diseases, iron dyshomeostasis, increased ROS, lipid peroxides, decreased activity of GPX4, and depletion of GSH are found in HD 
models [173].

In both multiple sclerosis (MS) and its animal model, experimental autoimmune encephalomyelitis (EAE), there are features of the 
activation of ferroptosis [193,194]. There is expression of NCOA4 in macrophages and oligodendrocytes located along the lesions of 
autopsy specimens, where ferritinophagy and lipid peroxidation are observed [171,195]. The treatment of EAE with UAMC-3203 
delays relapse and ameliorates disease progression [193].

Pharmacological inhibition of ferroptosis by small molecule compounds aims to preserve neuronal integrity and function, thus 
slowing the progression of neurodegenerative diseases [10,196]. These inhibitors mainly target iron metabolism, such as transferrin 
receptor 1 or ferritin, lipid peroxidation, such as ACSL4 or lipoxygenases, and antioxidant defenses, such as GSH or CoQ10 [197–199] 
(Table 2). Preclinical studies with animal models of neurodegeneration have achieved promising results, demonstrating the efficacy of 
ferroptosis inhibitors in protecting neurons and improving neurological outcomes. However, translating these findings into clinical 

Table 2 
Pharmacological inhibition of ferroptosis in the therapy of neurodegenerative diseases (NGDs).

Compound Target Mode of action NGD References 
(PMID)

Selenium GPX4 GPX4 synthesis AD 29974078
27447428
25567069

GSH GPX4 Increase GPX4 activity PD 28436395
N-acetyl cysteine GSH and GPX4 Increases GSH and GPX4 activity PD, AD 28499986

30574085
Liproxstatin-1 Lipid peroxides and 

GPX4
Inhibition of lipid peroxidation and restoration of the expression of 
GPX4 and FSP1

AD, 
ALS

33398092
32985488

Ferrostatin-1 Lipid peroxides and 
GPX4

Inhibition of the production of ROS PD, 
ALS

33398092
34145375
36443440

Vitamin E Lipid peroxides Prevents lipid peroxidation and iron accumulation PD, 
ALS

35122944
26400084
34111668

Salidroside NRF2 Activation of NRF2/HO1/GPX4 signaling pathway AD 36965372
35787281

Quercetin NRF2 Activation of NRF2 PD 36105483
36501161

β-Hydroxybutyric acid NRF2 Activation of NRF2 pathway PD, AD 36435477
36118706
37164173

Deferoxamine Iron Iron chelation, upregulation of GPX4 and FTH1, and prevention of 
oxidative stress

AD, 
ALS

33646533
35313783
34111668

Deferiprone Iron Inhibition of lipid peroxidation PD, 
ALS

31912279
21791473
31202468
18331585
36449420
28469157

Clioquinol Iron Iron chelation and activation of AKT/mTOR survival pathway PD, AD 32424108
22286308

Salicylaldehyde isonicotinoyl 
hydrazone

Iron Iron chelation ALS 19158288

Edaravone FR FR scavenger that eliminates the generation of hydroxyl radicals and 
peroxynitrite radicals

AD, 
ALS

36333599
32077821

Senegenin RhoGDIα Upregulation of GPX4 and downregulation of PEBP1 and ACSL4 AD 36068400
35080740

Coenzyme Q10 FSP1 Increase FSP1 activity AD, PD 29154270
24664227

Eriodictyol VDR Activation of the Nrf2/HO-1 signaling pathway AD 35093024
(− )-Clausenamide ALOX5 Inhibition of the nuclear translocation of ALOX5 PD, AD 37121496

20674676

NGD Neurodegenerative disease, GPX4 Glutathione peroxidase 4, AD Alzheimer’s disease, GSH Glutathione, PD Parkinson’s disease, FSP1 Ferroptosis 
suppressor protein 1, ALS Amyotrophic lateral sclerosis, ROS Reactive oxygen species, NRF2 Nuclear factor erythroid 2-related factor 2, HO1 Heme 
oxygenase 1, FTH1 Ferritin heavy chain 1, mTOR - Mechanistic target of rapamycin, FR Free radical, RhoGDIα - Rho GDP dissociation inhibitor alpha, 
PEBP1 Phosphatidylethanolamine-binding protein 1, ACSL4 Acyl-CoA synthetase long-chain family member 4, VDR Vitamin D receptor, ALOX5 5- 
lipoxygenase.
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practice requires further research to identify safe and effective ferroptosis inhibitors and to pursue targeted drug delivery strategies in 
the central nervous system.

