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Abstract. Ferroptosis is a novel form of regulated cell 
death triggered by iron‑dependent accumulation in lipid 
peroxidation. Multiple intracellular catabolic processes and 
signaling pathways are implicated in ferroptosis regulation. 
One is autophagy, which delivers cytoplasmic materials to 
lysosomes for degradation and is critical for the preservation 
of cellular homeostasis. The discovered role of autophagy 
in driving ferroptosis have motivated further explorations 

of the functional interactions and signal pathways between 
ferroptosis and autophagy, particularly their crosstalk in the 
pathogenesis or treatment for various liver diseases, such as 
drug‑induced liver injury, toxin‑induced liver injury, liver 
fibrosis and hepatocellular carcinoma. The present review 
presented an in‑depth overview of research on the crosstalk 
between autophagy and ferroptosis in diverse liver diseases, 
including the ones aforementioned. The diverse regulatory 
mechanisms involved in this process are also analyzed to open 
a new perspective on the interpretation of liver diseases mani‑
festations and provide potential targets for drug discovery and 
effective intervene.
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1. Introduction

Liver diseases are hepatic pathological changes caused by 
numerous endogenous and exogenous pathogenic factors such 
as drugs, chemical agents, viral infection, chronic alcohol 
consumption and malnutrition. According to epidemiological 
statistics, liver diseases account for two million deaths world‑
wide annually and are gradually becoming a major challenge to 
public health (1). Comprehensively understanding the pathogen‑
esis underlying liver diseases and precisely clarifying specific 
therapeutic targets may provide new diagnostic approaches 
and improve the prognosis. Ferroptosis is a unique form of 
regulated cell death which is morphologically, biochemically 
and genetically different from other regulated cell deaths, 
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such as apoptosis, necroptosis, autophagy and pyroptosis. This 
process is driven by iron‑dependent phospholipid peroxida‑
tion, which relies on reactive oxygen species (ROS), metal 
iron and phospholipid containing polyunsaturated fatty acid 
chains (PUFA‑PLs). The correlation of ferroptosis with the 
pathogenesis of various diseases involving almost every organ 
in the body has been identified recently (2). Particularly, the 
liver plays a central role in cell metabolism and is the primary 
iron storage organ, making it a preferential target of ferroptosis. 
Emerging evidence supports the implication of ferroptosis 
in the occurrence and progression of various liver diseases, 
including drug‑induced liver injury, liver ischemia‑reperfusion 
injury, alcohol‑associated liver disease, non‑alcoholic fatty liver 
disease (NAFLD) and hepatocellular carcinoma (HCC) (3).

Autophagy is a tightly orchestrated intracellular process 
in eukaryotic cells by which cytoplasmic materials are 
conveyed to the lysosomal compartment for degradation and 
recycling (4). To date, three major types of autophagy have 
been defined: Macroautophagy, microautophagy and chap‑
erone‑mediated autophagy (CMA). During macroautophagy, 
de novo‑synthesized double membrane‑bound vesicle (referred 
to as an autophagosome) engulfs cytosolic substrates and then 
fuses with lysosomes to form an autolysosome. In microau‑
tophagy, a portion of the cytoplasm is directly captured through 
invaginations or protrusions of the lysosomal membrane.

CMA involves the identification of KFERQ‑like motifs 
present in the cytosolic proteins by heat shock cognate 71 kDa 
protein cytosolic (Hsc70c), a chaperone protein, followed 
by the direction to the lysosomal membrane receptor lyso‑
somal‑associated membrane protein 2A and the translocation 
of cargo proteins to the lysosomal lumen (5). Among these 
three forms, macroautophagy is the best characterized and is 
hereafter referred to as autophagy for simplicity. Autophagy 
occurs at a basal level for the constitutive turnover of cytosolic 
components to maintain normal cellular homeostasis. This 
sensitive and highly inducible process drives cell response 
to diverse stress conditions, such as nutrient deprivation, 
metabolic stress, oxidative stress, endoplasmic reticulum 
(ER)‑stress and microbial infection (6). Thus, autophagy is 
primarily regarded as a cytoprotective mechanism, although 
prolonged constitutive defective or excessive autophagy can 
be deleterious. Accordingly, this process has implications 
for substantial human pathologies. Autophagy deregulation 
in either liver cells or non‑parenchymal cells contributes to 
numerous liver diseases, including NAFLD, alcohol liver 
injury, drug‑induced liver injury and HCC (7).

Although ferroptosis was originally identified as a type 
of autophagy‑independent cell death, extensive evidence has 
uncovered the crosstalk between autophagy and ferroptosis. The 
present review outlined the research on the crosstalk between 
ferroptosis and autophagy under the pathogenesis or treatment 
of liver diseases, delineated the pivotal role of the crosstalk and 
analyzed the involved molecular regulators or signal pathways, 
hopefully providing new insights into liver diseases and effec‑
tive strategies for their prevention or amelioration.

2. Overview of ferroptosis

Cells undergoing ferroptosis typically round up, detach and 
lose plasma membrane integrity. Alterations in mitochondrial 

morphology and cristae structure are the characteristic 
morphological features used as ferroptosis markers. Obvious 
mitochondrial shrinkage with condensed membrane densi‑
ties, reduction or disappearance of mitochondrial cristae and 
rupture of the outer mitochondrial membrane are observed in 
response to ferroptosis activators (8). However, the size and 
structural integrity of the nucleus are retained, and nuclear 
condensation or chromatin margination is rarely observed 
during ferroptosis (9). A number of genes regulate the highly 
intricated ferroptotic process. For example, ferroptosis induc‑
tion may depend on the RAt Sarcoma virus (RAS), which is 
the most common oncogene in cancers. Cancer cells harboring 
RAS mutations are highly sensitive to ferroptosis (10). Lung 
cancer cells transfected with short hairpin RNAs targeting 
RAS exhibited resistance to ferroptosis inducer erastin (11) and 
rhabdomyosarcoma cells overexpressing RAS were markedly 
less susceptible to ferroptosis, indicating the positive regula‑
tory role of RAS in ferroptosis (12). By contrast, heat shock 
protein beta‑1 (HspB1) was a highly expressed following 
ferroptosis induction in cervical cancer cells, osteosarcoma 
cells and prostate cancer cells. It negatively regulates ferrop‑
tosis in vitro and in vivo: ferroptosis is promoted by silencing 
HspB1 but inhibited by upregulating HspB1 (13).

In biochemical aspects, one central event leading to 
ferroptosis is aberrant iron homeostasis (14). Iron is an indis‑
pensable element required by all living organisms, and the 
control of its levels is a dynamic process involving its uptake, 
storage, utilization and efflux. Serum ferric ion is bound by 
transferrin and subsequently imported into cells via transferrin 
receptor (TFR1)‑mediated endocytosis. In the endosomes, 
ferric iron is reduced to ferrous iron and then released into 
a labile iron pool in the cytoplasm. Excess iron can be stored 
in ferritin, which is the primary iron storage protein complex 
composed of ferritin light chain (FTL) and ferritin heavy 
chain 1 (FTH1). Iron export requires the iron efflux pump 
ferroportin‑1 (FPN1), which produces ferric iron from ferrous 
iron (15). Ferrous iron plays numerous important functions in 
the regulation of multiple biochemical processes. In addition 
to catalyzing ROS generation via the Fenton reaction, iron is 
incorporated into several ROS‑generating enzymes and thus 
induces the other core event in ferroptosis, as shown by the 
accumulation of lipid peroxidation accompanied by depleted 
glutathione (GSH) and insufficient glutathione peroxidase 4 
(GPX4) (16). GSH is a tripeptide synthesized from glutamate, 
cysteine and glycine and acts as a direct ROS scavenger and a 
powerful antioxidant that limits oxidative damage to cellular 
components. The rate‑limiting precursor for GSH synthesis is 
cysteine, which is imported into cells by system Xc‑, a cystine 
and glutamate antiporter in the plasma membrane comprising 
xCT (solute carrier family 7 member 11) and solute carrier 
family 3 member 2. GSH is a necessary cofactor of GPX4, an 
antioxidant enzyme that utilizes reduced GSH to convert toxic 
lipid peroxides to non‑toxic phosphatidyl alcohols to confer 
resistance to lipid peroxidation and subsequently prevent 
ferroptosis  (17). Therefore, an increase in labile iron pool 
and lipid peroxidation are considered typical presentations of 
ferroptosis and are used as markers of ferroptotic cell death 
(Fig. 1).

Intra‑ and intercellular signaling events, environmental 
stresses or small molecules can regulate ferroptosis by 
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directly or indirectly controlling iron accumulation and/or 
lipid peroxidation (18). For example, exogenous iron (such 
as ferric ammonium citrate and ferric citrate) supplementa‑
tion, increased iron uptake (such as TFR1 overexpression), 
decreased iron storage (such as ferritin knockdown) and 
impaired iron efflux (such as FPN1 knockdown) contribute to 
iron overload and enhance the sensitivity to ferroptosis (19,20). 
By contrast, iron chelators such as deferoxamine or desfer‑
rioxamine mesylate block ferroptosis via the inhibition of 
iron overload (21). Blocking of system Xc‑‑mediated cystine 
import using excessive glutamate results in GSH depletion and 
consequent ROS accumulation, ultimately leading to a void in 
the antioxidant defenses and lipid peroxidation that triggers 
ferroptosis (22). Ferroptosis can also be triggered by downreg‑
ulated GPX4 through genetic deletion, covalently inactivating 
GPX4 (such as RSL3 and ML162) and promoting GPX4 
degradation (such as FIN56), whereas overexpressing GPX4 
or pharmacologically blocking its degradation may enhance 
antioxidant capacity and display potent protective effects 
against ferroptosis (23). Lipid metabolism regulates ferrop‑
tosis by controlling the peroxidizable levels of PUFA‑PLs, the 
most important lipids required for ferroptosis, and the associ‑
ated processes of phospholipid peroxidation. The arachidonic 
acid‑mediated depletion of PUFA‑PLs severely counteracts 
ferroptosis in a number of cell lines, and a similar phenom‑
enon is observed upon the pharmacological inhibition or 
genetic inactivation of the acyl‑coenzyme A synthetase long 

chain, which is a requirement for the synthesis of PUFA‑PLs. 
Furthermore, lipid antioxidants such as ferrostatin‑1 (Fer‑1) or 
liproxstatin‑1 prevent ferroptosis by inhibiting lipid peroxida‑
tion and are commonly used as ferroptosis inhibitors (24).

