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Abstract. – Ferroptosis is a novel mechanism 
of programmed cell death characterized by an iron 
overload-induced lipid peroxidation cascade. The 
incidence of alcoholic liver disease (ALD) is ris-
ing globally, contributing to markedly high mor-
bidity and mortality. ALD pathogenesis is an intri-
cate and continuously evolving process. Several 
basic and clinical investigations have established 
a correlation between ferroptosis and ALD initia-
tion and progression. Additionally, anti-ferroptosis 
drugs have demonstrated effectiveness in ame-
liorating alcohol-induced liver injury. This review 
aims to provide an overview of recent advance-
ments in ferroptosis research pertaining to ALD, 
encompassing imbalance of antioxidant systems, 
iron overload, autophagy, mitochondria, epigen-
etic changes, and prospective therapeutic drugs 
targeting ferroptosis. Our aim is to reveal the po-
tential of ferroptosis-related diagnoses and thera-
peutic interventions for the treatment of ALD.
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Abbreviations 
TLR4, toll-like receptor 4; BMP6, bone morphogenetic 
protein 6; SMAD4, SMAD family member 4; Nrf2, Nu-
clear factor erythroid2-related factor 2; NF-κB, nuclear 
factor kappa-B; PUFAs, Polyunsaturated fatty acids; 
DMF, Dimethyl fumarate; PI3K, Phosphatidylinosi-
tol-3-kinase; Akt/PKB, protein kinase B; Keap1, Kelch-
like ECH- associated protein l; PFP-1, a polysaccharide 
isolated from the fruiting body of Pleurotus geesteranus; 
CQ, chloroquine; 3-MA, 3-Methyladenine; FTH, Ferri-
tin Heavy Chain; FPN, ferroportin, HO-1, Heme Oxy-
genase-1; p62, prostacyclin; SLC7A11, Solute Carrier 
Family 7 Member 11; DMT1, divalentmetal-iontrans-
porter-1; ARE, anti-oxidant response elements; BMAL1, 
Basic Helix-Loop-Helix ARNT Like 1; NCOA4, Nuclear 
receptor coactivator 4; PINK1, PTEN Induced Kinase 1.

Introduction

Ferroptosis is an iron-dependent, non-apoptotic 
form of cell death characterized by massive accu-
mulation of lipid peroxides. It was first proposed 
by Dixon et al1 in 2012. Cells undergoing ferro-
ptosis typically exhibit decreased mitochondrial 
volume, reduced or diminished mitochondrial 
cristae number, and condensed mitochondrial 
membranes; however, they maintain a normal nu-
clear structure2. Recent studies3-5 have identified 
three key mechanisms underlying ferroptosis: 
iron metabolism disorder, antioxidant system de-
pletion, and lipid peroxidation, all of which can 
serve as diagnostic evidence of ferroptosis.

Alcoholic liver disease (ALD) is a leading 
cause of chronic liver disease globally, which can 
result in fibrosis, cirrhosis, and, ultimately, he-
patocellular carcinoma. In 2010, approximately 
500,000 patients worldwide died from alcoholic 
cirrhosis, accounting for 47.9% of all cirrhosis-re-
lated deaths, with an additional 80,000 deaths 
attributed to alcohol-related hepatocellular carci-
noma6. The “multiple hits” hypothesis has gained 
widespread acceptance in recent years as an ex-
planation for the formation and progression of 
ALD, positing that multiple factors co-induce the 
disease7.

Studies8-10 in recent years have indicated that 
ferroptosis plays a role in the development and 
progression of ALD. However, the precise mech-
anisms through which ferroptosis contributes to 
ALD remain unclear, and research on ferropto-
sis-targeted therapies for the treatment of ALD 
remains limited. Therefore, a comprehensive un-
derstanding of the pivotal role of ferroptosis in 
ALD will provide a theoretical basis for the devel-
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opment of novel treatment strategies for ALD tar-
geting ferroptosis. This article reviews the mech-
anisms underlying ferroptosis, the pathogenesis 
of ALD, and the involvement of ferroptosis in the 
pathophysiology of ALD.

Methods
Relevant research articles and reviews un-

til March 2023 were extensively collected using 
the terms: “ferroptosis”, “alcoholic liver disease 
(ALD)”, “alcoholic fatty liver (AFL)”, “alcoholic 
steatohepatitis (ASH)” from PubMed and Web of 
Science online database.

Mechanisms of Ferroptosis

Iron Metabolism and Overload

Iron metabolism and regulation
Iron is an essential trace element in the body, 

but excess free iron causes cellular damage and 
promotes oxidative stress and is one of the crucial 
elements in ferroptosis. In the body, redox-active 
“free” iron includes circulating non-transfer-
rin-bound iron (NTBI)11 and the cytoplasmic 
labile iron pool Fe (LIP-Fe)12. LIP-Fe is present 
in various cellular compartments, including the 
cytoplasm, mitochondria, and lysosome13. LIP-Fe 
can be stored in ferritin (Ft) and released extra-
cellularly by ferroportin 1 (FPN1)14. Ft is directed 
to lysosomes for degradation by nuclear receptor 
coactivator 4 (NCOA4)15. Transient receptor po-
tential mucolipin 1 is involved in the release of 
iron in late endosomes and iron complexes in ly-
sosomes, particularly Ft, and is currently consid-
ered the primary source of cellular LIP-Fe16. Sub-
sequently, LIP-Fe in the cytoplasm can be rapidly 
absorbed into the mitochondria by the mitochon-
drial calcium uniporter in the inner mitochondrial 
membrane17.

Iron overload
Iron overload, resulting from an imbalance in 

iron input, storage, and export, has been found18 
to affect susceptibility to cellular ferroptosis. 
Iron and iron derivatives, such as heme or Fe-S 
clusters, are essential active sites for enzymes in-
volved in reactive oxygen species (ROS) produc-
tion, including lipoxygenase (LOX), cytochrome 
P450, and NADPH oxidase. During ferroptosis, 
the Fenton reaction is initiated by the interaction 
between Fe2+ and hydrogen peroxide to generate 
hydroxide and hydroxyl radicals19. Diverse meth-

ods of increasing free iron accumulation in cells 
can elevate ROS production via the Fenton reac-
tion, resulting in lipid peroxidation and ultimately 
triggering ferroptosis20.

Antioxidant System
Ferroptosis is counteracted by antioxidant sig-

naling mechanisms, which mainly include the 
nicotinamide adenine dinucleotide phosphate 
(NAD(P)H-) glutathione (GSH)-glutathione per-
oxidase 4 (Gpx4) system, NAD(P)H-ferropto-
sis suppressor protein 1 (FSP1)-ubiquinone 10 
(CoQ10) pathway, and dihydroorotate dehydro-
genase (DHODH)-CoQ-CoQH2 pathway. Gpx4 
is a selenocysteine-containing GSH-dependent 
enzyme. GSH is a crucial substrate for Gpx4, and 
plays a vital role in ferroptosis prevention. Gpx4 
converts lipid hydroperoxides (R-OOH) to fatty 
alcohols (R-OH) by utilizing GSH as a cofactor21, 
and this mechanism inhibits the generation and 
accumulation of toxic lipid products peroxidation. 
FSP1 is an anti-ferroptosis gene that inhibits lip-
id peroxidation and catalyzes the regeneration of 
non-mitochondrial CoQ10 via NAD(P)H to pre-
vent ferroptosis. CoQ10 acts as a reversible redox 
carrier in plasma and Golgi membrane electron 
transport and is an essential endogenous lipid-sol-
uble antioxidant22,23. Moreover, the newly discov-
ered DHODH is a mitochondrial inner membrane 
enzyme that has a parallel effect with mitochon-
drial Gpx4 and jointly antagonizes lipid peroxida-
tion in mitochondria24.

Lipid Peroxidation
Lipid peroxidation mainly refers to the perox-

idation of polyunsaturated fatty acids (PUFAs) 
and is a fundamental process in ferroptosis. 
PUFAs can be incorporated into the membrane 
structures with polyunsaturated phospholipids 
in cells by acyl-CoA synthetase long-chain fam-
ily member 4 (ACSL4)25 and lysophosphatidyl-
choline acyltransferase 3 (LPCAT3)26 to form 
PUFA-phospholipid ethanolamine (PUFA-PE). 
PUFA-PE can be oxidized by lipoxygenase 
(LOX) or through a non-enzymatic pathway to 
form PE-PUFA-OOH27-29. Lipid peroxide can 
be broken down into toxic derivatives such as 
4-hydroxynonenals (4-HNEs) and malondialde-
hyde (MDA), which can cause severe cellular 
toxicity by reacting with DNA bases, proteins, 
and other nucleophiles. Moreover, once lipid 
peroxide is produced, it may enhance ROS sig-
naling, exacerbate lipid peroxidation, and trig-
ger ferroptosis30 (Figure 1).
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Pathogenesis of ALD

Direct Toxicity of Acetaldehyde
Acetaldehyde, a toxic and carcinogenic by-

product of alcohol metabolism, causes structural 
and functional changes by binding to proteins and 
inducing the formation of new antigens. Chron-
ic alcohol consumption activates the microso-
mal ethanol oxidation system (MEOS), leading 
to excessive acetaldehyde synthesis31. Acetalde-
hyde-induced mitochondrial structural abnor-
malities result in reduced ATP production by the 
respiratory chain, increased ROS generation, and 
decreased aldehyde dehydrogenase activity, fur-
ther aggravating oxidative stress7. 

