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Mitochondria are vital for the proper operation of healthy eukaryotic cells.
Mitophagy, a specialized form of autophagy that targets damaged or surplus
mitochondria, plays a key role in both the normal functioning and disease-
related processes within the liver. This review aims to explore the main
mechanisms underlying the initiation of mitophagy and its importance in various
liver conditions, such as alcoholic liver disease, drug-induced liver injury, non-
alcoholic fatty liver disease, viral hepatitis, and cancer. Gaining insight into these
mechanisms can help overcome the obstacles related to harnessing mitophagy
as a therapeutic strategy in clinical practice.
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1 Introduction

Autophagy, more specifically macroautophagy, is marked by the formation of a double-
membrane structure known as an autophagosome. These structures deliver their enclosed
cargo to lysosomes, forming autolysosomes where lysosomal enzymes degrade the contents
(Xie andKlionsky, 2007; Levine andKroemer, 2008). Autophagic degradation can be divided
into two main categories: nonselective and selective. Nonselective autophagy generally
occurs in response to nutrient deprivation, resulting in the broad breakdown of cytoplasmic
components to supply cells with necessary nutrients for survival. Conversely, selective
autophagy targets specific substrates such as misfolded protein aggregates, dysfunctional or
excess organelles, endoplasmic reticulum (ER), lipid droplets, and pathogens like bacteria
and viruses.

Mitochondria are essential cellular organelles that play a role in maintaining
ion and energy balance, overall cellular homeostasis, and programmed cell death.
Their importance has led to the development of highly regulated mechanisms
for ensuring mitochondrial quality control. Mitochondrial damage not only
compromises their own function but can also negatively impact other cellular
components, including organelles, proteins, and membranes. Selective autophagy
targeting mitochondria, termed mitophagy, serves to eliminate damaged mitochondria,
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thus preserving cellular stability (Pickles et al., 2018). This review
will delve into the growing relevance and regulatory pathways of
mitophagy in liver disease contexts.

2 Mitophagy receptors

Mitophagy is a specialized type of autophagy that selectively
removes damaged mitochondria by linking mitochondrial
components to the autophagic machinery (Pickles et al., 2018).
Mitophagosomes usually have a double membrane, and the
membrane of the isolated mitochondria remains intact. After
fusion with mitolysosomes, the degradation of mitochondria
and the corresponding ultrastructural degradation begin and
complete within the mitolysosome. What are the signals or
markers that direct substrates into the mitophagy pathway? To
date, two categories of autophagy receptors have been identified:
those reliant on ubiquitin signaling and those that operate
independently of it. Ubiquitin-dependent mitophagy receptors
(UDMRs) lack a transmembrane domain (TMD) but contain a
ubiquitin-binding domain (UBD). Accumulating evidence indicates
that ubiquitin plays a critical role in signaling for the autophagic
degradation of protein aggregates and other cellular components
(Kirkin et al., 2009). Among the most extensively studied UDMRs
are sequestosome 1 (SQSTM1)/p62 (hereafter referred to as p62),
optineurin (OPTN), nuclear domain 10 protein 52 kDa (NDP52),
and prohibitin 2 (PHB2). These receptors usually feature one or
two LIR (LC3-interacting region) motifs and a UBD located at the
C-terminus. During mitophagy, selective cargoes are often tagged
with ubiquitin. The UDMRs bind to their target molecules through
the UBD and anchor themselves, along with these cargoes, to
the autophagosome membrane via interactions between the LIR
motif and LC3. In contrast, ubiquitin-independent mitophagy
receptors (UIMRs) are pre-localized on organelle membranes
and do not directly interact with ubiquitin. Examples of UIMRs
include FUN14 domain containing 1 (FUNDC1), AMBRA1,
Bcl2-like 13 (Bcl2L13), Bcl2/adenovirus E1B 19 kDa protein-
interacting protein 3 (BNIP3), and Nix/BNIP3L. These proteins
are associated with the mitochondrial membrane and directly
interact with LC3 through their LIR motifs, recruiting the LC3-
positive phagophore to the mitochondria to initiate mitophagy
(Figure 1) (Table 1).