3. Overview of autophagy

As an evolutionarily conserved degradation system, the 
complete autophagic process encompasses a series of 
consecutive steps. Upon induction, the nucleation of the initial 
autophagosomal vesicle (a very flat organelle similar to Golgi 
cisterna and designated as phagophore or isolation membrane) 
occurs at multiple sites throughout the cytoplasm. Subsequent 
to nucleation, the phagophore expands to sequester its cargos 
via the addition of membrane presumably derived from the 
ER, Golgi complex, plasma membrane and mitochondria. The 
edges of the phagophore bend and ultimately seal to generate 
a typically spherical, double‑membraned autophagosome with 
a diameter of 300‑900 nm, depending on the organisms and 
cargo types (6). The autophagosome then moves to lysosome, 
and its outer membrane fuses with the lysosome to form an 
autolysosome, where the inner membrane of the autophago‑
some and its contents are degraded by lysosomal hydrolases (5). 
Before fusing with the lysosome, the autophagosome is 
hypothesized to firstly fuse with early or late endosomes to 
become an amphisome and acquire the necessary machineries 
for its subsequent fusion with the lysosome (25). Finally, the 

Figure 1. The process of ferroptosis. Cells acquires transferrin‑bound ferric iron via TFR1‑mediated endocytosis. Ferric iron is reduced to ferrous iron in the 
endosome and then released into the cytoplasm. Excess iron can be stored by ferritin, including FTL and FTH1. Iron export requires the iron efflux pump FPN1, 
which produces ferric iron from ferrous iron. System Xc‑ imports cysteine into cells with a 1:1 countertransport of glutamate and then induces the generation of 
GSH. GSH is a major ROS scavenger and a necessary cofactor of GPX4, an antioxidant enzyme that converts the toxic lipid peroxides to non‑toxic phosphatidyl 
alcohols for preventing ferroptosis. Therefore, ferroptosis is characterized by the iron overload and lipid peroxidation. TFR1, transferrin receptor 1; FTL, 
ferritin light chain; FTH1, ferritin heavy chain 1; FPN1, ferroportin‑1; GSH, glutathione; ROS, reactive oxygen species; GPX4, glutathione peroxidase 4.
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breakdown parts are exported back into the cytoplasm by 
membrane permeases for reuse as building blocks of anabolic 
processes or as an energy supplement (Fig. 2).

A specific family of genes called autophagy‑related genes 
(Atgs) constitutes the multistage molecular machinery of 
autophagy. Originally identified in yeast, >30 mammalian Atg 
orthologs have been found to play critical roles in autophagy. 
Among these Atg proteins, the essential subsets in autopha‑
gosome formation and maturation are referred to as the core 
molecular machinery and grouped into the following four 
categories based on their respective functions: The UNC51‑like 
kinase 1 kinase complex; two ubiquitin‑like conjugation 
systems; class III phosphatidylinositol 3‑kinase (PI3KIII) 
complex; and two transmembrane proteins, Atg9 and vacuole 
membrane protein 1(VPM1) (26,27). The ULK1 kinase complex 
is composed of ULK1 and its regulatory subunit FIP200, 
Atg13 and Atg101 and carries out the initiation of autophagy. 
Under nutrient deprivation conditions, ULK1 is stimulated and 
Atg13, FIP200 and ULK1 itself are phosphorylated, resulting 
in the recruitment of other autophagy proteins for phagophore 
nucleation and assembly (28). Two ubiquitin‑like [Atg12 and 
Atg8/microtubule‑associated protein light chain 3 (LC3)] 
conjugation systems facilitate phagophore membrane elonga‑
tion and expansion. The first conjugation event involves the 
covalent attachment of Atg12 to Atg5, which requires Atg7 
and Atg10 acting as E1 and E2‑like enzymes, respectively. 
Atg12‑Atg5 then interacts noncovalently with Atg16 and 
oligomerizes to a large units called Atg16L complex, which 
functions as an E3‑like enzyme in the second conjugation 
system to facilitate the conjugation of a single phosphatidyl‑
ethanolamine (PE) to the carboxyl terminus of LC3. For this 
conjugation to occur, LC3 is initially cleaved by Atg4 protease. 
The proteolyzed LC3 (LC3I) is then processed by the same 
E1‑like enzyme Atg7 and are further transferred to the E2‑like 
enzyme Atg3. The Atg16 complex finally ligates LC3I to PE 

to form LC3II, a lipidated form attached to autophagosome. 
Of note, the distribution of cytosolic LC3 to autophagosomes 
and the amount of LC3II are commonly regarded as markers 
for autophagy (29). The PI3KIII complex, which comprises 
vacuolar protein sorting 34 (Vps34), Beclin1/Atg6 and 
Vps15, preforms membrane modification involving phospha‑
tidylinositol phosphorylation to produce phosphatidylinositol 
3‑phosphate. This molecule then serves as a docking particle 
that promotes Atg protein complex formation at the nucleation 
site, membrane enclosing and the cytoplasmic components 
sequestration (26). The transmembrane protein Atg9 localizes 
to autophagy‑related structures, namely, omegasomes, as well 
as the Golgi apparatus and endosomes. Atg9 shuttles among 
these organelles and potentially contributes to membrane 
transport to the forming autophagosome (30). VPM1 is an 
ER‑ and Golgi apparatus‑associated membrane protein. By 
directly interacting with Beclin1, VPM1 may bring PI3KIII 
components to the phagophore and promote the autophago‑
some formation (31).

Autophagy regulation is extremely complicated and 
involves multiple stimulatory or inhibitory factors or signal 
pathways, such as PI3KI‑protein kinase B (AKT)‑mammalian 
target of rapamycin complex 1 (mTORC1), adenosine 
monophosphate‑dependent protein kinase (AMPK)‑mTORC1 
pathway, B cell lymphoma 2 (Bcl2)‑Beclin1 pathway and p53. 
mTOR is a conserved serine/threonine protein kinase and 
exists in two distinct complexes, mTORC1 and mTOR2, which 
are formed by binding with multiple companion proteins and 
defined by the presence of the companion proteins Raptor and 
Rictor, respectively. Particularly, mTORC1 integrates various 
upstream signaling pathways to block or induce autophagy. 
PI3KI can increase the membrane recruitment of phos‑
phoinositide‑dependent kinase 1, which phosphorylates and 
activates AKT. AKT further inhibits the downstream tuberous 
sclerosis complex (TSC) and activates mTORC1, leading to 

Figure 2. The process of autophagy. Upon induction, the de novo‑synthesized double‑membrane vesicle, autophagosome, sequesters and transports cargos to 
the lysosome, leading the degradation of their contents by resident hydrolases and the release of the breakdown products back into the cytosol for recycling.
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autophagy suppression. By contrast, AMPK can phosphorylate 
and activate TSC and induce autophagy by inhibiting mTORC1 
activity (32). Beclin1 is a mammalian autophagy protein iden‑
tified as a novel Bcl2‑interacting protein. Increased Beclin1 
and Bcl2 interaction disturbs the PI3KIII complex formation, 
thus inhibiting autophagy. By contrast, the disruption of the 
Bcl2‑Beclin1 complex upregulates autophagy (33). p53 may 
exert both pro‑ and anti‑autophagy functions depending on 
its compartmental localization. Cytosolic p53 effectively 
represses autophagy, whereas nuclear p53 stimulates autophagy 
through the transcriptional repression of mTORC1 activity 
and the induction of damage‑regulated autophagy modulator 
expression (34). Furthermore, epigenetic alterations, including 
DNA methylation, histone modification and non‑coding RNAs 
expression, not only modify Atgs but also affect signaling 
genes, thus inhibiting or promoting of autophagy (35) (Fig. 3). 
Of note, these regulatory pathways may be interconnected and 
influence the dynamic autophagic process at different steps.

Autophagy can be a bulk, nonselective, degradative 
process, with random engulfment of cellular components. 
Under certain circumstances, autophagy occurs in a selec‑
tive manner dependent on autophagy adaptor proteins, such 
as p62, neighbor of BRCA1, optineurin and nuclear dot 
protein 52 KDa. These proteins interact simultaneously with 
cargos and LC3 protein anchored in the autophagosomal 
double membrane for autophagosome targeting. Selective 
autophagy contributes to organelle quality control and 
homeostasis regulation by degrading specific soluble proteins 
(ferritinophagy), damaged and excess organelles (mitophagy, 
lipophagy, lysophagy, ER‑phagy, ribophagy, perophagy and 
nucleophagy), aggregated proteins (aggrephagy) and invasive 
bacteria (xenophagy) (36).

4. Crosstalk between autophagy and ferroptosis in diverse 
liver diseases

Multiple Atgs, such as Atg5, Atg7 and Beclin1, have been 
identified as potential positive regulators of ferroptosis 
using RNAi screening methods. The genetic and pharmaco‑
logical inhibition of autophagy greatly attenuates and delays 
ferroptosis, highlighting the vital involvement of autophagy 
in the regulation of ferroptotic cell death (37). Particularly, 
selective autophagy including nuclear receptor coactivator 4 
(NCOA4)‑mediated ferritinophagy, Ras‑related protein Rab7a 
(Rab7)‑mediated lipophagy, p62‑mediated clockophagy and 
Hsp90‑mediated CMA, degrades ferritin, lipid droplets, aryl 
hydrocarbon receptor nuclear translocator‑like protein 1 and 
GPX4 to induce iron overload and/or lipid peroxidation, even‑
tually promoting ferroptosis (Fig. 4). Conversely, ferroptosis 
induction activates autophagy by stimulating autophagosomes 
formation, whereas ferroptosis inhibition impairs autophagic 
degradation in a context‑dependent manner (38). Thus, the 
signal pathways or essential molecules involved in these two 
processes may either be shared or be interconnected  (39). 
The crosstalk between autophagy and ferroptosis has 
emerged as a vital factor in the occurrence, development and 
therapeutic application of various liver diseases. Studies have 
demonstrated that this crosstalk is an important mechanism 
underlying drug‑ or toxin‑induced liver injury (40‑55), and 
is also closely associated with liver fibrosis (23,56‑65) and 

HCC (66‑81). Moreover, it functions in the liver damage of 
metabolic syndrome (MS) (82), NAFLD (83), non‑alcoholic 
steatohepatitis (NASH) (84), acute liver injury (ALI) (85‑89), 
diabetic liver injury (90) and liver cell senescence (91). Further 
details supporting this crosstalk as a pivotal mediator in these 
liver diseases are listed in Table Ⅰ).

Crosstalk between autophagy and ferroptosis in drug‑induced 
liver injury. Drug‑induced liver injury is one of the most 
challenging liver diseases in clinical practice. It consider‑
ably interrupts the drug therapy and increases treatment 
difficulty  (92). Increasing evidence substantiates that the 
crosstalk between autophagy and ferroptosis participates in 
the pathogenesis of drug‑induced liver injury. Rifampicin, 
a common chemotherapy agent for tuberculosis, not only 
promotes ferroptosis, manifested by increasing lipid peroxida‑
tion and intracellular iron content, but also markedly increases 
the expressions of LC3Ⅱ and NCOA4 while decreasing 
the expressions of p62 and ferritin, thereby inducing 
NCOA4‑mediated ferritinophagy (40). NCOA4 is a specific 
ferritinophagy receptor that recognize ferritin and binds to its 
hub subunit FTH1 and interacts with LC3, transporting ferritin 
to the autophagosome for lysosomal degradation and iron 
release (93). In cell or mouse models, blocking ferritinophagy 
via knockdown of NCOA4 or Atg5, or with the treatment of 
3‑methyladenine (3‑MA), reduces ferritin degradation and 
iron overload, partially alleviating ferroptosis and ultimately 
mitigating rifampicin‑induced cytotoxicity, liver steatosis and 
tissue injury. Hsc70 is supposed to manipulate ferritinophagy 
by modulating the ferritin degradation and ferroptosis sensi‑
tivity of liver cells. Its expression decreases with the prolonged 
rifampicin treatment. Hsc70 inducer treatment substantially 
inhibits NCOA4‑mediated ferritinophagy and ferroptosis, 
thereby alleviating the liver injury caused by rifampicin (40).