Oxidative Stress
Chronic alcohol consumption primarily pro-

motes ROS production via MEOS activation and 
alcohol-induced inflammation. ROS can cause 
excessive cell regeneration, lipid peroxidation, 
and generation of novel antigenicity by altering 
the functional and structural properties of pro-
teins. The continuous expression of activating 
protein 1 (AP-1) transcription factor and activa-
tion of c-Jun N-terminal kinase also promote lipid 
peroxidation, generating products such as MDA 

and 4-HNE in ALD. Together with adenosine and 
cytosine, lipid peroxide can form highly carcino-
genic exocyclic ethenoDNA adducts32.

Antioxidant System Imbalance
Chronic alcohol consumption mediates the 

consumption of GSH and results in a depletion of 
the antioxidant system activity. The transcription 
factor nuclear factor erythroid 2-related factor 2 
(Nrf2), which regulates the production of a key 
cytoprotective enzyme, is upregulated follow-
ing chronic alcohol consumption as an adaptive 
response to CYP2E1-induced oxidative injury33. 
Nrf2 is a key regulator of cellular antioxidant re-
sponses and expression of antioxidant and elec-
trophilic stress genes. Upon exposure to oxidative 
stress, Nrf2 activates various antioxidants, in-
cluding heme oxygenase-1 (HO-1), NADPH qui-
none dehydrogenase 1, glutamate-cysteine ligase 
(GCLM/GCLC), and the glutathione peroxidase 
(GPX) family proteins34,35.

Epigenetic Changes in ALD
Chronic alcohol consumption can lead to hepat-

ic epigenetic alterations, such as DNA hypometh-
ylation, DNA acetylation, protein phosphoryla-
tion, and alterations in microRNAs (miRNAs)36. 

Figure 1. Mechanisms of ferroptosis.
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Chronic alcohol intake controls histone H3 acetyl-
ation by increasing histone acetyltransferase ac-
tivity and inhibiting histone deacetylase (HDAC), 
potentially promoting alcohol dehydrogenase iso-
enzyme expression37. In alcohol-exposed hepato-
cytes, the expression of sirtuin 1 (SIRT1), which 
is a III-HDAC NAD-dependent protein deacetyl-
ase, is decreased; it mediates hepatic steatosis and 
inflammatory damage. Epigenomic hypomethyl-
ation can lead to transcriptional activation, which 
may alter cellular functions38. miRNAs are also 
involved in the pathogenesis of ALD, and the ele-
vated production of certain miRNAs in ALD may 
be associated with liver lipid metabolism, inflam-
matory responses, and other activities39,40.

Additional Factors
In addition to the previously mentioned fac-

tors, chronic alcohol consumption also disrupts 
the mitochondrial β-oxidation of fatty acids. This 
is achieved by upregulating the sterol regulato-
ry element binding protein 1c (SREBP1c), which 
stimulates the expression of lipogenesis genes, 
reducing the activity of peroxisome prolifera-
tor-activated receptors (PPARα), and inhibiting 
autophagy41. Furthermore, gut-derived patho-
gen-associated molecular patterns, inhibition of 
the ubiquitin-proteasome pathway, apoptosis, and 
regeneration disorders may contribute to the onset 
and progression of liver inflammation42.

Ferroptosis and ALD

Ferroptosis and Antioxidant System 
Imbalance in ALD

GSH depletion
GSH depletion is a major contributor to hepato-

cyte ferroptosis in ALD. GSH, a key antioxidant 
amino acid, is often used as a hepatoprotective 
drug. The mitochondrial pool of GSH is derived 
from the cytoplasm. During chronic alcohol in-
take, the levels of mitochondrial GSH were re-
duced, due to the accumulation of unesterified 
cholesterol in the inner mitochondrial membrane, 
thereby increasing microviscosity and disrupting 
GSH transport between the mitochondria and cy-
tosol43. Moreover, chronic alcohol consumption 
inhibits the methionine cycle and transsulfuration 
pathway, leading to decreased GSH synthesis and 
hepatic S-adenosylmethionine (SAM) utiliza-
tion44. Notably, SAM is an intermediate product 
in the methionine cycle, that not only serves as a 

precursor for GSH but also supports mitochondri-
al GSH transport, protects mitochondrial integri-
ty in the liver cells of rats with ALD, and restores 
the GSH mitochondrial pool45,46.

Nrf2
Dysregulation of antioxidant genes is induced 

by acetaldehyde and leads to reduced production 
of antioxidant and detoxification enzymes47. Acti-
vation of the Nrf2-Kelch-1ike ECH-associated pro-
tein l (Keap1) signaling pathway can inhibit ferro-
ptosis by upregulating system Xc-48. System Xc- is 
a Cys2/glutamate (Glu) antiporter composed of a 
4F2 heavy chain (4F2hc/CD98/SLC3A2) and light 
chain (XCT/SLC7A11), and it has been demon-
strated49 that the inhibition of system Xc- results 
in reduced GSH levels and the initiation of ferro-
ptosis. Nrf2 can regulate the glutamic acid-cyste-
ine ligase expression by controlling AP-1 and the 
nuclear transcription factor-κB (NF-κB) signaling 
pathway, thereby stimulating GSH synthesis50.

Ferroptosis and Iron Overload in ALD
ALD is typically associated with hepatic iron 

overload. In the early stages of ALD, there is a 
putative pathway for iron dyshomeostasis involv-
ing increased iron absorption by hepatocytes and 
the intestine51. Ethanol stimulation induces a con-
siderable increase in hepatic iron, LIP-Fe, and 
serum NTBI levels16, whereas LIP-Fe overload 
in hepatocytes initiates the production of excess 
free radicals by participating in the Fenton/Haber-
Weiss reaction cycle52.

Alcohol-induced hepatic iron overload is at-
tributed to multiple mechanisms, including di-
rect activation of iron-regulating proteins53, and 
indirectly inhibits hepcidin transcription and 
expression in hepatocytes via numerous signal-
ing pathways54-57. Depending on FPN, hepcidin 
downregulates the absorption of dietary iron in 
the duodenum and inhibits the release of iron from 
macrophages and hepatocytes57,58. Specifically, 
intracellular Ft degradation via the NCOA4-me-
diated autophagic pathway (ferritinophagy) liber-
ates Ft-bound ferric ions as free ferric ions, which 
increases intracellular iron overload and labile 
iron levels59 (Figure 2).

Nrf2 plays an important role in iron metabo-
lism and is closely related to oxidative stress and 
ferroptosis. Nrf2 upregulates the expression of 
Ft and FPN1, thus reducing the labile iron pool35. 
Moreover, Nrf2-deficient mice show60 reduced 
hepatic FPN1 and hepcidin and significantly in-
creased ROS and MDA levels, resulting in lipid 
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peroxidation. Sestrin2 (SESN2), a conserved anti-
oxidant protein, is upregulated through the Nrf2-
ARE signaling pathway under oxidative stress 
stimulation61. Upregulated SESN2 can prevent 
iron overload, attenuate oxidative stress, and alle-
viate liver damage caused by ferroptosis62.

Fibronectin type III domain-containing protein 
3B (FNDC3B) is a member of the fibronectin type 
III domain-containing protein family and partici-
pates in energy sensing and, homeostasis, adipo-
genesis. FNDC3B inhibition results in Amp-acti-
vated protein kinase (AMPK) deactivation, which 
is linked to the inhibition of transferrin expres-
sion, resulting in ferroptosis in ALD8.

