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Abstract: Nuclear factor erythroid 2-related factor 2 (Nrf2) is an intracellular transcription factor that helps protect against
oxidative stress in different types of cells under pathological conditions. Mitochondria are vital organelles that function in diverse
metabolic processes in the body, including redox reactions, lipid metabolism, and cell death. Mitophagy, a specific form of
autophagy for damaged mitochondria, plays a critical role in the pathophysiology of liver diseases. In this review, we explain in
detail the roles of the Nrf2 signaling pathway and mitophagy, and the relationship between them, in various hepatic diseases
(nonalcoholic fatty liver disease, viral hepatitis, alcoholic liver disease, drug-induced liver injury, autoimmune hepatitis, hepatic
ischemia—reperfusion injury, and liver cancer). We also offer some potential insights and treatments relevant to clinical applications.
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1 Introduction

The liver is the most important metabolic organ
and plays roles in synthesis, metabolism, and detoxifi-
cation. Liver diseases, injury, inflammation, and apop-
tosis are caused by exogenous inflammation and oxi-
dative stress, mitochondrial respiratory chain failure,
and other mechanisms (Solano-Urrusquieta et al., 2020).

Several cellular pathways participate in maintain-
ing internal homeostasis. Nuclear factor erythroid 2-
related factor 2 (Nrf2) is an important factor responsible
for detoxification, antioxidation, anti-inflammation,
proteostasis, xenobiotic/drug metabolism, iron metab-
olism, and apoptosis. It is a nuclear transcription factor
attached to the cytoskeleton and other proteins, espe-
cially Kelch-like ECH-associated protein 1 (Keapl),
in the cytoplasm. Under homeostatic conditions, Nrf2
is rigorously regulated by Keap1 for ubiquitination
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and proteasome-dependent degradation, thus keeping
its expression and that of downstream genes at low
levels. Upon exposure to oxidative stress or inflamma-
tion, mainly reactive oxygen species (ROS), Nrf2 is
released from Keapl and translocates into the nucleus
to regulate the transcription of antioxidant response
elements (AREs), including heme oxygenase-1 (HO-1),
glutathione, and thioredoxin (Trx)-dependent enzymes
involved in DNA repair, antioxidation, anti-apoptosis,
and maintenance of homeostasis (Solano-Urrusquieta
et al., 2020). Nrf2 exerts protection through several
mechanisms. It downregulates the level of mitochon-
drial ROS and impacts mitochondrial biogenesis by pro-
moting the peroxisome proliferator-activated receptor-y
(PPAR-y) coactivator-la (PGC-1a) level. Pharmaco-
logically targeting Nrf2 can mediate several diseases
through ferroptosis in some manner (Dodson et al.,
2019). Nrf2 increases the level of nicotinamide ade-
nine dinucleotide phosphate (NADPH) by upregulat-
ing the genes responsible for NADPH. In cancers
with activated Nrf2, glutamates are recruited into glu-
tathione biosynthesis or exported through the cystine/
glutamate antiporter (system xc'). This results in the
depletion of intracellular glutamate and the restriction
of its use in the synthesis of non-essential amino acids
(NEAASs), limiting tumor growth (Leboeuf et al.,
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2020). The expression of Nrf2 is inversely correlated with
that of inflammatory cytokines, including interleukin-
1B (IL-1p) and IL-6 (Solano-Urrusquieta et al., 2020).
Thimmulappa et al. (2006) revealed that Nrf2 im-
proved the survival rate by downregulating the pro-
inflammatory signaling pathway. Regulatory T cells
(Tregs) are closely related to the occurrence of auto-
immune diseases. However, even when Tregs are ab-
sent, Nrf2 can exert anti-inflammatory effects by in-
hibiting effector T cell activity (Suzuki et al., 2017).
In addition, Nrf2 promotes the differentiation of clus-
ter of differentiation 4-positive (CD4") T cells into T
helper type 2 (Th2) cells by producing the cytokines
IL-4 and IL-5 and inhibiting interferon-y (IFN-y)
(Rockwell et al., 2012). However, in Pten::Keapl and
Keapl::Atg7 double knockout mouse models of he-
patic disease, Baird et al. (2023) suggested that Nrf2
induces the expression of senescence-associated secre-
tory phenotype genes, thus recruiting immune effector
cells, including chemokine C-C-motif receptor 2-positive
(CCR2") classical monocytes, to suppress early-stage
tumors. They also found that not only monocytes but
also activated natural killer (NK) cells and yd T cells
were enriched in tumors with the activating mutated
gene NRF2 (specifically the NFE2L2**" mutation)
(Baird and Yamamoto, 2023). In addition, more pro-
inflammatory immune cells and cytokines, such as
macrophages, neutrophils, chemokine C-C motif ligand
2 (CCL2), and IL-1pB, were enriched in the livers of
NEMO"*"*/KEAP1*""* mice with consecutive NRF2
activation (Mohs et al., 2021). The potential mech-
anisms might involve the inactivation of nuclear factor-iB
(NF-kB) signaling and massive infiltration of myeloid
cells.

Autophagy is the process by which autophago-
somes bring cargo to lysosomes to exert enzymatic ef-
fects to remove damaged organelles. Autophagy can be
broadly classified into three categories: macroautoph-
agy, microautophagy, and chaperone-mediated autoph-
agy. The major category, macroautophagy, refers to the
process of the fusion of autophagosomes and lyso-
somes to degrade the materials. Microautophagy rep-
resents the process in which the lysosome itself invag-
inates the membrane to swallow the components. The
third category manifests as the translocation of the
lysosomal membrane formed by oligomerization of
the heat-shock cognate protein HSPA8/HSC70. Con-
served genes, known as autophagy-related genes (47G),
take part in different stages of autophagy, including

Journal of Zhejiang University-SCIENCE B 2025 26(10):972-994 | 973

phagophore initiation, fusion of autophagosomes with
lysosomes, and degradation. Under normal conditions,
autophagy varies with the body’s nutrient status. For
example, proteasomes generate mainly amino acids.
Under nutrient starvation, hepatic autophagy is en-
hanced to provide cells with different nutrients
(Schneider and Cuervo, 2014). A portion of proteins,
including vacuolar/lysosomal enzymes, respiratory
chain proteins, antioxidant enzymes, and proteins re-
lated to amino acid synthesis, are produced during
starvation (Mizushima and Komatsu, 2011). During
an adequate supply of nutrients, a tiny percentage of
proteins are metabolized through selective and nonse-
lective degradation. Selective degradation commonly
occurs.

Mitochondria are involved in several physical
processes, including cellular redox, supplemental en-
ergy through the tricarboxylic acid cycle and oxida-
tive phosphorylation (OXPHOS), participation in fatty
acid oxidation, calcium buffering, amino acid synthe-
sis, heme biosynthesis, iron—sulfur cluster formation,
and cell death (Ma et al., 2020; Innokentev and Kanki,
2021). It is estimated that more than 2000 mitochon-
dria are involved in each hepatocyte, implying their
critical roles in liver diseases (Chen et al., 2015).
Diverse liver diseases are associated with selective
autophagy, mainly mitophagy (autophagy of mito-
chondria), which normally ensures mitochondrial qua-
lity and normal liver function. Mitophagy is real-
ized through the ubiquitin-independent or -dependent
pathway, involving mammalian Atg8 family members
including microtubule-associated protein light chain 3
(LC3) and y-aminobutyric acid receptor-associated
protein (GABARAP), especially the LC3-interacting
region (LIR)-domain receptor pathway or phosphatase
and tensin homolog (PTEN)-induced putative kinase
1 (PINK1)/Parkin pathway, respectively (Wang and
Wang, 2023). The LIR-domain receptor pathway in-
volves outer mitochondrial membrane (OMM) recep-
tors such as B-cell lymphoma 2 (Bcl-2)/adenovirus
E1B 19 kDa protein-interacting protein 3 (BNIP3),
BNIP3-like (BNIP3L) (also known as NIP3-like pro-
tein X (NIX)), FUN14 domain-containing protein 1
(FUNDCI1), and Bcl-2-like protein 13 (BCL2L13).
These receptors interact with LC3, which promotes
mitophagy. It is reported that BNIP3 and NIX also
play a part in the PINK1/Parkin pathway. For ex-
ample, BNIP3 interacts with PINK1, which leads to
the accumulation of PINK1 and Parkin at the OMM.
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NIX can be ubiquitinated by Parkin to promote mi-
tophagy. FUNDCI is integrated into the OMM and
acts with LC3 under hypoxic conditions. The over-
expression of BCL2L13 promotes mitochondrial frag-
mentation and its interaction with Unc-51-like kinase
1 (ULK1) initiates mitophagy. The PINK1/Parkin
pathway can be summarized as follows: PINKI1 is
autophosphorylated in response to decreased mito-
chondrial membrane potential, which recruits and acti-
vates the Parkin E3 ubiquitin ligase. Parkin ubiqui-
tinates the substrates at the OMM, and the ubiquitinated
proteins bind to adaptors including p62, optineurin
(OPTN), and nuclear dot protein 52 (NDP52), which
interact with the Atg8 family to promote mitophagy.
The accumulation of p62 and polyubiquitinated
proteins often indicates a deficiency of autophagy