Liver injury is a common adverse reaction to methotrexate, 
a drug broadly employed for the treatment of rheumatoid 
arthritis and various tumors treatment  (94). Research has 
highlighted the significant role of ferritinophagy‑dependent 

Figure 3. Major regulatory pathways of autophagy. Autophagy regulation 
involves multiple stimulatory or inhibitory factors or signal pathways, such 
as PI3KI‑AKT‑mTORC1, AMPK‑mTORC1, Bcl2‑Beclin1 pathways, p53 and 
epigenetic modulations. PI3KI, class I phosphatidylinositol 3‑kinase; AKT, 
protein kinase B; TSC, tuberous sclerosis complex; mTORC1, mammalian 
target of rapamycin complex 1; AMPK, adenosine monophosphate‑dependent 
protein kinase; Bcl2, B cell lymphoma 2; PI3KIII, class III phosphatidylino‑
sitol 3‑kinase.
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ferroptosis in methotrexate‑induced hepatotoxicity. In liver 
cells, methotrexate treatment upregulates LC3Ⅱ and NCOA4, 
reduces p62 and FTH1 and triggers ferroptosis. Additionally, 
NCOA4 knockdown clearly inhibits FTH1 degradation, 
suppresses ferroptosis, and mitigates methotrexate‑induced cell 
death, indicating that NCOA4‑mediated ferritinophagy induced 
by methotrexate facilitates ferroptosis. Mechanistically, the 
overexpression and cytoplasmic translocation of high‑mobility 
group box 1 (HMGB1), a damage‑associated molecular pattern 
molecule  (95), is responsible for the regulation of metho‑
trexate‑induced ferritinophagy and ferroptosis. Depletion or 
pharmacological inhibition of HMGB1 substantially allevi‑
ates methotrexate‑induced hepatotoxicity by diminishing 
ferritinophagy‑mediated ferroptosis (41).

Ferritinophagy‑dependent ferroptosis also contributes 
to the liver injury caused by toosendanin, which is a natural 
compound extracted from traditional Chinese medicine, 
Melia toosendan Sieb. et Zucc. with multiple bioactivi‑
ties (96). Toosendanin treatment reduces liver cell viability in 
a concentration‑dependent manner; causes mouse liver injury; 
increases ROS, lipid peroxidation and iron contents; and 
decreases GSH level and GPX4 expression, all of which are 
consistent with the process of ferroptosis. Moreover, the acti‑
vation of protein kinase R‑like endoplasmic reticulum kinase 
(PERK)‑eukaryotic initiation factor 2 α subunit (eIF2a)‑acti‑
vation transcription factor 4 (ATF4) signaling pathway causes 
cellular iron overload and enhanced sensitivity to ferroptosis 
by upregulating the ATF3‑mediated expression of NCOA4 and 
TFR1, which are related to the impaired iron storage caused by 
ferritinophagy induction and the increased iron uptake caused 
by the promotion of iron importation, respectively (42).

Triptolide is a natural compound isolated from 
Tripterygium wilfordii Hook. F. with severe liver injury (97). 
Previous reports have demonstrated triptolide‑induced liver 
cells ferroptosis as a biological process highly dependent on 
lipophagy. Triptolide administration markedly elevates Rab7 
and LC3Ⅱ expressions, reduces p62 expression and augments 
the colocalization of LC3 and Rab7 proteins in human normal 
liver cells and mice livers, supporting the activation of 
Rab7‑mediated lipophagy. Triptolide also increases the levels 
of malondialdehyde, iron and prostaglandin endoperoxide 
synthase 2, depletes GSH and GPX4, and causes significant 
mitochondria damage. Genetic or pharmacological depletion 
of lipophagy reverses ferroptosis and attenuates liver cell 
damage (43). Given the lipolytic effect of lipophagy on lipid 
droplets (98), the activation of Rab7‑mediated lipophagy is 
hypothesized to promote the release of free fatty acids, which 
subsequently impair mitochondrial function and amplify 
oxidative stress. This cascade ultimately drives lipid peroxida‑
tion, ferroptosis and liver injury development.

Acetaminophen (paracetamol) overdose is responsible for 
the greatest proportion of drug‑induced liver injury in Western 
countries  (99). The reactive metabolite of acetaminophen 
induces GSH depletion and covalently binds to mitochondrial 
proteins, initiating mitochondrial damage and ROS over‑
production and resulting in impaired antioxidant capacity 
and lipid peroxidation (100). ROS generation from damage 
mitochondria also trigger autophagy induction in mouse livers 
and in primary cultured liver cells following acetaminophen 
treatment (101). ROS‑induced autophagy is a critical factor 
that controls intracellular iron concentration through ferritin 
degradation and TFR1 expression during ferroptosis (38). In 

Figure 4. Selective autophagy promotes ferroptosis. Rab7‑mediated lipophagy, p62‑mediated clockophagy and Hsp90‑mediated CMA promote lipid peroxida‑
tion in ferroptosis; NCOA4‑mediated ferritinophagy promotes iron accumulation in ferroptosis. Rab7, Ras related protein Rab7a; LC3, microtubule‑associated 
protein light chain 3; ARNTL, aryl hydrocarbon receptor nuclear translocator‑like protein 1; Hsc70c, heat shock cognate 71 KDa protein cytosolic; Lamp2, 
lysosome‑associated membrane protein 2; Hsp90, heat shock protein 90; GPX4, glutathione peroxidase 4; CMA, chaperone‑mediated autophagy; NCOA4, 
nuclear receptor coactivator 4.
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acetaminophen‑induced liver injury, excessive lipid peroxida‑
tion, GSH depletion, GPX4 suppression, increased LC3Ⅱ 
expression, p62 degradation and autophagosomes accumula‑
tion were observed in hepatic cells, which are in accordance 
with the typical features of ferroptosis and autophagy, respec‑
tively. Ferroptosis is responsible for acetaminophen‑induced 
liver injury, and ferroptosis inhibitor could eliminate these 
ferroptosis characteristics and alleviate acute hepatotoxicity. 
These studies collectively demonstrate the involvement of 
autophagy and ferroptosis in acetaminophen‑induced liver 
injury and raise the possibility of a positive feedback loop 
between autophagy and ferroptosis in liver cells in response to 
acetaminophen (101,102). However, this relationship between 
autophagy and ferroptosis during acetaminophen‑induced liver 
injury remains controversial. It has been reported that acet‑
aminophen injection led to a significant release of intracellular 
iron and subsequent ROS accumulation by activating ferritin‑
ophagy on the one hand and inhibiting the endogenous nuclear 
factor E2‑related factor 2 (Nrf2)/heme oxygenase‑1 (HO‑1) 
antioxidant pathway on the other hand, which contributes to 
clear intracellular ROS. The combined effect of both factors 
culminates in liver cell ferroptosis and finally induces signifi‑
cant liver injury (44). In contrast to a cell death mechanism 
favoring ferroptosis, autophagy also plays a critical protective 
role against acetaminophen‑induced hepatic cell death. Instead 
of exacerbating acetaminophen‑induced liver injury, the 
pharmacological induction of autophagy exhibits a protective 
effect. The removal of damaged mitochondria by mitophagy 
and the consequent reduction in ROS production could mediate 
this protection (101). Another study demonstrated that acet‑
aminophen administration decreased the expression levels of 
molecules related to the Nrf2/HO‑1 antioxidant pathway and 
increased the ROS content, resulting in impaired antioxidant 
capacity and oxidative stress in mouse liver. Simultaneously, 
weakened autophagy activity and enhanced ferroptosis 
were observed (45). Furthermore, it has been confirmed that 
the forehead box transcription factor class O 1 (Foxo1) is a 
promoter for both the suppression of autophagy and the induc‑
tion of ferroptosis triggered by acetaminophen. Notably, mice 
subjected to acetaminophen treatment exhibit elevated levels of 
Foxo1. However, hepatocyte‑specific deletion of Foxo1 amelio‑
rates liver injury by stimulating autophagy and inhibiting 
ferroptosis (46).

Taken together, drugs such as rifampicin, methotrexate, 
toosendanin, and triptolide induce liver damage through ferri‑
tinophagy‑ or lipophagy‑dependent ferroptosis. Acetaminophen 
overdose also involves both autophagy and ferroptosis, but their 
relationship is a subject of debate, with autophagy exerting both 
protective and detrimental effects (Fig. 5).

Crosstalk between autophagy and ferroptosis in toxin-
induced liver injury. The liver is the main organ in the body 
for the accumulation and detoxification of a number of toxins, 
making it highly susceptible to their adverse effects. The 
crosstalk between autophagy and ferroptosis is implicated in 
the molecular mechanisms of liver injury induced by various 
exogenous toxins. Acrylamide is a heat‑induced toxic agent 
that widely exists in the environment, and liver injury is a 
prevalent reported toxic effect of this chemical  (103). An 
RNA‑sequencing and bioinformatics analysis for evaluating 

and comparing the overall gene expression pattern of liver 
cells showed that exposure to acrylamide markedly activated 
oxidative stress signaling pathways and upregulated autophagy 
and ferroptosis pathways (47). Further experiments confirmed 
that acrylamide decreased mitochondrial membrane potential 
(MMP) and increased ROS production and Nrf2 levels, leading 
to GSH deactivation and GPX4 degradation and inevitably 
inducing oxidative stress and ferroptosis (47,104). Acrylamide 
also induced autophagy activation as indicated by LC3Ⅱ eleva‑
tion and p62 reduction (105). Moreover, ROS scavenger and 
autophagy inhibition consistently and markedly suppressed 
acrylamide‑induced autophagy and ferroptosis. These results 
suggest that acrylamide‑induced ferroptosis is dependent on 
oxidative stress‑driven autophagy. Acrylamide treatment also 
increases the NCOA4 level and decreases the FTH1 level, 
indicating the activation of ferritinophagy. Notably, quercetin, 
a natural antioxidant flavonoid, possesses the ability to counter 
acrylamide‑induced liver injury by targeting autophagy‑depen‑
dent ferroptosis. Quercetin effectively reduces ROS 
accumulation to combat acrylamide‑induced oxidative stress 
and autophagy and eventually inhibits ferroptosis. Additionally, 
quercetin specifically binds to NCOA4 protein to disrupt the 
NCOA4A‑FTH1 interaction, impairs ferritinophagy, and 
consequently blocks ferroptosis by preventing FTH1 degrada‑
tion and reducing the amount of bioavailable intracellular iron 
in acrylamide‑exposed liver cells (47).