Ferroptosis and Autophagy in ALD
Recent research63 has established a correlation 

between ferroptosis and autophagy. NCOA4-de-
pendent ferritinophagy has been demonstrated to 
be involved in ferroptosis in ethanol- or acetal-
dehyde-treated liver cell lines. In addition, Song 
et al64 discovered that PTEN-induced kinase 1 
(PINK1)-Parkin mitophagy can protect against 
alcohol-induced liver injury by inhibiting ferro-
ptosis65. Notably, Zhao et al66 found that mela-
tonin reduces ferroptosis via the circadian protein 
ARNT-like 1 in ALD mouse models. This finding 
suggested that ferroptosis in ALD may be linked 
to Sequestosome 1-dependent clockophagy. The 
crosstalk between ferroptosis, autophagy, and 

ALD mentioned above suggests that ethanol or 
acetaldehyde may have opposing effects on dif-
ferent types of autophagy, contributing to diverse 
effects on ferroptosis in ALD.

Acute and chronic alcohol consumption have a 
distinct influence on autophagy. Autophagy protects 
hepatocytes and Kupffer cells against ethanol-in-
duced liver injury by eliminating unfolded proteins 
and limiting lipid accumulation through adipopha-
gy during acute ethanol exposure. The activation of 
Cannabinoid receptor 2 receptors suppresses liver 
inflammation via a macrophage autophagy-depen-
dent mechanism, thereby preventing alcohol-in-
duced hepatic steatosis67. However, long-term alco-
hol consumption inhibits autophagy through several 
mechanisms, including reduced mTOR activation, 
elevated lysosomal pH68, impaired lysosomal en-
zyme trafficking69, and decreased expression of the 
transcription factor EB70, which is required for lyso-
somal biogenesis and autophagy.

The complex mechanism by which autophagy 
regulates ferroptosis in ALD requires further inves-
tigation, particularly the study of autophagy type and 
duration of alcohol intake. Such investigations are 
crucial for developing future diagnoses and treat-
ments targeting autophagy via ferroptosis in ALD.

Ferroptosis and Mitochondrion in ALD
Frataxin is a mitochondrial protein that plays a 

crucial role in Fe-S cluster synthesis and antioxi-

Figure 2. Ferroptosis and the molecular mechanisms of ethanol-induced iron overload in the liver.
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dant defenses71,72. Related studies73-75 have shown 
that frataxin deficiency lowers the threshold for 
triggering ferroptosis in Friedreich’s ataxia. Sim-
ilar conclusions were obtained in the study of Liu 
et al76 on liver. They discovered that alcohol could 
inhibit frataxin expression via the upregulation 
of hepatic CYP2E1 activity, leading to the accu-
mulation of ROS and mitochondrial active iron 
pools, resulting in ferroptosis.

CDGSH iron sulfur domain 1 (CISD1) is a 13 
kDa iron-containing mitochondrial outer mem-
brane protein77 that regulates mitochondrial respi-
ration by inhibiting mitochondrial Fe2+ uptake and 
transport to the mitochondrial matrix78-81. The ge-
netic suppression of CISD1 increases iron-mediat-
ed intramitochondrial lipid peroxidation, contrib-
uting to ferroptosis in HepG2 and Hep3B cells82. 
However, Hu et al83 discovered that ethanol-fed 
CISD1KO mice displayed significantly lower liver 
damage than that displayed by ethanol-fed wild-
type mice. Further investigation revealed that 
CISD1 deficiency increases adiponectin and fi-
broblast growth factor (FGF) 15 expression. The 
adiponectin and FGF15 upregulation contributes 
to the normalization of liver and serum bile acid 
levels, impedes the accumulation of toxic bile in 
the liver, activates liver SIRT1, reduces the activity 
of NF-κB and the expression of lipid-intake CD36, 
and mitigates liver inflammation. Interestingly, the 
increase in adiponectin and FGF15 levels and fer-
roptosis caused by CISD1 inhibition have opposite 
functions in ALD, the reasons for these conflicting 
effects require further exploration.

Ferroptosis and Epigenetic Changes 
in ALD

SIRT1, a mammalian NAD-dependent protein 
deacetylase, plays a critical role in the develop-
ment of colitis and intestinal inflammation84,85 
and is involved in the prevention of ASH86,87. 
Ethanol-induced inhibition of hepatic SIRT1 ex-
pression mediates hepatic steatosis and inflam-
matory injury by disrupting a signaling network 
composed of multiple transcriptional regulators 
and co-regulators, including mTOR complex 
1, sterol regulatory element binding protein-1c, 
PPARα, lipin-1, AMPK, adiponectin, NF-κB, 
and peroxisome proliferator-activated receptor 
gamma coactivator 1 α86,88-90. Adipose-specific 
overexpression of lipin-1 severely hinders hepat-
ic SIRT1 expression, resulting in iron overload, 
decreased GSH and GPX4 levels, and elevated 
MDA concentrations, culminating in liver fer-
roptosis10. Similarly, C3 triggers ethanol-induced 

hepatic steatosis and inflammation by downreg-
ulating SIRT1 expression. In a clinical study, 
Zhong et al91 found that patients with alcoholic 
fatty liver disease (AFLD) have lower levels of 
SIRT1 expression but higher hepatic C3d, glycine 
tRNA-derived fragment (Gly-tRF), and CYP2E1 
expression than those of healthy controls. Animal 
experiments91 have shown that the C3 activation 
product C3a or Asp (C3a-des-arg) regulates the 
expression of Gly-tRF through CYP2E1, and 
downregulates the expression of SIRT1, thereby 
promoting downstream lipogenesis and inhibiting 
the β-oxidation pathway. Conversely, studies92 of 
the intestine of the ALD mouse model have shown 
that intestinal SIRT1 deficiency leads to elevated 
GSH and GPX4 levels, reduced MDA levels, par-
tial correction of iron metabolism disturbances, 
and protective effects against ALD by attenuating 
hepatic ferroptosis.

Currently, known absorption pathways for cys-
teine include systemic Xc-internalization of cys-
tine (Cys2)93 and the transsulfuration pathway94,95, 
which links GSH biosynthesis and methylation. 
Notably, SAM is not only a crucial intermediary 
in the transsulfuration route but also an essential 
methyl donor for DNA methylation modification, 
which may play a crucial role in initiating ferro-
ptosis. Chronic alcohol intake led to epigenome 
hypomethylation, with one of the primary reasons 
being the reduction in SAM levels38. The possible 
mechanisms include alcohol-induced folate defi-
ciency that reduces the folate cycle96, acetaldehyde 
inhibition of DNA methyltransferase activity97, 
and ROS formation during alcohol metabolism, 
which largely consumes molecules required for 
remethylation, resulting in decreased methionine 
and SAM production98. In an epigenome-wide 
association study, Lohoff et al99 suggested that 
alcohol-induced hypomethylation induces hepat-
ic SLC7A11 overexpression. Reduced SLC7A11 
methylation levels were associated with signifi-
cant increases in the levels of various liver bio-
markers, including gamma-glutamyl transferase 
(GGT), aspartate aminotransferase (AST) alanine 
aminotransferase (ALT) and lipids. Similarly, 
Choi et al100 found that chronic ethanol ingestion 
induced compensatory upregulation of SLC7A11 
in hepatocyte (HEP), leading to increased Glu se-
cretion and subsequently activated metabotropic 
glutamate receptor 5 on adjacent HSC to stimu-
late 2-arachidonoylglycerol (2-AG) production. 
2-AG activated the cannabinoid type 1 receptor 
on HEP to generate de novo lipogenesis. Howev-
er, some studies9,101 have reported that SLC7A11 
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Medicine Target Mechanism Experimental subject Author Publish date

Quercetin Iron 
metabolism

Alleviates the disorder of bound 
iron and “free” iron and regu-
lates the BMP6/SMAD4/hepci-
din signaling pathway.

Mouse Tang et al16,103 2014

Fucoxanthin Nrf2
TLR4

Upregulates the Nrf2 signal 
pathway and downregulates the 
TLR4-NF-κB signal pathway.

Mouse Zheng et al104 2019

Ferrostatin-1 PUFAs Inhibits iron-dependent lipid 
peroxidation.

Mouse Liu et al9 2020

DMF Nrf2 Upregulates the Nrf2-GPX4 sig-
nal pathway.

HepG2 cell and mouse Zhang et al105 2020

Aronia 
melanocarpa

Nrf2 Regulates the PI3K/Akt/Nrf2 
and Keap1/Nrf2 signal path-
ways.

Mouse Wang et al106 2020

PFP-1 Nrf2
TLR4

Activates the Nrf2-HO-1 signal 
pathway and downregulates the 
TLR4-NF-κB signal pathway.

Mouse Song et al107 2021

CQ 3MA
(autophagy
inhibitor)

P62 Activates the p62-Keap1-Nrf2 
pathway and upregulates the ex-
pression of FTH, FPN, and HO-1.

HepG2 cell Zhao et al108 2021

Fucoidan Nrf2
Hepcidin

Enhances the p62-Nrf2-keap1-
SLC7A11 signal pathway and 
regulates the hepatic hepcidin/
intestinal DMT1/FPN1 axis.