Despite these promising prospects, significant challenges remain. Although preclinical studies have demonstrated the potential of 
ferroptosis inhibitors to protect neurons and improve outcomes in animal models, translating these findings to human patients is 
fraught with difficulties. The blood-brain barrier represents a formidable obstacle to drug delivery, and the long-term safety and ef
ficacy of ferroptosis inhibitors in humans remains unknown. Furthermore, the multifactorial nature of neurodegenerative diseases 
means that ferroptosis alone is not sufficient to halt disease progression. How can we design therapies that effectively inhibit fer
roptosis without disrupting other critical cellular processes? Is it possible to develop combination therapies that simultaneously act on 
multiple pathways and offer a more comprehensive approach to treating these complex disorders?

6.3. Cardiovascular diseases

In recent years, new research has uncovered a strong implication of ferroptosis to the pathogenesis of various cardiovascular 
disorders, including atherosclerosis, stroke, ischemia-reperfusion injury, and heart failure [200–203]. Atherosclerosis and heart failure 
are closely linked with aging and highlight the broader pathological mechanisms of iron metabolism, oxidative stress, and disrupted 
cell death pathways that underpin ferroptosis.

Atherosclerosis is a chronic vascular disease characterized by the buildup of lipid-rich plaques in the arterial walls, leading to 
endothelial dysfunction and cardiovascular events. Different RCDs, such as apoptosis, pyroptosis, necroptosis, and ferroptosis, are 
significant contributors to atherosclerosis [204,205]. Ferroptosis is a major cause of endothelial dysfunction and macrophage acti
vation and foam cell formation, leading to atherosclerosis [206,207]. Iron promotes the oxidation of low-density lipoprotein (Ox-LDL) 
within the artery wall, which is an inductor of both ferroptosis and atherosclerosis [206]. Fer-1 could alleviate atherosclerosis lesions 
in high-fat diet-fed ApoE− /− mice by downregulating the expression of adhesion molecules and upregulating the nitric oxide synthases 
(eNOS). Moreover, the overexpression of GPX4 inhibits the development of atherosclerosis in ApoE− /− mice by the scavenging of ROS 
and lipid peroxides [208]. Oscillatory blood flow suppresses NRF2 activation, increasing oxidative stress and inflammaging and fa
voring a proatherogenic environment [209,210]. It is important to note that the first strategy for treating atherosclerosis begins with 
lifestyle modification, in which diet plays a key role [211]. Low-iron diet and iron chelation therapy improve the course of athero
sclerosis in a murine model of type IV haemochromatosis [212]. Could ferroptosis inhibitors be integrated into existing treatment 
regimens for atherosclerosis? Moreover, how might lifestyle interventions, particularly those focused on dietary iron intake, synergize 
with pharmacological strategies to reduce the burden of this disease?

Heart failure is characterized by the inability of the heart to pump sufficient blood to meet the nutritional and oxygen needs of the 
tissues. In the face of various hemodynamic stressors, such as valvular heart disease, hypertension, or myocardial infarction, car
diomyocytes initiate a compensatory response that results in hypertrophic cardiomyopathy, which can progress to dilated cardio
myopathy [213]. Ferroptosis has emerged as an important factor in the pathophysiology of heart failure, as it influences its 
development and progression in different clinical settings, such as myocardial infarction and cardiomyopathy [201,214–217]. Various 
signaling pathways, such as those of MLK3, angiotensin II, and CD147, are involved in the aggravation of myocardial hypertrophy and 
fibrosis through the induction of ferroptosis [218–220]. Catecholamine-induced cardiotoxicity and pathological remodeling present 
ferroptosis cell death in cardiomyocytes through GPX4 and Bach1-HO-1-dependent signaling pathways [221]. TLR4 and NOX4 pro
mote myocyte death through autophagy and ferroptosis in HF rats [222]. Excessive iron accumulation, a process that occurs in 
conditions such as hemochromatosis, can promote ferroptosis in cardiomyocytes and other cardiac cells, leading to myocardial injury 
and dysfunction [223]. Moreover, recent studies have demonstrated the involvement of ferroptosis in myocardial ischemia-reperfusion 
injury [224]. Furthermore, interventions targeting ferroptosis, such as the use of ferrostatin-1 or natural plant products, show promise 
in improving HF by decreasing myocardial cell death [225,226]. Puerarin treatment reduced NOX4 expression and increased GPX4 
expression, increased striated muscle arrangement, and reduced mitochondrial atrophy. Exploring the role of ferroptosis in heart 
failure is essential for identifying specific drug targets and developing novel therapeutic strategies.