3 Mitophagy signaling pathways

3.1 PINK1-parkin-dependent mitophagy

In 1998, Lemasters and colleagues observed that under
nutrient-deprived conditions, a portion of mitochondria
underwent spontaneous depolarization and were subsequently
engulfed by lysosomes. This finding led to the introduction
of the concept of mitochondrial autophagy (Lemasters et al.,
1998). In 2005, they coined the term “mitophagy” to
describe the selective autophagic degradation of mitochondria
(Lemasters, 2005). Later, in 2008, Richard Youle’s team at NIH
demonstrated that Parkin, an E3 ubiquitin ligase encoded
by the Park2 gene, relocates to depolarized mitochondria,

promoting their encapsulation by mitophagosomes and
subsequent clearance via mitophagy (Narendra et al.,
2008). Further research revealed that Parkin is recruited to
damaged mitochondria through the action of phosphatase
and tensin homolog-induced putative kinase 1 (PINK1),
initiating the mitophagy process (Kawajiri et al., 2010;
Matsuda et al., 2010; Narendra et al., 2010).

A key mechanism for the efficient removal of dysfunctional
mitochondria involves a specialized form of autophagy called
mitophagy. Among the signaling pathways involved in this process,
the PINK1/Parkin pathway is the most well-characterized. In
healthy mitochondria, PINK1, synthesized in the cytoplasm,
is imported into mitochondria via molecular channels in
the mitochondrial membrane and subsequently degraded by
intramitochondrial proteases (Jin et al., 2010; Deas et al., 2011;
Meissner et al., 2011; Greene et al., 2012). Mitochondrial
damage disrupts the inner membrane potential, inhibiting
PINK1 import and causing its accumulation on the outer
mitochondrial membrane (OMM) (Matsuda et al., 2010;
Narendra et al., 2010; Vives-Bauza et al., 2010). Accumulated
PINK1 phosphorylates Ser65 residues on both ubiquitin and
within Parkin’s UBD, enabling Parkin recruitment and attachment
to mitochondria. PINK1-mediated Ser65 phosphorylation of
ubiquitin also markedly enhances Parkin E3 ligase activity
resulting in greater Parkin-induced OMM protein ubiquitination
(Koyano et al., 2014). Parkin ubiquitinates a variety of OMM
proteins including the mitochondrial fusion proteins mitofusin
1 (Mfn1) and Mfn2, the mitochondrial trafficking protein
Miro1, the TOM20, and the voltage-dependent anion channel
(VDAC). The degradation of Mfn1/Mfn2 induces mitochondrial
fission, which may improve mitophagy efficiency as smaller
mitochondria are more readily engulfed by mitophagosomes
(Gegg et al., 2010; Geisler et al., 2010; Chan et al., 2011;
Thomas et al., 2011). Additionally, the ubiquitination and
degradation ofMiro1 haltmitochondrialmotility, isolating damaged
mitochondria from healthy ones and facilitating their autophagic
elimination (Wang et al., 2011).

3.2 P62/SQSTM1

In 1998, Shin initially discovered p62, highlighting its tendency
to form aggregates. Based on this feature, he named it sequestosome
1 (SQSTM1) (Shin, 1998). The protein’s name originates from its
molecular weight of 62 kDa. Human p62 comprises 440 amino acids
and features several functional domains, including an N-terminal
PB1 domain, a ZZ-type zinc finger domain, nuclear localization
signals (NLS), a nuclear export signal (NES), LIR and KIR
(KEAP1-interacting region) motifs, as well as a C-terminal UBD
(Seibenhener et al., 2007; Komatsu and Ichimura, 2010; Pankiv et al.,
2010). Among these domains, the LIR and UBD are most closely
linked to autophagy processes. Later studies revealed that p62
acts as a selective autophagy substrate, undergoing continuous
degradation through the autophagic pathway (Bjørkøy et al., 2005;
Pankiv et al., 2007). Independent investigations by Outzen’s group
and Komatsu’s group confirmed that p62 directly interacts with
LC3 via the LIR motif, referred to as the LC3 recognition sequence
(LRS) by Komatsu. This interaction is critical for the autophagic
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FIGURE 1
Parkin-dependent and Parkin-independent mitophagy. Under healthy mitochondrial conditions, PINK1 is anchored at the OMM and continuously
imported from the cytosol to the IMM. It is then cleaved by mitochondrial proteases and translocated back to the cytosol. Once mitochondria are
damaged under stress accompanied by MMP loss, the import of PINK1 is abolished; therefore, it accumulates on the OMM, leading to the recruitment
and phosphorylation of Parkin. Subsequently, Parkin polyubiquitinates OMM proteins to form ubiquitin chains that bind to cargo receptors. These
receptors interact with LC3 to form double-membrane mitophagosomes. Mitophagosomes fuse with lysosomes to form mitolysosomes, which then
degrade damaged mitochondria.