Mouse Xue et al101 2022

Melatonin Nrf2
BMAL1

Activates the Nrf2-ARE path-
way and reprograms the circadi-
an protein BMAL1.

HepG2 cell and mouse Zhao et al66 2022

Silibinin Ferritinophagy
Mitophagy

Inhibits NCOA4-dependent au-
tophagic degradation of Ft and 
promotes PINK1-Parkin mito-
phagy.

HepG2 cells and HL7702 
cells

Song et al109 2022

TLR4, toll-like receptor 4; BMP6, bone morphogenetic protein 6; SMAD4, SMAD family member 4; Nrf2, Nuclear factor 
erythroid2-related factor 2; NF-κB, nuclear factor kappa-B; PUFAs, Polyunsaturated fatty acids; DMF, Dimethyl fumarate; 
PI3K, Phosphatidylinositol-3-kinase; Akt/PKB, protein kinase B; Keap1, Kelch-like ECH- associated protein l; PFP-1, a poly-
saccharide isolated from the fruiting body of Pleurotus geesteranus; CQ, chloroquine; 3-MA, 3-Methyladenine; FTH, Ferritin 
Heavy Chain; FPN, ferroportin, HO-1, Heme Oxygenase-1; p62, prostacyclin; SLC7A11, Solute Carrier Family 7 Member 11; 
DMT1, divalentmetal-iontransporter-1; ARE, anti-oxidant response elements; BMAL1, Basic Helix-Loop-Helix ARNT Like 1; 
NCOA4, Nuclear receptor coactivator 4; PINK1, PTEN Induced Kinase 1.

Table I. Potential ferroptosis-associated drugs in ALD.

expression in the liver is suppressed in ALD. This 
inconsistency may be due to differences in exper-
imental subjects, the duration of alcohol intake, or 
other related mechanisms, and the crosstalk be-
tween epigenetic changes and ferroptosis in ALD 
requires further investigation.

Potential Drug Targets 
for Ferroptosis in ALD

Anti-lipid Peroxidation
Several studies8,9 have demonstrated the ef-

ficacy of ferrostatin-1 in preventing liver injury 

by inhibiting iron-dependent lipid peroxidation 
in ALD without it being consumed. N-acetyl 
cysteine (NAC), a cytosine prodrug that targets 
SLC7A11/xCT, has shown promise in alleviat-
ing alcoholic liver injury through its effects on 
glutamatergic transmission (GLT-1 or Cys-Glu 
exchange), inflammatory pathways, oxidative 
stress, and GSH metabolism in advanced basic 
and clinical studies102 (Table I).

Nrf2
Cheng et al109 found that 1,25(OH)2D3 increas-

es GPX4 activity by regulating the Keap1-Nrf2-
GPX4 signaling pathway, thereby inhibiting 
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ferroptosis in zebrafish liver cells. Empaglifloz-
in (EMPA), a sodium-glucose cotransporter 2 
(SGLT-2) inhibitor, reduces oxidative stress and 
inflammation110,111. In a mouse model112 of ALD, 
EMPA therapy elevated Nrf2 in the liver, which 
subsequently boosted the expression of GSH-re-
lated genes. Zhang et al105 used a systematic com-
putational approach to identify dimethyl fumarate 
(DMF), an Nrf2 inducer that remarkably reduced 
ROS levels, lipid peroxidation, and ferroptosis. 
TLR-induced signaling pathways play an oppos-
ing role to Nrf2 and are the primary inflamma-
tory pathways in alcohol-induced liver injury113. 
Polysaccharides, such as PFP-1 and fucoxanthin, 
not only upregulate the Nrf2 signaling pathways 
but also downregulate the TLR4-NF-κB signaling 
pathways, thereby enhancing antioxidant defense 
and suppressing the inflammation in ALD104,107.

Iron Metabolism
Tang et al16 found that quercetin inhibits the 

abnormal overexpression of transferrin receptor 
1 (TfR1), Ft, and metal-ion transporters induced 
by ethanol stimulation. They conducted further 
research on the mechanism of its anti-iron dysho-
meostasis and found that quercetin restored hep-
cidin levels by reducing alcohol-induced down-
regulation of the bone morphogenetic protein 6 
(BMP6)/SMAD family member 4 (SMAD4) sig-
naling pathway103. Similarly, adding iron-chelating 
epigallocatechin-3-gallate (EGCG) to the diet of 
mice with ALD considerably improved liver dam-
age in ALD mice and increased hepcidin mRNA 
transcript levels in the liver tissue114. Adding vita-
min C to the diet of mice with ALD increases the 
expression of hepcidin in the mouse liver while 
decreasing the expression of TfR1, FPN1, and 
divalentmetal-iontransporter-1 (DMT1)115. More-
over, vitamin C can protect the liver from hepa-
totoxicity caused by alcohol abuse116. According 
to Xue et al101, fucoidan reversed the decrease in 
hepcidin level caused by long-term alcohol ex-
posure, reduced the liver iron load by regulating 
hepcidin-intestinal DMT1/FPN1, and upregulated 
the expression of p62/Nrf2 and SLC7A11/GPX4. 
This inhibited ferroptosis in hepatocytes and at-
tenuated hepatic peroxidative damage.

Autophagy
Autophagy has emerged as a remarkable factor 

in ALD treatment117. Autophagy inhibitors, such 
as CQ and 3MA, protect against alcohol-induced 
ferroptosis by activating the p62-Keap1-Nrf2 
pathway108. Song et al64 discovered that silibinin 

reversed excessive ferritinophagy and repressed 
mitophagy, which promoted ferroptosis in two 
hepatocyte lines (HepG2 and HL7702 cells) treat-
ed with ethanol and acetaldehyde, respectively.

Conclusions

Ever since its discovery and definition by Pro-
fessor Dixon and his team1, the significance of 
ferroptosis in the onset and progression of numer-
ous diseases has been established, and research 
on liver diseases has also attracted considerable 
interest. Recent studies8,53,64 have highlighted 
the critical role of ferroptosis in the emergence 
of ALD, affecting the development of alcohol-
ic liver injury, AFLD, ASH, and hepatocellular 
carcinoma. Therefore, it is conceivable that the 
pathophysiology of ALD and ferroptosis are in-
extricably linked. However, investigation into the 
mechanism of ferroptosis in ALD is still in its ear-
ly stages, and there are still many uncharted ter-
ritories to be explored. For instance, the crosstalk 
between epigenetic alterations and ferroptosis in 
ALD requires further investigation. Noncoding 
RNA is strongly associated with both ferroptosis 
and ALD. However, only a few published studies 
have explored their interaction in the context of 
ALD. Moreover, the conflicting relationships be-
tween ferroptosis, autophagy, and alcohol suggest 
that more detailed studies on ferroptosis and auto-
phagy, especially for one specific type of autopha-
gy, are required. Furthermore, the effects of many 
other types of autophagy on ALD are yet to be 
discovered, and this may provide new diagnostic 
and therapeutic strategies in the future.

Conflict of Interest 
The Authors declare that they have no conflict of interests.

Funding  
This work was funded by the Natural Science Foundation 
of Shanxi Province (202103021224392) and the Shanxi Sci-
ence and Technology Innovation Project (2020SYS19).

Authors’ Contributions 
JB and LL conceived and designed the study, JB, ZG, and YH 
contributed in the acquisition of data, analysis and interpreta-
tion. The experiments were reviewed by LL, who also edited 
the manuscript. The submission and publication of this article 
were approved by all authors.



J.-Q. Bo, Z.-P. Guo, Y.-H. Han, L.-X. Liu

9304

Data Availability  
The datasets for this study can be found in the Pubmed 
(https://pubmed.ncbi.nlm.nih.gov) and Web of Science 
(https://www.webofscience.com/wos).

Availability of Data and Materials  
The data supporting this study’s findings are available from 
the corresponding author [E.H], upon reasonable request.

Informed Consent  
Not applicable.

Ethics Approval
Not applicable.

ORCID ID  
Jiaqi Bo: 0000-0003-2266-0205.

Reference

  1)	 Dixon SJ, Lemberg KM, Lamprecht MR, Skouta 
R, Zaitsev EM, Gleason CE, Patel DN, Bauer AJ, 
Cantley AM, Yang WS, Morrison B, 3rd, Stock-
well BR. Ferroptosis: an iron-dependent form of 
nonapoptotic cell death. Cell 2012; 149: 1060-
1072.