However, the translation of these findings to clinical practice presents difficulties. The regulatory mechanisms of the heart imply 
that inhibition of ferroptosis could have unintended consequences, such as interference with other cell death pathways essential for 
normal cardiac function. In addition, the systemic nature of ferroptosis-related interventions, particularly those involving iron che
lation or dietary modifications, requires careful consideration of potential side effects and patient-specific factors. How do we ensure 
the specificity and safety of ferroptosis inhibitors in the clinical setting? What are the long-term effects of modulating iron metabolism 
in patients with chronic cardiovascular disease? And, most importantly, how can we integrate these new approaches with existing 
therapies to achieve the best outcomes for patients?

7. Conclusions and future perspectives

In conclusion, ferroptosis stands out as a distinctive form of RCD dependent on the metabolism of iron and lipid peroxidation. 
Unlike other forms of cell death, such as apoptosis or necrosis, excessive accumulation of lipid hydroperoxides in cell membranes 
drives the cell to death by rupture of the plasma membrane. The regulation of ferroptosis is under the control of multiple metabolic 
pathways, such as iron metabolism, redox homeostasis, and lipid and amino acid metabolism. Evidence has demonstrated that fer
roptosis plays very important functions at the organism level, highlighting the antitumor and immune-associated functions and their 
role in aging, development, and overall homeostasis.

As we age, a cascade of physiological changes occurs leading to a gradual decline of various cellular functions. Among these, the 
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dysregulation of ferroptosis has gained significant attention due to its implications in aging and age-related diseases. The aging process 
is characterized by progressive iron accumulation, increased oxidative stress, and a chronic low-grade inflammation known as 
inflammaging. These factors collectively contribute to the dysregulation of ferroptosis, leading to impaired tissue homeostasis and the 
onset of age-associated pathologies. Furthermore, the interaction between ferroptosis and cellular senescence, a hallmark of aging, 
adds another layer of complexity to our understanding of the mechanisms of aging. While some evidence suggests that senescent cells 
may be more resistant to ferroptosis, other studies indicate that certain inducers of ferroptosis can selectively target and eliminate 
senescent cells. This dichotomy underscores the need for further research to unravel the precise relationship between these two 
processes and their implications for aging and disease.

In multiple aging-related diseases, it has been demonstrated the occurrence of ferroptosis, including cancer, neurodegenerative 
diseases, and cardiovascular diseases. In cancer, ferroptosis acts as a tumor suppressor mechanism, and cancer cells often show 
increased sensitivity to ferroptosis due to their increased iron requirements. In neurodegenerative diseases, ferroptosis contributes to 
neuronal cell death, which aggravates disease progression. In cardiovascular diseases, dysregulation of ferroptosis is implicated in 
endothelial dysfunction, atherosclerosis and heart failure, highlighting its importance in the pathophysiology of these diseases. 
Looking ahead, a deeper understanding of the molecular and cellular mechanisms governing ferroptosis will be essential to unveil new 
insights into its physiological and pathological functions. This knowledge will not only improve our understanding of ferroptosis but 
will also open new avenues for therapeutic intervention. Targeting the pathways that regulate ferroptosis holds immense potential for 
the development of new treatments aimed at restoring tissue homeostasis and ameliorating aging-related diseases. Given the 
increasing global burden of population aging, these therapeutic strategies could have a profound impact on public health by addressing 
the underlying mechanisms of aging and promoting healthy longevity. Ferroptosis inhibitors and inducers show potential in treating 
diseases like cancer and neurological disorders, but they are not yet clinically applied due to several challenges. These include 
incomplete understanding of ferroptosis mechanisms, concerns about safety and unintended effects, complexities in drug delivery, and 
the dual roles of some compounds. Further research is needed to overcome these hurdles and ensure the safe and effective clinical use 
of ferroptosis-targeting therapies. Moreover, these compounds must undergo rigorous testing in clinical trials to establish their efficacy 
and safety, which is a time-consuming and costly process.

