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Abstract 

Macroautophagy/autophagy is a complex degradation process with a dual role in cell death 

that is influenced by the cell types that are involved and the stressors they are exposed to. 

Ferroptosis is an iron-dependent oxidative form of cell death characterized by unrestricted lipid 

peroxidation in the context of heterogeneous and plastic mechanisms. Recent studies have shed 

light on the involvement of specific types of autophagy (e.g., ferritinophagy, lipophagy, and 

clockophagy) in initiating or executing ferroptotic cell death through the selective degradation of 

anti-injury proteins or organelles. Conversely, other forms of selective autophagy (e.g., 

reticulophagy and lysophagy) enhance the cellular defense against ferroptotic damage. 

Dysregulated autophagy-dependent ferroptosis has implications for a diverse range of 

pathological conditions. This review aims to present an updated definition of autophagy-

dependent ferroptosis, discuss influential substrates and receptors, outline experimental methods, 

and propose guidelines for interpreting the results. 

 

Keywords: 

Cell death; ferritinophagy; iron; lipid peroxidation; lipophagy; lysosome  

 

Abbreviations:  

3-MA: 3-methyladenine; 4HNE: 4-hydroxynonenal; ACD: accidental cell death; ADF: 

autophagy-dependent ferroptosis; ARE: antioxidant response element; BH2: dihydrobiopterin; 

BH4: tetrahydrobiopterin; BMDMs: bone marrow-derived macrophages; CMA: chaperone-

mediated autophagy; CQ: chloroquine; DAMPs: danger/damage-associated molecular patterns; 

EMT, epithelial-mesenchymal transition; EPR: electron paramagnetic resonance; ER, 

endoplasmic reticulum; FRET: Förster resonance energy transfer; GFP: green fluorescent 

protein; GSH: glutathione; IF: immunofluorescence; IHC: immunohistochemistry; IOP, 

intraocular pressure; IRI: ischemia-reperfusion injury; LAA: linoleamide alkyne; MDA: 

malondialdehyde; PGSK: Phen Green™ SK; RCD: regulated cell death; PUFAs: polyunsaturated 
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fatty acids; RFP: red fluorescent protein; ROS: reactive oxygen species; TBA: thiobarbituric 

acid; TBARS: thiobarbituric acid reactive substances; TEM: transmission electron microscopy 
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1. Introduction 

Maintaining a delicate balance between cell survival and cell death is essential for the normal 

biological functions of living organisms. The disruption in this equilibrium can be pathogenic. 

For example, impaired cell death mechanisms can result in uncontrolled cell proliferation and 

tumorigenesis, while excessive cell death may disrupt normal tissue function and contribute to 

inflammation-related diseases. Cell death can be broadly categorized into accidental cell death 

(ACD) and regulated cell death (RCD) [1]. Unlike ACD, RCD is a dynamic process precisely 

regulated by signal transduction pathways and molecular networks. Whereas apoptosis has been 

extensively studied for many years [2], recent attention has shifted towards investigating the 

underlying mechanisms of non-apoptotic forms of RCD and their potential therapeutic 

applications [3-9]. 

Among the non-apoptotic types of RCD, ferroptosis was defined in 2012 as an iron-

dependent cell death pathway characterized by the production of reactive oxygen species (ROS) 

through the Fenton reaction, resulting in unrestricted lipid peroxidation [5]. The core mechanism 

of ferroptosis bears a striking resemblance to the early notion of “oxytosis”, which described a 

glutamine-induced cell death involving glutathione (GSH) depletion and oxidative damage in 

neural cells [10]. Initially, ferroptosis was observed to selectively target cancer cells harboring 

oncogenic RAS mutations [11,12]. However, further research has revealed that ferroptosis can 

also occur in non-cancer cells or normal tissues independently of RAS mutation [13-16], 

highlighting its broad implication in various physiological and pathological conditions. The 

pharmacological induction of ferroptosis (e.g., using analogs of erastin or RSL3) holds great 

promise as a prospective strategy for cancer therapy, while the application of ferroptosis 

inhibitors (e.g., using ferrostatin-1 and liproxstatin-1) offers new opportunities for suppressing 

lipid peroxidation-related tissue damage and diseases in preclinical models [17-19]. 

Autophagy is a lysosome-dependent degradation process that plays a fundamental role in 

determining cell fate under various stress conditions [20-22]. Autophagy is often considered a 

pro-survival mechanism. It helps cells survive under stress conditions, such as nutrient 

deprivation, by recycling cellular components and providing energy and building blocks. 

Autophagy can remove damaged organelles and proteins, protecting cells from accumulating 

harmful materials that could trigger cell death. Although autophagy was initially viewed in part 
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as a form of self-cannibalistic cell death that can occur during development [23], subsequent 

research suggested that the term “autophagic cell death” often used to describe the escalated 

autophagy process accompanying cell death, may be better characterized as an exaggerated 

autophagic activity during cell demise [24]. Nevertheless, there are validated contexts in which 

autophagy promotes cell death, either directly or indirectly through mitochondrial depletion [25-

27]. Historically, ferroptosis was initially described as an autophagy-independent form of cell 

death. This interpretation was supported by studies demonstrating the ineffectiveness of the 

widely used autophagy inhibitor chloroquine (CQ) in blocking erastin-induced cell death in HT-

1080, BJeLR, and Calu-1 cells [5]. However, emerging genetic evidence from various cell lines 

deficient in autophagy-related genes (e.g., ATG5 [autophagy related 5] and BECN1/Vps30/Atg6 

[beclin 1]) suggests that ferroptosis can indeed be an autophagy-dependent form of cell death 

[28-31]. Although the signal and mechanism of autophagy-dependent ferroptosis (ADF) are still 

under investigation, it is suggested that impaired ADF is involved in the pathogenesis of various 

diseases. 

In this review, our aim is to provide a comprehensive overview of the intricate relationship 

between autophagy and ferroptosis. Additionally, we propose guidelines for the definition, 

detection, and interpretation of ADF. 

 

2. A brief overview of the ferroptotic machinery 

Ferroptosis can occur through two major pathways: the extrinsic or transporter-dependent 

pathway, involving decreased cystine uptake and increased iron uptake, and the intrinsic or 

enzyme-regulated pathway, which includes the inhibition of GPX4 (glutathione peroxidase 4) 

(Figure 1). Although the ferroptotic machinery exhibits heterogeneity and plasticity, it appears 

that the SLC7A11 (solute carrier family 7 member 11)-GSH-GPX4 axis plays a major role in 

inhibiting ferroptosis [32]. Notably, classical ferroptosis inducers, such as erastin and RSL3, 

target SLC7A11 and GPX4, respectively [5,33]. SLC7A11 is a functional component of system 

xc
-
, which acts along with SLC3A2 as a plasma membrane amino acid antiporter that imports 

cystine from the extracellular space into the intracellular space, leading to subsequent cysteine 

production and synthesis of the antioxidant GSH. GSH serves as a cofactor for many enzymes 

and is vital for the activity of GPX4, the most important antioxidant enzyme responsible for 
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reducing lipid peroxides/PLOOH to lipid alcohols [34]. Treatment with erastin or RSL3 induces 

peroxidation of polyunsaturated fatty acids (PUFAs), which are predominantly localized in cell 

membranes. This process involves ACSL4 (acyl-CoA synthetase long chain family member 4)-

mediated production of PUFA-derived acyl-CoAs, which are utilized for the synthesis of various 

biological components, including phospholipids [35-37]. The initiation of lipid peroxidation is 

mediated by iron-dependent enzymes of the ALOX (arachidonate lipoxygenase) family or POR 

(cytochrome p450 oxidoreductase) enzymes [38-40]. These enzymes produce toxic lipid 

metabolites (such as 4-hydroxynonenal [4HNE] and 15-hydroperoxy-arachidonoyl-

phosphatidylethanolamine [15-HpETE-PE]), leading to plasma membrane rupture and the 

release of danger/damage-associated molecular patterns (DAMPs) into the extracellular space. 

Enzymes, such as the Ca
2+

-independent PLA2G6 (phospholipase A2 group VI) and ALDH1B1 

(aldehyde dehydrogenase 1 family member B1), which have a preference for hydrolyzing 

peroxidized phospholipids, play a critical role in eliminating signals that trigger ferroptotic cell 

death [41,42]. As a final line of defense, the assembly and activation of the endosomal sorting 

complex required for transport III/ESCRT-III complex are involved in repairing small membrane 

wounds caused by ferroptotic damage [43,44]. 

Antioxidant enzymes are vital in catalyzing the transformation of ROS and their by-products 

into stable and non-toxic molecules, serving as a critical defense mechanism against cellular 

damage caused by oxidative stress [45]. Whereas GPX4 is well-known, several GPX4-

independent antioxidant enzymes, such as AIFM2/FSP1 (apoptosis inducing factor mitochondria 

associated 2), DHODH (dihydroorotate dehydrogenase (quinone)), GCH1 (GTP cyclohydrolase 

1), and MGST1 (microsomal glutathione S-transferase 1), exhibit alternative or parallel roles in 

GPX4-deficient or GPX4 expressing cells, although ongoing debates surround their specific 

functions [46-54]. Alongside these enzymes, the transcription factor NFE2L2/NRF2 (NFE2 like 

bZIP transcription factor 2) plays a multifaceted role in maintaining cellular redox homeostasis 

and inhibiting ferroptosis by upregulating genes involved in both GPX4-dependent and GPX4-

independent pathways [55-59]. The identification of additional antioxidants, such as 

hydropersulfides, capable of blocking ferroptosis further emphasizes the existence of multiple 

defense systems within our cells and body [60,61]. Beyond the influence of GPX4, the inhibition 

of ferroptosis can also occur through the reconfiguration of the cellular phospholipid profile. 
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This intricate process is orchestrated by phospholipid-modifying enzymes, namely MBOAT1 

(membrane bound O-acyltransferase domain containing 1) and MBOAT2 [62]. 

 

3. A brief overview of autophagic machinery 

Autophagy, a highly conserved cellular process, can be classified into three main types: 

microautophagy, macroautophagy, and chaperone-mediated autophagy (CMA) [63,64]. 

Microautophagy involves the direct invagination and fission of the vacuolar/lysosomal 

membrane to degrade cytoplasmic cargo [65], whereas CMA utilizes chaperones to deliver 

unfolded, individual substrate proteins across the lysosomal membrane for degradation [66]. 

Macroautophagy (hereafter referred to as autophagy) involves the formation of transient double-

membrane compartments, phagophores, which engulf cellular components and close to form 

autophagosomes that subsequently fuse with lysosomes for degradation [67]. Macroautophagy is 

the most extensively studied form of autophagy in mammalian cells and diseases [68-71]. 

Understanding the complex process of autophagy provides insights into its importance for 

maintaining cellular homeostasis and adapting to various stress conditions. The process of 

classical autophagy involves several key steps: 1) Induction: Autophagy can be triggered by 

various cellular stressors, such as nutrient deprivation, oxidative stress, or the accumulation of 

damaged proteins or organelles. These stressors activate specific signaling pathways, including 

the MTOR (mechanistic target of rapamycin kinase) pathway, AMP-activated protein kinase 

(AMPK) pathway, or oxidative stress response pathways, which converge on the activation of 

ATG (autophagy related) proteins. 2) Nucleation: The initiation of autophagy involves the 

formation of the double-membraned phagophore, which is the dynamic sequestering 

compartment. Two key complexes, on the one hand, the ULK complex (including ULK1 [unc-51 

like autophagy activating kinase 1], ATG13 [autophagy related 13], ATG101 [autophagy related 

101], and RB1CC1/FIP200 [RB1 inducible coiled-coil 1]) and, on the other hand, the 

phosphatidylinositol 3-kinase/PtdIns3K complex (including PIK3C3/Vps34 

[phosphatidylinositol 3-kinase catalytic subunit type 3], PIK3R4/Vps15 [phosphoinositide-3-

kinase regulatory subunit 4], ATG14 [autophagy related 14], NRBF2 [nuclear receptor binding 

factor 2] and BECN1), play essential roles in phagophore assembly. 3) Expansion and 

elongation: The phagophore expands and elongates, forming a complete autophagosome, which 
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is a double-membraned vesicle that contains the cargo targeted for degradation. This step 

requires the recruitment and activity of the ATG12 (autophagy related 12)–ATG5-ATG16L1 

(autophagy related 16 like 1) complex. This complex acts as a ubiquitin-like conjugating system 

and facilitates the covalent attachment of phosphatidylethanolamine to Atg8-protein family 

members, especially MAP1LC3 (microtubule associated protein 1 light chain 3) in mammals. 

The lipidation of MAP1LC3 proteins directs their localization to the growing phagophore 

membrane, contributing to phagophore expansion and maturation [72]. 4) Cargo recognition and 

sequestration: The autophagosome recognizes and sequesters specific cargo, such as damaged 

organelles, protein aggregates, or invading pathogens. Autophagy receptors mediate this 

recognition by interacting with both the cargo and MAP1LC3 on the phagophore membrane, 

thus determining the selectivity of autophagic degradation [73]. 5) Fusion with a lysosome: The 

mature autophagosome fuses with a lysosome, forming an autolysosome; this may be preceded 

by fusion with an endosome to form an intermediate amphisome. This fusion process involves 

soluble N-ethylmaleimide-sensitive factor attachment protein receptors/SNARE proteins and 

enables the degradation of the sequestered cargo by lysosomal hydrolases. 6) Cargo degradation 

and recycling: The cargo inside the autolysosome is degraded by lysosomal enzymes, and the 

resulting breakdown products are released into the cytoplasm for recycling and reuse by the cell. 

7) Termination: Once the cargo is degraded and recycled, the autolysosome undergoes 

autophagic lysosome reformation/ALR to regenerate a functional lysosome.  