Cadmium, nickel and copper are common harmful heavy 
metals released by industrial manufacturing or naturally 
present in the environment. They greatly endanger liver health. 
Excessive intake leads to abnormal accumulation and homeo‑
stasis imbalance of these metals in the liver, damaging its 
histomorphology and interfering with its normal physiological 
functions (106). Autophagy and ferroptosis are pivotal under‑
lying mechanisms involved in the liver injury induced by these 
metals and the crosstalk between these processes occur during 
the pathogenesis of this condition. In chicken liver, copper 
exposure inactivates the Nrf2/Kelch‑like ECH‑associated 
protein 1 (KEAP1) signaling pathway, reduces the expression 
of its downstream gene targets such as xCT and GPX4, disrupts 
the endogenous antioxidant GSH metabolism, promotes lipid 
peroxidation and induces the typical morphological charac‑
teristics in mitochondria associated with ferroptosis. Copper 
also markedly augments the mRNA and protein expression 

Figure 5. Crosstalk between autophagy and ferroptosis in drug‑induced liver 
injury. NCOA4, nuclear receptor coactivator 4; Rab7, Ras related protein Rab7a.
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levels of NCOA4. Therefore, NCOA4‑mediated ferritinophagy 
plays a critical role in promoting copper induced ferroptosis in 
the liver (48). Similar patterns occur with nickel or cadmium 
exposure, which enhances ferritin degradation through 
NCOA4‑mediated ferritinophagy and activates ferroptosis 
as indicated by the occurrence of iron accumulation, lipid 
peroxidation and impairment of the antioxidant system. The 
use of ferroptosis inhibitors or autophagy inhibitors markedly 
promotes ferroptosis resistance and reduces liver damage. 
These results demonstrate that ferritinophagy as a trigger 
of ferroptosis is closely involved in the cell death caused by 
nickel or cadmium exposure (49,50). Mechanistically, mito‑
chondria damage, manifesting as mitochondrial ROS increase, 
MMP depolarization and interference with mitochondrial 
respiratory chain, is a significant factor for autophagy and 
ferroptosis induction under nickel exposure (50). Regarding 
the toxic effect of cadmium on the liver, the ER stress response 
is also activated through the PERK‑eIF2α‑ATF4‑C/EBP 
homologous protein signaling pathway. ER stress activation 
not only initiates autophagy but also exacerbates ferroptosis, 
indicating that ER stress participates in the synergistic effect 
of ferritinophagy and ferroptosis (49).

Arsenic and fluoride are widely known as hazardous 
nonmetallic pollutants. Their contamination poses severe 
threats to livestock and humans and the liver is an important 
target organ of their toxicology (107). Chicken liver injury 
induced by long‑term arsenic exposure is inseparable from 
ferritinophagy‑mediated ferroptosis, and the mitochondria 
might play a crucial role in the process. Arsenic exposure 
induced mitochondrial dysfunction and led to enhanced 
ROS production, which triggered ferritinophagy via the 
AMPK/mTOR/ULK1 signaling pathway and markedly altered 
the expression levels of ferroptosis‑related proteins in chicken 
livers (51). Mitochondrial damage, increased mitochondrial 
ROS generation and free iron‑mediated ferroptosis are typi‑
cally observed in cell and animal models of fluoride‑induced 
liver injury (108). Increased LC3II expression and p62 accumu‑
lation are also noted, indicating the fusion of autophagosomes 
and lysosomes is inhibited and autophagic degradation is 
hindered (52). Such outcomes might be attributed to the excess 
iron, which exerts an inhibitory effect on the autophagic 
process (109). The autophagy activator rapamycin not only 
ameliorates fluoride‑induced autophagic flux blockage by 
correcting autophagic degradation impairment but also 
inhibits fluoride‑mediated ferroptosis by reducing the iron 
content and suppressing lipid peroxidation. Additionally, the 
ferroptosis inhibitor Fer‑1 simultaneously ameliorates ferrop‑
tosis and alleviates the impaired autophagic degradation at the 
same time (52). Thus, a bidirectional regulation exists between 
autophagy and ferroptosis in fluoride‑induced liver injury.

Dysregulated ferroptosis has been implicated in 
alcohol liver injury, as evidenced by iron disorder and the 
increased intracellular lipid peroxidation  (53,110). The 
ferroptosis‑promoting effect of ethanol and its highly active 
metabolite acetaldehyde is highly dependent on autophagy. 
On the one hand, ethanol or acetaldehyde promotes ferritin 
degradation and free iron release via NCOA4‑mediated 
ferritinophagy, contributing to ferroptosis. On the other hand, 
PTEN‑induced putative kinase 1 (PINK1)/Parkin‑mediated 
mitophagy is arrested, leading to mitochondrial damage 

without clearance in time and elevated ROS and further 
stimulating ferroptosis. Ferroptosis inhibitor Fer‑1 reverses 
elevated ferritinophagy, implying that ferroptosis induces 
autophagy activation in a feedback manner (53). Silibinin is 
the major active constituent of milk thistle seed extract and has 
multiple targets. It simultaneously reverses NCOA4‑mediated 
ferritinophagy, restores PINK1/Parkin‑mediated mitophagy, 
modulates iron metabolism and limits lipid peroxidation, 
thereby exhibiting hepatoprotective properties in ethanol‑ or 
acetaldehyde‑induced liver injury model (53).

Aflatoxin B1 and deoxynivalenol, two extensively prevalent 
mycotoxins, poses a considerable public health threat owing 
to its high propensity to contaminate agricultural products 
and induce liver damage upon consumption. One manner in 
which both of them inflicts liver damage is through ferritin‑
ophagy‑mediated ferroptosis (54,55). At the molecular level, 
aflatoxin B1 disturbs iron balance by affecting ferritinophagy, 
a process that is reliant on the PI3K/AKT/mTOR/ULK1 
pathway. The disruption leads to iron accumulation, which in 
turn intensifies lipid peroxidation and causes ferroptosis (54). 
The ability of deoxynivalenol to regulate ferritinophagy is 
achieved partly by accelerating the ubiquitination‑mediated 
degradation of programmed cell death protein 4, thereby 
upregulating NCOA4 expression through the c‑Jun N‑terminal 
kinase‑c‑Jun axis. Moreover, deoxynivalenol has the capacity 
to induce excessive mitophagy, and the administration of 
a mitophagy activator further exacerbated the hepatic cell 
ferroptosis‑promoting effect of deoxynivalenol, suggesting 
that mitophagy actually promotes ferroptosis, rather than 
exerting an inhibitory effect (55).

Overall, these findings provide substantial evidence of a 
crosstalk between autophagy and ferroptosis in the liver injury 
caused by various toxins, including acrylamide, heavy metal, 
nonmetallic pollutants, alcohol, and mycotoxins. Mainly 
through activating ferritinophagy, they disrupt iron homeo‑
stasis, leading oxidative stress and lipid peroxidation, which 
trigger ferroptosis (Fig. 6). Notably, substances like quercetin 
and silibinin show promise in mitigating liver damage by 
targeting these pathways.

Crosstalk between autophagy and ferroptosis in liver fibrosis. 
Liver fibrosis is a reversible pathophysiological condition 

Figure 6. Crosstalk between autophagy and ferroptosis in toxin‑induced liver 
injury. NCOA4, nuclear receptor coactivator 4.
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mainly characterized by the death of normal liver cells and the 
excess deposition of extracellular matrix. Activated hepatic 
stellate cells (HSCs) are the most important producers of 
extracellular matrix (111). The crosstalk between autophagy 
and ferroptosis happens during the induction or prevention of 
liver fibrosis. Silica nanoparticles (SiNPs) are composed of 
silicon dioxide and have a number of applications, including 
in biomedicine, food and chemical and textile industries. 
Animal experiments on respiratory exposure to SiNPs reveal 
that SiNPs accumulate primarily in the liver and induce liver 
toxicity, manifested as ferritinophagy‑mediated ferroptosis and 
fibrosis (56,112). SiNPs administration causes mitochondrial 
vacuolation and mitochondrial membrane rupture, increases 
lipid peroxidation and iron accumulation and decreases GPX4 
levels, suggesting that SiNPs lead to ferroptosis in liver cells. 
SiNPs exposure also evokes ferritinophagy, indicated by 
NCOA4 and LC3Ⅱ upregulation and FTH1 downregulation. 
NCOA4 knockdown can alleviate SiNP‑triggered ferroptosis 
in liver cells, indicating that NCOA4‑mediated ferrinophagy 
is responsible for ferroptosis (56). Mitophagy is also reported 
to promote liver fibrosis through a ferroptosis‑dependent 
manner. FUN14 domain‑containing protein 1 (FUNDC1), a 
mitophagy receptor highly expressed in the liver tissues of 
patients suffering from liver fibrotic injury as well as carbon 
tetrachloride‑challenged mice, has been identified as a culprit 
in eliciting liver cell ferroptosis. Through directly interacting 
with GPX4, FUNDC1 facilitates the recruitment of GPX4 into 
mitochondria, where it undergoes degradation by mitophagy, 
ultimately triggering ferroptosis (57). Parenchymal cell death 
further activates HSCs, resulting in the upregulated expression 
of liver fibrosis indicators, especially a‑smooth muscle actin 
and collagen I and II (56).

Targeted scavenging of activated HSCs and the consequent 
blocking of the fibrogenic effect at the source have been 
proposed as an effective therapeutic approach to reverse liver 
fibrosis. Ferroptosis induction has been proven to be a new 
control measure for HSCs activation. RNA binding proteins 
ZFP36 ring finger protein (ZFP36) and ELAV like RNA 
binding protein 1(ELAVL1) plays a pivotal role in triggering 
HSCs ferroptosis to alleviate liver fibrosis caused by ferroptosis 
inducers such as sorafenib, erastin, and RSL3. The activation 
of ferritinophagy is necessary for both proteins to regulate 
ferroptosis in HSCs (23,58). Exposure to ferroptosis inducers 
apparently increases the expression level of E3 ubiquitin 
ligase F‑box and WD repeat domain containing 7 (FBXW7) 
in HSCs. As shown by immunocoprecipitation assay and 
ubiquitination assay, FBXW7 directly binds to ZFP36 and 
decreases ZFP36 protein expression by ubiquitination‑medi‑
ated proteasomal degradation. ZFP36 downregulation 
promotes ferritinophagy activation by stabilizing Atg16L1 
mRNA, which mediates ferroptosis by degrading FTH1 in 
a NCOA4‑dependent manner (23). Contrary to the decrease 
in ZFP36, ELAVL1 expression increases markedly through 
the inhibition of the ubiquitin‑proteasome pathway following 
ferroptosis inducers treatment. ELAVL1 abrogates Beclin1 
mRNA decay by binding to the AU‑rich elements within the 
3'‑untranslated region (UTR), and in turn contributes to ferri‑
tinophagy activation and ferroptosis induction in HSCs (58). 
Additionally, the autophagy signaling pathway is involved 
in N6‑methyladenosine (m6A) modification‑induced HSC 

ferroptosis. RNA sequencing shows that ferroptosis inducers 
markedly increases m6A modification in Beclin1 mRNA 
by upregulating methylase METTL4 and downregulating 
demethylase FTO. m6A‑binding protein YTHDF1 promotes 
Beclin1 production by recognizing m6A binding sites, 
thereby triggering ferritinophagy, and eventually leading 
to ferroptosis (59). Moreover, Beclin1 protein is enriched in 
mesenchymal stem cells‑derived exosomes (MSC‑ex), which 
are the membrane vesicles encapsulating MSCs‑derived 
proteins, lipids, mRNAs and noncoding RNA (113). MSC‑ex 
specifically targets HSCs activation and promotes HSCs 
ferroptosis by delivering Beclin1 proteins into HSCs, which 
improves autophagy marker LC3II expression and promotes 
iron release. Possibly MSC‑ex induce ferroptosis through 
exosomal Beclin1‑induced ferritinophagy, and Beclin1 can be 
a potential biofactor for alleviating liver fibrosis (60).