Future research should focus on elucidating the intricate interplay between ferroptosis and other cellular processes, such as 
senescence, autophagy, and immune responses. In addition, the identification of specific biomarkers of ferroptosis in different tissues 
and diseases will be crucial for the development of targeted therapies. Moreover, exploring both positive and negative modulation of 
ferroptosis, depending on the context, offers a promising strategy to combat a broad spectrum of diseases, from cancer to neuro
degeneration and cardiovascular disorders. Ultimately, the goal is to harness the therapeutic potential of ferroptosis modulation to 
promote overall health and prolong healthy life.
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P. Schmitt-Kopplin, S.M. Hauck, B.R. Stockwell, K. Hadian, J.A. Schick, GTP cyclohydrolase 1/tetrahydrobiopterin counteract ferroptosis through lipid 
remodeling, ACS Cent. Sci. 6 (2020) 41–53, https://doi.org/10.1021/acscentsci.9b01063.

[71] S. Doll, B. Proneth, Y.Y. Tyurina, E. Panzilius, S. Kobayashi, I. Ingold, M. Irmler, J. Beckers, M. Aichler, A. Walch, H. Prokisch, D. Trümbach, G. Mao, F. Qu, 
H. Bayir, J. Füllekrug, C.H. Scheel, W. Wurst, J.A. Schick, V.E. Kagan, J.P.F. Angeli, M. Conrad, ACSL4 dictates ferroptosis sensitivity by shaping cellular lipid 
composition, Nat. Chem. Biol. 13 (2017) 91–98, https://doi.org/10.1038/nchembio.2239.

[72] Y. Zhao, Y.Q. Chen, T.M. Bonacci, D.S. Bredt, S. Li, W.R. Bensch, D.E. Moller, M. Kowala, R.J. Konrad, G. Cao, Identification and characterization of a major 
liver lysophosphatidylcholine acyltransferase, J. Biol. Chem. 283 (2008) 8258–8265, https://doi.org/10.1074/jbc.M710422200.

[73] D. Hishikawa, H. Shindou, S. Kobayashi, H. Nakanishi, R. Taguchi, T. Shimizu, Discovery of a lysophospholipid acyltransferase family essential for membrane 
asymmetry and diversity, Proc. Natl. Acad. Sci. U. S. A. 105 (2008) 2830–2835, https://doi.org/10.1073/pnas.0712245105.

[74] A. Reed, T.A. Ichu, N. Milosevich, B. Melillo, M.A. Schafroth, Y. Otsuka, L. Scampavia, T.P. Spicer, B.F. Cravatt, LPCAT3 inhibitors remodel the 
polyunsaturated phospholipid content of human cells and protect from ferroptosis, ACS Chem. Biol. 17 (2022) 1607–1618, https://doi.org/10.1021/ 
acschembio.2c00317.

[75] B. Chu, N. Kon, D. Chen, T. Li, T. Liu, L. Jiang, S. Song, O. Tavana, W. Gu, ALOX12 is required for p53-mediated tumour suppression through a distinct 
ferroptosis pathway, Nat. Cell Biol. 21 (2019) 579–591, https://doi.org/10.1038/s41556-019-0305-6.

[76] B. Galy, M. Conrad, M. Muckenthaler, Mechanisms controlling cellular and systemic iron homeostasis, Nat. Rev. Mol. Cell Biol. (2023), https://doi.org/ 
10.1038/s41580-023-00648-1.

[77] H. Zhang, Z. Wang, Z. Liu, K. Du, X. Lu, Protective effects of dexazoxane on rat ferroptosis in doxorubicin-induced cardiomyopathy through regulating HMGB1, 
Front. Cardiovasc. Med. 8 (2021) 1–16, https://doi.org/10.3389/fcvm.2021.685434.