(Fig. 1).
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Nrf2 interacts with PGC-1a in mitochondrial bio-
genesis. The activation of Nrf2 upregulates the mito-
chondrial membrane potential and the level of ade-
nosine triphosphate (ATP), directly impacting energy
metabolism (Holmstrom et al., 2013). There is posi-
tive feedback between Nrf2 and mitophagy. Under ox-
idative conditions, Nrf2 elevates the expression of p62
and PINKI, leading to mitophagy. Phosphorylated
p62 binds to Keapl and releases Nrf2, leading to acti-
vation of downstream antioxidant proteins.

Dysfunction of the Nrf2 signaling pathway and
mitophagy are closely correlated with diverse hepatic
diseases. The possible relationship between them in
terms of their antioxidative response has received great
attention recently. Here, we explain the roles of the Nrf2
signaling pathway and mitophagy in hepatic diseases,
as well as the relationships between them (Table 1).
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Fig. 1 Main process of mitophagy. Under stress conditions (the presence of ROS, nutrient deficiency, cell aging, and other
external stimuli), damaged mitochondria depolarize and lose their membrane potential. The damaged mitochondria are
then wrapped by autophagosomes and form mitochondrial autophagosomes. These fuse with lysosomes and subsequently
the mitochondria are degraded by lysosomes. Mitophagy is usually divided into ubiquitin-dependent and -independent
pathways. In the ubiquitin-dependent mechanism, the PINK1/Parkin pathway is located on the same pathway to protect
mitochondria. In the ubiquitin-independent mechanism, many receptors, including BNIP3, NIX/BNIP3L, and FUNDCI1,
bind directly to LC3 without ubiquitination. BCL2L.13: B-cell lymphoma 2 (Bcl-2)-like protein 13; BNIP3: Bcl-2/adenovirus
E1B 19 kDa protein-interacting protein 3; FUNDC1: FUN14 domain-containing protein 1; LC3: light chain 3; NDP52:
nuclear dot protein 52; OPTN: optineurin; PINK1: phosphatase and tensin homolog (PTEN)-induced putative kinase 1;

ROS: reactive oxygen species.
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Table 1 Roles of the Nrf2 signaling pathway and mitophagy in diverse liver diseases

Liver disease

Roles of Nrf2 signaling pathway

Roles of mitophagy

Metabolic dysfunction-
associated steatotic liver
disease (MASLD)

Viral hepatitis

hepatic lipidoses and enhance
antioxidative capacity.

Alcoholic liver disease (ALD)

Nrf2 is upregulated to repress obesity and

Nrf2 inhibits HBV and HCV replication.

Nrf2 is activated to attenuate oxidative
stress in ALD; Nrf2 is also inhibited in

Either defective or excessive mitophagy
aggravates MASLD.

Mitophagy promotes HBV replication, thus
accelerating HBV-related liver cancer;
mitophagy may also suppress HBV replication.
Mitophagy supports HCV replication,
maturation, and release.

Mitophagy accelerates alcohol metabolism and
prevents liver damage.

several alcohol-feeding modes.

Drug-induced liver injury
(DILI)

Hepatic ischemia-reperfusion
injury (IRI)
hepatic IRI.

Liver carcinoma Nrf2 prevents carcinogenesis in

cells and promotes tumor cells in cancer

tissues.

Nrf2 is upregulated to fight against DILI.

Mitophagy protects the liver from APAP injury
through the suppression of NF-kB, NLRP3
inflammasome, and IL-1f; Parkin-knockout
mitophagy protects against APAP injury.

Nrf2 is suppressed to aggravate hepatic IRI; Mitophagy attenuates hepatic IRI.
however, Nrf2 is also elevated to improve

normal Mitophagy suppresses liver cancer in the initial
stage, while it supports the development of

liver cancer in the formed tumors.

APAP: acetaminophen; HBV: hepatitis B virus; HCV: hepatitis C virus; IL-1p: interleukin-1f; NF-kB: nuclear factor-kB; NLRP3: NOD-like receptor
family, pyrin domain-containing protein 3; Nrf2: nuclear factor erythroid 2-related factor 2.

2 Metabolic dysfunction-associated steatotic
liver disease

Metabolic dysfunction-associated fatty liver dis-
ease (MAFLD), introduced in 2020, is distinguished
from non-alcoholic fatty liver disease (NAFLD) by its
stricter metabolic criteria. Metabolic dysfunction-
associated steatotic liver disease (MASLD), proposed
by international expert groups in June 2023, is a “mul-
tisystem disease.” It is more objective in some contro-
versial aspects and includes one of the five cardiovas-
cular risk factors, insulin resistance and metabolic syn-
drome (Rinella et al., 2023; Targher et al., 2024).
MASLD may be attributed to the following mech-
anisms: (1) insulin resistance-induced intracellular tri-
glyceride accumulation; (2) oxidative stress, such as
an increase in ROS; and (3) oxidative stress-triggered
hepatocellular necrosis and toxicity (Ezhilarasan and
Lakshmi, 2022). Increasing evidence suggests that
MASLD almost conforms to NAFLD. MASLD in-
cludes metabolic dysfunction-associated steatohepati-
tis (MASH), previously known as non-alcoholic ste-
atohepatitis (NASH).

Intrahepatic Nrf2 appears to regulate lipid metab-
olism. In rats fed a high-fat diet (HFD), Lactobacillus

mali APS1 from sugary kefir decreased body weight
and hepatic lipidoses and enhanced antioxidative ca-
pacity by regulating the Sirtuin-1 (SIRT1)/Nrf2/HO-1
pathway (Chen et al., 2018). Nrf2 and sterol regulatory
element-binding protein-1 (SREBP-1) were increased
in palmitic acid-treated HepG2 cells, and Nrf2 was
significantly upregulated when the cells were cotreated
with fermented soymilk and palmitic acid, indicating
a protective role of fermented soymilk in the NAFLD
model (Ahn et al., 2018). Receptor-interacting serine/
threonine-protein kinase-3 (RIP3) increased in HFD-
fed mice and regulated programmed necrosis as
well as inflammatory responses by producing ROS.
Nevertheless, diminished hepatic lipid accumulation,
oxidative stress, and the NF-xB signaling pathway
were all observed by downregulating Keapl and acti-
vating Nrf2 expression in RIP3™" mice (Ge et al.,
2019). Agonists of intrahepatic Nrf2, regardless of
the genes or agents (e.g., 1-[2-cyano-3,12-dioxooleana-
1,9(11)-dien-280yl] imidazole (CDDO-Im)), repressed
HFD-induced obesity, diabetes, and cancers (Yates
et al., 2009). Nrf2 retarded lipid accumulation and per-
oxidation in Nrf2-null and KeapI-knockout (KO) mice
(Zhang et al., 2010). A few compounds, including phe-
nolic antioxidants, dithiolethione, isothiocyanate,
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triterpenoid, pioglitazone, vitamin E, sodium-glucose
cotransporter 2 (SGLT2) inhibitors, and resveratrol,
were reported to promote the expression of Nrf2
(Solano-Urrusquieta et al., 2020). Silybin restrained
oxidative stress by activating Nrf2-associated genes
and inhibiting the NF-xB signaling pathway in the
NASH liver (Ou et al., 2018). Liraglutide was shown
to enhance antioxidative capacity and decrease liver
apoptosis in Zucker diabetic fatty (ZDF) rats by in-
creasing the Nrf2 signaling pathway (Guo et al., 2018).
Terpenoids, including geniposide, aucubin, gentiopi-
croside, and ginkgolide B, improve lipid metabolism,
suppress oxidative stress, and eventually prevent
liver fibrosis by activating the Nrf2 and adenosine
monophosphate-activated protein kinase (AMPK) sig-
naling pathways (Yao and Liu, 2022). Another experi-
ment confirmed that N72"" mice fed a methionine- and
choline-deficient (MCD) diet endured more severe stea-
tosis and oxidative stress (Chowdhry et al., 2010).
Resveratrol, a polyphenol and antioxidant derived from
plants, suppressed Nrf2 promoter methylation and
ROS levels in vitro to mitigate the progression of
NAFLD (Ezhilarasan and Lakshmi, 2022). In clin-
ical use, resveratrol combined with a healthy life-
style can alleviate liver inflammation and fibrosis
(Faghihzadeh et al., 2014). As previously demon-
strated, zinc, participating in the reduction reaction,
plays a key role in type 1 and type 2 diabetes-induced
liver injuries. Nrf2 bridges zinc supplementation and
metallothionein expression to exert antioxidative
effects on diabetes-induced liver injury (Yu et al., 2021).
Han et al. (2016) showed that the expression of Nrf2
and ARE was increased in mice fed a high-fructose
diet, which mimicked the NAFLD model, but was
downregulated in those fed hawthorn fruit peel and
flesh at the same time, which exerted antioxidative ef-
fects on injured livers. The phosphoglycerate mutase
family member 5 (Pgam5)-knockout mice fed with
a high-fat high-fructose diet showed reduced hepatic
steatosis and inflammation by upregulating antioxidant
genes and proteins including glutathione peroxidase-
6 (GPX6) and HO-1 (Li L et al., 2023). Bioactive di-
peptides tyrosine (Tyr) and phenylalanine (Phe) dose-
dependently exert antioxidant effects and protect against
HFD and high fructose corn syrup-induced MAFLD,
mainly through activation of the Nrf2 signaling pathway
and adiponectin secretion and downregulation of 4-
hydroxynonenal (Wayal and Hsieh, 2023). It was reported