 

4. Concept of autophagy-dependent ferroptosis  

Within the normal cellular life cycle, macromolecules fulfill their intended functions but 

must also undergo degradation or turnover to maintain tight regulation. Additionally, cellular 

components, such as proteins and organelles, can suffer damage, necessitating mechanisms to 

eliminate these damaged entities and ensure cell viability [74]. Autophagy emerges as a critical 

player in cellular responses to stress, capable of promoting cell survival or triggering cell death, 

depending on the intensity and duration of the stress. 

Autophagy-dependent cell death refers to a form of RCD that mechanistically relies on the 

autophagic machinery or its components, as defined by the Nomenclature Committee on Cell 

Death [1]. In a similar vein, we define ADF as a form of ferroptotic cell death that 
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mechanistically depends on the autophagic machinery or its components. In contrast, cases 

where ferroptosis occurs in the presence of protective autophagy, or when autophagy does not 

induce ferroptosis or any other form of cell death, fall under the category of "autophagy-

independent ferroptosis" (Figure 2). To avoid ambiguity, we refrain from using terms such as 

"autophagy-mediated ferroptosis" or "autophagy-induced ferroptosis" as autophagy can also 

mediate or enhance apoptosis and necroptosis [75]. Therefore, it is essential to inhibit autophagy 

genetically or pharmacologically to strictly demonstrate the dependence of ferroptosis on 

autophagy. Combining both genetic and chemical approaches is recommended to establish the 

crucial role of autophagy in the ferroptosis process, considering the potential off-target effects of 

compounds and the autophagy-independent functions of certain autophagy-related genes and 

proteins. 

 Furthermore, it is essential to highlight that the occurrence and outcomes of ADF are 

context-dependent and can vary across different cell types and experimental models [76]. While 

an increased autophagy response correlates with enhanced sensitivity to ferroptosis in many 

cases, it is important to note that not all instances of ferroptosis depend on autophagy. In certain 

scenarios, autophagy can actually exert a protective role against ferroptosis [77], as discussed in 

the section on “The Protective Roles of Autophagy in Ferroptosis”. Hence, to fully comprehend 

the complex mechanisms underlying the interplay between autophagy and ferroptosis, it is 

crucial to consider the specific context in which these processes occur. An array of diverse 

factors, such as cell types, experimental conditions, and the presence of modulatory 

circumstances, can influence the relationship between autophagy and ferroptosis, leading to 

diverse outcomes. 

 

5. Mechanisms of autophagy-dependent ferroptosis  

Non-selective autophagy, also known as bulk autophagy, apparently involves the non-

discriminatory engulfment of a portion of the cell's cytoplasm. In contrast, selective autophagy is 

a more precise process that specifically targets and eliminates distinct cellular components 

[78,79]. The impact of selective autophagy on cell fate determination can vary depending on the 

specific context. Selective autophagy relies on autophagy receptors that are specific to the cargo 

being targeted [80]. These receptors recognize and interact with the cargo, facilitating its 
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sequestration by a phagophore for subsequent degradation. In the context of ferroptosis, various 

forms of selective autophagy have been implicated in promoting this form of cell death, usually 

through indirect mechanisms in which selective autophagy favors biochemical pathways that 

facilitate pro-ferroptotic oxidative reactions (see below). The activation of ADF is further 

regulated by multiple stress signal pathways, either directly or indirectly. Indeed, protein-protein 

interactions or sensors of stress signals play a crucial role in controlling the activation of ADF. 

Phase separation is an important process that promotes autophagy function through facilitating 

the assembly of autophagosome and degradation of protein cargos [81]. While the involvement 

of phase separation in ADF remains unclear, elucidation of the role of phase separation in ADF 

will provide insights into the molecular mechanism underlying ferroptosis. 

 

5.1 Ferritinophagy 

Ferritin is a cytosolic protein involved in the storage of iron and is composed of two subunits, 

FTH1 (ferritin heavy chain 1) and FTL (ferritin light chain). NCOA4 (nuclear receptor 

coactivator 4) acts as a receptor for the autophagic degradation of ferritin, a process known as 

ferritinophagy, and plays a crucial role in maintaining iron homeostasis [82]. The relationship 

between autophagy, specifically ferritinophagy, and ferroptosis was first elucidated by two 

research groups in 2016 [28,29]. They discovered that ATG genes, including ATG3 (autophagy 

related 3), ATG5, ATG7 (autophagy related 7), ATG13, and ULK1, serve as positive regulators of 

ferroptosis in both normal and tumor cells. Classical autophagy inhibitors, such as CQ, 

bafilomycin A1, and 3-methyladenine (3-MA), prevent lipid peroxidation and ferroptosis induced 

by erastin or RSL3 in mouse embryonic fibroblasts/MEFs, PANC1, and HT-1080 cells 

[28,29,83]. The activation of NCOA4-mediated degradation of ferritin leads to an increase in 

intracellular Fe
2+

 levels, ultimately resulting in the induction of ferroptosis. Conversely, 

knockdown of NCOA4 prevents the accumulation of Fe
2+

 and lipid peroxidation induced by 

ferroptosis inducers [28,29]. These findings establish a genetic link between autophagy and 

ferroptosis. 

As a key regulator of ferritinophagy, the expression and function of NCOA4 are controlled 

by both transcriptional and post-transcriptional mechanisms (Figure 3). Hypoxia decreases 

NCOA4 transcription and inhibits ferritinophagy-dependent ferroptosis in macrophages [84], 
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while PTBP1 (polypyrimidine tract binding protein 1) promotes ferroptosis in liver cancer cells 

by regulating NCOA4 translation [85]. TRIM7 (tripartite motif containing 7), an E3 ubiquitin 

ligase, directly interacts with NCOA4 and mediates its K48-linkage ubiquitination, thereby 

reducing NCOA4-mediated ferritinophagy and ferroptosis in human glioblastoma cells [86]. 

NFE2L2-mediated transcription of HERC2 (HECT and RLD domain containing E3 ubiquitin 

protein ligase 2), an E3 ubiquitin ligase for NCOA4, leads to a simultaneous decrease in 

ferritin and NCOA4 and the inhibition of ferritinophagy [57]. ATM (ATM serine/threonine 

kinase) phosphorylates NCOA4, facilitating the interaction between NCOA4 and ferritin and 

thereby sustaining ferritinophagy-dependent ferroptosis [87]. 

In addition, ALDH1A3 (aldehyde dehydrogenase 1 family member A3), a member of the 

ALDH (aldehyde dehydrogenase) family, can bind to MAP1LC3 to enhance ferritinophagy-

dependent ferroptosis [88]. Interestingly, other ALDH family enzymes, including ALDH1B1, 

ALDH2 (aldehyde dehydrogenase 2 family member), and ALDH3A2 (aldehyde dehydrogenase 

3 family member A2), negatively regulate ferroptotic cell death [42,89,90]. Thus, the function of 

ALDH in autophagy and ferroptosis is context-dependent.  

Besides classical ferroptosis inducers like erastin, certain anticancer agents, such as chrysin, 

found in honey and propolis, can trigger ferritinophagy-dependent ferroptotic death to suppress 

tumor growth. Chrysin enhances chemosensitivity to gemcitabine by directly targeting CBR1 

(carbonyl reductase 1) in pancreatic cancer cells, resulting in increased tumor suppression [91]. 

Because ferritinophagy likely interacts with other cellular processes, such as iron metabolism, 

redox regulation, and other forms of autophagy [92], investigating the crosstalk between 

ferritinophagy and these processes will provide a more comprehensive understanding of its role 

in cellular physiology and disease. 

 

5.2 Lipophagy 

Lipophagy refers to the process of autophagic clearance of lipid droplets, which serve as 

storage organelles for neutral lipids [93]. These lipid droplets, found in various organisms from 

bacteria to humans, consist of a hydrophobic core of neutral lipids (such as triglycerides and 

sterol esters) surrounded by a polar lipid monolayer and specific proteins. The biogenesis and 
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degradation of lipid droplets are tightly regulated by various signals and pathophysiological 

conditions [94]. 

Lipophagy plays a role in promoting ferroptotic cell death [95]. In ferroptotic cells, 

aggregation of lipid droplets is observed at the early stages, potentially acting as a protective 

response against oxidative damage [95]. Likewise, the formation of lipid droplets mediated by 

PLTP (phospholipid transfer protein) antagonizes the occurrence of ferroptosis [96]. However, as 

cells progress and pro-ferroptotic signals intensify, lipophagy degrades the lipid droplets. This 

releases free fatty acids that serve as substrates for lipid peroxidation, ultimately culminating in 

ferroptosis [95]. This lipophagy-dependent ferroptosis is positively regulated by PGRMC1 

(progesterone receptor membrane component 1)-induced tubulin detyrosination, although 

PGRMC1 has also a direct role in promoting autophagy by binding with MAP1LC3 and 

UVRAG (UV radiation resistance associated) [97,98].  

Manipulation of lipid droplet dynamics has also been linked to ferroptosis regulation (Figure 

4). Depletion of TPD52 (tumor protein D52), a resident protein in lipid droplets involved in lipid 

storage, increases ferroptosis induced by RSL3 in HepG2 cells [95]. The small guanosine 

triphosphatase (GTPase) RAB7A (RAB7A, member RAS oncogene family), which is associated 

with lipid droplets, drives lipophagy, and its knockdown significantly prevents RSL3-induced 

lipid peroxidation and subsequent ferroptosis [95]. Additionally, the heme-containing membrane 

protein PGRMC1 triggers lipophagy-dependent ferroptosis in cancer cells [97]. 

Altogether, these findings highlight the role of lipophagy-dependent ferroptosis as a potential 

approach for targeting and eradicating cancer cells. The interplay between lipophagy and 

ferroptosis offers new insights into the complex mechanisms underlying lipid metabolism and 

cell death pathways. 

 

5.3 Mitophagy  

 Mitophagy, the selective autophagic clearance of damaged, dysfunctional or superfluous 

mitochondria, is a conserved process from yeast to humans [99,100]. While the role of 

mitochondria in ferroptosis is still debated [5,101], emerging evidence suggests that mitophagy 
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may play a role in ferroptosis induction [102]. Several observations support this link between 

mitophagy and ferroptosis (Figure 5): 

1) Key effectors of mitophagy, including PINK1 (PTEN induced kinase 1), DNM1L/DRP1 

(dynamin 1 like), and FUNDC1 (FUN14 domain containing 1), positively regulate ferroptosis. 

The PINK1-PRKN (parkin RBR E3 ubiquitin protein ligase) pathway is a well-studied 

mitophagy-stimulatory pathway, where PINK1 phosphorylates ubiquitin on the outer 

mitochondrial membrane (OMM) and recruits PRKN, an E3 ubiquitin ligase. PRKN then 

ubiquitinates OMM proteins, facilitating their recognition by mitophagy receptors such as 

FUNDC1 and subsequent degradation [99]. 

2) Inhibition or knockdown of mitophagy effectors like PINK1 or DNM1L can impede 

mitophagy, leading to decreased ROS generation and cell death in response to ferroptotic stimuli 

[103]. 

3) Agents that activate mitophagy can promote ADF. For example, in melanoma cells, the 

inhibition of mitochondrial complex I triggers mitophagy-dependent ROS induction and cell 

death, including ferroptosis [103]. Similarly, deficiency of the mitochondrial protein FTMT 

(ferritin mitochondrial) or treatment of osteoblasts with the mitochondrial uncoupler carbonyl 

cyanide m-chlorophenylhydrazone/CCCP promotes ROS production and ferroptosis [104]. 

4) Various compounds, such as WJ460, TDCPP, BAY 11-7085, and rapamycin, both trigger 

mitophagy and promote ferroptotic cell death [105-108]. 

5) O-GlcNAcylation, the primary nutrient sensor of glucose flux, orchestrates both 

ferritinophagy and mitophagy, rendering cells more susceptible to ferroptosis [109]. 

Whereas mitophagy appears to contribute to ferroptosis, the specific mechanisms by which 

mitophagy influences the duration and intensity of lipid peroxidation in ferroptosis remain to be 

fully understood. Furthermore, the involvement of MFN1 (mitofusin 1)- and MFN2 (mitofusin 

2)-mediated mitochondrial fusion in promoting erastin-induced ferroptosis in certain contexts 

highlights the complexity of the interplay between mitophagy and ferroptosis [110]. 
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5.4 Clockophagy 

 BMAL1/ARNTL (basic helix-loop-helix ARNT like 1) is a transcription factor that plays a 

crucial role in the circadian clock by driving the rhythmic expression of genes, including those 

encoding its repressors PER (period circadian regulator) and CRY (cryptochrome circadian 

regulator) [111,112]. This creates a feedback loop that periodically suppresses its own 

transcription. The degradation of BMAL1 is implicated in the process of ferroptosis. In 

ferroptosis induced by GPX4 inhibitors (such as RSL3 and FIN56), BMAL1 is selectively 

degraded through autophagy, a process referred to as clockophagy [113]. This degradation of 

BMAL1 is not observed in response to SLC7A11 inhibitors (such as erastin, sulfasalazine, and 

sorafenib). The autophagy receptor SQSTM1/p62 (sequestosome 1) is involved in the 

recognition and degradation of BMAL1 during clockophagy [113]. 

The levels of BMAL1 directly affect the occurrence of lipid peroxidation and ferroptosis 

(Figure 6). The overexpression of BMAL1 reduces lipid peroxidation and ferroptosis, whereas 

the knockdown of BMAL1 enhances these processes [113]. The degradation of BMAL1 leads to 

the upregulation of EGLN2 (egl-9 family hypoxia inducible factor 2), a target gene of BMAL1. 