[78] Y. Zhang, B.Y. Fan, Y.L. Pang, W.Y. Shen, X. Wang, C.X. Zhao, W.X. Li, C. Liu, X.H. Kong, G.Z. Ning, S.Q. Feng, X. Yao, Neuroprotective effect of deferoxamine 
on erastin induced ferroptosis in primary cortical neurons, Neural Regen. Res. 15 (2020) 1539–1545, https://doi.org/10.4103/1673-5374.274344.

[79] Y. Liang, Y. Wang, C. Sun, Y. Xiang, Y. Deng, Deferoxamine reduces endothelial ferroptosis and protects cerebrovascular function after experimental traumatic 
brain injury, Brain Res. Bull. 207 (2024) 110878, https://doi.org/10.1016/j.brainresbull.2024.110878.

[80] M. Gao, P. Monian, Q. Pan, W. Zhang, J. Xiang, X. Jiang, Ferroptosis is an autophagic cell death process, Cell Res. 26 (2016) 1021–1032, https://doi.org/ 
10.1038/cr.2016.95.

[81] J.D. Mancias, X. Wang, S.P. Gygi, J.W. Harper, A.C. Kimmelman, Quantitative proteomics identifies NCOA4 as the cargo receptor mediating ferritinophagy, 
Nature 508 (2014) 105–109, https://doi.org/10.1038/nature13148.

[82] M. Gryzik, M. Asperti, A. Denardo, P. Arosio, M. Poli, NCOA4-mediated ferritinophagy promotes ferroptosis induced by erastin, but not by RSL3 in HeLa cells, 
Biochim. Biophys. Acta - Mol. Cell Res. 1868 (2021) 118913, https://doi.org/10.1016/j.bbamcr.2020.118913.

[83] W. Yang, B. Mu, J. You, C. Tian, H. Bin, Z. Xu, L. Zhang, R. Ma, M. Wu, G. Zhang, C. Huang, L. Li, Z. Shao, L. Dai, L. Désaubry, S. Yang, Non-classical ferroptosis 
inhibition by a small molecule targeting PHB2, Nat. Commun. 13 (2022) 1–16, https://doi.org/10.1038/s41467-022-35294-2.

[84] N. Liu, X. Lin, C. Huang, Activation of the reverse transsulfuration pathway through NRF2/CBS confers erastin-induced ferroptosis resistance, Br. J. Cancer 122 
(2020) 279–292, https://doi.org/10.1038/s41416-019-0660-x.

[85] M. Hayano, W.S. Yang, C.K. Corn, N.C. Pagano, B.R. Stockwell, Loss of cysteinyl-tRNA synthetase (CARS) induces the transsulfuration pathway and inhibits 
ferroptosis induced by cystine deprivation, Cell Death Differ. 23 (2016) 270–278, https://doi.org/10.1038/cdd.2015.93.

[86] M. Gao, P. Monian, N. Quadri, R. Ramasamy, X. Jiang, Glutaminolysis and transferrin regulate ferroptosis, Mol. Cell 59 (2015) 298–308, https://doi.org/ 
10.1016/j.molcel.2015.06.011.

[87] M. Gao, J. Yi, J. Zhu, A.M. Minikes, P. Monian, C.B. Thompson, X. Jiang, Role of mitochondria in ferroptosis, Mol. Cell 73 (2019) 354–363.e3, https://doi.org/ 
10.1016/j.molcel.2018.10.042.

[88] X. Jin, J. Tang, X. Qiu, X. Nie, S. Ou, G. Wu, R. Zhang, J. Zhu, Ferroptosis: emerging mechanisms, biological function, and therapeutic potential in cancer and 
inflammation, Cell Death Discov 10 (2024) 1–10, https://doi.org/10.1038/s41420-024-01825-7.

[89] M. Bogacz, R.L. Krauth-Siegel, Tryparedoxin peroxidase-deficiency commits trypanosomes to ferroptosis-type cell death, Elife 7 (2018) 1–29, https://doi.org/ 
10.7554/eLife.37503.
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[92] A.M. Distéfano, G.A. López, N. Setzes, F. Marchetti, M. Cainzos, M. Cascallares, E. Zabaleta, G.C. Pagnussat, Ferroptosis in plants: triggers, proposed 
mechanisms, and the role of iron in modulating cell death, J. Exp. Bot. 72 (2021) 2125–2135, https://doi.org/10.1093/jxb/eraa425.