degradation of p62 (Pankiv et al., 2007; Ichimura et al., 2008).
The LIR is a short acidic peptide sequence located between
amino acids 334–344 in mouse p62, playing a key role in
binding to LC3B. Further analysis showed that the LIR contains
conserved aspartic acid and tryptophan residues essential for LC3B
interaction. This motif facilitates interactions with all members of
the mammalian ATG8 family, encompassing both the LC3 and
GABARAP subfamilies.

Within its C-terminus, spanning amino acids 386–434, p62
noncovalently associates with mono- and poly-ubiquitinated
proteins through its UBD. Due to its dual capacity to bind
ubiquitinated proteins and LC3, p62 serves as a pivotal receptor
protein for the selective autophagic clearance of ubiquitinated
protein aggregates and organelles (Johansen and Lamark, 2011;
Shaid et al., 2013). The C-terminal UBD of P62/SQSTM1 primarily
interacts with K63-linked polyubiquitin chains and, to a lesser
extent, K48-linked chains (Geetha and Wooten, 2002; Bjørkøy et al.,
2006; Moscat et al., 2007; Kirkin et al., 2009).

3.3 Optineurin

Optineurin plays a vital role in preserving mitochondrial
integrity. This protein comprises multiple functional domains, such
as an NF-κB-essential molecule (NEMO)-like domain, a leucine
zipper motif, a coiled-coil (CC) motif, a UBD, an LIR motif, and
a zinc finger motif at the C-terminus. Using live-cell imaging,
Wong et al. showed that optineurin is recruited to mitochondria
that are depolarized or damaged by reactive oxygen species
(ROS) in a Parkin-dependent manner (Wong and Holzbaur, 2014).
Optineurin influences autophagosome formation by regulating the
recruitment of the Atg12-5-16L1 complex (Bansal et al., 2018).
Moreover, it acts as a selective autophagic receptor for substrate
degradation by binding polyubiquitinated cargoes through its UBD
(Ryan and Tumbarello, 2018). TBK1 phosphorylates optineurin
at residues S177 and S473, strengthening its interaction with
LC3 and reinforcing its association with phosphorylated ubiquitin
(Wild et al., 2011; Ryan and Tumbarello, 2018).
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TABLE 1 Identified mitophagy receptors in mammalian cells.

Receptor Interactor Functions in mitophagy Ref.

P62 Ubiquitin P62/SQSTM1 contains on its C-terminus UBD, binding mostly
to K63 and, to a lesser degree, to K48 polyubiquitin chains
P62 directly interacts with LC3 through its LIR located in the
interface between the N-terminus and C-terminal UBD. p62
recruits two subunits of a cullin-RING ubiquitin E3 ligase
complex, Keap1 and Rbx1, to mitochondria. p62-Keap1-Rbx1
complex ubiquitinates mitochondria in parkin-independent
mitophagy.

Geetha and Wooten (2002), Bjørkøy et al. (2006), Moscat et al.
(2007), Kirkin et al. (2009), Yamada et al. (2018)

OPTN Ubiquitin OPTN contains UBD, the LIR motif Belousov et al. (2021)

NDP52 Ubiquitin NDP52 contains noncanonical LIR-motif, CC-domain
(participates in auto-aggregation of NDP52) and C-terminal
LIM-L domain binding mono- and polyubiquitin

Thurston et al. (2009), von Muhlinen et al. (2012), Xie et al.
(2015), Furuya et al. (2018), Padman et al. (2019)

Prohibitin2 IMM PHB2 may interact with LC3 through its LIR (YXXL) and
recruit autophagic vacuoles to damaged mitochondria