EGLN2, in turn, inhibits the function of HIF1A (hypoxia-inducible factor 1 subunit alpha). 

HIF1A acts as a ferroptosis suppressor by inducing the expression of two key target genes, 

FABP3 (fatty acid binding protein 3) and FABP7 (fatty acid binding protein 7) [113]. The 

corresponding proteins regulate fatty acid uptake and lipid storage, thereby having an impact 

upon the susceptibility to ferroptosis. 

Given the protective role of BMAL1 in ferroptotic cancer cells, targeting clockophagy may 

hold potential as an anticancer strategy. Additionally, clockophagy-dependent ferroptosis is 

implicated in inflammation-related injury. Mice with specific depletion of pancreatic BMAL1 are 

more susceptible to acute pancreatitis induced by L-arginine compared to control mice [114]. 

Understanding the complex interplay between BMAL1, clockophagy, and ferroptosis provides 

insights into the regulation of lipid peroxidation and the potential development of therapeutic 

strategies targeting these pathways in cancer and inflammation. 

 

5.5 CMA- and TAX1BP1-mediated GPX4 degradation  
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 Accumulating studies have provided insights into the mechanisms underlying GPX4 

degradation during ferroptosis and its connection to autophagy. One pathway involved in GPX4 

degradation is CMA (Figure 7). GPX4 contains potential KEFRQ-like motifs that are 

recognized by CMA [115]. Treatment with ferroptosis inducers, such as erastin, activates CMA 

and increases the punctate pattern signals of an mCherry-tagged CMA-targeting substrate [115]. 

The lysosomal receptor LAMP2 (lysosomal associated membrane protein 2) plays a crucial role 

in CMA by serving as a subunit of the translocation complex responsible for the transport of 

specific cytosolic substrates across the lysosomal membrane for degradation [116]. 

HSPA8/HSC70 (heat shock protein family A (Hsp70) member 8) interacts with CMA substrates 

and LAMP2, thus facilitating CMA [117,118]. Along these lines, increased interactions between 

GPX4 and HSPA8 or LAMP2 are observed in 661W or HT-22 cells during ferroptosis [115]. 

CMA-mediated GPX4 degradation can be inhibited by active, phosphorylated CKB (creatine 

kinase B), leading to GPX4 phosphorylation at S104 in cancer cells [119]. In PC12 cells (rat 

adrenal pheochromocytoma), GPX4 degradation via CMA contributes to antimony-induced 

ferroptosis [120]. Additionally, a conserved asparaginyl endopeptidase called LGMN (legumain) 

has been identified as a promoter of tubular ferroptosis in acute kidney injury by facilitating 

CMA-mediated GPX4 degradation [121]. Enhancing autophagy by HSPA8 inhibition contributes 

to ferroptosis in rifampicin-induced hepatotoxicity [122]. However, whether there is a role for 

impaired CMA-mediated GPX4 degradation in rifampicin-induced hepatotoxicity when HSPA8 

is inhibited remains unclear. 

Macroautophagy/autophagy may also contribute to GPX4 degradation during ferroptosis 

(Figure 7). The ferroptosis inducer FIN56 promotes GPX4 protein degradation in an ACACA-

dependent manner [123]. Inhibition of autophagy by bafilomycin A1 or the knockdown of ULK1 

or ATG3 attenuates FIN56-induced GPX4 degradation and ferroptosis in 253J and T24 bladder 

cancer cells [124]. SMPD1/ASM (sphingomyelin phosphodiesterase 1), an enzyme involved in 

sphingolipid metabolism, is required for the autophagic degradation of GPX4 in both HT-1080 

and Calu-1 cells [125]. Rapamycin, a well-known MTOR inhibitor and autophagy activator, can 

induce GPX4 protein degradation and ferroptosis in human pancreatic cancer cells [126]. 

However, the role of MTOR in ferroptosis is highly context-dependent [127], meaning that the 

impact of MTOR on ferroptosis can vary depending on specific conditions or cellular contexts. 
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Additionally, copper, an essential metal in biology, promotes ADF by inducing GPX4 

degradation in pancreatic cancer cells [128]. Copper directly binds to GPX4, leading to its 

ubiquitination and formation of aggregates, while TAX1BP1 (Tax1 binding protein 1) acts as an 

autophagic receptor for GPX4 degradation during copper-induced ferroptosis [128]. Further 

understanding the connection between cell metabolism and autophagy-dependent GPX4 

degradation may provide a framework for the identification of biomarkers and predictive 

indicators of ferroptosis sensitivity in cancer.  

 

5.6. SQSTM1-mediated KEAP1 degradation 

NFE2L2/NRF2 is a transcription factor that plays a pivotal role in preventing oxidative 

stress and ferroptotic responses. Under normal, unstressed conditions, NFE2L2 levels are 

kept low due to KEAP1 (kelch like ECH associated protein 1)-mediated proteasomal 

degradation. However, during cellular stress, such as oxidative stress or the accumulation of 

misfolded proteins, the upregulation of SQSTM1 can occur. SQSTM1 interacts with 

ubiquitinated proteins, leading to the sequestration of KEAP1 [129,130]. This interaction 

prevents the degradation of NFE2L2 protein, enabling its translocation into the nucleus and 

subsequent activation of antioxidant response element (ARE)-dependent genes. These genes 

encode a range of cytoprotective proteins, including antioxidant enzymes and phase II 

detoxification enzymes, which help mitigate the effects of oxidative stress and maintain 

cellular homeostasis during ferroptosis.  

Increased autophagy flux can promote the degradation of SQSTM1 protein, leading to 

enhanced KEAP1 stability and subsequent KEAP1-dependent degradation of NFE2L2 [56]. 

In contrast, autophagy deficiency can upregulate endogenous SQSTM1 levels, inhibiting 

KEAP1-dependent degradation of NFE2L2 and sustaining NFE2L2-dependent gene 

transcription [56]. Notably, SQSTM1 itself is a target gene of NFE2L2 [131], highlighting a 

feedback control mechanism involved in regulating KEAP1 degradation as well as autophagy 

levels. SQSTM1 can also be released into the extracellular space during ferroptosis  [132]. 

Once released, extracellular SQSTM1 facilitates the AGER (advanced glycosylation end-

product specific receptor)-dependent gene expression of ACSL4, which modulates cellular 
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lipid composition to enhance autophagosome formation and promote ferroptosis in a model 

of pancreatitis [132]. 

 

5.7 SQSTM1-mediated SLC40A1 degradation  

SLC40A1/ferroportin (solute carrier family 40 member 1) is an iron exporter. The stability of 

SLC40A1 protein is tightly regulated by cellular processes, such as the ubiquitin-proteasome 

system and autophagy [133,134]. In normal physiological conditions, the hormone HAMP 

(hepcidin antimicrobial peptide) controls iron homeostasis by inducing the internalization of 

SLC40A1 into cells and its subsequent degradation [135]. SLC40A1 acts as a key anti-

ferroptotic regulator by reducing intracellular Fe
2+

 levels in various disease states, including 

neoplasia [136,137], Alzheimer disease [138], endotoxemia [139], liver fibrosis [140], and 

intervertebral disc degeneration [141]. Notably, ferroptosis can trigger the degradation of 

SLC40A1 through autophagy in specific cancer cells such as HT-1080 or PANC1 [142]. 

Interestingly, the autophagy receptor SQSTM1, but not other receptors such as NBR1 (NBR1 

autophagy cargo receptor), CALCOCO2/NDP52 (calcium binding and coiled-coil domain 2), 

OPTN (optineurin), or NCOA4, is required for the autophagic degradation of SLC40A1 in 

cancer cells [142]. This suggests that the selective autophagy pathway involving SQSTM1 plays 

a specific role in regulating SLC40A1 degradation and potentially influencing cellular 

susceptibility to ferroptosis. These findings shed light on the intricate relationship between iron 

metabolism, autophagy, and ferroptosis. Understanding the mechanisms underlying the 

regulation of SLC40A1 and its degradation through autophagy in different disease contexts will 

contribute to the development of novel therapeutic strategies targeting iron dysregulation and 

ferroptosis-related disorders. 

 

5.8 HPCAL1-mediated CDH2 degradation  

HPCAL1/VILIP-3 (hippocalcin like 1) is a member of the visinin-like protein superfamily 

and primarily functions as a neuronal calcium sensor protein [143]. HPCAL1 plays diverse roles 

in regulating signaling pathways in specific cell types [144-146]. Intriguingly, HPCAL1 can act 
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as an autophagy receptor in ADF, distinct from classical autophagy induced by starvation or the 

MTOR inhibitor rapamycin [147]. Specifically, HPCAL1 acts as a mediator of the autophagic 

degradation of CDH2 (cadherin 2) protein in HT-1080 and pancreatic cancer cells, leading to a 

decrease in membrane tension and subsequent induction of ferroptosis [147]. The degradation of 

CDH2 is dependent on a specific MAP1LC3/LC3-interacting region/LIR motif, DEFFKKI 

(amino acids 46-51), within HPCAL1. Activation of HPCAL1 by PRKCQ (protein kinase C 

theta) induces phosphorylation of HPCAL1 at Thr149, which is necessary for its role in 

mediating CDH2 degradation and promoting ferroptosis [147]. These findings provide insights 

into the multifaceted functions of HPCAL1 and its involvement in ADF, highlighting the 

complexity of the molecular mechanisms underlying this regulated cell death pathway. 

 

5.9 Autophagic degradation of DHFR 

 Tetrahydrobiopterin (BH4) is an important intracellular antioxidant that plays a crucial role 

in protecting cells from lipid peroxidation and ferroptosis [50,51]. BH4 can be oxidized to 

dihydrobiopterin (BH2), but BH2 is regenerated back to BH4 by the enzyme DHFR 

(dihydrofolate reductase). As a result, DHFR acts as a suppressor of ferroptotic cell death [51]. 

However, CD38 (CD38 molecule), a membrane-bound enzyme involved in calcium signaling 

and NAD metabolism, mediates the production of ROS and ferroptosis susceptibility [148]. The 

autophagic degradation of DHFR enhances the susceptibility of bone marrow-derived 

macrophages (BMDMs) to ferroptosis [148]. Understanding the precise mechanisms and 

identifying the autophagy receptors involved in targeting DHFR for autophagic degradation 

could provide valuable insights into the regulation of DHFR levels and its role in cellular 

processes such as ferroptosis. Further research is needed to unravel the molecular details of 

DHFR autophagic degradation and its significance in cellular homeostasis and disease 

conditions. 

 

5.10 BECN1-mediated SLC7A11 inhibition 

BECN1 is a core component of the autophagy machinery, forming a complex with PIK3C3 

[149]. Knockdown of BECN1 disrupts erastin-triggered ferroptosis through the inhibition of 
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autophagy [150]. The expression of the BECN1 gene or protein in ADF is regulated by multiple 

factors. For instance, the BECN1 gene is epigenetically activated by m6A modification, leading 

to ADF in hepatic stellate cells [151]. The RNA-binding protein ELAVL1/HuR (ELAV like RNA 

binding protein 1) directly binds to and stabilizes BECN1 mRNA, promoting ADF [152]. 

Another RNA-binding protein, CIRBP (cold inducible RNA binding protein), interacts with 

ELAVL1 and activates ferritinophagy during ferroptosis-induced renal ischemia-reperfusion 

injury [153]. In contrast, the RNA-binding protein PCBP1 (poly(rC) binding protein 1) 

destabilizes BECN1 mRNA, whereas ZFP36 (ZFP36 ring finger protein) destabilizes ATG16L1 

mRNA, thereby suppressing autophagy flux (ADF) in head and neck cancer cells or hepatic 

stellate cells [154,155]. Additionally, USP11 (ubiquitin specific peptidase 11) deubiquitinates and 

stabilizes BECN1 protein, promoting BECN1-mediated ADF in spinal cord ischemia-reperfusion 

injury [156]. 

Apart from its role in autophagic degradation, BECN1 also plays a role in inducing 

ferroptosis by directly binding to and inhibiting SLC7A11 [157]. The phosphorylation of BECN1 

by AMPK enhances the formation of the BECN1-SLC7A11 complex, promoting ferroptosis 

[157,158]. Conversely, the expression of DUSP1 (dual specificity phosphatase 1), which is 

induced by erastin and RSL3, acts as a negative regulator of ADF by inhibiting the 

phosphorylation of ULK1 and BECN1 [159,160]. Furthermore, exosomes containing BECN1, 

secreted by human umbilical cord mesenchymal stem cells, can downregulate the expression of 

SLC7A11 and GPX4 [161]. This downregulation leads to the induction of ferroptosis in LX-2 

hepatic stellate cells [161]. Collectively, these findings indicate that both endogenous and 

exogenous BECN1 can inhibit SLC7A11 activity and expression, thereby contributing to the 

promotion of ferroptosis. 

In a separate mechanism, the transmembrane protein tyrosine kinase ERBB2 (erb-b2 receptor 

tyrosine kinase 2) interacts with BECN1 and inhibits autophagy initiation [162]. This interaction 

acts as a blockade for autophagy. Furthermore, the phosphatase CDC25A (cell division cycle 

25A) inhibits ADF by dephosphorylating nuclear PKM (pyruvate kinase M1/2), which 

subsequently upregulates ERBB2 expression in cervical cancer cells [163]. It will be interesting 

to investigate whether an energy metabolism mechanism exists that controls ERBB2 expression 

and, subsequently, the function of BECN1 in regulating SLC7A11 activity. 
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5.11 PIR-mediated nuclear DNA sensing 

PIR (pirin) was initially identified as a nuclear protein involved in regulating gene expression 

[164]. In addition to its role in gene transcription, PIR functions as a nuclear redox sensor in 

human pancreatic cancer cells. PIR is upregulated in response to erastin- or RSL3-induced DNA 

damage to limit oxidative damage to DNA [165]. The depletion of PIR leads to increased nuclear 

DNA oxidative damage, resulting in the translocation and release of nuclear DAMPs, including 

DNA and HMGB1 (high mobility group box 1) [165]. The translocation of HMGB1 from the 

nucleus to the cytosol is associated with HMGB1 acetylation, a process regulated by the activity 

of HDAC (histone deacetylase) [166]. Cytosolic HMGB1 promotes autophagy by binding to 

BECN1, whereas extracellular HMGB1 acts as a mediator of ferroptotic damage-induced 

cytokine release by activating the AGER pathway in macrophages [167-169]. Targeting the PIR-

HMGB1 pathway holds promise for enhancing ferroptosis-mediated tumor suppression or 

preventing sterile inflammation induced by ferroptotic damage. 