[93] L. Jiang, N. Kon, T. Li, S.J. Wang, T. Su, H. Hibshoosh, R. Baer, W. Gu, Ferroptosis as a p53-mediated activity during tumour suppression, Nature 520 (2015) 
57–62, https://doi.org/10.1038/nature14344.

[94] Y. Chen, Z.M. Fang, X. Yi, X. Wei, D.S. Jiang, The interaction between ferroptosis and inflammatory signaling pathways, Cell Death Dis. 14 (2023) 1–13, 
https://doi.org/10.1038/s41419-023-05716-0.

[95] Q. Dang, Z. Sun, Y. Wang, L. Wang, Z. Liu, X. Han, Ferroptosis: a double-edged sword mediating immune tolerance of cancer, Cell Death Dis. 13 (2022), 
https://doi.org/10.1038/s41419-022-05384-6.

[96] Y. Xiong, L. Chen, Z. Lin, Y. Hu, A.C. Panayi, W. Zhou, Y. Sun, F. Cao, G. Liu, G. Dai, B. Mi, G. Liu, The regulatory role of ferroptosis in bone homeostasis, Stem 
Cells Int. 2022 (2022), https://doi.org/10.1155/2022/3568597.

[97] H. Zheng, L. Jiang, T. Tsuduki, M. Conrad, S. Toyokuni, Embryonal erythropoiesis and aging exploit ferroptosis, Redox Biol. 48 (2021) 102175, https://doi. 
org/10.1016/j.redox.2021.102175.

[98] N.L. Jenkins, S.A. James, A. Salim, F. Sumardy, T.P. Speed, M. Conrad, D.R. Richardson, A.I. Bush, G. McColl, Changes in ferrous iron and glutathione promote 
ferroptosis and frailty in aging Caenorhabditis elegans, Elife 9 (2020) 1–28, https://doi.org/10.7554/eLife.56580.

[99] S. Egolf, J. Zou, A. Anderson, C.L. Simpson, Y. Aubert, S. Prouty, K. Ge, J.T. Seykora, B.C. Capell, MLL4 mediates differentiation and tumor suppression 
through ferroptosis, Sci. Adv. 7 (2021) 1–12, https://doi.org/10.1126/sciadv.abj9141.

[100] Z. Chen, W. Wang, S.R. Abdul Razak, T. Han, N.H. Ahmad, X. Li, Ferroptosis as a potential target for cancer therapy, Cell Death Dis. 14 (2023), https://doi.org/ 
10.1038/s41419-023-05930-w.

[101] W. Wang, M. Green, J.E. Choi, M. Gijón, P.D. Kennedy, J.K. Johnson, P. Liao, X. Lang, I. Kryczek, A. Sell, H. Xia, J. Zhou, G. Li, J. Li, W. Li, S. Wei, L. Vatan, 
H. Zhang, W. Szeliga, W. Gu, R. Liu, T.S. Lawrence, C. Lamb, Y. Tanno, M. Cieslik, E. Stone, G. Georgiou, T.A. Chan, A. Chinnaiyan, W. Zou, CD8+ T cells 
regulate tumour ferroptosis during cancer immunotherapy, Nature 569 (2019) 270–274, https://doi.org/10.1038/s41586-019-1170-y.

[102] P. Liao, W. Wang, W. Wang, I. Kryczek, X. Li, Y. Bian, A. Sell, S. Wei, S. Grove, J.K. Johnson, P.D. Kennedy, M. Gijón, Y.M. Shah, W. Zou, CD8+ T cells and fatty 
acids orchestrate tumor ferroptosis and immunity via ACSL4, Cancer Cell 40 (2022) 365–378.e6, https://doi.org/10.1016/j.ccell.2022.02.003.