Wei et al. (2017), Yan et al. (2020)

FUNDC1 OMM The OMM-localized protein FUNDC1 regulates
hypoxia-induced autophagy promoting mitophagy via
interaction between its LIR and LC3

Liu et al. (2012)

AMBRA1 OMM/Parkin Structurally, AMBRA1 is an intrinsically disordered protein.
Similar to other LC3-interacting proteins, it contains the LRS
(WXXL) on its C-terminus
Parkin interacts with Ambra1 upon mitochondrial
depolarization, and Ambra1 then further activates class III PI3K
for autophagosome formation surrounding these mitochondrial
clusters for their clearance

Van Humbeeck et al. (2011), Cianfanelli et al. (2015)

BCL2L13 OMM Bcl2-L-13 is a single TMD OMM protein. Although BCL2L13 is
described to comprise WXXL/I LRS-motifs, ULK1 was shown to
be indispensable for BCL2L13 and LC3B association, implying
that their interaction is indirect

Murakawa et al. (2015), Murakawa et al. (2019)

BNIP3 OMM BNIP3 dimer phosphorylation at S17 is essential for LC3
binding via its LIR.

Hanna et al. (2012), Zhu et al. (2013), Shi et al. (2014)

NIX/BNIP3L OMM/Ubiquitin NIX comprises the LIR motif (WXXL) on its N-terminus to bind
ATG8-like proteins, so that NIX can act as a receptor of
mitophagy
Parkin ubiquitinates NIX, which allows NIX to recruit NBR1, to
the damaged mitochondria to help shuttle them to the
mitophagosome for degradation

Novak et al. (2010), Gao et al. (2015)

3.4 NDP52/CALCOCO2

NDP52, alternatively referred to as CALCOCO2, includes a
SKICH domain, which plays a crucial role in binding to TANK-
binding kinase 1 (TBK1), LC3C, and mitochondrial poly(A)
polymerase (MTPAP). Additionally, it possesses a noncanonical
LIR, a coiled-coil (CC) domain involved in self-aggregation, and a
zinc finger motif at the C-terminus that binds to both mono- and
polyubiquitin chains (Thurston et al., 2009; von Muhlinen et al.,
2012; Xie et al., 2015; Furuya et al., 2018; Padman et al., 2019).
Although the zinc finger motif is responsible for polyubiquitin
binding, the function of the SKICH domain is not yet fully
understood. Furuya et al. demonstrated that NDP52 interacts with
MTPAPvia the SKICHdomain. In the process ofmitophagy,NDP52
penetrates depolarized mitochondria and associates with MTPAP

in a manner dependent on the proteasome but independent of
ubiquitin (Furuya et al., 2018).

3.5 Prohibitin2

The prohibitin (PHB) family is composed of two subunits
PHB1 (32 KDa) and PHB2 (34 KDa), that physically associate with
each other to form a large multimeric complex of approximately
1 MDa (Artal-Sanz and Tavernarakis, 2009; Hernando-Rodríguez
andArtal-Sanz, 2018).Wei et al. demonstrated that the IMMprotein
PHB2 is an important mitophagy receptor involved in targeting
mitochondria for autophagic degradation (Wei et al., 2017). PHB2
contains an LC3-interacting domain. In response to mitochondrial
uncouplers and proteasome-mediated degradation of the OMM,
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binding of LC3 to PHB2 ensures mitochondrial clearance by
recruiting the autophagic machinery of the IMM. Wei et al. showed
that PHB2 is amitochondrial receptor required for Parkin-mediated
mitophagy in mammalian cells (Wei et al., 2017). Xiao et al. found
that PHB2 plays a key role in cholestasis-mediated mitophagy in
vitro. On the one hand, PHB2 binds to the autophagosome LC3
on damaged mitochondria via the LIR domain. On the other hand,
PHB2 forms a ternary protein complex with p62 and LC3, leading
to the loading of LC3 onto damaged mitochondria (Xiao et al.,
2018). Yan et al. revealed that the PHB2-PARL-PGAM5-PINK1 axis
is a novel pathway of PHB2-mediated mitophagy and that targeting
PHB2 with the chemical compound FL3 is a promising strategy for
cancer therapy (Yan et al., 2020).