 

5.12 STING1-mediated cytosolic DNA sensing 

STING1 (stimulator of interferon response cGAMP interactor 1) is a well-known adaptor 

protein involved in sensing cGAMP in the innate immune system. It also plays a significant role 

in mediating the activation of autophagy [170]. The anti-HIV drug, zalcitabine, induces 

mitochondrial DNA stress in pancreatic cancer cells, resulting in the activation of STING1-

mediated autophagy and ADF [171]. This process involves the degradation of TFAM 

(transcription factor A, mitochondrial), leading to the release of mitochondrial DNA into the 

cytosol, oxidative DNA damage, and activation of the CGAS (cyclic GMP-AMP synthase)-

STING1 DNA sensor pathway [171]. Moreover, STING1 interacts with NCOA4 to trigger 

ferritinophagy-dependent ferroptosis in macrophages [172]. In addition to promoting active 

autophagy, STING1 enhances ferroptosis in pancreatic cancer cells by increasing MFN1- or 

MFN2-dependent mitochondrial fusion, independent of mitophagy [110]. These findings 

highlight the broad role of STING1 in mediating both autophagy and cell death processes. In 

contrast, mitochondrial CGAS plays a STING1-independent role in inhibiting ferroptosis in liver 
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cancer cells [173], highlighting the location-dependent role of CGAS in regulating immune 

response and cell death. 

 

5.13 TMEM164-mediated phagophore membrane dynamics 

The expansion of the phagophore membrane in the early stages of starvation-induced 

autophagy involves the multispanning membrane protein ATG9A (autophagy related 9A), which 

functions as a scramblase, facilitating the flipping of phospholipids between the two membrane 

leaflets present on phagophores and the endoplasmic reticulum (ER) [174]. Interestingly, ATG9A 

is dispensable for autophagy induced by erastin and RSL3 [175]. In contrast, TMEM164 

(transmembrane protein 164), an ER-sessile transmembrane protein, is a crucial component 

required for phagophore membrane expansion during ferroptosis [175]. In pancreatic cancer 

cells, the loss of TMEM164 diminishes the binding between ATG5 and ATG16L1 in response to 

RSL3, while not affecting the stimulation caused by HBSS-induced starvation [175]. These 

findings unveil a mechanism to discern the early signals and molecular players involved in 

autophagy induction by starvation and ferroptosis activators. Additionally, TMEM164 exhibits 

acyltransferase activity and promotes ferroptosis by increasing polyunsaturated ether 

phospholipids [176]. However, whether this acyltransferase function is necessary for ADF 

remains unclear. 

 

6. The protective role of autophagy in ferroptosis 

In certain circumstances, selective autophagy can serve as a pro-survival mechanism during 

ferroptosis by selectively removing damaged or dysfunctional cellular components. This process 

aids in limiting lipid peroxidation and maintaining cellular homeostasis, as elaborated below. 

 

6.1. Reticulophagy  

 Reticulophagy, also known as ER-phagy, is a selective form of autophagy that specifically 

targets and degrades portions of the ER [177]. Among the ER-resident receptors facilitating ER 

degradation through autophagy is RETREG1/FAM134B (reticulophagy regulator 1), which 
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interacts with MAP1LC3 to promote ER degradation [178]. In the context of ferroptosis, the 

ferroptosis inducer sorafenib effectively activates RETREG1-mediated reticulophagy, thereby 

protecting hepatocellular carcinoma cells from undergoing ferroptosis [179]. Conversely, when 

RETREG1 is knocked down, reticulophagy is blocked, resulting in increased sensitivity of 

hepatocellular carcinoma cells to ferroptosis [179]. Furthermore, the RNA-binding protein 

PABPC1 (poly(A) binding protein cytoplasmic 1) can interact with RETREG1 mRNA to enhance 

its translation, ultimately inhibiting ferroptosis through the induction of RETREG1-mediated 

reticulophagy [179]. This clarifies the role of reticulophagy, its regulation by RETREG1, and its 

impact on ferroptosis in hepatocellular carcinoma cells. 

 

6.2. Lysophagy  

 Lysophagy is a selective autophagy process responsible for clearing damaged lysosomes 

[180]. G3BP1 (G3BP stress granule assembly factor 1), a multifunctional binding protein, plays 

diverse roles in biological functions such as cell proliferation, cell differentiation, and cell death. 

In the context of intervertebral disc degeneration, G3BP1 forms a complex with TSC2 (TSC 

complex subunit 2) to regulate lysophagy activity, thereby protecting cells against compression-

induced ferroptosis [181]. In contrast, inhibiting the G3BP1-TSC2 complex accelerates 

lysosomal dysfunction and promotes ferroptosis [181]. Lysophagy contributes to the regulation 

of cellular metabolism by promoting the turnover of lysosomal components under various 

stressful conditions. Understanding the interplay between lysophagy and other autophagic 

pathways would provide valuable insights into their collective regulation of ferroptosis 

determination. 

 

6.3. CMA-mediated ACSL4 degradation 

 ACSL4 contributes to formation of lipid substrates for lipid peroxidation during ferroptosis 

[35-37]. ACSL4 protein is a substrate of CMA, likely because it contains six KFERQ-like motifs 

[182]. While CMA-mediated degradation of GPX4 promotes ferroptosis, CMA-mediated 

degradation of ACSL4 could inhibit this process. For example, GMFB (glia maturation factor 

beta), a growth and differentiation factor, plays a significant role in the pathogenesis of diabetes. 
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In ARPE19 (human retinal pigment epithelium) cells, high glucose-induced GMFB secretion 

induces ferroptosis by inhibiting CMA-mediated ACSL4 degradation through impairing 

lysosomal function [182]. In contrast, treatment with GMFB antibody or CMA activator QX77 

facilitates ACSL4 degradation via CMA, thus preventing early diabetic retinopathy [182]. These 

findings underscore the potential of therapeutically inducing CMA for the suppression of 

ferroptotic cell death in the context of diabetes.  

 

7. Role of lysosomes in ferroptosis  

 Lysosomes are essential intracellular organelles with an acidic internal pH that plays a 

pivotal role in digesting autophagic substrates. Consequently, the extensive investigation into the 

involvement of lysosomes in promoting ADF has shed light on the regulatory role of lysosomal 

activities in this process. For example, the inhibition of lysosomal function using compounds, 

such as bafilomycin A1, ammonium chloride, or PepAMe, protects cells from erastin- or RSL3-

induced ferroptosis in HT-1080 and Calu-1 cells [183]. Furthermore, increased lysosomal 

membrane permeabilization is observed in ferroptotic glioblastoma cells. TFEB (transcription 

factor EB), a master regulator of autophagy and lysosomal biogenesis, favors ROS generation in 

response to ferroptosis inducers [184,185]. Specifically, TFEB drives ferroptosis by promoting 

lysosomal degradation of ferritin in breast cancer cells [186]. Lysosomal function heavily relies 

on an array of proteases, including cathepsins, which, under specific conditions, can be released 

into the cytoplasm and catalyze the proteolytic cleavage of substrates. CTSB (cathepsin B), a 

cysteine protease belonging to the cathepsin family, promotes ferroptosis through histone H3 

cleavage or DNA damage induction [187,188]. Signaling via STAT3 (signal transducer and 

activator of transcription 3) is crucial for CTSB induction and ferroptosis in human pancreatic 

cancer cell lines [189]. Additionally, lysosomal nitric oxide mediates ferroptosis induced by 

plasma-activated Ringer's lactate during cancer therapy [190]. 

While most studies support the pro-ferroptotic role of lysosomes, specific lysosomal proteins 

or degradation products, such as cysteine and selenium, can also exert inhibitory effects on 

ferroptosis. GRN (granulin precursor), derived from microglial lysosomes, inhibits ferroptosis-

mediated neuronal injury by upregulating the expression of GPX4, NFE2L2, and SLC7A11 

[191]. In contrast, the knockdown of LAMP2A, a receptor for CMA, induces ferroptosis in retinal 
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pigment epithelial cells by depleting cytosolic cysteine and GSH levels [192]. The knockdown of 

PSAP (prosaposin) leads to impaired lysosomal function and autophagic flux [30]. This leads to 

the accumulation of iron within lipofuscin-like lysosomes, rendering neurons uniquely 

susceptible to ferroptosis, unlike several other cell types [30]. Interestingly, lysosomal 

degradation of extracellular ALB (albumin) increases cysteine levels and replenishes GSH 

content, thus suppressing ferroptosis induced by cystine deprivation [193]. Moreover, selenium 

utilization by GPX4 is necessary to prevent ferroptosis [194]. The cellular selenium levels 

regulated by LRP8/ApoER2 (LDL receptor related protein 8) influence ferroptosis. LRP8 acts as 

a receptor for SELENOP/SEPP1 (selenoprotein P), which undergoes lysosomal breakdown to 

release selenium [195]. Cellular selenium levels regulated by LRP8 protect cells from ferroptosis 

by enhancing the translation of the selenoprotein GPX4 [195]. 

In summary, the implication of lysosomes in ferroptosis is intricate and multifaceted. While 

lysosomes predominantly exhibit pro-ferroptotic functions, specific lysosomal proteins or 

degradation products can exert inhibitory effects on ferroptosis. Understanding the complex 

interplay between lysosomes and ferroptosis may shed light on novel therapeutic strategies 

targeting this cell death pathway. 

 

8. Autophagy-dependent ferroptosis in diseases 

ADF is implicated in multiple diseases, including both cancer and non-cancer diseases. In 

this section, we provide a summary of the significant advancements in understanding the 

pathological role of ADF in various diseases (Figure 8). 

 

8.1 Cancer 

 ADF plays a multifaceted role in tumor initiation, development, and therapy, akin to other 

forms of cell death. On the one hand, persistent tissue damage resulting from ADF can contribute 

to tumorigenesis. For example, in the context of ferroptosis, dying cells release the oncogenic 

KRAS
G12D

 protein through secretory autophagy, an unconventional mechanism for protein 

secretion [196]. The uptake of KRAS
G12D

 protein from ferroptotic cells induces polarization of 
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surrounding macrophages via the AGER receptor, fostering an immune-suppressed tumor 

microenvironment that facilitates tumor growth [196]. Ferroptotic macrophages engulfing 

asbestos fibers secrete holo-ferritin-loaded exosomes, which leads to oxidative DNA damage in 

the carcinogenesis-target mesothelial cells [197]. On the other hand, pharmacological induction 

of ADF holds promise as a therapeutic approach for various cancer types [198]. It can be 

employed either as a monotherapy to eliminate cancer cells or in combination with other agents 

to overcome drug resistance (Table 1). For instance, the induction of ADF using 4-octyl 

itaconate, a cell-permeable derivative of the metabolite itaconate, has demonstrated effectiveness 

in targeting acquired multi-drug-resistant/MDR retinoblastoma cells that have developed 

resistance due to prolonged carboplatin treatment [199]. Additionally, the loss of COPZ1 (COPI 

coat complex subunit zeta 1) induces ferritinophagy and ferroptosis in glioblastoma cells [200], 

whereas the loss of lncRNA EGFR-AS1 (EGFR antisense RNA 1) promotes ADF in cervical 

cancer [201].  

Of note, triggering ferroptosis can serve as an alternative approach to eliminate apoptosis-

resistant cancer cells [18]. Cancer cells undergoing the epithelial-mesenchymal transition (EMT) 

often exhibit resistance to apoptosis inducers, but they become vulnerable to ferroptosis inducers 

due to EMT-associated upregulation of ferroptosis-related genes [202]. Given that direct 

induction of ferroptosis may have immune side effects by causing cell death in immune cells 

[13,14], it is imperative to conduct additional research to authenticate and establish whether the 

initiation of ADF (or alternative approaches) could serve as a potential solution to circumvent 

this constraint in forthcoming investigations. 

ADF is not only implicated in disease processes but also in chemotherapy-induced side 

effects on normal tissues. For example, recent studies have shed light on the involvement of ADF 

as a molecular mechanism underlying cisplatin-induced hearing loss [203]. Inhibition of 

autophagy using CQ alleviates cisplatin-induced ferroptosis in auditory cells [203]. Additionally, 

the administration of ferrostatin-1 has demonstrated attenuation of cisplatin-induced hearing loss 

in animal models [203]. These findings highlight the potential of targeting ADF as a therapeutic 

strategy to mitigate chemotherapy-related side effects. 

 

8.2 Ischemia-reperfusion injury diseases 
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 Ischemia-reperfusion injury (IRI) is a pathological condition characterized by tissue damage 

resulting from the interruption and subsequent restoration of blood supply to an organ or tissue. 