Natural active products from traditional Chinese 
medicines, such as artesunate, berberine, curcumol, dihydroar‑
temisinin and artemether, have made marked advances in the 
prevention and treatment of liver fibrosis by inducing ferrop‑
tosis. Studies have highlighted the importance of autophagy 
as an emerging mechanism of these products in enhancing 
ferroptosis and proposed a potential novel therapeutic strategy 
for liver fibrosis. Artesunate, berberine, curcumol, dihydroar‑
temisinin or artemether treatment clearly promote ferroptosis 
to eliminate activated HSCs, reduce the deposition of extra‑
cellular matrix, alleviate mouse liver fibrosis and restore 
mouse liver function. In terms of mechanism, artesunate, 
curcumol, dihydroartemisinin and artemether mediate FTH1 
degradation by increasing NCOA4, leading to ferritinophagy 
activation, iron accumulation, lipid peroxidation elevation, 
antioxidant capacity loss and ferroptosis occurrence. By 
contrast, the interdiction of ferritinophagy completely abol‑
ishes the induced ferroptosis and diminishes the efficacy of 
these natural products against liver fibrosis (61‑64). Regarding 
the anti‑fibrosis effect of berberine, the autophagy impairment 
caused by berberine is incapable of eliminating the increased 
ROS production and contributes to oxidative stress via a 
feed‑forward loop, which accelerates the ubiquitin‑mediated 
degradation of ferritin and the release of iron. Iron accumu‑
lation further amplifies ROS generation through the Fenton 
reaction, and triggers ferroptosis through lipid peroxidation 
and GSH depletion in activated HSCs, thereby providing a 
brake on the fibrogenic response (65).

Thus, liver fibrosis involves liver parenchymal cell ferrop‑
tosis and HSCs activation. Ferritinophagy and mitophagy 
can promote this process. Targeting activated HSCs through 
ferroptosis induction offers a therapeutic approach. Natural 
products from traditional Chinese medicine have potential 
in preventing liver fibrosis by promoting ferroptosis, with 
autophagy playing a key role (Fig. 7).

Crosstalk between autophagy and ferroptosis in HCC. HCC is 
among the most widely occurring tumors with high incidence 
and mortality rates  (66). Differentially expressed ferritin‑
ophagy‑related genes are markedly associated with patient 
prognosis: individuals with high FTH1 and FTL expression 
levels exhibit considerably poorer survival rates than indi‑
viduals with low expression levels (114). Hence, ferritinophagy 
possibly regulates HCC by influencing ferroptosis. Circular 
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RNAs (circRNAs) and RNA‑binding proteins participates 
in the development and progression of HCC by regulating 
autophagy‑mediated ferroptosis. CircRNAs, a group of 
endogenous non‑coding RNAs with covalently closed‑loop 
structures, originate from the back‑splicing events of primary 
mRNAs. By binding with their corresponding microRNAs or 
proteins, circRNAs participate in the multifaceted biological 
regulation of cellular metabolism (115). A study has found that 
circIARS, a novel circRNA derived from the IARS gene, was 
the most highly expressed circRNA after ferroptosis inducer 
sorafenib treatment in HCC cells (66). circIARS increased the 
vulnerability to sorafenib and this effect partially depended 
on repressing the biological role of the RNA binding protein 
AlkB Homolog 5 (ALKBH5), a negative regulator of ferri‑
tinophagy in HCC cells. Mechanistic identification revealed 
that circIARS physically interacted with ALKBH5 and 
promoted phagophore nucleation and ferritinophagy induc‑
tion by suppressing the dissociation of Bcl2‑Beclin1 complex, 
resulting in the ferroptotic events by increasing iron‑binding 
ferritin turnover and iron release (66). Another study demon‑
strated the regulatory effect of the circRNA of the family 
with sequence similarity 134, member B (circFAM134B) for 
ER‑phagy‑mediated ferroptosis in HCC cells treated with 
multi‑targeted tyrosine kinase inhibitor lenvatinib. FAM134B 
is a receptor protein for selectively recognizing and degrading 
ER fragments and the expressions of both circFAM134B and 
FAM134B in HCC cells were effectively induced by lenvatinib. 
circFAM134B acted as a sponge that competitively bound to 
poly (A) binding protein cytoplasmic 4, thereby destabilizing 
FAM134B mRNA by facilitating nonsense‑mediated mRNA 
decay and suppressing the process of FAM134B‑mediated 
ER‑phagy. Moreover, circFAM134B is a positive regulator 
of ferroptosis, and loss of circFAM134B markedly reversed 
the ferroptosis phenotype in HCC cells. Concurrently, 
the levels of FAM134B and its colocalization with LC3 

markedly increased after si‑circFAM134B transfection. These 
results suggest that targeting circFAM134B could markedly 
affect FAM134B‑mediated ER‑phagy, thereby improving 
the ferroptosis sensitivity of HCC cells to lenvatinib  (67). 
FAM134B‑mediated ER‑phagy also plays an important role 
in the execution of sorafenib‑induced ferroptosis in HCC cells. 
Sorafenib effectively induced the direct interaction between 
PABPC1 and FAM134B mRNA, promoting the translational 
activation of FAM134B and inducing ER‑phagy. FAM134B 
knockdown not only blocked ER‑phagy, but also improved the 
ferroptosis sensitivity of HCC cells (68). Distinct from other 
selective autophagy pathways that often promote ferroptosis 
by degrading the cellular components critical for redox 
homeostasis, ER‑phagy inhibits ferroptosis by maintaining 
ER integrity and modulating stress signaling (116). Moreover, 
upregulated polypyrimidine tract‑binding protein 1 (PTBP1), 
an RNA‑binding proteins, was observed in sorafenib‑treated 
HCC cells. PTBP1 physically interacted with the 5'UTR of 
the NCOA4 mRNA sequence and promoted the activation of 
ferritinophagy by regulating NCOA4 translation, causing the 
enhanced degradation of ferritin, accelerated accumulation of 
intracellular iron and impaired ferroptosis resistance of HCC 
cells (69). Partner of NOB1 (PNO1) is another RNA‑binding 
protein that inhibits autophagy‑mediated ferroptosis by 
GSH metabolic reprogramming in HCC cells. By promoting 
autophagy via the mitogen‑activated protein kinases signaling 
pathway, PNO1 mainly affects the levels of intracellular 
glutamate, which activates system Xc‑ to import additional 
cysteine. This highly activated GSH biosynthesis inhibits lipid 
ROS generation and finally counteracts ferroptosis. Thus, 
PNO1 is a bona fide ferroptosis inhibitor. The combination 
of PNO1 inhibition with ferroptosis‑inducing drugs markedly 
strengthens ferroptosis sensitivity (70,71).

Mitochondria damage has become a major factor in 
oxidative stress and tumorigenesis. Mitophagy prevents the 

Figure 7. Crosstalk between autophagy and ferroptosis in liver fibrosis. ZFP36, ZFP36 ring finger protein; ELAVL1, ELAV like RNA binding protein 1; 
MSC‑ex, mesenchymal stem cells‑derived exosomes; SiNPs, Silica nanoparticles; FUNDC1, FUN14 domain‑containing protein 1; HSCs, hepatic stellate cells.
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accumulation of dysfunctional mitochondria to ensure the 
quantity and quality of the mitochondrial population and main‑
tain stable ROS levels, which lead to oxidative stress (117). 
Mitophagy and ferroptosis are associated with HCC prog‑
nosis. A mitophagy‑related signature based on a consensus 
clustering analysis has identified several mitophagy‑related 
genes closely related to the ferroptosis status and progression 
of HCC. This signature also exhibits a predictive effect on the 
prognosis of patients with HCC (118). Moreover, owing to its 
critical role in maintaining cellular function, targeting mito‑
chondria can be a promising new strategy for HCC treatment. 
For example, mitochondrial translocator protein (TSPO), a 
conserved transmembrane protein primarily localized at the 
outer mitochondrial membrane, is highly expressed in HCC 
and is markedly associated with poor tumor differentiation, 
advanced stage, and poor prognosis. Thus, TSPO serves as 
a putative oncogene and represents a viable candidate for 
mitochondrial‑directed therapeutic strategies in HCC treat‑
ment (119). Gain‑ and loss‑of‑function experiments present that 
TSPO upregulation inhibits ferroptosis in HCC cells through 
the Nrf2‑mediated upregulation of antioxidant gene expression, 
thereby promoting HCC development. Additionally, autophagy 
inhibition is involved in the underlying mechanisms of TSPO 
action in HCC. TSPO directly interacts with the autophagy 
receptor p62, thus interfering with the autophagy degradation 
of p62. The excessively accumulated p62 competes with Nrf2 
for binding to the E3 ubiquitin ligase KEAP1 and disrupts 
the KEAP1‑Nrf2 association, thus preventing Nrf2 from 
proteasomal degradation and leading to Nrf2 stabilization. 
Ultimately, ferroptosis is inhibited through the Nrf2‑mediated 
activation of antioxidant gene transcription (72).

Some metabolic enzymes controlling ferroptosis sensitivity 
in HCC cells involve the autophagy pathway. Branched‑chain 
amino acid aminotransferase 2 (BCAT2) is a key amino‑
transferase enzyme acting upon sulfur amino acids for the 
synthesis of glutamate and positively regulates the function of 
system Xc‑ (120). It serves as a specific ferroptosis inhibitor 
in HCC because the BCAT2‑induced increase in intracellular 
glutamate levels boosts system Xc‑ activity, enhances cystine 
uptake and increases GSH levels to protect HCC cells against 
ferroptosis (73). The ferritinophagy induction mediated by 
ferroptosis inducers (erastin, sorafenib and sulfasalazine) 
leads to rapid ROS accumulation because of the increased 
cellular iron levels. It also induces AMPK phosphorylation 
on threonine residue 172, which inhibits the nuclear trans‑
location of sterol response element binding protein 1 and 
consequently suppresses the transcription of its direct target 
gene, BCAT2 and enhances the ferroptosis susceptibility of 
HCC cells (73). Similar to BCAT2, creatine kinase B (CKB) is 
a novel ferroptosis suppressor regulated by CMA. This meta‑
bolic enzyme catalyzes the reversible transfer of a phosphoryl 
group from ATP to creatine and is pivotal in maintaining 
cellular energy balance (121). The activation of insulin‑like 
growth factor 1 receptor signaling, which frequently occurs 
in HCC, enhances the interaction between AKT and CKB. 
Subsequently, AKT‑mediated CKB Thr133 phosphorylation 
reduces its binding to creatine, thereby gained the ability to 
interact with GPX4 and phosphorylated GPX4 at ‌Ser104. This 
phosphorylation is adjacent to the CMA target motif in GPX4 
and counteracts CMA‑mediated GPX4 degradation, which is 

dependent on its binding to Hsc70, therefore greatly alleviating 
ferroptosis in HCC cells and exacerbating tumor growth (74).