  2)	 Yagoda N, von Rechenberg M, Zaganjor E, Bau-
er AJ, Yang WS, Fridman DJ, Wolpaw AJ, Smuk-
ste I, Peltier JM, Boniface JJ, Smith R, Lessnick 
SL, Sahasrabudhe S, Stockwell BR. RAS-RAF-
MEK-dependent oxidative cell death involving 
voltage-dependent anion channels. Nature 2007; 
447: 864-868.

  3)	 Chen J, Li X, Ge C, Min J, Wang F. The multifac-
eted role of ferroptosis in liver disease. Cell Death 
Differ 2022; 29: 467-480.

  4)	 Yu Y, Jiang L, Wang H, Shen Z, Cheng Q, Zhang 
P, Wang J, Wu Q, Fang X, Duan L, Wang S, Wang 
K, An P, Shao T, Chung RT, Zheng S, Min J, Wang 
F. Hepatic transferrin plays a role in systemic iron 
homeostasis and liver ferroptosis. Blood 2020; 
136: 726-739.

  5)	 Feng H, Stockwell BR. Unsolved mysteries: How 
does lipid peroxidation cause ferroptosis? PLoS 
Biol 2018; 16: e2006203.

  6)	 Omata M, Cheng AL, Kokudo N, Kudo M, Lee JM, 
Jia J, Tateishi R, Han KH, Chawla YK, Shiina S, 
Jafri W, Payawal DA, Ohki T, Ogasawara S, Chen 
PJ, Lesmana CRA, Lesmana LA, Gani RA, Obi S, 
Dokmeci AK, Sarin SK. Asia-Pacific clinical prac-
tice guidelines on the management of hepatocel-
lular carcinoma: a 2017 update. Hepatol Int 2017; 
11: 317-370.

  7)	 Seitz HK, Bataller R, Cortez-Pinto H, Gao B, Gual 
A, Lackner C, Mathurin P, Mueller S, Szabo G, 
Tsukamoto H. Alcoholic liver disease. Nat Rev Dis 
Primers 2018; 4: 16.

  8)	 You Y, Liu C, Liu T, Tian M, Wu N, Yu Z, Zhao 
F, Qi J, Zhu Q. FNDC3B protects steatosis and 
ferroptosis via the AMPK pathway in alcoholic fat-
ty liver disease. Free Radic Biol Med 2022; 193: 
808-819.

  9)	 Liu CY, Wang M, Yu HM, Han FX, Wu QS, Cai XJ, 
Kurihara H, Chen YX, Li YF, He RR. Ferroptosis 
is involved in alcohol-induced cell death in vivo 
and in vitro. Biosci Biotechnol Biochem 2020; 84: 
1621-1628.

10)	 Zhou Z, Ye TJ, Bonavita G, Daniels M, Kainrad 
N, Jogasuria A, You M. Adipose-Specific Lipin-1 
Overexpression Renders Hepatic Ferroptosis and 
Exacerbates Alcoholic Steatohepatitis in Mice. 
Hepatol Commun 2019; 3: 656-669.

11)	 Hershko C, Graham G, Bates GW, Rachmilewitz 
EA. Non-specific serum iron in thalassaemia: an 
abnormal serum iron fraction of potential toxicity. 
Br J Haematol 1978; 40: 255-263.

12)	 Greenberg GR, Wintrobe MM. A labile iron pool. J 
Biol Chem 1946; 165: 397-398.

13)	 Petrat F, de Groot H, Sustmann R, Rauen U. The 
chelatable iron pool in living cells: a methodically 
defined quantity. Biol Chem 2002; 383: 489-502.

14)	 Chen J, Li X, Ge C, Min J, Wang F. The multifac-
eted role of ferroptosis in liver disease. Cell Death 
Differ 2022; 29: 467-480.

15)	 Mancias JD, Wang X, Gygi SP, Harper JW, Kim-
melman AC. Quantitative proteomics identifies 
NCOA4 as the cargo receptor mediating ferritino-
phagy. Nature 2014; 509: 105-109.

16)	 Tang Y, Li Y, Yu H, Gao C, Liu L, Xing M, Liu L, 
Yao P. Quercetin attenuates chronic ethanol hep-
atotoxicity: implication of “free” iron uptake and 
release. Food Chem Toxicol 2014; 67: 131-138.

17)	 Uchiyama A, Kim JS, Kon K, Jaeschke H, Ikeji-
ma K, Watanabe S, Lemasters JJ. Translocation 
of iron from lysosomes into mitochondria is a key 
event during oxidative stress-induced hepatocel-
lular injury. Hepatology 2008; 48: 1644-1654.

18)	 Doll S, Conrad M. Iron and ferroptosis: A still 
ill-defined liaison. IUBMB Life 2017; 69: 423-434.

19)	 Toyokuni S. Iron and carcinogenesis: from Fenton re-
action to target genes. Redox Rep 2002; 7: 189-197.

20)	 Liu J, Kang R, Tang D. Signaling pathways and 
defense mechanisms of ferroptosis. FEBS J 
2022; 289: 7038-7050.

21)	 Margis R, Dunand C, Teixeira FK, Margis-Pin-
heiro M. Glutathione peroxidase family - an evolu-
tionary overview. FEBS J 2008; 275: 3959-3970.

22)	 Bersuker K, Hendricks JM, Li Z, Magtanong L, 
Ford B, Tang PH, Roberts MA, Tong B, Maim-
one TJ, Zoncu R, Bassik MC, Nomura DK, Dixon 
SJ, Olzmann JA. The CoQ oxidoreductase FSP1 
acts parallel to GPX4 to inhibit ferroptosis. Nature 
2019; 575: 688-692.



Advancements in ferroptosis research and therapeutic strategies for alcoholic liver disease

9305

23)	 Doll S, Freitas FP, Shah R, Aldrovandi M, da Silva 
MC, Ingold I, Goya Grocin A, Xavier da Silva TN, 
Panzilius E, Scheel CH, Mourão A, Buday K, Sato 
M, Wanninger J, Vignane T, Mohana V, Rehberg 
M, Flatley A, Schepers A, Kurz A, White D, Sau-
er M, Sattler M, Tate EW, Schmitz W, Schulze A, 
O’Donnell V, Proneth B, Popowicz GM, Pratt DA, 
Angeli JPF, Conrad M. FSP1 is a glutathione-in-
dependent ferroptosis suppressor. Nature 2019; 
575: 693-698.

24)	 Mao C, Liu X, Zhang Y, Lei G, Yan Y, Lee H, Kop-
pula P, Wu S, Zhuang L, Fang B, Poyurovsky MV, 
Olszewski K, Gan B. DHODH-mediated ferropto-
sis defence is a targetable vulnerability in cancer. 
Nature 2021; 593: 586-590.

25)	 Doll S, Proneth B, Tyurina YY, Panzilius E, Ko-
bayashi S, Ingold I, Irmler M, Beckers J, Aichler 
M, Walch A, Prokisch H, Trümbach D, Mao G, 
Qu F, Bayir H, Füllekrug J, Scheel CH, Wurst 
W, Schick JA, Kagan VE, Angeli JP, Conrad M. 
ACSL4 dictates ferroptosis sensitivity by shaping 
cellular lipid composition. Nat Chem Biol 2017; 13: 
91-98.

26)	 Dixon SJ, Winter GE, Musavi LS, Lee ED, Snij-
der B, Rebsamen M, Superti-Furga G, Stockwell 
BR. Human Haploid Cell Genetics Reveals Roles 
for Lipid Metabolism Genes in Nonapoptotic Cell 
Death. ACS Chem Biol 2015; 10: 1604-1609.

27)	 Yang WS, Kim KJ, Gaschler MM, Patel M, 
Shchepinov MS, Stockwell BR. Peroxidation of 
polyunsaturated fatty acids by lipoxygenases 
drives ferroptosis. Proc Natl Acad Sci U S A 2016; 
113: E4966-E4975.

28)	 Hishikawa D, Shindou H, Kobayashi S, Nakanishi 
H, Taguchi R, Shimizu T. Discovery of a lysophos-
pholipid acyltransferase family essential for mem-
brane asymmetry and diversity. Proc Natl Acad 
Sci U S A 2008; 105: 2830-2835.

29)	 Küch EM, Vellaramkalayil R, Zhang I, Lehnen 
D, Brügger B, Sreemmel W, Ehehalt R, Poppel-
reuther M, Füllekrug J. Differentially localized 
acyl-CoA synthetase 4 isoenzymes mediate the 
metabolic channeling of fatty acids towards phos-
phatidylinositol. Biochim Biophys Acta 2014; 1841: 
227-239.

30)	 Ayala A, Muñoz MF, Argüelles S. Lipid peroxida-
tion: production, metabolism, and signaling mech-
anisms of malondialdehyde and 4-hydroxy-2-non-
enal. Oxid Med Cell Longev 2014; 2014: 360438.