3.6 FUNDC1

FUNDC1 has been recognized as a receptor that initiates
mitophagy in a ubiquitin-independent manner under various stress
conditions and during cell differentiation (Li G. et al., 2021). Like
other mitophagy receptors, FUNDC1 possesses a canonical LIR
motif in its N-terminal cytosolic region, which facilitates interaction
with Atg8 family proteins and induces the selective removal
of mitochondria (Wang and Wang, 2023). Initially identified
in 2012 as a hypoxia-induced mitophagy receptor, FUNDC1 is
phosphorylated by SRC kinase at Y18 under normal physiological
conditions (Liu et al., 2012). During hypoxia, FUNDC1 undergoes
dephosphorylation, strengthening its interaction with LC3 and
promoting selective mitophagy (Liu et al., 2012). Chen et al.
demonstrated that themitochondrial phosphatase PGAM5 interacts
with FUNDC1 and dephosphorylates it at Ser-13 in response
to hypoxia or FCCP treatment, thereby enhancing mitophagy.
Conversely, CK2 opposes this effect by phosphorylating FUNDC1
(Chen et al., 2014). Recovery under normoxia conditions was found
to restore the mitochondrial membrane potential (MMP), which
in turn led to the phosphorylation of FUNDC1 (Chen et al.,
2014). Wu et al. presented a notable discovery that BCL2L1
suppresses FUNDC1-mediated mitophagy via its BH3 domain. In
terms of mechanism, BCL2L1 binds to and suppresses PGAM5, a
phosphatase located in the mitochondria, thereby preventing the
dephosphorylation of FUNDC1 at Ser-13. As a result, this process
halts mitophagy (Wu H. et al., 2014). Notably, ULK1 binds to
FUNDC1 and phosphorylates it at Ser-17, increasing its affinity
for LC3 and stimulating mitophagy (Wu W. et al., 2014). Thus, it
appears that the phosphorylation or dephosphorylation of FUNDC1
at various sites can strengthen its interaction with LC3, thereby
stimulating mitophagy. Additionally, Chen et al. discovered that the
mitochondrial E3 ligaseMARCH5, rather than Parkin, is involved in
regulating hypoxia-induced mitophagy through the ubiquitylation
and degradation of FUNDC1 (Chen et al., 2017).

3.7 AMBRA1

AMBRA1 (Activatingmolecule in Beclin1-regulated autophagy)
is an intrinsically disordered protein (IDP) with a molecular weight
of approximately 130 kDa. Its disordered nature enables it to
function as a scaffold molecule, coordinating various intracellular

processes with autophagy (Cianfanelli et al., 2015). Humbeeck
et al. identified AMBRA1 as a Parkin-interacting protein that
activates autophagy by stimulating the class III phosphatidylinositol
3-kinase (PI3K) complex, which is essential for phagophore
formation. Notably, Parkin does not ubiquitinate AMBRA1
(Van Humbeeck et al., 2011). Nazio et al. reported that under
non-autophagic conditions, mTOR suppresses AMBRA1 through
phosphorylation. However, upon autophagy induction, AMBRA1
becomes dephosphorylated. In this scenario, AMBRA1 interacts
with the E3 ligase TRAF6 to facilitate ULK1 ubiquitylation via LYS-
63-linked chains, promoting its stabilization, self-association, and
functionality (Nazio et al., 2013). Strappazzon et al. demonstrated
that AMBRA1 binds to LC3 via its LIR motif, thereby regulating
both Parkin-dependent and -independent mitochondrial clearance
(Strappazzon et al., 2015). Rita et al. discovered HUWE1, an E3
ubiquitin ligase, as a crucial inducer in AMBRA1-dependent
mitophagy, a process that occurs independently of the primary
mitophagy receptors (Di Rita et al., 2018). Moreover, they
demonstrated that the mitophagy function of AMBRA1 is post-
translationally regulated and activated by HUWE1 through
phosphorylation at serine 1,014. This modification, mediated by the
IKKα kinase, triggers structural alterations in AMBRA1, enhancing
its interaction with LC3/GABARAP (mATG8) proteins and thereby
stimulating its role inmitophagy (Di Rita et al., 2018).Thus, Ambra1
might play a role in mitophagy through both Parkin-dependent and
Parkin-independent pathways.