In HCC, the crosstalk between autophagy and ferroptosis 
involves the coordination of the post‑transcriptional and 
post‑translational modulation. For example, m6A modification 
in HCC cells was clearly stimulated by ferroptosis inducers 
and the elevated level of m6A writer, WT1 associated protein 
(WTAP), served as the primary cause of this observed 
increase. Atg5 mRNA is recognized as a downstream target 
of WTAP‑driven m6A modification, which is then recog‑
nized and bound by YTH domain‑containing protein 2. This 
process increases Atg5 translation and expression, subse‑
quently initiating ferritinophagy and resulting in ferroptosis 
activation in HCC (75). Moreover, other investigations have 
emphasized that the importance of ubiquitination regulation 
as a critical mechanism governing autophagy‑dependent 
ferroptosis in HCC. Ubiquitin‑specific protease 24 (USP24) 
downregulation and USP2 upregulation were detected in 
HCC tissues, showing significant correlation with altered 
autophagy‑ferroptosis axis (76,77). USP24 maintains Beclin1 
stability by inhibiting its polyubiquitination, which prevents its 
proteasomal degradation. This facilitates ferritin degradation 
via ferritinophagy and subsequently increase the sensitivity 
of HCC cells to ferroptosis (76). Conversely, USP2 functions 
as a negative regulator of clockophagy‑induced ferroptosis. 
Mechanistically, USP2 interacts with brain and muscle 
ARNT‑like protein 1 (ARNTL), which promotes its deubiq‑
uitination and weakens its interaction with p62. This process 
reduces the autophagic degradation of ARNTL and stabilizes 
this protein. Consequently, stabilized ARNTL directly acti‑
vates transcription of hypoxia inducible factor 1α (HIF1α) 
and xCT, thereby reducing the susceptibility of HCC cells to 
ferroptosis (77).

The poor clinical efficacy, serious adverse reactions and 
side effects have greatly limited the drug therapy for treating 
HCC. Compounds found in plants open new avenues for 
anti‑HCC medication development because of their unique 
chemical structures and potent efficacy. It has been revealed 
that these compounds may kill HCC cells in vitro and in vivo 
through triggering ferritinophagy‑mediated ferroptosis (78,79). 
A number of plants, such as Senecio salignus, Chenopodium 
ambrosioides L., and Cannabis sativa L., contain caryophyl‑
lene oxide, a natural bicyclic sesquiterpene that possesses 
significant anti‑HCC activities by promoting ferritinophagy 
and ferroptosis (122). Caryophyllene oxide markedly increases 
the expressions of NCOA4 and LC3II and the release of free 
iron by degrading ferritin, leading to a ferritinophagy‑related 
phenomenon. When the HCC cells accumulate a substantial 
amount of ROS produced by the Fenton reaction, it causes 
oxidative stress and lipid peroxidation and induces ferrop‑
tosis and finally affects the growth and proliferation of HCC 
cells (78). A similar relation between the inhibitory effects of 
esculetin on HCC and ferritinophagy‑mediated ferroptosis 
was validated. As a coumarin derivative extracted from 
lemon leaves, Rehmannia glutinosa (Rehmannia glutinosa 
var.), belladonna (Belladonna baccifera Lam.) and other 
plants (123), esculetin specifically targets NCOA4, FTH1 and 
LC3Ⅱ to activate ferritinophagy. As a consequence of iron 
deposition, increased ROS generation results in oxidative stress 
and lipid peroxidation. Meanwhile, esculetin decreases GSH 

https://www.spandidos-publications.com/10.3892/ijmm.2026.5813
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contents by suppressing the Nrf2 signal pathway and inhib‑
iting the expression of its target antioxidant proteins (GPX4 
and HO‑1). This activity further promotes ROS accumulation, 
thus triggering ferroptosis in HCC cells (79). Another study 
has demonstrated that the electrophilic sesquiterpenes isolated 
from Eupatorium chinense L. (EChLESs) suppressed HCC 
growth by enhancing ferritinophagy‑mediated ferroptosis. 
Following exposure to EChLESs, ferroptosis was induced in 
HCC cells characterized by the crumpled and broken mito‑
chondria, elevated mitochondrial reactive oxygen species 
(mtROS) levels, inactivated GSH‑dependent antioxidant 
defense system, increased intracellular iron levels and the 
excessive lipid peroxidation. EChLESs elevated the mRNA 
expression levels of NCOA4 by activating HIF1α and weak‑
ened the degradation of NCOA4 protein at transcriptional and 
post‑transcriptional levels in HCC cells. NCOA4 knockdown 
partly abolished ferroptosis and reversed the cell viability inhi‑
bition caused by EChLESs, indicating that NCOA4‑mediated 
ferrinophagy constitutes an indispensable mechanism under‑
lying EChLESs‑elicited ferroptosis (80). Sorafenib, a potent 
ferroptosis inducer, is an effective first‑line therapeutic drug 
for advanced HCC. Unfortunately, drug resistance markedly 
limits its efficacy (124). Artesunate is an ideal compound that 
could increase sorafenib sensitivity in HCC treatment. The 
synergistic effect of these agents involves enhancing ferrop‑
tosis by activating lysosome function and promoting ferritin 
degradation. Sorafenib directly acts on oxidative stress via the 
impairment of mitochondrial functions and the inhibition of 
GSH contents, whereas artesunate mainly activates lysosomes, 
as evidenced by the increased cathepsin L and cathepsin B 
levels and subsequent ferritin degradation. The convergence 
of oxidative stress triggered by sorafenib and ferritinophagy 
mediated by artesunate gives rise to uncontrolled lipid peroxi‑
dation, ultimately culminating in ferroptosis (81).

Therefore, these results demonstrate the crosstalk 
between autophagy and ferroptosis markedly influences 

HCC progression and prognosis. Various factors, including 
circRNAs, RNA‑binding proteins, metabolic enzymes and 
post‑transcriptional and post‑translational modifications, 
regulate this crosstalk. Natural plant compounds enhance ferri‑
tinophagy‑mediated ferroptosis for HCC treatment. Combining 
these compounds with existing drugs like sorafenib may over‑
come resistance and improve therapeutic efficacy (Fig. 8).

Crosstalk between autophagy and ferroptosis in other liver 
diseases. MS is a pathological condition defined by a cluster 
of metabolic disorders that increases the risk of cardiovascular 
diseases and diabetes. Iron overload holds a crucial position in 
the causation of liver damage in MS (125). In a liver injury rat 
model of MS induced by a high‑fat and high‑fructose diet, the 
protein expression levels of FTH1 and TFR1 were increased, 
whereas those of NCOA4 and FPN1 and the NCOA4‑FTH1 
interaction were decreased in the liver tissues compared with 
those in the control group. Moreover, the ferroptosis‑related 
proteins GPX4 and xCT were markedly decreased, and 
oxidative stress was markedly induced in the liver of MS 
rats. Therefore, decreased NCOA4 expression and impaired 
binding of NCOA4 to FTH1 diminish the FTH1 degrada‑
tion by downregulating ferritinophagy, and decreased FPN1 
expression inhibits iron output and release to other tissues, 
both of which effectively increase liver iron overload and, in 
turn, trigger oxidative stress and ferroptosis (82). NAFLD is 
an abnormal liver condition associated with MS. In high‑fat 
diet‑induced NAFLD murine models, autophagosomes 
biogenesis was suppressed through both mTOR activation and 
Atg7 downregulation, resulting in decreased lipophagy that 
promoted lipid droplets accumulation and lipotoxicity, such 
as lipid peroxidation, a key determinant of ferroptosis (43). 
In addition to enhanced lipid peroxidation, the suppression 
of autophagosome formation, which alters the protein abun‑
dance or subcellular distribution of p62, stabilizes KEAP1 
by disturbing the balance between the KEAP1‑p62 and 

Figure 8. Crosstalk between autophagy and ferroptosis in HCC. HCC, hepatocellular carcinoma; USP24, ubiquitin‑specific protease 24; WTAP, WT1 associated 
protein; PTBP1, polypyrimidine tract‑binding protein 1; EChLESs, electrophilic sesquiterpenes isolated from Eupatorium chinense L.; TSPO, mitochondrial trans‑
locator protein; PNO1, partner of NOB1; CircFAM134B, circRNA of the family with sequence similarity 134, member B; CMA, chaperone‑mediated autophagy; 
CKB, creatine kinase B.
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KEAP1‑Nrf2 interaction and enhances ferroptosis by coun‑
teracting the anti‑ferroptotic functions of Nrf2 (83). NASH 
is a progressive subtype of NAFLD, and iron overload is 
often observed in patients with NASH (126). Iron overload is 
followed by oxidative stress and the increased uptake of intra‑
cellular calcium ions. The calcium ion‑activated calcineurin 
mediates the dephosphorylation of cytosol transcription factor 
EB (TFEB) and promotes its subsequent migration into the 
nucleus. In nuclear, TFEB upregulates the mRNA expression 
of autophagy‑ and lysosome‑related genes and simultaneously 
accelerates NCOA4‑mediated ferritinophagy and lipophagy. 
These iron overload‑mediated double effects on lipid and iron 
metabolic dysregulation acts together to aggravate NASH via 
ferroptosis (84).