that silica nanoparticles (SiNPs), one of the most common
nanomaterials, aggravate MAFLD by enhancing lipid
accumulation and suppressing fatty acid B-oxidation
and lipid efflux, mainly by down-regulating Nrf2 sig-
naling (Abulikemu et al., 2023). S217879 alleviates
diet-induced steatosis, inflammation, and fibrosis in
patients with MAFLD by pharmacologically activat-
ing Nrf2 and suppressing transforming growth factor-§
1 (TGF-B1) signaling (Hammoutene et al., 2023).
Linalool, a kind of monoterpene in a variety of aromatic
plants, also protects against HFD-induced MASLD
through activating the Nrf2 signaling and SIRT 1/protein
kinase B (Akt)/peroxisome proliferator-activated
receptor-o (PPRA-0)/AMPK pathways to attenuate
liver steatosis and oxidative stress (Tamilmani et al.,
2023). Baicalin, a traditional Chinese medicine, exerts
its strong antioxidant and anti-inflammatory cap-
acities through upregulating the p62/Keap1/Nrf2 path-
way in the liver of MAFLD mice (Liu et al., 2025).
Puerarin, another advantageous Chinese medicine,
improves MAFLD by inhibiting ferroptosis and in-
flammation, mainly by activating the SIRT1/Nrf2
signaling pathway (Yang MM et al., 2023). However,
Kumar et al. (2019) showed that the expression of
Nrf2 and HO-1 was significantly decreased in HFD-
and ethanol-fed rats. Liu PF et al. (2023) showed that
the mechanism underlying NAFLD linked to an HFD
involved decreased autophagosome biogenesis and
Nrf2 levels, which contributed to enhanced lipid
peroxidation and ferroptosis.

Defective mitophagy was also observed in HFD
models with several impaired signaling pathways, in-
cluding: (1) upregulated expression of acyl-coenzyme
A (acyl-CoA):lysocardiolipin acyltransferase 1
(ALCAT1), the removal of which could recover mitoph-
agy; (2) genetic removal of macrophage stimulating 1
(Mstl), which remits injuries through activation of
mitophagy; and (3) BNIP3, the knockout of which
promotes lipid accumulation (Wang et al., 2015; Ma
et al., 2020). Increased S-nitrosylation of hepatic ly-
sosomal proteins and impaired mitophagy, especially
the level of Atg7, were observed in obesity groups
(Yang et al., 2010; Qian et al., 2018). Megamitochon-
dria in NAFLD blocked Parkin-independent mitoph-
agy, leading to liver damage in an NAFLD mouse
model, while an Opal knockout rescued liver damage
(Yamada et al., 2018). A high degree of phosphoryla-
tion of protein kinase R-like endoplasmic reticulum



kinase (PERK), dysregulated association between the
endoplasmic reticulum (ER) and mitochondria, and
mitochondrial dysfunction and mitofusin 2 (Mfn2)
deficiency are related to the development of the NAFLD
model (Mao et al., 2022). An increased level of mor-
tality factor 4-like protein 1 (MORFA4LI, also called
MRG15) in fatty liver models is associated with mito-
chondrial Tu translation elongation factor (TUFM), re-
sulting in defective mitophagy, excessive oxidative
stress, and NOD-like receptor family, pyrin domain-
containing protein 3 (NLRP3) inflammasome activa-
tion (Tian et al., 2022). Restoration of hepatic au-
tophagy alleviates ER stress and enhances insulin ac-
tion (Yang et al., 2010). Double knockout of Akt and
AMPK amplifies Parkin-mediated mitophagy and pro-
tects against hepatic steatosis in NAFLD (Wang
SY et al., 2021). The mitophagy inducer cyanidin-3-
O-glucoside enhances PINK1-mediated mitophagy,
which is blunted in NAFLD, and alleviates hepatic
oxidative stress (Li XW et al., 2020). Exenatide, a
glucagon-like peptide-1 (GLP-1) receptor agonist, is
used to regulate glycemia and serum lipids, improve
B-cell function, control weight, enhance mitophagy,
and inhibit NLRP3 inflammasome activation to sup-
press hepatic inflammation in NAFLD (Shao et al.,
2018). SIRT3, which protects mitochondria under
several kinds of stress, promotes BNIP3-mediated mi-
tophagy and protects the liver in NAFLD via activa-
tion of the extracellular signal-regulated kinase (ERK)-
cAMP response element-binding protein (CREB)
signaling pathway (Li et al., 2018). The lysosomal—
autophagic pathway plays an important role in the
translocation of transcription factor EB (TFEB) to the
liver to control weight gain and metabolic syndromes
such as NAFLD (Settembre et al., 2013). Ampa-
wong et al. (2017) demonstrated that liver Nrf2 ex-
pression is negatively correlated with the percentage
of dysmorphic mitochondria, especially the fission
marker dynamin-related protein 1 (Drpl), in a high-
cholesterol-challenged rat model with or without seri-
cin pretreatment. However, it was also reported that a
deficiency of the adipose-specific mitochondrial anti-
oxidant Trx2 increases hepatic insulin resistance and
steatosis through excessive mitophagy and inflamma-
tion (He et al., 2021). Petersen et al. (2018) showed
that Nrf2 and autophagic markers, including p62 and
LC3-II, are simultaneously increased in liver-specific
PTEN-deletion mice, which mimics NASH-like condi-
tions, indicating the activation of both the antioxidant
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response and mitophagy. Bae et al. (2013) demonstrated
that Nrf2 activation induced by Sestrin2 (Sesn2) is
beneficial to liver oxidative injury triggered by the
acute lipogenic stimulus through the p62-dependent
degradation of Keapl. In a mouse model of partial
hepatectomy or HFD-induced hepatic steatosis, the
suppression of p62 and antioxidant molecules through
the inhibition of Nrf2, the overexpression of Fas/Fas
ligand (FasL), and the hyporesponsiveness of Akt
jointly accelerated liver injury and retarded liver regen-
eration (Haga et al., 2014).

3 Viral hepatitis

Hepatitis B virus (HBV) and hepatitis C virus
(HCV) infections are often regarded as the most com-
mon causes of viral hepatitis and are related to the
progression of liver fibrosis to liver cancer (Zhou
etal., 2021).