31)	 Seitz HK, Stickel F. Molecular mechanisms of al-
cohol-mediated carcinogenesis. Nat Rev Cancer 
2007; 7: 599-612.

32)	 Setshedi M, Wands JR, Monte SM. Acetaldehyde 
adducts in alcoholic liver disease. Oxid Med Cell 
Longev 2010; 3: 178-185.

33)	 Cederbaum A. Nrf2 and antioxidant defense 
against CYP2E1 toxicity. Expert Opin Drug Metab 
Toxicol 2009; 5: 1223-1244.

34)	 Itoh K, Mimura J, Yamamoto M. Discovery of the 
negative regulator of Nrf2, Keap1: a historical 
overview. Antioxid Redox Signal 2010; 13: 1665-
1678.

35)	 Kerins MJ, Ooi A. The Roles of NRF2 in Modu-
lating Cellular Iron Homeostasis. Antioxid Redox 
Signal 2018; 29: 1756-1773.

36)	 Wang X, He Y, Mackowiak B, Gao B. MicroRNAs 
as regulators, biomarkers and therapeutic targets 
in liver diseases. Gut 2021; 70: 784-795.

37)	 Park PH, Lim RW, Shukla SD. Involvement of 
histone acetyltransferase (HAT) in ethanol-in-
duced acetylation of histone H3 in hepatocytes: 
potential mechanism for gene expression. Am 
J Physiol Gastrointest Liver Physiol 2005; 289: 
G1124-G1136.

38)	 Lu SC, Huang ZZ, Yang H, Mato JM, Avila MA, 
Tsukamoto H. Changes in methionine adenosyl-
transferase and S-adenosylmethionine homeo-
stasis in alcoholic rat liver. Am J Physiol Gastroin-
test Liver Physiol 2000; 279: G178-G185.

39)	 Bala S, Csak T, Saha B, Zatsiorsky J, Kodys K, 
Catalano D, Satishchandran A, Szabo G. The 
pro-inflammatory effects of miR-155 promote liv-
er fibrosis and alcohol-induced steatohepatitis. J 
Hepatol 2016; 64: 1378-1387.

40)	 Torres JL, Novo-Veleiro I, Manzanedo L, Alve-
la-Suárez L, Macías R, Laso FJ, Marcos M. Role 
of microRNAs in alcohol-induced liver disorders 
and non-alcoholic fatty liver disease. World J 
Gastroenterol 2018; 24: 4104-4118.

41)	 You M, Fischer M, Deeg MA, Crabb DW. Ethanol 
induces fatty acid synthesis pathways by activa-
tion of sterol regulatory element-binding protein 
(SREBP). J Biol Chem 2002; 277: 29342-29347.

42)	 Yan C, Hu W, Tu J, Li J, Liang Q, Han S. Pathogen-
ic mechanisms and regulatory factors involved in 
alcoholic liver disease. J Transl Med 2023; 21: 300.

43)	 Vairetti M, Di Pasqua LG, Cagna M, Richelmi P, 
Ferrigno A, Berardo C. Changes in Glutathione 
Content in Liver Diseases: An Update. Antioxi-
dants (Basel) 2021; 10: 364.

44)	 Kim HH, Choi SE, Jeong WI. Oxidative stress and 
glutamate excretion in alcoholic steatosis: Meta-
bolic synapse between hepatocyte and stellate 
cell. Clin Mol Hepatol 2020; 26: 697-704.

45)	 García-Ruiz C, Morales A, Colell A, Ballesta A, 
Rodés J, Kaplowitz N, Fernández-Checa JC. 
Feeding S-adenosyl-L-methionine attenuates 
both ethanol-induced depletion of mitochondrial 
glutathione and mitochondrial dysfunction in peri-
portal and perivenous rat hepatocytes. Hepatolo-
gy 1995; 21: 207-214.

46)	 Colell A, García-Ruiz C, Morales A, Ballesta 
A, Ookhtens M, Rodés J, Kaplowitz N, Fernán-
dez-Checa JC. Transport of reduced glutathione 
in hepatic mitochondria and mitoplasts from eth-
anol-treated rats: effect of membrane physical 
properties and S-adenosyl-L-methionine. Hepa-
tology 1997; 26: 699-708.

47)	 Liu SY, Tsai IT, Hsu YC. Alcohol-Related Liver 
Disease: Basic Mechanisms and Clinical Per-
spectives. Int J Mol Sci 2021; 22: 5170.

48)	 Fan Z, Wirth AK, Chen D, Wruck CJ, Rauh M, 
Buchfelder M, Savaskan N. Nrf2-Keap1 pathway 



J.-Q. Bo, Z.-P. Guo, Y.-H. Han, L.-X. Liu

9306

promotes cell proliferation and diminishes ferro-
ptosis. Oncogenesis 2017; 6: e371.

49)	 Tu H, Tang LJ, Luo XJ, Ai KL, Peng J. Insights 
into the novel function of system Xc- in regulated 
cell death. Eur Rev Med Pharmacol Sci 2021; 25: 
1650-1662.

50)	 Yang H, Magilnick N, Lee C, Kalmaz D, Ou X, 
Chan JY, Lu SC. Nrf1 and Nrf2 regulate rat glu-
tamate-cysteine ligase catalytic subunit transcrip-
tion indirectly via NF-kappaB and AP-1. Mol Cell 
Biol 2005; 25: 5933-5946.

51)	 Kohgo Y, Ohtake T, Ikuta K, Suzuki Y, Torimoto Y, 
Kato J. Dysregulation of systemic iron metabolism 
in alcoholic liver diseases. J Gastroenterol Hepa-
tol 2008; 23 Suppl 1: S78-S81.

52)	 Jomova K, Valko M. Advances in metal-induced 
oxidative stress and human disease. Toxicology 
2011; 283: 65-87.

53)	 Li LX, Guo FF, Liu H, Zeng T. Iron overload in 
alcoholic liver disease: underlying mechanisms, 
detrimental effects, and potential therapeutic tar-
gets. Cell Mol Life Sci 2022; 79: 201.

54)	 Harrison-Findik DD, Schafer D, Klein E, Timchen-
ko NA, Kulaksiz H, Clemens D, Fein E, Andriopou-
los B, Pantopoulos K, Gollan J. Alcohol metabo-
lism-mediated oxidative stress down-regulates 
hepcidin transcription and leads to increased du-
odenal iron transporter expression. J Biol Chem 
2006; 281: 22974-22982.

55)	 Harrison-Findik DD, Lu S, Zmijewski EM, Jones 
J, Zimmerman MC. Effect of alcohol exposure on 
hepatic superoxide generation and hepcidin ex-
pression. World J Biol Chem 2013; 4: 119-130.

56)	 Bridle K, Cheung TK, Murphy T, Walters M, An-
derson G, Crawford DG, Fletcher LM. Hepcidin 
is down-regulated in alcoholic liver injury: impli-
cations for the pathogenesis of alcoholic liver dis-
ease. Alcohol Clin Exp Res 2006; 30: 106-112.

57)	 Harrison-Findik DD, Klein E, Crist C, Evans J, 
Timchenko N, Gollan J. Iron-mediated regulation 
of liver hepcidin expression in rats and mice is 
abolished by alcohol. Hepatology 2007; 46: 1979-
1985.

58)	 Dostalikova-Cimburova M, Balusikova K, Kratka 
K, Chmelikova J, Hejda V, Hnanicek J, Neubau-
erova J, Vranova J, Kovar J, Horak J. Role of du-
odenal iron transporters and hepcidin in patients 
with alcoholic liver disease. J Cell Mol Med 2014; 
18: 1840-1850.

59)	 Park E, Chung SW. ROS-mediated autophagy 
increases intracellular iron levels and ferroptosis 
by ferritin and transferrin receptor regulation. Cell 
Death Dis 2019; 10: 822.

60)	 Liu Z, Han K, Huo X, Yan B, Gao M, Lv X, Yu 
P, Gao G, Chang YZ. Nrf2 knockout dysregulates 
iron metabolism and increases the hemolysis 
through ROS in aging mice. Life Sci 2020; 255: 
117838.

61)	 Shin BY, Jin SH, Cho IJ, Ki SH. Nrf2-ARE pathway 
regulates induction of Sestrin-2 expression. Free 
Radic Biol Med 2012; 53: 834-841.

62)	 Park SJ, Cho SS, Kim KM, Yang JH, Kim JH, 
Jeong EH, Yang JW, Han CY, Ku SK, Cho IJ, Ki 
SH. Protective effect of sestrin2 against iron over-
load and ferroptosis-induced liver injury. Toxicol 
Appl Pharmacol 2019; 379: 114665.