This phenomenon is observed in various diseases, including myocardial infarctions, stroke, and 

acute kidney injury, where severe cell damage or death occurs. Extensive evidence supports a 

direct link between ferroptosis and IRI. ADF plays a significant role in the tissue damage 

induced by IRI in the brain [204], spinal cord [156], kidney [153], and myocardium [205]. For 

example, the inhibition of autophagy using 3-MA or knockdown of ATG5 suppresses myocardial 

hypoxia-reperfusion-induced ferroptosis and cell injury [152,205]. Additionally, ferritinophagy-

dependent ferroptosis contributes to myocardial IRI during the onset of type 2 diabetes 

mellitus/T2DM, but this process can be inhibited by SR9009, a specific synthetic agonist of 

circadian rhythm modulation activity, or by the DNMT1 (DNA methyltransferase 1) inhibitor 5-

aza-2'-deoxycytidine [206,207]. Moreover, oxygen-glucose deprivation-reoxygenation promotes 

myocardial IRI by inducing BECN1-mediated autophagy, which can be inhibited by the 

polyphenol compound resveratrol [208]. Based on these findings, inhibiting ADF represents a 

potential therapeutic approach for the treatment of ischemia-reperfusion injury. 

 

8.3 Brain diseases  

 Neurodegenerative diseases, such as Alzheimer, Parkinson, and Huntington diseases, are 

characterized by abnormal iron accumulation in specific brain regions. This iron overload 

contributes to oxidative stress and neuronal damage, playing a significant role in the 

development and progression of these disorders. Allelic variations in the APOE gene represent 

the most significant risk factor for sporadic Alzheimer disease, although the underlying 

mechanisms remain elusive. The APOE protein, irrespective of its isoform, exerts a 

neuroprotective effect by impeding ferroptosis in neuronal cells through PI3K/AKT-mediated 

inhibition of ferritinophagy [209]. The APOE ε4 risk allele might enhance susceptibility to 

ferroptosis due to reduced protein levels of APOE and elevated iron levels observed in 

individuals carrying this particular variant [209,210]. In Parkinson disease models, 

ferritinophagy activation is observed, and inhibiting autophagy can suppress ferritinophagy-

dependent ferroptosis [211]. Similarly, paraquat, a neurotoxicant linked to Parkinson disease, 

induces ferroptosis through the activation of ferritinophagy in neuroblastoma cells [212].  
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Additionally, ADF is implicated in acute brain damage, such as subarachnoid hemorrhage. 

Inhibition of autophagy can alleviate neurological deficits and cell death in experimental models, 

while flavonoids and targeted inhibition of microglial S100A8 (S100 calcium binding protein 

A8) suppress ADF and improve neural function [213]. Moreover, polystyrene microplastics can 

trigger ADF, leading to nervous system damage in chickens [214]. These findings highlight the 

involvement of ADF in various neurological conditions and provide potential targets for 

therapeutic interventions. 

 

8.4 Liver diseases 

Liver fibrosis is a condition characterized by the excessive accumulation of scar tissue 

(fibrosis) in the liver, which occurs as a response to chronic liver damage and inflammation. The 

pathogenesis of liver fibrosis involves hepatic stellate cells, which play a crucial role in the 

development and progression of fibrosis. These cells undergo transdifferentiation into matrix-

producing myofibroblasts, contributing to the excessive production of extracellular matrix 

components. Notably, studies have identified the involvement of RNA-binding proteins in the 

regulation of ADF signaling pathways within hepatic stellate cells. For instance, the RNA-

binding protein ZFP36 (ZFP36 ring finger protein) inhibits ferroptosis in hepatic stellate cells by 

downregulating autophagy signaling, thereby promoting liver fibrosis in mice [155]. Conversely, 

the RNA-binding protein ELAVL1, along with the key m6A reader protein YTHDF1 (YTH N6-

methyladenosine RNA binding protein F1), promotes BECN1 mRNA stability, leading to ADF in 

hepatic stellate cells [151,215]. The antimalarial drug artesunate also exerts its anti-fibrotic 

effects through the activation of ferritinophagy-dependent ferroptosis in hepatic stellate cells 

[216]. Understanding the intricate mechanisms involving these RNA-binding proteins and the 

interplay between ferroptosis, autophagy, and fibrosis holds potential for the development of 

therapeutic approaches targeting hepatic stellate cells to mitigate liver fibrosis. 

 Furthermore, ferroptosis appears to play a crucial role in liver injury associated with various 

pathological conditions. For instance, alcohol-induced liver injury is associated with ferroptosis 

in hepatocytes, which can be reduced by the administration of ferrostatin-1 [217]. In contrast, 

inhibitors of autophagy, such as CQ and 3-MA, reportedly attenuate alcohol-induced ferroptosis 

by activating the NFE2L2 pathway [217]. This finding suggests that ADF contributes to alcohol-
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induced liver injury. Additionally, in a mouse model of concanavalin A-induced acute liver 

injury, disulfiram, an FDA-approved alcohol-aversive drug, ameliorates liver injury by 

suppressing CMA-mediated degradation of GPX4 [218]. 

 

8.5 Pancreatic diseases 

 At physiological conditions, the pancreas does not serve as a major site for iron storage or 

accumulation compared to organs like the liver or spleen. However, excessive iron buildup in the 

pancreas can lead to oxidative stress and tissue damage, potentially contributing to the 

development of pancreatic diseases, particularly acute pancreatitis. Experimental studies have 

shown that high-iron diets or the conditional knockout of Gpx4 can accelerate the development 

of acute pancreatitis induced by cerulein or L-arginine in mice [219]. This process is further 

enhanced by trypsin, an enzyme secreted by the pancreas as trypsinogen, which is activated by 

enterokinase in the duodenum [220]. 

ADF plays a crucial role in the pathogenesis of acute pancreatitis. HPCAL1 acts as an 

inducer of pancreatic ferroptosis by promoting the autophagic degradation of CDH2 [147]. 

Pharmacological inhibition of HPCAL1 using a small compound, termed iHPCAL1, protects 

against ferroptosis-associated acute pancreatitis induced by cerulein in mice [147]. Moreover, 

interventions, such as SQSTM1-neutralizing antibody or the conditional knockout of Ager in the 

pancreas, prevent tissue damage and inflammatory responses induced by ADF in experimental 

acute pancreatitis in mice [132]. These findings highlight the significance of iron metabolism and 

ADF in the development and progression of acute pancreatitis.  

 

8.6 Heart diseases  

Autophagy contributes to the bioenergetics of the cardiovascular system [221], however the 

occurrence of ferroptosis in myocytes (heart muscle cells) may play a significant role in the 

pathophysiology of heart failure. Integrated bioinformatics analysis has identified the 

upregulation of TLR4 (toll like receptor 4) and NOX4 (NADPH oxidase 4) during heart failure, 

suggesting their involvement in the disease process [222]. Mechanistically, TLR4 and NOX4 can 
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activate ADF in cardiomyocytes of rats with heart failure [222]. In contrast, the knockdown of 

TLR4 or NOX4 in cardiomyocytes decreases ferroptosis, resulting in an improvement of cardiac 

function [222].  

Furthermore, ferritinophagy-dependent ferroptosis plays a role in sepsis-induced cardiac 

injury. Inhibition of ferritinophagy through methods like 3-MA treatment, ATG5 knockdown, or 

NCOA4 knockdown blocks ferroptosis and cellular injury in H9c2 myofibroblasts in vitro [223]. 

Moreover, inhibiting ferroptosis using compounds like ferrostatin-1, the iron chelator 

dexrazoxane, or the mitochondrial iron chelator deferiprone improves survival and cardiac 

function in mice injected with bacterial lipopolysaccharide [223]. Thus, targeting ADF holds 

promise for potential therapeutic interventions aimed at preserving cardiac function during 

bacterial infection.  

 

8.7 Kidney diseases 

ADF is considered a critical mediator in the pathogenesis of acute kidney injury. Studies 

have demonstrated its involvement in various forms of acute kidney injury induced by different 

toxins [222]. For instance, mercuric chloride induces ferroptosis in chicken embryo kidney cells 

by triggering ferritinophagy [222], and acute exposure to cadmium promotes ferroptosis in renal 

tubular epithelial cells through the activation of ER stress-mediated ferritinophagy [224]. 

Bisphenol A, a common environmental contaminant, also induces ferroptosis in renal tubular 

epithelial cells by activating ferritinophagy mediated by the AMPK-MTOR-ULK1 pathway 

[225]. Patulin, a common mycotoxin, induces acute kidney injury in mice through the activation 

of ADF [226]. In contrast, the administration of the ferroptosis inhibitor ferrostatin-1 and a 

natural bioactive compound, isoliquiritigenin, attenuate septic acute kidney injury by inhibiting 

ferritinophagy and ferroptosis [227,228]. Furthermore, the impact of ADF on the progression and 

outcomes of chronic kidney diseases, such as diabetic nephropathy or chronic kidney failure, 

remains an area of active research. Elucidating the role of ADF in the chronic stages of kidney 

disease could have significant implications for the development of targeted therapies. 
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8.8 Respiratory diseases 

In asthma, the airway epithelium undergoes significant changes that compromise lung 

function. Increased cell death of airway epithelial cells, through apoptosis and non-apoptotic 

mechanisms, disrupts the integrity of the epithelial barrier. A recent study found that 

ferritinophagy contributes to the development of house dust mite-induced ferroptosis in human 

bronchial epithelial cells and a mouse asthma model [229]. Accordingly, ferroptosis inhibitors 

like ferrostatin-1 or iron chelators reduce airway inflammation induced by house dust mites 

[229]. Thus, by targeting ferroptotic pathways, it might be possible to intervene in the 

pathogenesis of asthma.  

 Cigarette smoke exposure also promotes ferritinophagy-dependent ferroptosis in lung 

epithelial cells, thus contributing to the pathogenesis of chronic obstructive pulmonary 

disease/COPD [230]. CMA-mediated GPX4 degradation promotes ferroptosis in a radiation-

induced lung injury model, and this process can be limited using NVP-AUY922, a resorcinylic 

isoxazole amide drug [231]. Another study suggests the involvement of ferritinophagy-dependent 

ferroptosis in the pathogenesis of sepsis-induced acute lung injury [232]. The transcriptional 

regulator YAP1 (Yes1 associated transcriptional regulator) acts as a negative regulator of 

ferritinophagy and inhibits sepsis-induced acute lung injury [232]. Pending further confirmation, 

these studies suggest that the inhibition of ADF might result in the preservation of lung function.  

 

8.9 Eye diseases 

Glaucoma is an ocular disease characterized by retinal ganglion cell death resulting from an 

elevated intraocular pressure (IOP). Increased levels of Fe
2+

 resulting from elevated IOP can 

induce ferroptosis in retinal ganglion cells through ferritinophagy [233]. The depletion of 

NCOA4 can lower the Fe
2+

 levels in the retina, and oral administration of the iron chelator 

deferiprone inhibits ferroptosis in retinal ganglion cells and protects visual function [233]. 

Diabetic retinopathy involves damage to the blood vessels in the retina. Research has 

indicated that high glucose levels can induce mitophagy and ferritinophagy in ARPE-19 cells, 

which are retinal pigment epithelial cells [234]. The use of ferroptosis inhibitors, such as 

ferrostatin-1 and iron chelator, reduce ADF in these cells [234]. However, further in vivo 
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experimentation is necessary to demonstrate the contribution of ADF to diabetes-induced 

blindness.  

Age-related macular degeneration (AMD) stands as a leading cause of blindness among the 

elderly [235]. The early and atrophic (referred to as "dry") manifestation of AMD represents its 

most prevalent form, currently lacking effective therapeutic interventions [236,237]. Recent 

research has unveiled that escalated levels of LCN2 (lipocalin 2) within retinal pigmented 

epithelial (RPE) cells contribute to the exacerbation of dry AMD's pathogenesis. This is 

accomplished through the inhibition of autophagy flux and the disruption of iron homeostasis, 

consequently triggering inflammasome activation, oxidative stress, and ferroptosis within the 

RPE cells [238]. Moreover, an innovative monoclonal antibody designed to counteract LCN2 has 

demonstrated the capability to restore autophagy and mitigate ferroptosis in a well-characterized 

murine model of dry AMD, namely the Cryba1 cKO mice [238]. While evidence has been 

building that ferroptosis triggers numerous human diseases, this is the first study linking ADF to 

dry AMD.  

 

8.10 Periodontal diseases 

 Periodontitis, a chronic inflammatory condition affecting the gums and supporting structures 

of the teeth, is associated with various forms of cell death. One critical process in the 

development of periodontitis is the loss of periodontal ligament fibroblasts [239]. Butyrate, a 

metabolite produced by commensal bacteria at levels found in periodontitis, kills periodontal 

ligament fibroblasts by inducing multiple types of cell death, including ferroptosis [240]. 

Specifically, butyrate induces ferritinophagy and ferroptosis in periodontal ligament fibroblasts, 

partly through the activation of the HIF1A-MAPK14/p38 (mitogen-activated protein kinase 14) 

pathway [240]. Theoretically, these processes may contribute to the pathogenesis of 

periodontitis. 

 

 

 



 

37 

 

8.11 Bone diseases  

 The loss of bone mass that characterizes osteoporosis involves an imbalance between 

osteoblasts and osteoclasts in favor of the latter. In the context of osteoclastogenesis triggered by 

TNFSF11/RANKL (TNF superfamily member 11) stimulation under normoxia, ferritinophagy-

dependent ferroptosis is activated [241]. Conversely, the presence of HIF1A induced by hypoxia 

inhibits ferritinophagy and protects osteoclasts from ferroptosis [241]. In studies conducted on 

ovariectomized mice, the knockdown of HIF1A or the use of a HIF1A inhibitor called 2-

methoxyestradiol promotes iron accumulation and induces ferroptosis in osteoclasts, thereby 

providing protection against osteoporosis [241]. Additionally, exosomes derived from vascular 

endothelial cells counteract glucocorticoid-induced osteoporosis by inhibiting ferritinophagy-

dependent ferroptosis in osteoblasts [242]. In contrast, mitophagy induced by carbonyl cyanide 

m-chlorophenylhydrazone/CCCP increases ferroptosis in osteoblasts, potentially contributing to 

the pathogenesis of type 2 diabetic osteoporosis [104]. However, a significant challenge for 

osteoporosis treatment in the future lies in developing specific strategies to regulate the 

ferroptosis of osteoblasts.  