Accumulating evidence supports that the induc-
tion of Nrf2 inhibits HBV replication. Bardoxolone
methyl, an activator of Nrf2, inhibits HBV pregenomic
RNA (pgRNA) and DNA, as well as the HCV genome,
in an Nrf2-dependent manner (Nio et al., 2019). He-
min, an HO-1 inducer, markedly suppresses the levels
of hepatitis B surface antigen (HBsAg) and hepatitis
B e antigen (HBeAg), as well as HBV-DNA, in a dose-
and time-dependent manner (Shen et al., 2015). The
underlying mechanism might be the downregulated
stability of the HBV core protein at the posttranscrip-
tional stage, which leads to a blockade of nuclear HBV
covalently closed circular DNA (cccDNA) (Protzer
et al., 2007). In addition, Keapl-recognized HBV X
protein (HBX) leads to Nrf2/ARE pathway activation,
which enhances the interaction between Nrf2 and
the HBV core promoter, thereby reducing the core
promoter’s ability and HBV replication (Ariffianto et al.,
2023). The anti-HCV activity of 3-amino-2-hydroxy-
propoxy isoflavone derivatives, natural isoflavonoids
with anticancer, antiviral, and anti-inflammatory ef-
fects, relies on Keapl/Nrf2/HO-1 pathway induction
(Lee JC et al., 2018). Lucidone, isolated from the
fruits of Lindera erythrocarpa Makino, also signifi-
cantly lowers HCV RNA levels and viral protease ac-
tivity through Nrf2/HO-1 activation (Chen et al.,
2013). HO-1 overexpression is correlated with de-
creased HCV replication and prooxidant levels in
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both full-length and nonstructural replicons, which
might protect the liver from cytotoxicity (Zhu et al.,
2008). The microRNA let-7, used to fight against liver
fibrosis and liver cancer, exerts anti-HCV activity
through interaction with BTB and CNC homolog 1
(Bachl) and induction of HO-1 (Chen WC et al.,
2019). A study conducted on the anti-HCV effect of
caffeic acid demonstrated that the Keap1/Nrf2/HO-1 in-
teraction and an underlying increase in p62 elicited
IFN-a antiviral activity (Shen et al., 2018). In addition
to HO-1, biliverdin, the oxidative product of HO-1,
has anti-HCV activity through the interferon response
(Zhu et al., 2010). Abdalla et al. (2004) showed that
the level of HO-1 in hepatocytes from HCV-infected
patients or cell lines that expressed HCV core pro-
tein was all downregulated. The reason behind this
might be siderosis present in the liver biopsy samples.
The amino acid substitutions of R70Q/H or L91M in
the HCV core region affect hepatocellular carcinoma
(HCC) progression via impaired nuclear Nrf2 transloca-
tion and enhanced oxidative stress (Chida et al.,
2024). In Huh7 cells, Smirnova et al. (2023) showed
that the expression of hepatitis delta virus (HDV) anti-
gen provoked the antioxidant Nrf2/ARE pathway,
ER stress, and an unfolded protein response (UPR).
HBx is involved in the chronic process of HCC
and mitochondrial damage. HBV upregulates autophagy
in cell culture and natural infection in a manner de-
pendent on HBx, thus enhancing viral replication (Sir
et al., 2010). HBx induces BNIP3L-mediated mitoph-
agy in liver cancer stem cells and upregulates glycoly-
sis, thereby accelerating HCC development, indicat-
ing a potential role of anti-HBx monoclonal anti-
bodies in delaying HBV infection progression (Chen
et al., 2020). HBx-induced arrestin 1 (ARBB1) over-
expression promotes carcinogenesis in an autophagy-
dependent manner, indicating that autophagy may be
a clinical therapeutic target in treating liver cancer (Lei
et al., 2021). Decreased total serum T, levels in pa-
tients with HBV-related liver cirrhosis were observed
in a previous study. Chi et al. (2017) explored the un-
derlying mechanism. The hepatoprotective role of thy-
roid hormone-induced PINK1/Parkin-dependent mi-
tophagy might provide a potential therapy for prevent-
ing HBx-related carcinogenesis. Tunicamycin-induced
ER stress and mitophagy enhance HBV replication and
release subviral particles in the early stage of autoph-
agy. However, in chronic hepatitis B (CHB)-infected
patients, mitophagy is inhibited, and conflicting

phenomena were observed, suggesting that mitophagy
suppresses HBV replication (Wang et al., 2022b).
Miyakawa et al. (2022a, 2022b) demonstrated that
galectin 9 worked together with radical S-adenosyl
methionine domain-containing protein 2 (RSAD2)/
viperin, RING finger protein 13 (RNF13), and p62 to
form autophagosomes to selectively degrade hepatitis
B core (HBc) in HBV-infected hepatocytes, thereby
contributing to intracellular antiviral immunity. Coiled-
coil domain containing 88A (CCDC88A/GIV) pro-
motes HBV replication by reducing the autophagic
degradation of HBV antigens (Wang et al., 2022a).
HBx-induced deficient autophagy leads to endonucle-
ase G (ENDOG) translocation to nuclei in a mitochon-
drial permeability-dependent manner, thereby pro-
moting HBV-related liver cancer development (Chao
et al., 2021). In a study conducted on glucosamine
in patients with chronic viral infection, suppressed
lysosomal acidification and autophagic degradation of
HBYV virions accelerated HBV replication (Lin et al.,
2020). Autophagy serves as a protective mechanism in
eliminating some intracellular pathogens but may
be used by some kinds of viruses, such as HCV, to
support their replication through multiple mech-
anisms, including activation of ER stress and the
UPR, as well as the induction of oxidative stress (Chu
and Ou, 2021). HCV, regardless of genotype, can in-
duce ER stress and the accumulation of autophago-
somes in host cells, while autophagic protein degrada-
tion is inefficient, which indicates that enhanced au-
tophagy plays an important role in HCV replication
(Sir et al., 2008a, 2008b). Mechanistically, HCV-
induced autophagy is not dependent on the Class III
phosphatidylinositol 3-kinase (PI3K) pathway, and
HCV replicates on autophagosomal membranes (Sir
et al.,, 2012). However, Twu et al. (2021) demon-
strated that autophagosome biogenesis components
such as the Class I1I PI3K complex and double FYVE-
containing protein 1 (DFCP1) are important in HCV
replication by double-membrane vesicles, although
the ATG5-12/16L1 complex was also important.
Autophagy not only facilitates HCV replication but
also promotes HCV maturation and release. It has
been demonstrated that HCV infection is often corre-
lated with elevated levels of oxidative stress and au-
tophagy, thus facilitating the release of HCV particles.
Diminishing ROS could lower the activities of autoph-
agy and reduce the particles (Medvedev et al., 2017).
Apolipoprotein E (ApoE), associated with HCV virion



infectivity, is degraded by autophagy. The inhibition of
autophagy leads to colocalization of ApoE and the
HCV E2 envelope protein and elevated progeny viral
titers (Kim and Ou, 2018).

4 Alcoholic liver disease

Alcoholic liver disease (ALD) due to excessive
alcohol consumption covers a series of disorders, in-
cluding steatosis, alcoholic hepatitis, alcoholic cirrho-
sis, and ultimately HCC. Chronic alcohol abuse pro-
motes lipid peroxidation and oxidative stress, along
with impaired antioxidant enzymes, including gluta-
thione and superoxide dismutase (SOD) (Zhu et al.,
2012).