ALI is an acute inflammatory liver disease induced by 
various factors and accompanied by severe impairment of liver 
function (127). Alternatively activated macrophages (AAMs) 
exert a beneficial hepatoprotection in ALI by producing 
anti‑inflammatory factors, inhibiting the necroptosis‑necro‑
inflammation axis and slowing down liver inflammation 
progression. However, AAMs exhibit a high degree of sensi‑
tivity towards ferroptosis, and the quantity of AAMs is below 
the normal levels during ALI pathogenesis (128). Liensinine, 
a major pharmacologically active ingredient isolated from 
lotus seeds, possesses potential therapeutic effects against 
ALI. By inhibiting ferroptosis while increasing the number 
of AAMs, liensinine alleviated the lipopolysaccharide (LPS)/
D‑galactosamine‑induced pathological liver injury and the 
liver inflammatory response in a mouse model. In vitro experi‑
ments revealed that liensinine could alleviate ferritinophagy 
and inhibit ferrous iron release and lipid peroxidation to 
boost AAMs resistance to ferroptosis, potentially by blocking 
the autophagosome‑lysosome fusion and subsequently 
inhibiting the recruitment of ferritin into the lysosomes for 
degradation (85). Likewise, quercetin demonstrated a hepa‑
toprotective effect against LPS and γ‑D‑glutamyl‑meso‑di
aminopimelic acid‑induced ALI by targeting the interplay 
between ferritinophagy and ferroptosis. Specifically, quercetin 
suppressed interleukin‑6/signal transducer and activator of 
transcription 3‑dependent ferritinophagy, thereby attenuating 
liver cell ferroptosis and liver damage (86). Another study 
reported the protective effect of Yes‑associated protein 1 
(YAP1) in sepsis‑induced ALI by regulating the process of 
ferritinophagy‑mediated ferroptosis (87). As a transcriptional 
coactivator controlled by the Hippo signaling pathway (129), 
YAP1 deficiency markedly exacerbated the oxidative damage, 
aggravated ferroptosis‑ and ferritinophagy‑associated morpho‑
logical features and inflammatory response in the septic liver 
tissue. Consistently, YAP1 overexpression restrained the 
ferrous iron synthesis by disrupting the association between 
NCOA4 and ferritin and preventing siderofexin 1‑induced mito‑
chondria iron accumulation, which consequently suppressed 
mtROS generation and lipid peroxidation. Eventually, the liver 
cells were protected from ferroptosis in this sepsis‑induced 
ALI model (87). Ferritinophagy‑mediated ferroptosis is also 
involved in the pathophysiological mechanism behind the liver 
injury caused by severe acute respiratory syndrome corona‑
virus 2 (SARS‑CoV‑2) infection. Presumably, SARS‑CoV‑2 
infection‑induced cytokine storms, which are characterized 
by the exuberant release of inflammatory cytokines, stimulate 

liver cells to secrete ferritin and encourage hyperferritinemia. 
Elevated ferritin levels can initiate NCOA4‑mediated ferritin‑
ophagy followed by the induction of ferroptosis. With the death 
of hepatic cells, more ferritin is further released. Therefore, 
the mutual stimulation of ferritin and liver cells destruction 
establishes a vicious loop that continuously aggravates liver 
injury (88). A further study demonstrated that Nrf2‑dependent 
autophagy activation is essential for preventing ferroptosis 
in ALI under sulforaphane intervention. As a powerful Nrf2 
agonist found in cruciferous vegetables (130), Nrf2 activation 
induced by sulforaphane treatment not only upregulates its 
downstream target genes, including xCT, GPX4 and multiple 
Atgs, but also disrupts the formation of Beclin1‑xCT complex 
by promoting autophagy. Consequently, the membrane local‑
ization of xCT and its cysteine transport function for GSH 
synthesis are enhanced, cooperatively generating anti‑ferrop‑
tosis effects in carbon tetrachloride‑induced rat ALI model 
and H2O2‑induced liver cell injury model (89).

Diabetes is accompanied by the development of profound 
pathological alterations in the liver, and the loss of liver 
cells resulting from ferroptosis contributes to diabetic liver 
damage (131). Similar anti‑ferroptotic potential and hepatopro‑
tective effect via the activation of Nrf2 signaling pathways in 
the diabetic liver were observed following the treatment with 
of sulforaphane, and the occurrence of anti‑ferroptotic pheno‑
type within the diabetic liver was associated with attenuated 
ferritinophagy levels. Sulforaphane treatment of diabetic mice 
markedly restored Nrf2 expression, increased the levels of its 
downstream target proteins related to antioxidative defense, 
reversed the increase in iron accumulation by suppressing 
the colocalization of FTH1 and LC3 for degradation and by 
diminishing iron absorption from endosomes, and finally 
prevented iron‑induced lipid peroxidation and ferroptosis (90).

Cellular senescence is a state of permanent, terminal cell 
cycle arrest resulting in the degeneration of cellular structure 
and function  (132). With the concomitant impairment of 
ferrinophagy and ferroptosis, senescent cells alter cellular iron 
acquisition and storage. The selective elimination of senescent 
cells via ferroptosis improves physical function and ameliorates 
age‑related pathologies (133). 4,4'‑Dimethoxychalcone (DMC) 
is a natural flavonoid enriched in Angelica keiskei koidzumi 
and has the ability to induce the ferroptosis of senescent liver 
cells and alleviate senescence‑associated phenotypes in old 
mouse liver (91). The clearance of senescent liver cells trig‑
gered by DMC is synergistically mediated by the activation of 
ferritinophagy and the inhibition of ferrochelatase (FECH), an 
essential enzyme for heme biosynthesis by inserting a ferrous 
ion into protoporphyrin IX (134). By binding to FECH, DMC 
inhibits the former's enzymatic activity, which likely contrib‑
utes to free iron accumulation. Meanwhile, the autophagic 
degradation of ferritin after DMC treatment led to the accu‑
mulation of labile iron pool and finally caused ferroptosis in 
senescent liver cells (91).

In summary, the crosstalk between autophagy and ferrop‑
tosis emerges as a key event in diverse liver diseases, including 
those associated with MS, NAFLD, NASH, ALI, diabetic liver 
damage and liver cell senescence. Interventions at this pathway 
bring about significant opportunities for disease management, 
as evidenced by compounds like liensinine, quercetin, and 
sulforaphane.

https://www.spandidos-publications.com/10.3892/ijmm.2026.5813
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5. Conclusion and future perspectives

A number of liver diseases have a tight connection with the 
occurrence of autophagy and ferroptosis (3,7). While recent 
reviews have expertly summarized the research advancements 
on the autophagy‑ferroptosis crosstalk within specific condi‑
tions such as steatohepatitis and alcohol liver injury (135,136), 
the scope is inherently confined to single liver disease 
categories and may not capture the full spectrum of how this 
crosstalk operates across the heterogeneous landscape of liver 
pathologies. A comprehensive and systematic investigation 
into the functional interplay and signaling pathways linking 
ferroptosis and autophagy, particularly in relation to the 
progression or potential therapeutic strategies for diverse liver 
diseases, remains notably limited. To address this gap, the 
present review systematically categorized liver diseases into 
four major types, mainly including drug‑induced liver injury, 
toxin‑induced liver injury, liver fibrosis and HCC. This novel 
classification allows the present study to dissect the shared and 
distinct mechanisms of autophagy‑ferroptosis crosstalk across 
different types of liver diseases, providing a comparative 
framework not covered in previous reviews. Moreover, prior 
reviews acknowledge the dual roles of autophagy in ferroptosis 
but lack a unified framework to explain these contradictions. 
The present review presented an interpretive framework to 
reconcile the contradictory roles of autophagy in ferroptosis, 
highlighting critical context‑dependency (such as disease type, 
disease stage or cell type) as a key determinant.

Undoubtedly, the extensive research aforementioned has 
provided conclusive evidence that crosstalk between ferrop‑
tosis and autophagy frequently occurs in liver pathological 
conditions. Nevertheless, the intricate interplay between the 
mechanisms underlying ferroptosis and autophagy has led to 
conflicting conclusions in existing studies. In addition, the 
fact that some studies employ inappropriate experimental 
methods or models may exert an impact on the interpretation 
of experimental results. The present study critically analyzed 
the conflicting findings and evaluate methodological limita‑
tions in current researches, which has remained unaddressed 
in prior reviews.

Analysis of conflicting findings. Dependent upon the 
available observation, autophagy plays dual roles in the 
occurrence of ferroptosis (both promoting and inhibiting). 
Ferroptosis sensitivity is positively correlated with intracel‑
lular autophagy level in most cases. In drug‑induced liver 
injury (40‑42,44), toxin‑induced liver injury (47‑51,53‑55), liver 
fibrosis (23,56,58‑64) and HCC models (66,69,73,75,76,78‑81), 
the activation of NCOA4‑mediated ferritinophagy facilitated 
ferroptosis by enhancing ferritin decomposition. However, 
compromised ferritinophagy, iron accumulation and increased 
ferroptosis levels were observed in MS rat liver (82). Moreover, 
autophagosome biogenesis downregulation and ferroptosis 
promotion constitute the significant molecular mechanism 
underlying the development of NAFLD (83). Mitophagy also 
shows contradictory effects on ferroptosis (53,55,57). On the 
one hand, cells undergo mitophagy to remove damaged mito‑
chondria, thereby protecting cells from oxidative stress and 
suppressing ferroptosis (53,101). On the other hand, mitophagy 
may amplify lipid peroxidation and ferroptosis by promoting 

GPX4 degradation (55,57). Such discrepancy suggests that the 
role of autophagy in ferroptosis is highly context‑dependent. It 
may stem from variations in pathological stages with altered 
basal autophagy levels, which critically influence whether 
autophagy acts as a pro‑ or anti‑ferroptotic mechanism. 
During the early stages of liver injury, autophagy likely plays a 
predominantly protective role by eliminating damaged organ‑
elles (such as mitochondria via mitophagy) and mitigating 
oxidative stress (such as GSH metabolic reprogramming via 
autophagy) (70,71), thereby suppressing ferroptosis. With the 
progression of liver diseases, cells are persistently stimulated 
by external factors (such as oxidative stress, pathogens) or 
internal factors (such as hormonal fluctuations or iron over‑
load), the basal autophagy levels changes, thereby modifying 
the cell's susceptibility to ferroptosis. For example, prolonged 
autophagy (such as ferritinophagy or lipophagy) activa‑
tion may shift toward intensifying ferroptosis by promoting 
iron overload and/or lipid peroxidation  (43,53,58,76), 
contributing to liver disease progression. The regulation of 
autophagy‑ferroptosis crosstalk may also involve compen‑
satory mechanisms. Take the MS live injury model as an 
example: Simultaneous downregulation of ferritinophagy and 
upregulation of ferroptosis were observed. This phenomenon 
reflects that, under condition of iron overload, autophagy might 
undergo compensatory inhibition to limit further iron release 
and ferroptosis (82). Moreover, various liver cell types may 
display unique reactions to autophagy modulation. The diverse 
cellular pathways come into play when liver cells with various 
phenotypes are stimulated, giving rise to varying regulatory 
effects on ferroptosis. For example, liver cells possibly depend 
more on autophagy for ferritin breakdown and iron homeo‑
stasis, making them susceptible to ferroptosis upon autophagy 
activation. Conversely, stellate cells may employ autophagy for 
fibrotic purposes, with a weaker impact on ferroptosis (3).

In liver cells subjected to cadmium, nickel, erastin, 
sorafenib, or sulfasalazine to induce ferritinophagy, a decline 
in FTH1 expression was observed, accompanied by a parallel 
downward trend in NCOA4 levels instead of the anticipated 
increase (49,50,73). Given the NCOA4 abundance is dually 
modulated by autophagy and the ubiquitin‑proteasome system, 
its downregulation might indicate a feedback mechanism 
involving ubiquitin‑dependent proteasomal degradation, which 
is promoted by high iron levels and involves iron‑dependent 
binding to the E3 ubiquitin ligase HERC2 (137). However, 
the detailed molecular events underlying NCOA4 regula‑
tion to determine its preferred interaction with HERC2 and 
mediate its proteasomal degradation remain undefined. 
Besides, a highly orchestrated network of transcription factor 
(such as ATF3 and TFEB) (43,84), epigenetic effectors (such 
as ELAVL1 and circIARS) (58,66) and signaling hubs (such 
as PI3K/AKT and AMPK) (51,54) dictate the regulation of 
NCOA4 expression and the following ferritinophagy. Whether 
the relevant pathways present in different liver diseases have 
a same role in NCOA4 regulation and whether they have the 
same regulatory role in the different pathological stages are 
concerns that deserve sustained attention.