 

8.12 Other diseases 

Increased ADF is implicated in iron overload-induced toxicity in mouse thymus tissue [243]. 

L-citrulline, an endogenous metabolite in the urea cycle, restrains ferroptosis-induced thymus 

damage and preserves immune function in mice [243]. The cytotoxic effects induced by various 

agents such as nanoparticles [244,245], arsenic [246,247], antimony [120], PM2.5 [248,249], 

cadmium telluride [250], and ionizing radiation [251] can also be inhibited through genetic or 

pharmacological inhibition of ADF. These findings suggest that suppressing ADF might mitigate 

the toxic effects of these agents.  

 

9. Methods for monitoring autophagy-dependent ferroptosis 

9.1. Detection of a ferroptotic response 

9.1.1. Lipid peroxidation  
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 Lipid peroxidation is a crucial characteristic of ferroptotic cell death. Various techniques are 

commonly employed to assay lipid peroxidation in cells or tissues. Here, we provide a succinct 

list of these methods: 

1) Mass spectrometry allows for direct quantification and identification of specific lipid 

peroxidation products. Because polyunsaturated phospholipids, particularly phosphatidyl-

ethanolamines (PE), are the major substrates of ferroptosis-induced peroxidation, employment of 

liquid chromatography-mass spectrometry (LC-MS) is the preferred methodology for the 

detection and identification of peroxized ferroptosis biomarkers [35]. Combination of MS-based 

lipidomics with proteomics can be used for characterization of ferroptotic covalent adducts of 

oxidatively-truncated electrophilic PE with target proteins [252]. Recently, imaging mass-

spectrometry has been applied for the spatial characterization of intracellular localization of 

peroxidized phospholipids [253]. Gas chromatography-mass spectrometry found limited 

applications in studies of ferroptosis as it is mostly effective in the analysis of oxidatively-

modified free fatty acids [254], rather than oxygenated phospholipids. While mass spectrometry 

based protocols provide exceptional sensitivity, specificity, and the ability to detect and quantify 

a wide range of lipid species involved in ferroptosis [255], they require specialized equipment, 

expertise, and sample preparation. The latest breakthroughs employing high-resolution mass 

spectrometry in conjunction with ion mobility and cutting-edge tandem mass spectrometry 

techniques have additionally enabled the direct identification of intact glycerophospholipids that 

bear oxidative labeling [256,257]. These advancements provide specific insights into the precise 

localization of these oxidative modifications [256,257]. 

2) Thiobarbituric acid reactive substances (TBARS) assay: The TBARS assay, which can be 

performed using commercial kits, is used to measure the levels of malondialdehyde (MDA), a 

product of lipid peroxidation [258]. In this assay, MDA reacts with thiobarbituric acid (TBA) to 

form a colored complex that can be quantified spectrophotometrically (Figure 9). The TBARS 

assay offers a convenient and rapid method for assessing lipid peroxidation. However, it is 

important to note that the TBARS assay lacks specificity because other reactive aldehydes can 

also react with TBA, potentially confounding the measurement of lipid peroxidation. 

3) Fluorescent probes: BODIPY dyes, such as BODIPY-581/591-C11 and BODIPY-665/676, 

are commonly used for the detection of lipid peroxidation [259]. BODIPY-581/591-C11 
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undergoes a fluorescence shift from red to green when its unsaturated diene bridge is oxidatively 

disrupted (Figure 10A). The Click-iT linoleamide alkyne (LAA) assay utilizes LAA, which 

inserts into cell membranes and is oxidized to produce lipid peroxide-derived aldehydes that can 

bind to protein nucleophiles (Figure 10B) [260]. Liperfluo, a perylene derivative, reacts with 

lipid hydroperoxide to generate a green fluorescent signal (Figure 10C) [261]. These probes 

provide valuable insights into lipid peroxidation but have limitations regarding specificity, 

potential interference by cellular autofluorescence, and the need for careful calibration and 

controls. For example, while BODIPY dyes can detect peroxidized lipids induced by 

pharmaceutical agents, they frequently struggle to identify ferroptosis under natural conditions. 

Therefore, it is advisable to exercise caution when interpreting negative data derived from 

BODIPY-based assays. 

4) Immunohistochemistry (IHC) or immunofluorescence (IF): IHC or IF can be employed to 

detect the formation of specific lipid peroxidation products, such as 4HNE [262] or 8-hydroxy-

2'-deoxyguanosine/8-OHdG [263], in tissues or cells [264]. Antibodies specific for these markers 

are used to visualize and quantify lipid peroxidation. However, IHC and IF assays require careful 

optimization, validation, and appropriate controls to ensure specificity and reliable results. 

 

9.1.2. Iron redox forms 

 Several methods can be used to measure iron redox forms in cells and/or tissues. Here are 

some commonly employed techniques: 

1) Ferrous/ferric ion assays: Spectrophotometric assays, such as the ferrozine assay or the 

bathophenanthroline sulfonate/BPS assay, are used to measure the levels of ferrous (Fe
2+

) and 

ferric (Fe
3+

) ions [265]. These assays rely on colorimetric reactions where specific reagents form 

colored complexes with either Fe
2+

 or Fe
3+

. Quantification is achieved through 

spectrophotometry. Commercial iron colorimetric assay kits are available based on this principle. 

However, these assays may lack specificity and can be influenced by interfering substances or 

other redox-active species in the sample. 

2) Redox-sensitive fluorescent probes: Fluorescent probes such as FerroOrange (or RhoNox-

4) or Phen Green™ SK (PGSK) can be used to track intracellular Fe
2+

. FerroOrange undergoes a 
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fluorogenic reaction upon Fe
2+

-induced deoxygenation of N-oxide, resulting in an orange 

fluorescence (Figure 11) [266]. PGSK can permeate cell membranes and reacts with various 

metal ions, including Fe
2+ 

(Figure 12) [267]. Binding of PGSK to cellular iron leads to 

fluorescence quenching. These changes in fluorescence can be detected using techniques such as 

flow cytometry or confocal microscopy. However, these probes may have limitations in terms of 

specificity and potential cytotoxicity, and require careful calibration and control experiments. 

3) Electron paramagnetic resonance (EPR) spectroscopy: EPR spectroscopy is a powerful 

technique for studying paramagnetic species, including iron ions [268]. This method can provide 

direct measurements of the relative amounts of Fe
2+

 and Fe
3+

 in cells or tissues. EPR 

spectroscopy requires specialized equipment and expertise, making it less accessible for routine 

use. Additionally, sample preparation and handling for EPR analysis can be challenging, 

particularly when dealing with biological samples. 

4) Mössbauer spectroscopy: Mössbauer spectroscopy is a technique used to study the 

electronic and magnetic properties of iron [269]. The method can provide detailed information 

on the oxidation state and coordination environment of iron ions. Mössbauer spectroscopy is 

highly sensitive and specific for iron redox forms and is particularly useful for investigating iron 

in complex biological samples. However, it requires specialized instrumentation and expertise, 

limiting its widespread use. 

 

9.1.3. Key ferroptosis-related genes or proteins  

The levels of gene and protein markers associated with ferroptosis can be assessed using 

various techniques, including real-time reverse transcription polymerase chain reaction/RT-PCR, 

western blotting, immunofluorescence, and immunohistochemistry. These markers encompass 

key regulators of ferroptosis, such as SLC7A11, GPX4, AIFM2, DHODH, NFE2L2, ACSL4, and 

TFRC (transferrin receptor), as well as other ferroptosis-related proteins such as PTGS2 

(prostaglandin-endoperoxide synthase 2) [270]. 

Changes in the protein levels of SLC7A11, GPX4, or ACSL4 can reflect the susceptibility or 

resistance of cells to ferroptotic cell death [271]. The degradation of GPX4 protein is often 

associated with increased susceptibility to ferroptosis [272], although other GPX4-independent 
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antioxidant systems may also play a role. Elevated levels of TFRC or ACSL4 proteins, as well as 

increased expression of PTGS2 genes, can serve as markers for ferroptosis in cell cultures and 

tissue samples [33,273]. 

However, assessing the expression levels of ferroptosis-related genes can be challenging due 

to their dynamic and context-dependent regulation. These genes are often subject to complex 

transcriptional regulation and can be influenced by various factors, including cellular stress, 

signaling pathways, and genetic backgrounds. Obtaining accurate and reliable measurements of 

gene expression requires careful experimental design and the inclusion of appropriate controls. 

Additionally, the availability and specificity of antibodies used for protein analyses may be a 

limiting factor. 

 

9.1.4. Ultrastructure of subcellular organelles 

 Ferroptotic cell death is characterized by distinct morphological changes, including necrotic 

cell morphology with organelle swelling, plasma membrane rupture, and cell lysis. The 

morphological alterations observed in ferroptotic cells depend on the stage of induction, and 

various organelles contribute to the regulation of ferroptosis sensitivity. Notably, mitochondria 

undergo remarkable changes during ferroptosis, and monitoring their morphological features is 

commonly achieved using transmission electron microscopy (TEM). TEM enables the 

visualization of condensed mitochondrial membrane densities, reduced mitochondrial volume, 

diminished mitochondrial cristae, and ruptured outer membranes [5], providing valuable insights 

into the ultrastructure of mitochondria in ferroptotic cells. 

In addition to mitochondrial changes, ferroptotic cells often exhibit an increase in autophagic 

vesicles, indicative of altered autophagy activity [142]. The presence of autophagic vesicles can 

be observed alongside mitochondrial alterations using TEM. However, it is crucial to recognize 

that the ultrastructural changes observed during ferroptosis can also occur in other types of cell 

death or cellular stress conditions. Therefore, additional confirmatory assays are often necessary 

to distinguish ferroptosis from other cell death mechanisms. Measurement of lipid peroxidation 

or the use of specific molecular markers associated with ferroptosis can help confirm the 

occurrence of ferroptosis in conjunction with TEM observations. 
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9.1.5. Cell viability and cell death assays 

Various methods are employed to measure cell viability, including the MTS, CCK-8, and 

Alamar Blue assays. These assays are relatively simple and widely used for monitoring 

ferroptosis in kinetic experiments and dose-response studies. For enhanced specificity, it may be 

worthwhile to conduct these assays both in the absence and presence of ferroptosis inhibitors, 

such as ferrostatin-1. As a comparative control, apoptosis inhibitors like Z-VAD-FMK could be 

employed. However, it is important to consider their limitations. For example, cell viability 

assays such as the MTS assay rely on changes in optical density/OD, which can be directly 

influenced by certain agents (e.g., antioxidants) or their color [274]. This can lead to potential 

interference and affect the accuracy of the viability measurements. Furthermore, a reduction in 

cell viability, as indicated by these assays, may not always signify cell death but could instead be 

attributed to growth inhibition or other non-lethal effects. 

To accurately assess the reduction in ferroptosis-related cytotoxicity, it is necessary to 

complement cell viability assays with cell death assays. Several methods are available for 

evaluating cell death [275]. These methods include propidium iodide staining, SYTOX Green 

staining, and LDH release assay. These assays allow for the detection of different aspects of cell 

death, such as membrane integrity loss or the release of cytoplasmic contents. Additionally, the 

release of DAMPs, such as HMGB1 [166], ATP [276], SQSTM1 [132], and DCN (decorin) 

[277], can be monitored using ELISA both in vitro and in vivo. Of particular note, the release of 

DCN into the extracellular space serves as a relatively specific biomarker for early-stage 

ferroptotic damage, distinguishing it from other forms of cell death [277]. By combining cell 

viability assays with cell death assays and specific biomarker measurements, researchers can 

obtain a more comprehensive understanding of the effects of ferroptosis and distinguish it from 

other forms of cell death. 

 

9.1.6 Genetically engineered mouse model 

The Gpx4 conditional knockout mouse model is one of the most extensively studied 

genetically engineered models of ferroptosis. However, it is important to note that the depletion 
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of Gpx4 in specific cells or tissues in mice does not always result in spontaneous ferroptotic 

damage. One of the limitations of the Gpx4 knockout model is the existence of several GPX4-

independent regulators of ferroptosis. Initial studies indicated that conditional knockout of Gpx4 

in the kidney leads to neonatal lethality, which can be rescued by the addition of ferroptosis 

inhibitors [15]. However, subsequent studies have not consistently observed lethality upon 

conditional gpx4 knockout in the kidney, although some tissue damage has been observed in a 

sex-dependent manner [278]. 

Furthermore, conditional knockout of Gpx4 in murine myeloid cells or erythroid precursors 

induces pyroptosis or necroptosis instead of ferroptosis [279,280]. Similarly, depletion of 

mitochondrial Gpx4 in mice leads to a cone-rod dystrophy-like phenotype characterized by 

apoptosis, rather than ferroptosis [281]. These findings highlight the complexity of GPX4 

depletion-mediated oxidative stress and its ability to induce or enhance cell death sensitivity 

through multiple pathways. 

Another genetically engineered mouse model is a CRISPR-Cas9 genome edited mouse with 

homozygous expression of an R748W mutation in the mouse Pnpla9 gene, which corresponds to 

the human R747W mutation linked to Parkinson disease and other human neurodegenerative 

diseases [41]. These mice exhibit motor deficits accompanied by elevated levels of 4-HNE and 

15-HpETE-PE with recued levels of GSH.  