Nrf2, in turn, is activated as an early compensatory
mechanism to attenuate inflammation and oxidative
injury in ALD (Zhu et al., 2012). Kupffer cells and
human monocytic Tohoku hospital pediatrics-1 (THP-1)
cells treated with ethanol show increased messenger
RNA (mRNA) levels of HO-1, quinone oxidoreduc-
tase 1 (NQOI), and hypoxia-inducible factor-1 (HIF-1)
(Yeligar et al., 2010). Wu et al. (2012) showed that
in different genetic experimental groups, including
Nrf2-null mice, wild-type mice, KeapI-knockout mice
with enhanced Nrf2, and KeapI-hepatocyte-knockout
mice with maximum Nrf2 activation, Nrf2 activation
prevented ethanol-induced liver oxidative stress and
steatosis by upregulating the expression of antioxi-
dant enzymes and downregulating the SREBP-1 sig-
naling pathway. AHPNSO, a polysaccharide from Alhagi
honey, reduces the oxidative stress in ALD by up-
regulating the Nrf2 pathway and inhibiting the li-
popolysaccharide (LPS)/Toll-like receptor 4 (TLR4)/
MAPK pathway, which repairs the intestinal barrier
(Song et al., 2024). Asiatic acid extracted from Poten-
tilla chinensis relieves alcoholic hepatitis by upregu-
lating the Nrf2 signaling pathway, downregulating the
NF-kB pathway, and ameliorating lipid metabolic dis-
turbance (Chen et al., 2022). Dracocephalum tanguti-
cum Maxim. ethyl acetate extract, a traditional Tibetan
medicine, protects the liver against alcohol in vitro
and in vivo through activation of the Nrf2 signaling
and inhibition of the p65/NF-xB signaling pathway
(Guo et al., 2022). A supplement of a peptide from sea
cucumber attenuates hepatitis, lipid accumulation,
and hepatocyte apoptosis, and enhances antioxidant
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enzyme activity in ALD by activating the Nrf2 path-
way and mitochondrial dynamics (Zhu et al., 2022).
Alcohol induces a high expression of miR-138-5p, a
low expression of deacetylase SIRT1, and decreased
farnesoid X receptor (FXR) activity. Downregulation
of miR-138-5p by kaempferol and nicotiflorin treat-
ment upregulates the level of SIRT1, thereby strength-
ening FXR activity and phosphorylated Nrf2 level,
and suppressing oxidative stress (Ge et al., 2024).
Various antioxidants, also known as Nrf2 activators,
including N-acetyl cysteine (NAC), resveratrol, sily-
marin, quercetin, sulforaphane, curcumin, and dial-
lyl disulfide, have been used to relieve liver injury in
ALD (Zhao N et al., 2018). However, contradictory re-
sults indicated that ethanol consumption suppressed
the intrahepatic levels of Nrf2, HO-1, and NQOI1 in
mice (Choi et al., 2015; Lu et al., 2016; Huang et al.,
2017; Meng et al., 2019; Abdelhamid et al., 2021). Al-
coholics with nutritional deficiency usually present
with increased prooxidant production and low levels
of antioxidants such as Nrf2 (Namachivayam and Val-
sala Gopalakrishnan, 2021). Abdelhamid et al. (2021)
showed that the binding capacities of PPAR-y and
Nrf2 were decreased in alcohol-fed mice. Patel et al.
(2021) demonstrated that the expression of Nrf2 and
HO-1 declined in an ethanol-only treated group com-
pared to groups in which metformin and probiotics
were added. Xie et al. (2022) observed decreased levels
of Nrf2 and HO-1 in mice fed only alcohol com-
pared to those in mice administered alcohol and a
modified Lvdou Gancao decoction. Yi et al. (2020) al-
so showed that the gene expression of Nrf2 and HO-1
was downregulated in alcohol-fed mice compared to
vehicle-fed mice, while the trends were reversed by
treatment with Antrodin A. PPAR-y/Nrf2 crosstalk is
inhibited in alcohol-fed mice compared to normal
mice, whereas the expression of PPAR-y and Nrf2 is
enhanced by telmisartan (Abdelhamid et al., 2021). In
alcohol-damaged mice, the observed downregulation
of the Nrf2 signaling pathway and an increased level
of Keapl can be reversed by the antioxidant and anti-
inflammatory fruiting body of Morchella esculenta
(Meng et al., 2019). Ginsenoside Rc, isolated from
Panax ginseng, alleviates the hepatic inflammation
and oxidative stress in ALD by activating SIRT6,
which deacetylates and boosts Nrf2 (Pan et al., 2022).
These different phenomena might be attributable to
the mode and duration of alcohol feeding.
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It was reported that ethanol inhibited the synthesis
of mitochondrial DNA (mtDNA) encoding mitochon-
drial respiratory complex proteins, implying the tar-
geting of mtDNA by ethanol, manifesting as mtDNA
strand breakage and integrity damage (Ding et al., 2011;
Axley et al., 2019). Mitophagy works as a compensatory
mechanism to accelerate ethanol metabolism and pre-
vent liver injury. However, accumulating evidence
has shown that mitophagy is impaired and decompen-
satory during both acute and chronic ALD (Ma et al.,
2020). Ethanol-treated autophagy-related gene ex-
pression is suppressed when the negative form of
Forkhead box O3a (FoxO3a) is overexpressed or in
FoxO3a"™ mice (Ni et al., 2013). Decreased mitophagy,
B-oxidation, mitochondrial respiration, and cytochrome
¢ oxidase activity were observed in Parkin-knockout
alcohol-treated mice compared to wild-type mice
(Williams et al., 2015b). FUNDC1-mediated mitophagy
is suppressed by the activation of the orphan nuclear
receptor subfamily 4 group A member 1 (NR4A1l)/
DNA-dependent protein kinase catalytic subunit
(DNA-PKcs)/p53 pathway in the livers of alcohol-
treated mice, an effect related to hepatic injury (Zhou
et al., 2019). Acute ethanol-induced autophagy is re-
lated to a higher nuclear TFEB content, while chronic
ethanol gavage exhibits the reverse trend (Thomes
et al., 2015). Autophagy negatively regulates the Nrf2/
Keap 1 pathway, as shown in a study in which autoph-
agy deficiency activated the Nrf2/Keap 1 pathway
(Lau et al., 2010). Xie et al. (2018) demonstrated that
autophagy restraint characterized by less p62 and an
increased LC3II/LC3I ratio played a part in HSC in-
hibition and fibrogenesis in mice with ALD through
Nrf2 activation and subsequent a-smooth muscle actin
(a-SMA) or al type I collagen (COL1A1) downregu-
lation. This suggests an antifibrotic relationship be-
tween autophagy blockade and Nrf2 activation. How-
ever, Lu et al. (2021) suggested that AMPK upregu-
lated ubiquinol-cytochrome ¢ reductase core protein 2
(UQCRC2) gene transcription by activating Nrf2 to
enhance mitophagy, thereby attenuating the liver injury
induced by alcohol.

5 Drug-induced liver injury

Acetaminophen (APAP), an antipyretic and
analgesic drug, has been widely used in the clinic.
Overdosage of APAP is currently the main cause of

liver failure in developed countries, which may be
due to the overproduction of ROS and dysfunction of
mitochondria.

It was suggested that rats exhibit a higher activa-
tion of Nrf2-associated response and greater autophagic
capacities to an equivalent N-acetyl-p-benzoquinone
imine (NAPQI) insult than mice and humans (Rus-
somanno et al., 2023). Several studies on new medi-
cines or treatments have implied a protective role of
Nrf2 in drug-induced liver diseases. Sea buckthorn
polysaccharide exerts antioxidant and hepatoprotec-
tive effects against APAP-induced hepatotoxicity mainly
by downregulating the expression of Keapl and acti-
vating the Nrf2/HO-1-SOD-2 signaling pathway, as well
as suppressing the phosphorylation of c-Jun N-terminal
kinase (JNK) (Wang et al., 2018). Hyperoside pro-
tects the liver against APAP through Nrf2 and a series
of phase II enzymes in a dose-dependent manner (Xie
et al., 2016). The activation of the Nrf2/Mn-SOD
pathway might account for the antioxidative roles of
berberine in APAP-triggered hepatotoxicity (Zhao Z
et al., 2018). Aliyu et al. (2018) suggested that the ex-
pression of Nrf2 and its upstream kinases, including
Aktl, PI3K, and protein kinase C (PKC), was greatly
upregulated in APAP-induced mice pretreated with
lophirones B and C, which halted liver injury. The trad-
itional Chinese medicine Schisandra chinensis treat-
ment significantly upregulated the hepatic expression
of Nrf2 and HO-1 when compared to an APAP-treated
group in which both were decreased (Che et al., 2019).
Sarmentosin, extracted from traditional Chinese medi-
cine, protects against APAP-induced liver injury through
the ubiquitin-specific protease 17 (USP17)-mediated
Nrf2 pathway and PINK1-related mitophagy (Jiang
et al., 2022). When USP25 is genetically or pharma-
cologically blocked, the level of Keapl is downregu-
lated and Nrf2 increases, which effectively protects
hepatocytes from APAP-induced oxidative stress (Cai
et al., 2023). Cai et al. (2022) indicated that astaxan-
thin fights against liver injury induced by APAP mainly
through the activation of the Nrf2 pathway and autoph-
agy, as well as the inhibition of ferroptosis and the
NF-kB pathway. Based on these observations, they
were the first to develop astaxanthin-loaded hollow
mesoporous SiNPs with biodegradability and biocom-
patibility to target liver diseases. Similarly, daidzein
released by Lactobacillus vaginalis P-galactosidase
alleviates APAP toxicity to hepatocytes by inhibiting
farnesyl diphosphate synthase-mediated ferroptosis