3.8 BCL2L13

Bcl2-L-13 (Bcl-2-like protein 13), a homolog of yeast Atg32,
is a single transmembrane domain OMM protein that was first
discovered in mammals by the Otsu research group in 2015. Bcl2-
L-13 interacts with LC3 through the WXXI motif, promoting
mitochondrial fragmentation and Parkin-independent mitophagy
in HEK293 cells (Murakawa et al., 2015). In 2019, they found
that BCL2L13 recruits the ULK1 complex during mitophagy, with
the interaction between LC3B, ULK1, and BCL2L13 playing a
critical role in this process (Murakawa et al., 2019). However,
the in vivo function of Bcl2-L-13 remains unclear. More recent
studies in 2024 demonstrated that BCL2L13-deficient mice and
knockin mice with a mutated Ser272 (to Ala) exhibited left
ventricular dysfunction under pressure overload due to defective
mitochondrial fission and mitophagy. Attenuation of mitochondrial
fission andmitophagy led to impairment of ATP production in these
mouse hearts. Furthermore, Murakawa et al. found that AMPKa2
was identified as the kinase responsible for phosphorylating
BCL2L13 at Ser272, underscoring its significance in maintaining
cardiac function (Murakawa et al., 2024).

3.9 BNIP3 and NIX/BNIP3L

Bnip3 (Bcl2/adenovirus E1B 19 kDa protein-interacting protein
3) is an atypical BH3-only protein that is known to cause
mitochondrial dysfunction and cell death (Hanna et al., 2012). The
protein is embedded in the OMM through its C-terminal TMD,
while its N-terminus is exposed to the cytosol. The C-terminal
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TMD plays a critical role in directing Bnip3 to the mitochondria,
facilitating homodimer formation, and enabling its proapoptotic
functions (Chen et al., 1997; Ray et al., 2000; Kubli et al., 2008).
Notably, the N-terminus of Bnip3 includes a WXXL-like motif,
which could play a key role in interacting with proteins from the
Atg8 family. The interaction between Bnip3 and Atg8 proteins, such
as LC3, may function to anchor mitochondria to autophagosomes,
thus facilitating their degradation. While BH3-only proteins are
known to link apoptotic and autophagic pathways, the mechanisms
governing this cross-talk and its functional implications remain to
be fully elucidated. Zhu et al. demonstrated that the phosphorylation
of serine residues at positions 17 and 24, which are located near the
Bnip3 LIR motif, enhances its interaction with specific Atg8 family
members, namely, LC3B and GATE-16 (Zhu et al., 2013).

NIX, also known as BNIP3L, has been demonstrated to play
a crucial role in regulating erythrocyte maturation via the process
of mitophagy (Sandoval et al., 2008). Additionally, this research
may offer a deeper understanding of the molecular mechanisms
involved in mitochondrial quality control through mitophagy.
Novak et al. demonstrated that themitochondrial proteinNix acts as
a selective autophagy receptor by interacting with LC3/GABARAP
proteins, which are essential for the expansion of autophagosomal
membranes (Novak et al., 2010). In cultured cells, Nix attracts
GABARAP-L1 to impaired mitochondria via its amino-terminal
LIR. Consequently, Nix serves as an autophagy receptor, facilitating
mitochondrial clearance following mitochondrial damage and
during erythrocyte differentiation. Rogov et al. provided evidence
for a phosphorylation-dependent mechanism regulating the
interaction between Nix and LC3B. Their findings, using isothermal
titration calorimetry and NMR, revealed that phosphorylation
of serines 34 and 35 in the Nix LIR increases its binding affinity
to LC3B by approximately one hundredfold. This results in the
formation of a significantlymore stable and rigid complex compared
to the non-phosphorylated form (Rogov et al., 2017). In patients
with Parkinson’s disease resulting from the disruption of the
PINK1/Parkin pathway, NIX functions as a neuroprotective factor
by restoring mitophagy. Koentjoro et al. showed that in patients
with PD caused by PINK1/Parkin pathway disruption, NIX acts
as a neuroprotective agent, rescuing mitophagy and increasing
neuronal cell and fibroblast viability (Koentjoro et al., 2017). Yuan
et al. revealed the role of BNIP3L/NIX in mitophagy triggered
by cerebral ischemia-reperfusion (I-R) injury. In mice, Bnip3l
knockout led to defective mitophagy and worsened I-R-induced
brain damage, an effect that could be reversed by overexpression
of BNIP3L (Yuan et al., 2017).