 

9.2. Detection of autophagy 

9.2.1. Autophagic vesicles  

 Autophagic vesicles play a vital role in the autophagy process, and their ultrastructural 

features can be observed using TEM. TEM provides a high-resolution view of autophagic 

structures in the nanometer range. Autophagosomes, the initial autophagic vacuoles, typically 

exhibit a double membrane, while autolysosomes, the late/degradative autophagic vacuoles, 

usually have a single limiting membrane containing visible cytoplasmic cargos [282]. It is 

important to note that the cargo composition differs between selective and non-selective 

autophagy.  
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Nonetheless, TEM has some inherent challenges. Autophagy is a dynamic process with rapid 

vesicle turnover, while TEM analysis provides only a static snapshot at a specific time point. 

This limitation makes it challenging to capture the dynamics of autophagy and accurately assess 

vesicle formation and degradation rates. Additionally, counting and quantifying autophagic 

vesicles in TEM images can be subjective and time-consuming. The random distribution of 

vesicles within cells, along with potential obscuration by cellular structures, introduces 

variability and limits the statistical robustness of the analysis. Despite these challenges, TEM 

remains the gold standard technique for visualizing autophagic vesicles with their ultrastructural 

characteristics.  

 

9.2.2. MAP1LC3 protein  

 During autophagy, MAP1LC3 undergoes a series of modifications and turnover that can be 

indicative of autophagic activity. These modifications involve the conversion of MAP1LC3 from 

its cytosolic form (MAP1LC3-I) to a lipidated form (MAP1LC3-II), which is associated with 

phagophore and autophagosomal membranes [283]. The levels of MAP1LC3-II correlate with 

the number/volume of autophagosomes in cells [284]. The MAP1LC3-II needs to be related to a 

loading control like actin (and not to MAP1LC3-I), because after autophagosome-lysosome 

fusion the MAP1LC3-II associated with the outer autophagosome membrane is converted back 

to MAP1LC3-I, while the MAP1LC3-II in the inner membrane is degraded. MAP1LC3-II levels 

can be determined using western blotting. As MAP1LC3-II levels reflect autophagosome load in 

the cells, an increase can either reflect an increase in synthesis (compared to degradation rates), 

or impaired autophagosome/MAP1LC3-II degradation. To infer autophagosome formation rates 

(or autophagic flux if one is in steady-state conditions), one can clamp 

autophagosome/MAP1LC3-II degradation using lysosomal inhibitors, such as bafilomycin A1, 

CQ or protease inhibitors such as E64d plus leupeptin, and monitoring the resulting changes in 

MAP1LC3-II levels over time. Overall, monitoring MAP1LC3-II formation rates provides 

valuable insights into the regulation and dynamics of autophagy especially when viewed in the 

context of overall MAP1LC3-II levels, allowing researchers to study the modulation of 

autophagic activity under different conditions or in response to various stimuli, such as erastin or 

RSL3. One final note is that it is generally helpful to monitor an autophagic substrate along with 
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MAP1LC3-II to help in the interpretation of the results as discussed below. While SQSTM1 is 

often used as an autophagy substrate care needs to be taken especially in the context of 

ferroptosis, as its transcription is ROS-dependent (hence the need for this protein to measure its 

mRNA levels, or to transfect in exogenous protein driven by a promoter that is independent of 

ROS levels). 

 

9.2.3. Autophagic flux 

 Autophagic flux refers to the entire process of autophagy, which involves the formation, 

maturation, and degradation of autophagosomes within cells [285]. Autophagy is a dynamic 

mechanism that ensures the proper turnover of cellular components and the maintenance of 

cellular homeostasis. To measure autophagic flux, several probes and techniques are commonly 

used. Here are some widely employed methods:  

1) MAP1LC3-II protein turnover assay: See 9.2.2 and note that this does not directly measure 

turnover but assesses MAP1LC3-II formation rates. In mammals, the Atg8-protein family 

encompasses various members, including MAP1LC3A (microtubule associated protein 1 light 

chain 3 alpha), MAP1LC3B (microtubule associated protein 1 light chain 3 beta), MAP1LC3B2, 

MAP1LC3C (microtubule associated protein 1 light chain 3 gamma), GABARAP (GABA type A 

receptor-associated protein), GABARAPL1 (GABA type A receptor associated protein like 1), 

and GABARAPL2 (GABA type A receptor associated protein like 2) [286]. Whereas 

MAP1LC3B has been extensively studied, examining additional members of the Atg8-protein 

family may provide a more comprehensive understanding of autophagosomal action and yield 

broader insights into the process. However, it is important to consider that some of the Atg8 

family members act at different stages of the pathway, thus it is simplest to start with 

MAP1LC3B. 

2) MAP1LC3-binding substrate degradation assay: Autophagic flux can be assessed by 

monitoring the degradation of specific autophagy substrates, such as SQSTM1 [287], which 

serves as an autophagy receptor and is selectively incorporated into phagophores through its 

binding to MAP1LC3. To measure autophagic flux, the degradation of SQSTM1 can be 

monitored using techniques like western blotting or immunofluorescence analysis. This analysis 
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can be performed in the presence or absence of autophagy inhibitors like CQ, bafilomycin A1, or 

lysosomal protease inhibitors, which help in distinguishing changes in SQSTM1 degradation 

specifically due to autophagy. It is important to note that when using the levels of a MAP1LC3-

binding substrate as an indicator of autophagic activity, it is necessary to measure the mRNA 

levels of the substrate to confirm that changes in protein levels are not solely due to 

transcriptional induction. By assessing both protein degradation and mRNA levels, researchers 

can obtain a more comprehensive understanding of autophagic flux and its underlying 

mechanisms. 

3) Lysosomal pH-sensitive probes: pH-sensitive dyes such as LysoTracker or LysoSensor are 

commonly used to monitor changes in lysosomal pH, providing valuable insights into autophagic 

flux [288]. An increase in lysosomal acidity is generally associated with enhanced autophagic 

activity. However, it is important to note that alterations in lysosomal pH alone may not always 

directly correlate with autophagic activity. Other factors, including lysosomal enzyme activity 

and lysosomal membrane integrity, also contribute to the overall autophagic flux. To obtain a 

comprehensive understanding of autophagy dynamics, it is crucial to interpret changes in 

lysosomal pH in conjunction with complementary assays and assessments. Several probes or 

methods are available to assay overall lysosomal integrity, such as lysosomal-METRIQ, which 

measures the overall integrity of lysosomes [289]. Additionally, LGALS3 (galectin 3) can be 

used as a marker for assessing lysosomal membrane damage [290], whereas MagicRed is a probe 

that specifically detects cathepsin enzyme activity within lysosomes [291]. 

Detection of lysosomal integrity and function in vivo presents additional challenges, as many 

of the above tools require preservation of lysosomal pH and/or expression of exogenous 

reporters. Some of the pH-sensitive probes and assays for lysosomal enzyme activity have been 

adapted to flow cytometry detection in isolated mammalian cells [292]. Alternatively, evaluating 

lysosomal activity can be achieved using freshly purified tissue lysosomes. Furthermore, the 

integrity of lysosomal membranes can be gauged in tissue sections through immunofluorescence, 

involving a comparison of the cellular distribution of lysosomal membrane proteins (e.g., 

LAMP1 [lysosomal associated membrane protein 1]) and soluble lysosomal enzymes (e.g., 

cathepsins) [293]. 
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4) mRFP-GFP-LC3 tandem probe: This fluorescent probe allows simultaneous visualization 

of autophagosomes and autolysosomes [294], and takes advantage of the differential pH stability 

of green fluorescent protein (GFP) and red fluorescent protein (RFP). Autophagosomes labeled 

with both GFP and RFP emit yellow fluorescence, while autolysosomes exhibit only RFP 

fluorescence due to GFP quenching in the acidic environment. The ratio of yellow 

(autophagosomes) to red (autolysosomes) puncta can indicate autophagic flux. The combination 

of GFP and RFP/mCherry in tandem reporters may not be ideal due to the occurrence of Förster 

resonance energy transfer (FRET) from GFP to RFP/mCherry [294]. This FRET process leads to 

a weakening of the RFP/mCherry signal (as it acts as the FRET acceptor) following the 

degradation of GFP (serving as the FRET donor). Furthermore, methodologies like single-cell 

analysis approaches offer the capability to meticulously dissect and quantify the entire 

intracellular reservoir of autophagosomes, autolysosomes, and lysosomes. These techniques also 

facilitate the assessment of autophagosome flux, denoting the count of autophagosomes per cell 

or per hour [295,296]. The significance lies not only in gauging the level of basal or induced 

autophagic activity but also in differentiating between autophagic and proteinaceous cargo flux. 

This distinction is growing in importance as it directly influences the onset of proteotoxicity and 

cellular demise [297]. 

5) GFP-LC3-RFP(-LC3ΔG) reporter: This reporter is a specialized fluorescent probe 

extensively employed for assessing autophagic flux in cells [298]. The reporter is an adapted 

version of the mRFP-GFP-LC3 tandem probe. Within cells, the GFP-LC3-RFP-LC3ΔG fusion 

protein undergoes processing by ATG4, resulting in the generation of GFP-LC3, which indicates 

autophagy activity, and “free” RFP-LC3ΔG, lacking the essential C-terminal glycine required for 

membrane conjugation. The latter component functions as a control for reporter expression and 

cellular viability. The ratio of GFP-LC3 to RFP-LC3ΔG is inversely proportional to cumulative 

autophagic degradation activity. Importantly, this method offers the advantage of not relying on 

microscopy-based imaging of MAP1LC3 puncta, as it can be conveniently utilized with flow 

cytometers or fluorescence microplate readers. 

6) HaloTag reporter: A recent addition to the methodology for monitoring autophagy flux 

relies on the HaloTag (Halo) protein, which gains resistance to proteolysis when attached to its 

ligand. Comparison of Halo
Ligand

-LC3 or -GFP following pulse labeling with ligand allows 
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detection of an increase in free Halo
Ligand

 by immunoblot, in-gel fluorescence imaging or 

microscopy upon autophagy induction [299,300]. 

7) SRAI-LC3B assay: This ratiometric assay that generates a positive signal when there is 

lysosomal degradation of an autophagic substrate and provides a direct readout of autophagic 

flux. The assay exploits the SRAI reporter, a tandem construct consisting of TOLLES (a blue 

fluorescent protein resistant to acid-denaturation and proteolysis) and YPet (a yellow fluorescent 

protein, which undergoes acid-denaturation and proteolysis in lysosomes). Delivery of the SRAI 

reporter to lysosomes causes degradation of YPet, which leads to a detectable shift in 

fluorescence of the tandem construct as the FRET-associated quenching of the TOLLES signal is 

relieved after YPet degradation. To adapt this tool for autophagy, the SRAI reporter is fused to 

the N-terminus of MAP1LC3B, which markedly increases the sensitivity of the reporter as a 

macroautophagy assay, as the ratio of blue to yellow fluorescence reflects the proportion of 

MAP1LC3B that is undergoing lysosomal degradation [301]. 

In summary, each method mentioned above has its strengths and limitations, and researchers 

often employ a combination of techniques to gain a comprehensive understanding of autophagy 

dynamics in specific cells or tissues of interest. 

 

9.2.4. Selective autophagy 

Multiple forms of selective autophagy are involved in the regulation of ferroptosis sensitivity. 

The assay of selective cargoes, such as mitochondria, lipid droplets, ER, ferritin protein, and 

GPX4 protein, can be performed using various imaging and labeling methods to assess their 

colocalization with autophagosomes or lysosomes. Recently, specific flux reporters have been 

developed to monitor the dynamics of selective autophagy for mitochondria (e.g., mito-SRAI 

[302], mito-QC [303], or pSU-Halo-mGFP [299], and the ER (e.g., ssGFP-RFP-KDEL [304], 

Halo-mGFP-KDEL [299], mCherry-GFP-SERP1/RAMP4 [305], or mCherry-GFP-REEP5 [306] 

in real-time. To gain further insights into the dynamics of these cargo degradation processes, the 

combined use of autophagy inhibitors such as CQ, 3-MA, spautin-1, bafilomycin A1, or 

lysosomal protease inhibitors, or the knockout of key autophagy genes such as ATG5 and ATG7, 
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can be employed. These approaches can help elucidate the interplay between selective autophagy 

pathways and ferroptosis sensitivity. 

 

9.2.5 Genetically engineered mouse model 

Transgenic mice expressing tandem fluorescent-tagged LC3/tfLC3 or mice transfected with 

mCherry-GFP-LC3 via intraventricular injection of adeno-associated viruses have been 

developed as valuable tools to measure autophagic activity in vivo, without the need for 

lysosomal inhibitors [307-309]. These models allow for the visualization and quantification of 

autophagosomes and autolysosomes in specific cells or tissues. Furthermore, conditional 

knockout or overexpression of core autophagy genes, such as ATG5, ATG7, BECN1, or SQSTM1, 

in specific cells or tissues of mice can be employed to investigate whether a particular phenotype 

is driven by autophagy. While ferroptosis has been investigated in lower model organisms (e.g., 

Caenorhabditis elegans [310]), the exploration of ADF remains absent in these organisms. 

 

10. Interpretation of autophagy-dependent ferroptosis 

Most of the available assays for assessing the relationship between autophagy and ferroptosis 

fail to consider the complex nature of injury and the anti-injury response, which is highly 

context-dependent and influenced by various factors such as the initiating stimulus, stage, and 

cell types involved. Interpreting assays related to ADF faces several challenges that need to be 

carefully considered. 

First, there is a significant variation in the literature regarding the doses of ferroptosis 

inducers, such as erastin and RSL3, with reported ranges of 0.5-50 µM for erastin [311,312] and 

0.1-20 µM for RSL3 [240,313]. This variation in dosage can have implications for the type of 

stress and selective autophagy induced, as distinct inducers may have different thresholds for 

activation. Moreover, there is an ongoing debate surrounding the direct targets of these inducers. 