mainly through the activation of Akt-glycogen syn-
thase kinase-3B (GSK3)-Nrf2 signaling (Zeng et al.,
2023). Pectolinarigenin ameliorates APAP-induced
oxidative stress by upregulating Nrf2 and PPAR-a
signaling, as well as phase II detoxification enzymes
(Li Q et al., 2023). Blockout of macrophage phospha-
tase and deletion of a tensin homolog on chromosome
10 attenuate APAP-induced hepatic sterile inflam-
mation through enhancement of PI3K/Akt and the
Notch intracellular domain (NICD)/Nrf2 pathway,
and suppression of the stimulator of interferon genes
(STING)-TANK-binding kinase 1 (TBK1) signaling
in innate immune responses (Yang T et al., 2023). The
ablation of PAPS synthase 2 protects against APAP-
mediated hepatotoxicity mainly through activation of
the p53-p21-Nrf2 signaling pathway (Xu et al., 2022).
Turnip and radish extracts reverse the downward
trend of the Nrf2/HO-1 pathway in APAP-treated
mice, thereby strengthening the capacities of antioxi-
dant enzymes (Hwang et al., 2022). Tauroursodeoxy-
cholic acid (TUDCA) relieves HepG2 cell injury in-
duced by rifampicin primarily by promoting the Nrf2-
mediated adaptive response and then positively regu-
lating the expression of bile acid transporters, includ-
ing the bile salt export pump (BSEP) and multidrug
resistance protein 1 (MDR1) (Zhang et al., 2017).
Meanwhile, during methotrexate-triggered liver injury,
the phosphorylated cAMP response element-binding
protein (pCREB)/Nrf2 pathway is downregulated,
while this trend is reversed by liraglutide (Abdelaziz
et al., 2019). Similarly, the expression of Nrf2 was
higher in a carbon tetrachloride (CCl,) and ellagic
acid-treated group than in a CCl,-treated group, dem-
onstrating the antioxidant property of ellagic acid
(Aslan et al., 2018). Vitis vinifera L. and Centella asiat-
ica synergistically exert anti-inflammatory and anti-
oxidant effects against CCl,-induced acute liver injury
through activation of the Nrf2 pathway (Munakarmi
et al., 2023). In addition, Nrf2 is downregulated
in 1,3-dichloro-2-propanol-treated rats compared
to those gavaged with caffeic acid (Ajiboye et al.,
2019). Ibitoye and Ajiboye (2020) showed that Nrf2
was not altered when mice were treated with hepato-
toxic menadione; nevertheless, Nrf2 played a crucial
role in the mitigative effect of PA on menadione-
induced hepatotoxicity. However, Urrunaga et al. (2015)
demonstrated that the expression of Nrf2 and its
downstream cytoprotective gene glutamate-cysteine
ligase catalytic subunit (GCLC) was higher at 4 h
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after APAP injection than at the peak of liver injury
at about 16 h in wild-type mice, which suggested
glutathione recovery at 4 h, especially in M1 musca-
rinic receptor-deficient mice.

Several studies have demonstrated that APAP
promotes mitophagy induction in the mouse liver,
which protects the liver from APAP injuries (Chao
et al., 2018; Ma et al., 2020). Adiponectin protects the
liver from APAP injury through the activation of mi-
tophagy (Lin et al., 2014). APAP adducts in hepato-
cytes are removed by the induction of mitophagy (Ni
et al., 2016). Mice treated with the mitophagy inducer
rapamycin are protected from drug-induced liver in-
jury (DILI) through suppression of NF-xB, NLRP3 in-
flammasome, and IL-1p, while mice treated with the
mitophagy inhibitor chloroquine suffered from DILI
through the activation of the NLRP3 inflammasome
(Shan et al., 2019). Acid sphingomyelinase (ASMase)
deficiency-induced lysosomal cholesterol accumula-
tion triggers hepatotoxicity in mice by hampering mi-
tophagy. Likewise, human hepatocytes treated with
amitriptyline, a kind of ASMase inhibitor, are more
prone to APAP injury through impaired mitophagy
(Baulies et al., 2015). In a study conducted in mouse
livers and cultured hepatocytes treated with APAP, the
fusion protein Mfn1/2 was decreased, while the fis-
sion protein Drpl was increased (Gao et al., 2017). In
APAP-treated mice and L02 cells, the autophagic
gene LC3II/LC3I, autophagic flux marker p62 and
mitochondrial fission protein Drpl were significantly
elevated, and mitophagy proteins, including OPTN
and Parkin, were significantly decreased compared
to vehicle control mice, showing dysregulated micro-
structure organization in APAP-challenged mice
and LO2 cells (Gao et al., 2022). It was speculated that
chronic or acute deletion of Parkin also plays a role in
the APAP-treated mouse model. Mitophagy can still
be observed in chronic Parkin-knockout mice with
hepatoprotective effects. Mitophagy was reduced in
the acute knockdown of Parkin in mouse livers using
adenovirus short hairpin RNA (shRNA), which showed
exacerbated liver injury (Williams et al., 2015a). Chao
et al. (2018) also found that Parkin-knockout mice
were protected from APAP injury. The compensatory
reasons were explained as follows: (1) PINK1-mediated
mitophagy still occurred; (2) mitophagy receptor pro-
teins and ubiquitin E3 ligases were involved in mi-
tophagy independent of the PINK1/Parkin pathway;
(3) mitochondrial spheroids were formed to substitute
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for the autophagosome-lysosome structure; and
(4) myeloid leukemia cell differentiation proteins and
hepatocytes were increased. The compensatory mech-
anism cannot be established in a short period of APAP
treatment. Wang et al. (2019) observed a similar phe-
nomenon in which PINK! or Parkin single knockout
mice showed mild defects in mitophagy and an im-
proved survival rate. However, PINKI and Parkin
double knockout mice had more severe liver injury
and increased mortality. In addition, due to the posi-
tive feedback loop of p62-Keapl-Nrf2-HO-1, the
Nrf2 signaling pathway also plays a part in liver pro-
tection against APAP treatment. Sequestosome-1
(p62/SQSTM1) bridges the Nrf2 pathway and au-
tophagy, thus activating Nrf2 by hindering its com-
bination with Keapl. Meanwhile, SQSTM1 is also
transcriptionally regulated by Nrf2, forming a loop
between the Nrf2 pathway and p62 (Russomanno
et al., 2023). The researchers also concluded that mi-
tophagy is not the only compensatory mechanism
of urolithin A against APAP overdose, which worked
together with the Nrf2/ARE pathway (Gao et al.,
2022). Persistent activation of Nrf2 and subsequent
recovery of hepatic glutathione attenuates APAP-
induced liver injury in Atg5 liver-specific knockout
mice (Ni et al., 2012). Additionally, carbon monoxide
(CO), an end-product of HO-1 activity, induces hepatic
Parkin expression and alleviates APAP-induced in-
jury by reducing enhancer-binding protein homolo-
gous protein (Chen YQ et al., 2019).

6 Hepatic ischemia-reperfusion injury

Hepatic ischemia-reperfusion injury (IRI) is re-
lated to liver surgeries and hemorrhagic shock in clin-
ical practice. A great amount of proinflammatory cyto-
kines and ROS are generated, causing lipid peroxida-
tion, mitochondrial dysfunction, and DNA damage,
while Kupffer cells and neutrophils infiltrate during
hepatic IRI, in which acute liver failure occurs (Kudoh
et al.,, 2014; Ali et al., 2021).