63)	 Chen X, Li J, Kang R, Klionsky DJ, Tang D. Fer-
roptosis: machinery and regulation. Autophagy 
2021; 17: 2054-2081.

64)	 Song XY, Liu PC, Liu WW, Zhou J, Hayashi T, 
Mizuno K, Hattori S, Fujisaki H, Ikejima T. Silibinin 
inhibits ethanol- or acetaldehyde-induced ferro-
ptosis in liver cell lines. Toxicol In Vitro 2022; 82: 
105388.

65)	 Lu X, Xuan W, Li J, Yao H, Huang C, Li J. AMPK 
protects against alcohol-induced liver injury 
through UQCRC2 to up-regulate mitophagy. Au-
tophagy 2021; 17: 3622-3643.

66)	 Zhao Y, Zhang R, Wang Z, Chen Z, Wang G, 
Guan S, Lu J. Melatonin Prevents against Etha-
nol-Induced Liver Injury by Mitigating Ferroptosis 
via Targeting Brain and Muscle ARNT-like 1 in 
Mice Liver and HepG2 Cells. J Agric Food Chem 
2022; 70: 12953-12967.

67)	 Denaës T, Lodder J, Chobert MN, Ruiz I, Paw-
lotsky JM, Lotersztajn S, Teixeira-Clerc F. The 
Cannabinoid Receptor 2 Protects Against Alco-
holic Liver Disease Via a Macrophage Autopha-
gy-Dependent Pathway. Sci Rep 2016; 6: 28806.

68)	 Kharbanda KK, McVicker DL, Zetterman RK, 
MacDonald RG, Donohue TM, Jr. Flow cytometric 
analysis of vesicular pH in rat hepatocytes after 
ethanol administration. Hepatology 1997; 26: 929-
934.

69)	 Kharbanda KK, McVicker DL, Zetterman RK, 
Donohue TM, Jr. Ethanol consumption alters 
trafficking of lysosomal enzymes and affects the 
processing of procathepsin L in rat liver. Biochim 
Biophys Acta 1996; 1291: 45-52.

70)	 Chao X, Wang S, Zhao K, Li Y, Williams JA, Li T, 
Chavan H, Krishnamurthy P, He XC, Li L, Ballabio 
A, Ni HM, Ding WX. Impaired TFEB-Mediated 
Lysosome Biogenesis and Autophagy Promote 
Chronic Ethanol-Induced Liver Injury and Steato-
sis in Mice. Gastroenterology 2018; 155: 865-879.
e812.

71)	 Tsai CL, Barondeau DP. Human frataxin is an al-
losteric switch that activates the Fe-S cluster bio-
synthetic complex. Biochemistry 2010; 49: 9132-
9139.

72)	 Colin F, Martelli A, Clémancey M, Latour JM, 
Gambarelli S, Zeppieri L, Birck C, Page A, Puccio 
H, Ollagnier de Choudens S. Mammalian frataxin 
controls sulfur production and iron entry during de 
novo Fe4S4 cluster assembly. J Am Chem Soc 
2013; 135: 733-740.

73)	 Lupoli F, Vannocci T, Longo G, Niccolai N, Pas-
tore A. The role of oxidative stress in Friedreich’s 
ataxia. FEBS Lett 2018; 592: 718-727.

74)	 Navarro JA, Ohmann E, Sanchez D, Botella JA, 
Liebisch G, Moltó MD, Ganfornina MD, Schmitz 
G, Schneuwly S. Altered lipid metabolism in a 



Advancements in ferroptosis research and therapeutic strategies for alcoholic liver disease

9307

Drosophila model of Friedreich’s ataxia. Hum Mol 
Genet 2010; 19: 2828-2840.

75)	 Du J, Zhou Y, Li Y, Xia J, Chen Y, Chen S, Wang 
X, Sun W, Wang T, Ren X, Wang X, An Y, Lu K, 
Hu W, Huang S, Li J, Tong X, Wang Y. Identifica-
tion of Frataxin as a regulator of ferroptosis. Re-
dox Biol 2020; 32: 101483.

76)	 Liu J, He H, Wang J, Guo X, Lin H, Chen H, Jiang 
C, Chen L, Yao P, Tang Y. Oxidative stress-de-
pendent frataxin inhibition mediated alcoholic 
hepatocytotoxicity through ferroptosis. Toxicology 
2020; 445: 152584.

77)	 Geldenhuys WJ, Leeper TC, Carroll RT. mi-
toNEET as a novel drug target for mitochondrial 
dysfunction. Drug Discov Today 2014; 19: 1601-
1606.

78)	 Wiley SE, Murphy AN, Ross SA, van der Geer P, 
Dixon JE. MitoNEET is an iron-containing outer 
mitochondrial membrane protein that regulates 
oxidative capacity. Proc Natl Acad Sci U S A 
2007; 104: 5318-5323.

79)	 Paddock ML, Wiley SE, Axelrod HL, Cohen AE, 
Roy M, Abresch EC, Capraro D, Murphy AN, 
Nechushtai R, Dixon JE, Jennings PA. MitoNEET 
is a uniquely folded 2Fe 2S outer mitochondrial 
membrane protein stabilized by pioglitazone. 
Proc Natl Acad Sci U S A 2007; 104: 14342-14347.

80)	 Wiley SE, Paddock ML, Abresch EC, Gross L, van 
der Geer P, Nechushtai R, Murphy AN, Jennings 
PA, Dixon JE. The outer mitochondrial membrane 
protein mitoNEET contains a novel redox-active 
2Fe-2S cluster. J Biol Chem 2007; 282: 23745-
23749.

81)	 Tamir S, Paddock ML, Darash-Yahana-Baram M, 
Holt SH, Sohn YS, Agranat L, Michaeli D, Stofleth 
JT, Lipper CH, Morcos F, Cabantchik IZ, Onuchic 
JN, Jennings PA, Mittler R, Nechushtai R. Struc-
ture-function analysis of NEET proteins uncovers 
their role as key regulators of iron and ROS ho-
meostasis in health and disease. Biochim Bio-
phys Acta 2015; 1853: 1294-1315.

82)	 Yuan H, Li X, Zhang X, Kang R, Tang D. CISD1 in-
hibits ferroptosis by protection against mitochon-
drial lipid peroxidation. Biochem Biophys Res 
Commun 2016; 478: 838-844.

83)	 Hu X, Jogasuria A, Wang J, Kim C, Han Y, Shen 
H, Wu J, You M. MitoNEET Deficiency Alleviates 
Experimental Alcoholic Steatohepatitis in Mice by 
Stimulating Endocrine Adiponectin-Fgf15 Axis. J 
Biol Chem 2016; 291: 22482-22495.

84)	 Lo Sasso G, Ryu D, Mouchiroud L, Fernando SC, 
Anderson CL, Katsyuba E, Piersigilli A, Hottiger 
MO, Schoonjans K, Auwerx J. Loss of Sirt1 func-
tion improves intestinal anti-bacterial defense and 
protects from colitis-induced colorectal cancer. 
PLoS One 2014; 9: e102495.

85)	 Wellman AS, Metukuri MR, Kazgan N, Xu X, Xu 
Q, Ren NSX, Czopik A, Shanahan MT, Kang A, 
Chen W, Azcarate-Peril MA, Gulati AS, Fargo 
DC, Guarente L, Li X. Intestinal Epithelial Sirtuin 
1 Regulates Intestinal Inflammation During Aging 

in Mice by Altering the Intestinal Microbiota. Gas-
troenterology 2017; 153: 772-786.

86)	 You M, Jogasuria A, Taylor C, Wu J. Sirtuin 1 sig-
naling and alcoholic fatty liver disease. Hepatobi-
liary Surg Nutr 2015; 4: 88-100.

87)	 Yin H, Hu M, Liang X, Ajmo JM, Li X, Bataller R, 
Odena G, Stevens SM, Jr., You M. Deletion of 
SIRT1 from hepatocytes in mice disrupts lipin-1 
signaling and aggravates alcoholic fatty liver. 
Gastroenterology 2014; 146: 801-811.

88)	 Ding RB, Bao J, Deng CX. Emerging roles of 
SIRT1 in fatty liver diseases. Int J Biol Sci 2017; 
13: 852-867.

89)	 Li Y, Wong K, Giles A, Jiang J, Lee JW, Adams 
AC, Kharitonenkov A, Yang Q, Gao B, Guarente 
L, Zang M. Hepatic SIRT1 attenuates hepatic 
steatosis and controls energy balance in mice by 
inducing fibroblast growth factor 21. Gastroenter-
ology 2014; 146: 539-549.e537.

90)	 Ren R, Wang Z, Wu M, Wang H. Emerging Roles 
of SIRT1 in Alcoholic Liver Disease. Int J Biol Sci 
2020; 16: 3174-3183.