[103] R. Kim, A. Hashimoto, N. Markosyan, V.A. Tyurin, Y.Y. Tyurina, G. Kar, S. Fu, M. Sehgal, L. Garcia-Gerique, A. Kossenkov, B.A. Gebregziabher, J.W. Tobias, 
K. Hicks, R.A. Halpin, N. Cvetesic, H. Deng, L. Donthireddy, A. Greenberg, B. Nam, R.H. Vonderheide, Y. Nefedova, V.E. Kagan, D.I. Gabrilovich, Ferroptosis of 
tumour neutrophils causes immune suppression in cancer, Nature 612 (2022) 338–346, https://doi.org/10.1038/s41586-022-05443-0.

[104] X. Ma, L. Xiao, L. Liu, L. Ye, P. Su, E. Bi, Q. Wang, M. Yang, J. Qian, Q. Yi, CD36-mediated ferroptosis dampens intratumoral CD8+ T cell effector function and 
impairs their antitumor ability, Cell Metab 33 (2021) 1001–1012.e5, https://doi.org/10.1016/j.cmet.2021.02.015.

[105] H. Nishizawa, M. Matsumoto, G. Chen, Y. Ishii, K. Tada, M. Onodera, H. Kato, A. Muto, K. Tanaka, K. Igarashi, Lipid peroxidation and the subsequent cell death 
transmitting from ferroptotic cells to neighboring cells, Cell Death Dis. 12 (2021), https://doi.org/10.1038/s41419-021-03613-y.

D. De Leon-Oliva et al.                                                                                                                                                                                               Heliyon 10 (2024) e39684 

16 

https://doi.org/10.1021/acscentsci.9b01063
https://doi.org/10.1038/nchembio.2239
https://doi.org/10.1074/jbc.M710422200
https://doi.org/10.1073/pnas.0712245105
https://doi.org/10.1021/acschembio.2c00317
https://doi.org/10.1021/acschembio.2c00317
https://doi.org/10.1038/s41556-019-0305-6
https://doi.org/10.1038/s41580-023-00648-1
https://doi.org/10.1038/s41580-023-00648-1
https://doi.org/10.3389/fcvm.2021.685434
https://doi.org/10.4103/1673-5374.274344
https://doi.org/10.1016/j.brainresbull.2024.110878
https://doi.org/10.1038/cr.2016.95
https://doi.org/10.1038/cr.2016.95
https://doi.org/10.1038/nature13148
https://doi.org/10.1016/j.bbamcr.2020.118913
https://doi.org/10.1038/s41467-022-35294-2
https://doi.org/10.1038/s41416-019-0660-x
https://doi.org/10.1038/cdd.2015.93
https://doi.org/10.1016/j.molcel.2015.06.011
https://doi.org/10.1016/j.molcel.2015.06.011
https://doi.org/10.1016/j.molcel.2018.10.042
https://doi.org/10.1016/j.molcel.2018.10.042
https://doi.org/10.1038/s41420-024-01825-7
https://doi.org/10.7554/eLife.37503
https://doi.org/10.7554/eLife.37503
https://doi.org/10.1016/j.jhazmat.2023.130997
https://doi.org/10.1111/nph.16636
https://doi.org/10.1093/jxb/eraa425
https://doi.org/10.1038/nature14344
https://doi.org/10.1038/s41419-023-05716-0
https://doi.org/10.1038/s41419-022-05384-6
https://doi.org/10.1155/2022/3568597
https://doi.org/10.1016/j.redox.2021.102175
https://doi.org/10.1016/j.redox.2021.102175
https://doi.org/10.7554/eLife.56580
https://doi.org/10.1126/sciadv.abj9141
https://doi.org/10.1038/s41419-023-05930-w
https://doi.org/10.1038/s41419-023-05930-w
https://doi.org/10.1038/s41586-019-1170-y
https://doi.org/10.1016/j.ccell.2022.02.003
https://doi.org/10.1038/s41586-022-05443-0
https://doi.org/10.1016/j.cmet.2021.02.015
https://doi.org/10.1038/s41419-021-03613-y


[106] C. Alarcón-Veleiro, R. Mato-Basalo, S. Lucio-Gallego, A. Vidal-Pampín, M. Quindós-Varela, T. Al-Qatarneh, G. Berrecoso, Á. Vizoso-Vázquez, M.C. Arufe, 
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