In studies investigating the effects of various
kinds of treatment in hepatic IRI, the Nrf2 pathway
was found to play an important role. Du et al. (2022)
showed that the Nrf2/HO-1 pathway is suppressed
during hepatic IRI, while curculigoside alleviates the
injury through reversing Nrf2/HO-1 signaling. Ali

et al. (2021) hinted that there are marked declines in
the expression of Nrf2/HO-1, cytochrome ¢ oxidase
subunit 4 (COX-4), and cytoglobin during hepatic
IRI, while treatment with royal jelly protects the liver
against IRI through significant upregulation of Nrf2/
HO-1/COX-4 and cytoglobin. Rabie et al. (2019)
showed that pS40-Nrf2 protein expression was sig-
nificantly decreased, reaching 13% of a sham-operated
control rat group, while it reached 506% in a telluric
acid-treated group compared to the IRI group. Nrf2
and its downstream targets, including HO-1, GCLC,
and NQO1, were markedly reduced in the rat hepatic
IRI model, while their levels were significantly ele-
vated when the rats were pretreated with umbellife-
rone, which indicated a protective role of umbellife-
rone through activation of the Keap-1/Nrf2/ARE sig-
naling pathway (Hassanein et al., 2021). Soto et al.
(2020) showed that nuclear Nrf2 expression was de-
creased in the rat hepatic IRT model but upregulated
in rats pretreated with Maresin-1, which exerted anti-
inflammatory and antioxidant effects, as well as stimu-
lating cell division. Nrf2, FoxO3, and SIRT1 were de-
creased in IRI rats compared to the sham group,
while the levels were upregulated when the rats were
pretreated with coenzyme Q10, revealing an antioxi-
dant role of coenzyme Q10 (Mahmoud et al., 2019).
Liver function injury, hepatic oncotic necrosis, oxida-
tive stress, and induction of inflammatory cytokines
were exacerbated, and the antioxidant genes as well
as PPAR-y were reduced in the Nr/2"" mice that un-
derwent IRI compared to those in Nrf2” mice. This
suggests that Nrf2 is the essential transcription fac-
tor in hepatoprotection and that overactivation of
Nrf2 might provide new insights into liver injury dur-
ing hepatic IRI (Kudoh et al., 2014; Lee et al.,
2016). HO-1 was not significantly different between
the cilostazol-treated and -untreated groups in primary
cells isolated from Nrf2”" mice challenged with H,O,,
while mitochondrial genes, antioxidant enzymes, and
the level of liver damage were not significantly differ-
ent between the cilostazol-treated and -untreated groups
in Nrf2" mice subjected to IRI. These phenomena
were reversed in the Nrf2”" mice. These results con-
firmed that mitochondrial biogenesis and functions,
as well as hepatoprotective and antioxidative effects
stimulated by cilostazol in hepatic IRI, are mediated
by an Nrf2- and HO-1-dependent pathway (Joe et al.,
2015). Pectolinarigenin, which helps prevent DILI, is



also protective against hepatic IRI through activa-
tion of the PI3K/Akt/Nrf2 pathway (Li H et al., 2023).
Zhang et al. (2023) elucidated that dexmedetomi-
dine, an anesthetic adjuvant, attenuates ferroptosis
and ameliorates hepatic IRI by activation of the Nrf2/
GPX4 signaling pathway. Qi et al. (2023) also demon-
strated that dimethyl fumarate-induced ferroptosis
inhibition protects against hepatic IRI by upregu-
lating the Nrf2/solute carrier family 7 member 11
(SLC7A11)/HO-1 axis. The overexpression of fibro-
blast growth factor 18 exerts protection against he-
patic IRI mainly through the reduction of ubiquitin
carboxyl-terminal hydrolase 16 (USP16) and the sub-
sequent upregulation of Keapl ubiquitination, thereby
activating Nrf2 signaling (Tong et al., 2023). Paeonol
suppresses liver oxidative stress, inflammation, and
apoptosis during hepatic IRI through activation of
Nrf2/ARE and inhibition of the NF-kB and Bcl-2-
associated X protein (Bax)/Bcl-2 signaling pathways
(Morsy et al., 2022). To our knowledge, thioredoxin-
interacting protein (TXNIP), phosphorylated stimulator
of interferon genes (p-STING), and phosphorylated
TBK1 (p-TBK1) are increased during hepatic IRI.
Myeloid-specific deficiency of TXNIP enhances the
cylindromatosis-Nrf2-oligoadenylate synthetase-like 1
axis, thus reducing TBK1-mediated inflammation and
promoting the antioxidant capacity in hepatic IRI
(Zhan et al., 2022). Oxidative stress is commonly
seen in the acute cellular rejection occurring in recipi-
ents following liver transplantation, while the expres-
sion of the Nrf2 signaling pathway is decreased due
to the corticosteroid therapy, indicating a reduced
antioxidant capacity (Tomulic Brusich et al., 2023).
Meanwhile, Kojima et al. (2023) demonstrated that
CD4' T cell-specific Nrf2 signaling mitigates hepatic
injury in mouse orthotopic liver transplantation models,
and promotes CD4" T cell differentiation into Th2/
CD4'CD25'Foxp3" Tregs cells while inhibiting differ-
entiation into the pro-inflammatory phenotype Thl/
Th17 cells in vitro, which is beneficial to IRI stress.
However, several studies have reported the opposite
phenomenon. Nrf2 and HO-1 were elevated in a rat
IRI group compared to the normal or sham group, in-
dicating that there might be a defense mechanism
against hepatic IRI (Hui et al., 2022). Not only Nrf2
but also its downstream target genes HO-1, NQO-1,
and cyclooxygenase-2 (COX-2) were activated in IRI
groups compared to the sham group (Chen et al., 2021).
Nrf2/ARE signaling was significantly activated in
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senkyunolide I-treated HuCCT]1 cells previously chal-
lenged by H,0, to mimic oxidative stress (Yang et al.,
2021).

Starvation stimulates autophagy and complete
exhaustion of ATP during long-term hepatic ischemia
hampers mitophagy (Ma et al., 2020), although en-
hanced mitophagy was observed in the early stage of
hepatic IRI (Hong et al., 2016; Bhogal et al., 2018;
Ning et al., 2018). Impaired mitophagy in aged macro-
phages triggers the release of mtDNA into the cyto-
sol, leading to STING activation and sterile inflamma-
tion, including hepatic IRI (Zhong et al., 2022). The
downregulation of hepatic DJ-1, which participates in
the pathogenesis of different liver diseases, amelio-
rates liver IRI through augmented mitophagy (Xu
et al., 2021). Umbilical cord-derived mesenchymal
stem cells (UC-MSCs) attenuate hepatic IRI through
the activation of AMPKa and consequently augmented
mitophagy (Zheng et al., 2020). A defective capacity
of autophagy can be reversed by HO-1, which indi-
cates its important role (Yun et al., 2014).

7 Hepatocellular carcinoma

HCC is the third leading cause of tumor-related
mortality related to chronic liver pathologies, includ-
ing inflammation, stromal activation, fibrosis, regener-
ation, and cirrhosis.

Nrf2 works as a double-edged sword in HCC,
sometimes suppressing but sometimes contributing to
HCC (Aslaminabad et al., 2022). Nrf2 has long been
considered a tumor suppressor. The synergistic induc-
tion of SLC7A11 by activating transcription factor
4 (ATF4) (a kind of stress-related transcription factor)
and Nrf2 inhibits ferroptosis and concomitant HCC
progression (He et al., 2023). There are diverse poten-
tial compounds for the treatment of HCC through the
Nrf2 pathway. A study conducted on the cytotoxic ef-
fect of compound Sh2¢ on HCC indicated that the ex-
pression of Nrf2, HO-1, and catalase was enhanced,
leading to hepatic cancer cell apoptosis (Zhang et al.,
2018). A study investigating the cytotoxic potential of
B-sitosterol-assisted silver nanoparticles (BSS-SNPs)
in HepG2 cells also showed that Nrf2 expression was
high after 24 h of BSS-SNP treatment due to an in-
crease in ROS (Kathiswar Raj et al., 2020). Another
study dedicated to the role of saponins in HepG2
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cells showed that the expression of Nrf2 increased
dose-dependently with saponins, demonstrating re-
duced oxidative stress and elimination of ROS (Khan
et al., 2022). However, the unregulated provoca-
tion of Nrf2 seemed to contribute to tumor growth,
metastasis, and resistance to antitumor drugs, which
indicated poor prognosis in the clinic (Kalantari et al.,
2023). Hepatoma cells survive glucose deprivation
through decreasing N°-methyladenosine (m°A) and
upregulating FOS-like antigen 1 (FOSL1), thus in-
hibiting ATF3 and activating Nrf2 signaling, which
protects hepatoma cells from necrosis (Wang et al.,
2024). Under the oxidant stress tumor condition, self-
renewing cancer stem cells maintain long-term clonal
capacity with the help of the higher expression of
Nrf2, which may also lead to multidrug resistance
(Kalantari et al., 2023). Baird and Yamamoto (2023)
put forward the theory that highly immunoedited
Nrf2-activated cells in the later stage of human cancer
can escape immune surveillance and are resistant to
immune checkpoint inhibitor therapies through reduc-
ing antigen presentation by the major histocompati-
bility class I (MHC-I) complex and diminishing the
ligands for NK cells. This may provide a novel strat-
egy based on immune cell infiltration and inflam-
matory cytokines for treating Nrf2-activated tumors.
The Nrf2 signaling pathway mediates resistance to
sorafenib through protecting HCC cells against ferrop-
tosis. The combination therapy of metformin and
sorafenib suppresses HCC growth by blocking the
p62-Keap1-Nrf2 pathway and inducing ferroptosis
(Tang et al., 2022). Nrf2 is abundantly expressed, which
negatively regulates the expression of microRNA-1
and then promotes the overexpression of programmed
death-ligand 1 (PD-L1), leading to migration, inva-
sion, clone formation, and tumorigenicity of sorafenib-
resistant hepatoma cells (Li D et al., 2020). Sun et al.
(2015) showed that isoliquiritigenin enhances the ra-
diosensitivity of liver cancer cells both in vivo and
in vitro by inhibiting the Nrf2 antioxidant pathway
and increasing the level of Keapl, which shows that
disturbance of redox status might be a potential method
for radiosensitization. Liu YQ et al. (2023) found that
Nrf2 gene rs6721961 variation is a potential marker
for HBV-associated HCC. Autophagy is correlated
with the pathogenesis of Nrf2 in the development of
HCC. Inami et al. (2011) showed that prolonged acti-
vation of Nrf2 due to the accumulation of p62 led to
the occurrence of HCC in Atg7-deficient mice. Ni