91)	 Zhong F, Hu Z, Jiang K, Lei B, Wu Z, Yuan G, 
Luo H, Dong C, Tang B, Zheng C, Yang S, Zeng 
Y, Guo Z, Yu S, Su H, Zhang G, Qiu X, Tomlinson 
S, He S. Complement C3 activation regulates the 
production of tRNA-derived fragments Gly-tRFs 
and promotes alcohol-induced liver injury and 
steatosis. Cell Res 2019; 29: 548-561.

92)	 Zhou Z, Ye TJ, DeCaro E, Buehler B, Stahl Z, 
Bonavita G, Daniels M, You M. Intestinal SIRT1 
Deficiency Protects Mice from Ethanol-Induced 
Liver Injury by Mitigating Ferroptosis. Am J Pathol 
2020; 190: 82-92.

93)	 Ursini F, Maiorino M. Lipid peroxidation and fer-
roptosis: The role of GSH and GPx4. Free Radic 
Biol Med 2020; 152: 175-185.

94)	 Lee J, Kang ES, Kobayashi S, Homma T, Sato H, 
Seo HG, Fujii J. The viability of primary hepatocytes 
is maintained under a low cysteine-glutathione re-
dox state with a marked elevation in ophthalmic acid 
production. Exp Cell Res 2017; 361: 178-191.

95)	 Hayano M, Yang WS, Corn CK, Pagano NC, 
Stockwell BR. Loss of cysteinyl-tRNA synthetase 
(CARS) induces the transsulfuration pathway and 
inhibits ferroptosis induced by cystine deprivation. 
Cell Death Differ 2016; 23: 270-278.

96)	 Mason JB, Choi SW. Effects of alcohol on folate 
metabolism: implications for carcinogenesis. Al-
cohol 2005; 35: 235-241.

97)	 Garro AJ, McBeth DL, Lima V, Lieber CS. Etha-
nol consumption inhibits fetal DNA methylation in 
mice: implications for the fetal alcohol syndrome. 
Alcohol Clin Exp Res 1991; 15: 395-398.

98)	 Chen CH, Pan CH, Chen CC, Huang MC. In-
creased oxidative DNA damage in patients with 
alcohol dependence and its correlation with al-
cohol withdrawal severity. Alcohol Clin Exp Res 
2011; 35: 338-344.

99)	 Lohoff FW, Clarke TK, Kaminsky ZA, Walker RM, 
Bermingham ML, Jung J, Morris SW, Rosoff D, 



J.-Q. Bo, Z.-P. Guo, Y.-H. Han, L.-X. Liu

9308

Campbell A, Barbu M, Charlet K, Adams M, Lee J, 
Howard DM, O’Connell EM, Whalley H, Porteous 
DJ, McIntosh AM, Evans KL. Epigenome-wide as-
sociation study of alcohol consumption in N = 8161 
individuals and relevance to alcohol use disorder 
pathophysiology: identification of the cystine/glu-
tamate transporter SLC7A11 as a top target. Mol 
Psychiatry 2022; 27: 1754-1764.

100)	Choi WM, Kim HH, Kim MH, Cinar R, Yi HS, Eun 
HS, Kim SH, Choi YJ, Lee YS, Kim SY, Seo W, 
Lee JH, Shim YR, Kim YE, Yang K, Ryu T, Hwang 
JH, Lee CH, Choi HS, Gao B, Kim W, Kim SK, 
Kunos G, Jeong WI. Glutamate Signaling in He-
patic Stellate Cells Drives Alcoholic Steatosis. 
Cell Metab 2019; 30: 877-889.e877.

101)	Xue M, Tian Y, Sui Y, Zhao H, Gao H, Liang H, 
Qiu X, Sun Z, Zhang Y, Qin Y. Protective effect 
of fucoidan against iron overload and ferropto-
sis-induced liver injury in rats exposed to alcohol. 
Biomed Pharmacother 2022; 153: 113402.

102)	Morley KC, Baillie A, Van Den Brink W, Chitty KE, 
Brady K, Back SE, Seth D, Sutherland G, Leggio 
L, Haber PS. N-acetyl cysteine in the treatment of 
alcohol use disorder in patients with liver disease: 
Rationale for further research. Expert Opin Inves-
tig Drugs 2018; 27: 667-675.

103)	Tang Y, Li Y, Yu H, Gao C, Liu L, Chen S, Xing M, 
Liu L, Yao P. Quercetin prevents ethanol-induced 
iron overload by regulating hepcidin through the 
BMP6/SMAD4 signaling pathway. J Nutr Biochem 
2014; 25: 675-682.

104)	Zheng J, Tian X, Zhang W, Zheng P, Huang F, Ding 
G, Yang Z. Protective Effects of Fucoxanthin against 
Alcoholic Liver Injury by Activation of Nrf2-Mediated 
Antioxidant Defense and Inhibition of TLR4-Mediat-
ed Inflammation. Mar Drugs 2019; 17: 552.

105)	Zhang Y, Zhao S, Fu Y, Yan L, Feng Y, Chen Y, 
Wu Y, Deng Y, Zhang G, Chen Z, Chen Y, Liu T. 
Computational repositioning of dimethyl fumarate 
for treating alcoholic liver disease. Cell Death Dis 
2020; 11: 641.

106)	Wang Z, Liu Y, Zhao X, Liu S, Liu Y, Wang D. 
Aronia melanocarpa Prevents Alcohol-Induced 
Chronic Liver Injury via Regulation of Nrf2 Signal-
ing in C57BL/6 Mice. Oxid Med Cell Longev 2020; 
2020: 4054520.

107)	Song X, Sun W, Cui W, Jia L, Zhang J. A poly-
saccharide of PFP-1 from Pleurotus geesteranus 

attenuates alcoholic liver diseases via Nrf2 and 
NF-κB signaling pathways. Food Funct 2021; 12: 
4591-4605.

108)	Zhao Y, Lu J, Mao A, Zhang R, Guan S. Autopha-
gy Inhibition Plays a Protective Role in Ferroptosis 
Induced by Alcohol via the p62-Keap1-Nrf2 Path-
way. J Agric Food Chem 2021; 69: 9671-9683.

109)	119) Cheng K, Huang Y, Wang C. 1,25(OH)(2)D(3) 
Inhibited Ferroptosis in Zebrafish Liver Cells (ZFL) 
by Regulating Keap1-Nrf2-GPx4 and NF-κB-hep-
cidin Axis. Int J Mol Sci 2021; 22: 11334.

110)	Amin EF, Rifaai RA, Abdel-Latif RG. Empaglifloz-
in attenuates transient cerebral ischemia/reper-
fusion injury in hyperglycemic rats via repressing 
oxidative-inflammatory-apoptotic pathway. Fun-
dam Clin Pharmacol 2020; 34: 548-558.

111)	 Lahnwong S, Chattipakorn SC, Chattipakorn N. 
Potential mechanisms responsible for cardiopro-
tective effects of sodium-glucose co-transporter 2 
inhibitors. Cardiovasc Diabetol 2018; 17: 101.

112)	Abdelhamid AM, Elsheakh AR, Abdelaziz RR, 
Suddek GM. Empagliflozin ameliorates etha-
nol-induced liver injury by modulating NF-kap-
paB/Nrf-2/PPAR-gamma interplay in mice. Life 
Sci 2020; 256: 117908.

113)	Wang M, Shen G, Xu L, Liu X, Brown JM, Feng 
D, Ross RA, Gao B, Liangpunsakul S, Ju C. IL-1 
receptor like 1 protects against alcoholic liver in-
jury by limiting NF-κB activation in hepatic mac-
rophages. J Hepatol 2017; S0168-8278: 32263-
32268.

114)	Ren Y, Deng F, Zhu H, Wan W, Ye J, Luo B. Ef-
fect of epigallocatechin-3-gallate on iron overload 
in mice with alcoholic liver disease. Mol Biol Rep 
2011; 38: 879-886.

115)	Guo X, Li W, Xin Q, Ding H, Zhang C, Chang Y, 
Duan X. Vitamin C protective role for alcoholic liv-
er disease in mice through regulating iron metab-
olism. Toxicol Ind Health 2011; 27: 341-348.

116)	Al Garea MH, Alqasoumi AA, Alqahtani SA, Ha-
dadi AH, Emara AM. Vitamin C as a potential 
ameliorating agent against hepatotoxicity among 
alcoholic abusers. Eur Rev Med Pharmacol Sci 
2023; 27: 3322-3335.

117)	Williams JA, Ding WX. Role of autophagy in al-
cohol and drug-induced liver injury. Food Chem 
Toxicol 2020; 136: 111075.