4 Mitophagy in liver diseases

Research has demonstrated that multiple mechanisms of
mitophagy are triggered under various stress conditions, as detailed
in previous reviews (Choubey et al., 2021; Li S. et al., 2021). Here,
we provide a summary of recent discoveries related to mitophagy-
mediated pathways and their roles in the development of liver
diseases (Figure 2) (Table 2).

4.1 Mitophagy in ALD

Alcohol-associated liver diseases (ALDs) pose a major global
health challenge (Gao and Bataller, 2011; Weil et al., 2016;
Axley et al., 2019; Aslam and Kwo, 2023; Danpanichkul et al.,
2024). ALD often starts with asymptomatic steatosis but can
silently progress to nonalcoholic steatohepatitis (NASH), fibrosis,
and end-stage liver disease, including irreversible cirrhosis and
HCC (Gao and Bataller, 2011). Chronic alcohol consumption
leads to mitochondrial dysfunction in the liver and impairs
the synthesis of mitochondrial respiratory complex proteins
(Cunningham et al., 1990; Khambu et al., 2017; Lu et al., 2021).
Ethanol is metabolized into acetaldehyde by alcohol dehydrogenase
and CYP2E (Farré et al., 2009; Ding et al., 2010; Wu et al., 2012;
Thomes et al., 2013), and the subsequent buildup of acetaldehyde
has been shown to stimulate autophagy. Ethanol metabolism also
enhances oxidative stress through mechanisms such as altering
the NADH/NAD + ratio and causing mitochondrial damage
(Lumeng and Crabb, 2000). Long-term ethanol exposure may
induce mtDNA strand breaks and compromise its structural
integrity (Cahill et al., 1999; Mansouri et al., 1999; Axley et al.,
2019). As a compensatory mechanism against various types of
mitochondrial damage, mitophagy is activated in ALD in response
to mitochondrial depolarization and mtDNA damage. This process
facilitates hepatic ethanol metabolism and protects cells from death
by selectively eliminating damaged mitochondria, thereby reducing
oxidative stress.

The impact of alcohol on mitophagy is determined by
the duration and level of alcohol exposure. Mitophagy acts as
a protective mechanism in ALD by removing dysfunctional
mitochondria, a process that has been observed in both acute and
chronic alcohol consumption (Ding et al., 2011; Williams et al.,
2015a; Zhao H. et al., 2021). For example, Ma et al. found that
pre-endurance training reduces the accumulation of damaged
mitochondria caused by acute alcohol intake and alleviates BNIP3-
mediated mitophagy, thereby restoring the balance between
mitophagy and mitochondrial damage (Ma et al., 2014). Eid
et al. demonstrated increased mitophagy in hepatocytes in an
acute alcohol abuse rat model, evidenced by elevated LC3 puncta
formation and colocalization of Parkin and LC3 with mitochondrial
and lysosomal markers (Eid et al., 2016). These findings provide
direct morphological evidence linking PINK1-Parkin pathway
activation to an enhanced phagocytic response of hepatocytes
against ethanol toxicity. Ethanol-induced hepatic mitophagy may
serve as a prosurvival mechanism with potential therapeutic
implications. Interestingly, impaired mitophagy is frequently
reported in chronic alcohol consumption (Eid et al., 2013; Yu et al.,
2016; Gao et al., 2019). Enhancing mitophagy function to mitigate
ALD is a viable strategy (Tang et al., 2012; Yu et al., 2016;
Gao et al., 2019; Lu et al., 2021). Alternatively, targeting excessive
mitophagy could represent another therapeutic approach. Zhao
et al. suggested that fucoidan pretreatment protects against ALD and
over-activated mitophagy, maintaining mitochondrial homeostasis
(Zhao H. et al., 2021).Thedifferingmitophagy phenomena observed
in acute versus chronic ALD models can be explained as follows:
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FIGURE 2
Summary of the role of mitophagy in liver disease. Mitophagy occurs in various liver diseases via distinct mitophagy regulators.