et al. (2014) also observed that persistent activation of
Nrf2 and a high level of p62 were closely related to
liver dysregulation, including inflammation, fibrosis,
and tumorigenesis, in autophagy-deficient mice, im-
plying that autophagy inducers might be beneficial to
the treatment of HCC. It was revealed that the up-
regulated expression of p62 and the concomitant
boost in Nrf2 facilitate the growth of HCC cells
(Hallis et al., 2023). Chao et al. (2022) revealed that
the antitumorigenic effect of p62 in hepatocytes is
achieved via activation of the mechanistic target of ra-
pamycin complex 1 (mTORC1) and defective autoph-
agy, which is opposite to the pro-tumorigenic role of
p62 indicated by previous findings.

It is generally acknowledged that mitophagy sup-
presses tumors. Enhanced oxidative stress and im-
paired mitophagy are observed in CCl,-induced liver
fibrosis (di Paola et al., 2022). Several experiments
have demonstrated that depletion of Beclinl, an
autophagy-related gene, accelerates tumorigenesis
(Aita et al., 1999; Qu et al., 2003). The expression of
DEAD box protein 5 (DDXS5) is inversely correlated
with that of p62, promotes autophagy, and reduces
HCC proliferation and tumorigenesis, which is valu-
able in treating HCC (Zhang et al., 2019). Icaritin acti-
vates mitophagy to strengthen doxorubicin-induced
immunogenic cell death, thus exerting an anti-HCC
effect (Yu et al., 2020). Ketoconazole works with
sorafenib to fight against HCC by downregulating
COX-2 and inducing mitophagy (Chen Y et al.,
2019). Other studies focusing on the depletion of
hepatic Atg5 and Atg7 also showed hepatic carcinoma
development (Takamura et al., 2011; Ni et al., 2014).
Studies showed that defective autophagy character-
ized by the accumulation of p62 led to prolonged
Nrf2 activation, which promoted tissue injury and
cancers. The levels of p62 and Nrf2 were positively
correlated, while Keapl was a negative regulator of
Nrf2. The overexpression of Nrf2 accelerates liver dis-
eases, including inflammation, cirrhosis, and carcino-
genesis (Komatsu et al., 2010; Inami et al., 2011;
Taguchi et al., 2012; Bae et al., 2013; Ni et al., 2014;
Jiang et al., 2015). Yang et al. (2015) showed that
autophagy induced by loss of protein targeting glyco-
gen promoted hepatocellular toxicity and death. An-
other experiment demonstrated that Nrf2 activation
triggered liver injury even in the absence of p62.
However, p62 accumulation in the absence of Nrf2
alone did not cause liver abnormalities, which showed



that Nrf2 was the dominant factor in liver injury in
autophagy-deficient mice (Taguchi et al., 2012). Apart
from Nrf2, the autophagy-dependent degradation
of Yap and the control of high mobility group box-1
protein (HMGB1) release also play important roles in
suppressing inflammation, fibrosis, and hepatocarcino-
genesis (Khambu et al., 2018; Lee YA et al., 2018).
However, a few studies have demonstrated that autoph-
agy may support the development of tumor cells in
formed tumors, which indicates that autophagy works
as a double-edged sword in carcinogenesis, depending
on the stage of the cancer (Guo et al., 2011; White
et al., 2015). It was reported that deletion of some
genes (for example, Ambral, Atg5, and Atg7) that
block autophagy promoted tumor progression. This
phenomenon was more frequently observed in high-
grade tumors or malignancies. As in the development
of liver fibrosis and cirrhosis, the T-cell immunoglob-
ulin domain and mucin domain-containing protein-4
(TIM-4) mediates the production of H,0, via the Aktl
pathway, thus upregulating mitophagy in Kupffer cells
(Wu et al., 2020b). FUNDC1-GPx4 interaction accel-
erates GPx4 mitophagy and triggers ferroptosis in
CCl,-related liver cirrhosis, indicating that targeting
FUNDCI1 or mitophagy might be a potential treatment
(Bi et al., 2024). Mitophagy downregulates PINK1-
mediated pS3 and promotes the expression of Nanog
homeobox (NANOG), a critical transcription factor
that promotes the self-renewal ability of liver cancer
stem cells (LCSCs), to maintain the LCSC population
(Liu K et al., 2017). Mitophagy helps cancer cells sur-
vive drug treatment through mitochondrial dysfunc-
tion. Wu et al. (2020a) indicated that hypoxia-induced
miR-210-5p suppressed the ATPase family AAA
domain-containing 3A (ATAD3A) and hyperactivated
mitophagy in sorafenib-resistant HCC. It has been im-
plicated bioinformatically that the link between HCC
heterogeneity and the degree of mitophagy, manifested
as the higher mitophagy subtype, leads to a poorer
prognosis (Wang Y et al., 2021). Another study using
data from The Cancer Genome Atlas (TCGA) also
demonstrated that mitophagy-related genes (PGAMS,
SOSTM1,ATGY9A4, and GABARAPLI) of HCC contribute
to the immune microenvironment, immune checkpoint-
related gene expression, cancer stem cells, ferroptosis
status, m°A, prognosis, and HCC progression (Liu et al.,
2022). The long intergenic nonprotein coding RNA
pS3-induced transcript 87aa (PINT87aa) was recog-
nized as a key target for anti-HCC because of the

Journal of Zhejiang University-SCIENCE B 2025 26(10):972-994 | 985

downregulation of prohibitin 2 (PHB2) and resultant
decreased mitophagy (Xiang et al., 2021). A study
conducted on sesamol, a nutritional phenolic antioxi-
dant compound, suggested its anticancer activity acted
by inhibiting mitophagy through impeding the PI3K
Class I1I/Belin-1 pathway (Liu ZG et al., 2017). Orox-
ylin, an inhibitor of cyclin-dependent kinase 9 (CDKO9),
blocks mitophagy through the SIRT1-FoxO3-BNIP3
pathway suppression, thus inhibiting HCC growth
(Yao et al., 2022). Stomatin-like protein 2 (STOML2),
which is highly expressed in HCC and transcriptionally
regulated by HIF-1a, promotes HCC metastasis and
reduces sensitivity to lenvatinib treatment by amplify-
ing mitophagy (Zheng et al., 2021). Hence, the roles
of mitophagy in HCC depend on the stage of liver
cancer: mitophagy suppresses initiation while acceler-
ating development.

8 Conclusions

The Keap1/Nrf2 antioxidant pathway and mi-
tophagy are crucial to the homeostasis of the internal
environment. The opposite statuses of the Keap1/Nrf2
signaling pathway and mitophagy, whether inactivated
or hyperactivated, might be beneficial or deleterious
to the body. These two mechanisms are already poten-
tial targets of treatments for different liver diseases.
We hope that more novel drugs aimed at the Keapl/
Nrf2 pathway and mitophagy will soon be developed
for application in the clinic.
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