Limitations of experimental methods and models. Current 
researches indeed exhibit some methodological limita‑
tions. Using pharmacologic modulators such as rapamycin, 
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chloroquine, 3‑MA and bafilomycin A1 (52,61,81,105), they 
have largely explored the effect of autophagy on ferroptosis 
in certain experimental liver disease animal and cellular 
models. However, these pharmacological modulators have 
off‑target effects (such as mTOR‑independent roles for 
rapamycin), complicating data interpretation. In the future, 
specific genetic approaches to regulate the autophagy pathway 
should be combined to interpretate these data. Measuring 
autophagy and ferroptosis at one specific moment may fail to 
reflect the ongoing and evolving changes in these processes, 
thereby restricting the accuracy of result analysis. Dynamic 
time‑course experiments are required to elucidate the mecha‑
nistic interplay between autophagy and ferroptosis at critical 
stages. Since transmission electron microscopy (TEM) is 
universally acknowledged as the gold‑standard technique 
for the detection of autophagy and ferroptosis, the lack of 
ultrastructural validation via TEM in various studies remains 
a limitation (40‑44,47,49,50,52,53,66,69,70-74,81,87,88,90). 
Incorporating this approach will be critical to strengthen 
evidence for the functional role of the autophagy‑ferroptosis 
crosstalk in liver diseases.

A shared characteristic of these investigations is their 
emphasis on the regulatory activities of ferritinophagy on 
ferroptosis. By contrast, reports regarding other types of 
autophagy that modulate ferroptosis are comparatively limited. 
Notably, researchers appear to have neglected the reverse 
regulation of ferroptosis on autophagy. Except for the mutual 
regulation of autophagy and ferroptosis in fluoride‑induced 
liver injury (52), this phenomenon has not been reported in the 
other previously discussed liver diseases. The fact that there are 
more studies on the role of autophagy in ferroptosis compared 
with the regulation of autophagy by ferroptosis may be related 
to the easier observation of the responses of ferroptosis when 
regulating autophagy, the clearer regulatory pathways of 
autophagy on ferroptosis, and the greater clinical application 
potential of regulating ferroptosis through autophagy. Thus, 
whether other forms of selective autophagy occur concur‑
rently and play functional roles in ferroptosis modulation and 
whether ferroptosis reciprocally regulates autophagy to form a 
feedback loop remain to be further elucidated.

Future directions. The autophagy‑ferroptosis axis has 
emerged as a promising target across diverse liver diseases. 
Indeed, modulating this axis can markedly alleviate drug‑ or 
toxin‑induced hepatotoxicity (40,41,47), reverse the progres‑
sion of liver fibrosis  (61,64), effectively eliminate HCC 
cells (78,79), or counteract drug resistance in HCC cells (81), 
exhibiting a broad range of beneficial effects. However, to 
translate these mechanistic insights into clinical applications, 
addressing the following testable questions and methodolog‑
ical challenges is imperative.

First, the functional outcome of the autophagy‑ferroptosis 
crosstalk is highly dependent on the specific pathological 
stage and the involved cell type, leading to a paradigm where 
context defines therapeutic strategy. In drug‑ or toxin‑induced 
acute liver injury, early activation of autophagy may prevent 
liver cells from undergoing ferroptosis, thereby limiting the 
spread of injury. However, if the injury becomes chronic, 
persistent autophagic stress may ultimately drive ferroptosis 
and contribute to the progression from injury to fibrosis (40). 

In established liver fibrosis, while protecting hepatocytes from 
ferroptosis remains crucial, a parallel goal is to eliminate acti‑
vated HSCs. In this context, selectively enhancing autophagy 
in HSCs can trigger ferroptosis and reverse fibrosis (61). By 
contrast, activating autophagy to induce ferroptosis in HCC 
cells could be an effective way to suppress tumor growth and 
overcome chemoresistance  (78,81). Therefore, a universal 
solution is unlikely to be effective; instead, biomarker‑guided, 
stage‑specific interventions are required. For example, in 
liver fibrosis, inhibiting unrestrained autophagy‑mediated 
ferroptosis in liver cells may be crucial in protecting against 
liver injury and fibrosis, while for stellate cells, promoting 
autophagy‑mediated ferroptosis to eliminate activated HSCs 
might be the more important therapeutic approach. This raises 
a key question: How can we design delivery systems to selec‑
tively induce pro‑ferroptotic autophagy in activated HSCs 
while ensuring that liver cells are shielded from such effects? 
Nanoparticle‑based drug delivery systems that are decorated 
with ligands specific to liver cells or HSCs surface markers 
offer a promising strategy to achieve this selective modulation.

Second, the intricate integration of autophagy and ferrop‑
tosis processes poses significant challenges for developing 
targeted therapies. It is necessary to elucidate their regulatory 
pathways in specific contexts. For instance, what are the key 
molecular switches that determine whether autophagy inhibits 
or promotes ferroptosis? Additionally, is it possible for the 
dual effects of autophagy on ferroptosis to occur simultane‑
ously and could the simultaneous modulation of autophagy 
and ferroptosis yield more favorable therapeutic outcomes 
on liver diseases compared to targeting either one alone? 
Moreover, the role of liver‑resident cells such as Kupffer cells, 
endothelial cells and stellate cells in modulating the response 
of liver cells to autophagy and ferroptosis must be considered, 
since these cells may modulate disease progression through 
paracrine signaling or direct cell‑cell interactions. To dissect 
these multi‑layered interactions, advanced omics technologies 
are indispensable. Specifically, single‑cell and spatial tran‑
scriptomics facilitates the identification of core responsive cell 
types mediating the autophagy‑ferroptosis crosstalk and the 
signal transmission between adjacent cells by high‑resolution 
mapping of cellular heterogeneity and spatial localization 
patterns in the liver microenvironment (138). For instance, 
Kupffer cells may modulate autophagy‑ferroptosis crosstalk in 
neighboring liver cells through the secretion of cytokines such 
as interleukin‑6 and tumor necrosis factor‑a. These cytokines 
can either activate or inhibit autophagy in liver cells, thereby 
influencing ferroptosis sensitivity  (85,86). In addition to 
Kupffer cells, liver sinusoidal endothelial cells also play a role 
in the regulatory network. They release extracellular vesicles 
containing key autophagy factors, which can be taken up by 
liver cells and thus affect the balance between autophagy and 
ferroptosis (139). Moreover, HSCs transmit paracrine stimuli, 
such as certain cytokines and non‑coding RNAs, via exosomes. 
The levels of these stimuli and autophagy are concomitantly 
or reciprocally regulated, which in turn alters the ferroptosis 
status in liver cells (140). This integrative method also enables 
the discovery of context‑dependent regulators governing this 
crosstalk or representative biomarkers linking autophagic and 
ferroptotic pathways, thereby providing a rational basis for 
developing precision medicine approaches targeting specific 
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liver pathologies, particular disease stages, and specific cells. 
Taking liver fibrosis as an instance, the interaction between 
activated HSCs and liver cells through autophagy‑ferroptosis 
regulation can promote the deposition of extracellular 
matrix  (56). Specific blockage of the paracrine signaling 
between HSCs and liver cells might restore the normal 
autophagy‑ ferroptosis balance in liver cells, thereby slowing 
down or reversing the progression of liver fibrosis.

Third, a wide range of compounds modulate autophagy 
and/or ferroptosis, either inducing or inhibiting these 
processes (141). Owing to the close interconnection between 
autophagy and ferroptosis in regulating cellular metabo‑
lism, their overlapping signaling pathways and regulatory 
mechanisms are primarily manifested in the regulation of iron 
metabolism, lipid peroxidation, the AMPK/mTOR pathway, as 
well as the interactions among key regulatory proteins (37‑39). 
These existing compound libraries hold the potential to provide 
a wealth of candidates for the identification of specific modula‑
tors of autophagy‑ferroptosis crosstalk. Additionally, they can 
bring considerable convenience for accelerating the screening 
speed and improving the screening efficiency. However, it 
must be pointed out that a number of these substances that 
modulate autophagy and/or ferroptosis lack sufficient speci‑
ficity and whether other mechanisms are involved in their 
actions and the cytotoxicity in non‑diseased tissues remains 
a concern (142). A critical issue for future interventions is 
how to optimize the selectivity and targeting specificity of 
autophagy and ferroptosis modulation to pathological tissues 
while minimizing undesired deleterious consequences on 
normal tissues. Moreover, several chemotherapy drugs (such 
as sorafenib and lenvatinib) exhibit dual regulatory effects 
on autophagy and ferroptosis in liver cells (58,76); however, 
their efficacy is compromised by adverse reactions and 
drug resistance. Hence, further screening for safe and effec‑
tive therapeutic drugs with higher specificity is necessary. 
Multiple studies have demonstrated that bioactive phyto‑
chemicals isolated from traditional Chinese medicine exert 
potent regulatory effects on autophagy‑ferroptosis crosstalk, 
thus presenting novel therapeutic options for liver diseases 
treatment (61‑65,78‑81,86). However, their multiple‑targets 
and multiple‑pathways mechanisms may contribute to the 
translational gap between the preclinical findings and actual 
clinical outcomes  (43,97), highlighting the necessity for 
optimized translational research designs. Organoids and 
patient‑derived xenografts are emerging as promising models 
that can more accurately mimic the cellular heterogeneity and 
spatial organization of human liver tissues (143). Advanced 
computational tools, such as artificial intelligence‑based 
drug screening and bioinformatics tools, aid in finding novel 
therapeutic compounds targeting specific components of the 
autophagy‑ferroptosis axis. They also predict the potential 
off‑target effects and drug resistance mechanisms, facilitating 
the optimization of therapeutic regimens (144,145). Future 
work should integrate advanced models with complementary 
high‑performance tools to overcome current limitations and 
unlock their therapeutic promise.

Last, beyond the currently recognized liver diseases, the 
crosstalk between autophagy and ferroptosis in understudied 
liver diseases (such as cholestatic liver injury and hepatic 
encephalopathy) has yet to be clarified. Future research 

should explore whether dysregulation of this axis contribute 
to diseases progression by dissecting specific regulatory 
mechanisms.

In conclusion, the crosstalk between autophagy and 
ferroptosis represents a crucial event in multiple liver diseases. 
Further advances in unveiling the detailed signals and 
mechanisms of these phenomena may offer a novel outlook 
for interpreting the symptoms of these liver diseases and hold 
significant implications for developing therapeutic strategies 
targeting the autophagy‑ferroptosis crosstalk in the manage‑
ment of liver diseases.
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