While erastin was initially identified as a VDAC (voltage dependent anion channel) activator 

[314], recent studies suggest its inhibition of system xc
-
 as the primary mechanism [315]. 

Similarly, the direct inhibition of GPX4 by RSL3 is still under scrutiny, with evidence suggesting 
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that it may instead target TXNRD1 (thioredoxin reductase 1) [316]. As a result, the diverse doses 

of ferroptosis inducers can activate distinct pathways, both targeted and untargeted, leading to 

varying levels of autophagy induction. Thus, when evaluating the autophagic response during 

ferroptosis stimulation, it is crucial to consider the IC50 values of erastin or RSL3 specific to the 

cell type being studied. 

Second, it is important to recognize that both lipid peroxidation and autophagy are dynamic 

processes. Under physiological conditions, moderate levels of lipid peroxidation and autophagy 

can actually promote cell survival [317]. However, excessive or uncontrolled lipid peroxidation 

and autophagy can lead to cell death [318]. Therefore, in addition to considering the degradation 

of autophagic substrates, it is crucial to take into account the stage of ferroptosis and how it 

influences the function of associated autophagic responses. Conducting time-dependent dynamic 

analyses can provide valuable insights into the sequence of events during which changes in 

autophagy and core markers of ferroptosis occur. Furthermore, it may be relevant to inhibit 

specific autophagy receptors, rather than core autophagy regulators, to evaluate the impact of 

selective autophagy on ferroptosis. This approach could help elucidate the specific contribution 

of selective autophagy processes, rather than bulk autophagy, in the context of ferroptosis. By 

focusing on the selective autophagy pathways that are directly involved in the degradation of 

specific cargo, we can gain a more precise understanding of their impact on ferroptotic cell 

death. 

Third, different cell types possess distinct genetic backgrounds, resulting in variations in 

molecular networks and basal levels of core autophagy or ferroptosis regulators. Cell lines, such 

as HT-1080 (human fibrosarcoma) and PANC1 (human PDAC), are commonly used in ADF 

studies due to their high sensitivity to erastin and RSL3. However, it should be noted that these 

cell lines exhibit relatively high expression of MAP1LC3-II [142,319,320], perhaps indicating a 

higher baseline autophagy activity compared to other cell lines with lower MAP1LC3-II 

expression. As a result, under ferroptosis stimulation and oxidative stress, these cell lines may 

induce excessive autophagy, which can lead to autophagy-dependent cell death. The response of 

cells may be also influenced by the number of generations of cell culture they undergo in 

different laboratories. To fully investigate the role of inducible autophagy in ferroptosis, it is 

crucial to include primary normal cells alongside these cell lines to provide a comparative 
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analysis and to better understand the specific contribution of autophagy in the context of 

ferroptosis. 

Fourth, it is important to acknowledge that in vivo models related to ADF are influenced by 

various factors. Many studies investigating ADF in vivo rely on murine tumor xenograft models 

or the administration of ferroptosis inhibitors (e.g., liproxstatin-1) or autophagy inhibitors (e.g., 

CQ) [15]. The in vivo drug metabolism and tissue distribution can significantly influence the 

interpretation of experimental results. The impact of infiltrating immune cells and the release of 

DAMPs on the outcomes of ADF also requires further investigation. In models of cell death-

related diseases, the early response often involves inflammation-mediated wound healing 

processes, which involve the participation of diverse immune cells [321]. Therefore, when 

assessing ADF, it is essential to consider the influence of immune cells and their responses on the 

overall dynamics and outcomes of ADF. By investigating the interaction between autophagy, 

ferroptosis, and immune cells, a more comprehensive understanding of the complex interplay 

between these processes can be achieved. 

In summary, the assessment of ADF necessitates a comprehensive evaluation using a range of 

in vitro and in vivo assays. These assays should collectively determine the circumstances under 

which autophagy promotes either a pro-survival or pro-death phenotype. It is crucial to tightly 

regulate autophagy within a narrow window to harness its beneficial effects while minimizing 

any potential negative consequences, particularly in the context of disease conditions. 

 

11. Conclusions and perspectives  

 In conclusion, the relationship between autophagy and ferroptosis is complex and highly 

dependent on the specific context. Current evidence suggests that autophagy can have both 

promoting and protective effects on ferroptotic cell death, but the underlying mechanisms and 

checkpoints regulating these opposing effects are still poorly understood. The interplay between 

autophagy and lipid peroxidation further complicates the understanding of the sequence of events 

and causality. 

As the field progresses, it is crucial to establish guidelines and standards that ensure 

consistency in experimental approaches. These guidelines should be adaptable to accommodate 
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the diverse research questions and experimental systems employed by different researchers. 

Additionally, the development of novel techniques for monitoring autophagy and ferroptosis will 

greatly enhance our understanding of ADF and facilitate the unraveling of its intricate 

mechanisms. 

While ADF has been extensively studied in vitro, its contribution to ferroptosis in vivo and its 

relevance to various diseases require further investigation. Assessing ADF in vivo remains 

challenging due to the lack of specific markers, often necessitating the use of general autophagy 

markers such as MAP1LC3. Therefore, it is imperative to develop specific and reliable methods 

for detecting autophagy in vivo. 

In the future, addressing these knowledge gaps and expanding our understanding of ADF in 

both physiological and pathological contexts will be crucial. Advances in this field have the 

potential to uncover novel therapeutic targets and strategies for the treatment of diseases 

associated with dysregulated autophagy and ferroptosis. By elucidating the intricate interplay 

between autophagy and ferroptosis, we can pave the way for the development of precision 

therapies that harness the therapeutic potential of these interconnected processes. 
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Table 1. Autophagy-dependent ferroptosis inducers in cancer treatment. 

Agents Mechanism of action Cancer types Ref 

4-octyl itaconate Activates ferritinophagy Retinoblastoma [199] 

6-Gingerol Inhibits USP14 Lung cancer  [322] 

d-Borneol Activates ferritinophagy Lung cancer [323] 

Allicin Activates AMPK-MTOR Esophageal squamous [324] 

Amentoflavone Activates AMPK-MTOR Glioma [325] 

ATPR Increases ROS Acute myeloid leukemia [326] 

Chrysin Increases ROS Pancreatic cancer [91] 

Curcumin Increases BECN1 and 

MAP1LC3-II 

Lung cancer [327] 

Dihydroartemisinin Activates ferritinophagy Acute myeloid leukemia [328] 

Erastin Activates ferritinophagy Cervical cancer  [329] 

FIN56 Induces GPX4 

degradation and activates 

ferritinophagy 

Bladder cancer,  

lung cancer 

[113,124] 

Formosanin C Activates ferritinophagy Liver cancer [330] 

FTY720 Activates AMPK Multiple myeloma [331] 

Itaconic acid Activates ferritinophagy Pancreatic cancer  [332] 

JQ1 Activates ferritinophagy Lung cancer,  

breast cancer 

[333] 

MMRi62 Activates ferritinophagy Pancreatic cancer [334] 

Newcastle disease virus Activates ferritinophagy Glioma  [335] 

Nanoparticle: CPNs-ART Increases ROS Lewis lung carcinoma [336] 

Nanoparticle: FPBC@SN  Activates ferritinophagy Breast cancer [337] 

Nanoparticle: HMCMs Activates autophagy Breast cancer  [338] 

Nanoparticle: 

IONP@PTX 

Increases BECN1 Glioblastoma [339] 

Nanoparticle: NFER Activates autophagy Breast cancer [340] 

Nanoparticle: TFPs Activates autophagy Breast cancer [341] 
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Nanoparticle: TreMMM Activates ferritinophagy Pancreatic cancer,  

breast cancer 

[342] 

Plasma-activated lactate Activates lysosomal NO 

production and activates 

autophagy  

Mesothelioma  [190]  

Quercetin Activates TFEB Breast cancer [186] 

Rapamycin Induces GPX4 

degradation 

Pancreatic cancer [126] 

RSL3 Activates clockophagy Lung cancer [113] 

Shikonin Activates ferritinophagy Multiple myeloma [343] 

Typhaneoside Activates AMPK Acute myeloid leukemia [344] 

Vitamin C Activates ferritinophagy Anaplastic thyroid cancer [345] 

Zalcitabine Activates mitochondrial 

DNA stress 

Pancreatic cancer [171] 
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Figure legends  

  

Figure 1. Overview of ferroptosis. The SLC7A11-GSH-GPX4 pathway and GPX4-independent 

pathways (such as AIFM2, GCH, DHODH, and MGST1) inhibit lipid peroxidation, whereas 

ACSL4, ALOX, and POR promote peroxidation of PUFA-containing phospholipids (PUFA-PL). 

Cystine is transported into cells by SLC7A11 and rapidly reduced to cysteine, which is utilized 

for GSH synthesis. GPX4 inhibits lipid peroxidation, the primary driver of ferroptosis, by 

converting GSH to GSSG. The transcription factor NFE2L2 serves as a key antioxidant system 

by upregulating genes involved in both GPX4-dependent and GPX4-independent pathways. 

Lipid peroxidation generates 4HNE, which can induce membrane damage and release DAMPs. 

Conversely, the endosomal sorting complex required for transport (ESCRT-III) machinery acts as 

a protective mechanism that delays membrane damage. TFRC increases intracellular iron levels, 

thereby promoting lipid peroxidation and ferroptosis. 

 

  

Figure 2. Classification of ferroptosis based on autophagic response. Autophagy-dependent 

ferroptosis: This process relies on the autophagic machinery to induce ferroptosis. Autophagy-

independent ferroptosis: In this case, autophagy occurs alongside ferroptosis but does not 

directly induce ferroptosis or may even have a protective role in the context of ferroptosis. 
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Figure 3. Ferritinophagy in ferroptosis. Ferritin is a cytosolic protein involved in iron storage, 

and NCOA4 serves as a receptor for the autophagic degradation of ferritin, a process referred to 

as ferritinophagy. Conditions and factors such as hypoxia, TRIM7, and HERC2 decrease 

NCOA4 expression, thereby inhibiting ferritinophagy-dependent ferroptosis. Conversely, PTBP1 

and ATM promote NCOA4-mediated ferritinophagy. Additionally, ALDH1A3 can bind to 

MAP1LC3 to enhance ferritinophagy-dependent ferroptosis.  

 

  

Figure 4. Lipophagy in ferroptosis. Lipophagy refers to the autophagic clearance of lipid 

droplets, which function as storage organelles for neutral lipids. RAB7A, associated with lipid 

droplets, drives lipophagy and promotes subsequent ferroptosis. The formation of lipid droplets, 

mediated by TPD52 and PLTP, antagonizes lipophagy-dependent ferroptosis. In contrast, 

PGRMC1 triggers lipophagy-dependent ferroptosis. PUFA, polyunsaturated fatty acid. 
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Figure 5. Mitophagy in ferroptosis. Mitophagy is a selective process that involves the 

autophagic clearance of damaged or dysfunctional mitochondria. The PINK1-PRKN pathway is 

a well-studied regulatory pathway for mitophagy. In this pathway, PINK1 recruits PRKN, which 

facilitates the degradation of mitochondria through mitophagy receptors such as FUNDC1. 

Mitochondrial fission induced by DNM1L/Drp1 can promote mitophagy-dependent ferroptosis. 

Additionally, the mitochondrial protein FTMT inhibits ROS production and ferroptosis. 

 

  

Figure 6. Clockophagy in ferroptosis. BMAL1/ARNTL, a transcription factor involved in the 

circadian clock, undergoes selective degradation through autophagy, a process known as 

clockophagy. The autophagy receptor SQSTM1/p62 plays a role in recognizing and degrading 

BMAL1 during clockophagy. Degradation of BMAL1 results in the upregulation of EGLN2, a 

target gene of BMAL1. EGLN2, in turn, inhibits the function of HIF1A, which acts as a 

suppressor of ferroptosis by inducing the expression of FABP3 and FABP7. These proteins 

regulate fatty acid uptake and lipid storage, thereby limiting the availability of polyunsaturated 

fatty acid (PUFA) and influencing the susceptibility to ferroptosis. 
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Figure 7. CMA- or TAX1BP1-mediated GPX4 degradation in ferroptosis. CMA serves as a 

pathway for GPX4 protein degradation during ferroptosis. LAMP2 plays a key role in 

transporting GPX4 across the lysosomal membrane, and HSPA8/HSC70 interacts with GPX4 

and LAMP2, facilitating CMA. CMA-mediated degradation of GPX4 can be inhibited by CKB-

mediated GPX4 phosphorylation. LGMN assists in CMA-mediated GPX4 degradation. 

Furthermore, macroautophagy/autophagy also contributes to GPX4 degradation during 

ferroptosis. SMPD1/ASM promotes the autophagic degradation of GPX4, whereas MTOR 

inhibits GPX4 protein degradation and subsequent ferroptosis. Copper directly binds to GPX4, 

leading to its autophagic degradation, and, in this process, TAX1BP1 acts as an autophagic 

receptor.  
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Figure 8. Autophagy-dependent ferroptosis in diseases. Autophagy-dependent ferroptosis plays a 

role in various diseases, encompassing both cancer and non-cancerous conditions. 

 

  

Figure 9. Reaction between MDA and TBA to form the MDA-TBA adduct. 

 

 

Figure 10. Fluorescent probe-based assays for monitoring lipid peroxidation. (A) BODIPY -

581/591-C11 assay; (B) Click-iT LAA assay; (C) LiperFluo assay 
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Figure 11. Assessing Fe
2+

 with the FerroOrange assay. 
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Figure 12. Assessing Fe
2+

 with the Phen green SK assay. 

 

 

 