immediately after alcohol administration, extensive depolarization
of hepatocyte mitochondria promotes hepatic ethanol metabolism,
triggering regulatory signals for mitophagy as a compensatory
response (Lemasters and Zhong, 2018). However, chronic alcohol
intake results in a significant accumulation of dysfunctional
mitochondria exceeding the processing capacity of mitophagy.
Decompensated mitophagy leads to the release of mitochondrial
damage-associated molecular patterns (mtDAMPs), promoting
inflammation and fibrosis, further impairing liver mitophagy
and advancing ALD progression (Lemasters and Zhong, 2018).
These findings indicate that mitophagy plays a protective role
in ALD and imply that targeting mitophagy could serve as a
potential therapeutic strategy forALD (Williams andDing, 2015b; a;
Chao and Ding, 2019).

It is important to note that the role of Drp1 and
mitochondrial fission in regulating mitophagy and liver energy
metabolism warrants further investigation in the context of
ALD (Uchida et al., 1984; Han et al., 2017; Chao et al., 2018;
Palma et al., 2019; Zhou H. et al., 2019).

4.2 Mitophagy in drug-induced liver injury

Drug-induced liver injury (DILI) is the leading cause of acute
liver failure (ALF) in the United States and Europe. Additionally,
it is a significant reason for drug discontinuation and high
failure rates during drug development (Lee, 2013; Ye et al.,
2018). A variety of medications can lead to DILI, including
antitumor chemotherapy drugs, anti-tuberculosis agents, antipyretic
analgesics, immunosuppressants, hypoglycemic therapies, and
antibacterial, antifungal, and antiviral drugs. Acetaminophen
(APAP), a widely used antipyretic and analgesic in the United States,
is safe when administered at therapeutic doses but can induce liver
damage and ALF if overdosed in humans and animals (Larson et al.,
2005; Jollow, 2024). The metabolism of APAP is primarily catalyzed
by cytochrome P450 enzymes (Potter et al., 1973), with N-acetyl-
p-benzoquinone imine (NAPQI) being the key reactive metabolite
associated with hepatotoxicity (Dahlin et al., 1984). The metabolite
can reduce liver glutathione (GSH) levels and alter cellular proteins.
While GSH binding occurs spontaneously, it may also be facilitated
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TABLE 2 Mitophagy-related therapeutic targets in liver disease.

Disease Regulators Mitophagy pathway Ref.

ALD

Pre-endurance training Reduced BNIP3-mediated mitophagy Ma et al. (2014)

Ethanol Activation of the PINK1-Parkin pathway Eid et al. (2016)

Fucoidan Against ethanol-induced over-activated mitophagy. (PINK1/Parkin) Zhao et al. (2021a)

DILI

Amitriptyline Amitriptyline impaired mitophagy and increased susceptibility to APAP. Baulies et al. (2015)

PINK1 and Parkin double KO APAP-induced mitophagy was significantly impaired in PINK1-Parkin
DKO mice

Wang et al. (2019)

NAFLD

Quercetin Quercetin alleviated hepatic steatosis by enhancing frataxin-mediated
PINK1/Parkin-dependent mitophagy

Liu et al. (2018b)

Mst1 knockdown Mst1 knockdown reversed Parkin-related mitophagy and the latter
protected mitochondria and hepatocytes against HFD challenge

Zhou et al. (2019b)

Liraglutide Liraglutide ameliorates NASH by inhibiting NLRP3 inflammasome and
pyroptosis activation via PINK1/Parkin-dependent mitophagy

Yu et al. (2019)

Exenatide The expression of LC3A/B-II/I, Beclin-1, Parkin, and BNIP3L increased
significantly after Exenatide treatment

Shao et al. (2018)

Corilagin Corilagin stimulates Parkin-mediated mitosis to relieve NAFLD. Zhang et al. (2019)

Cyanidin-3-O-glucoside Cyanidin-3-O-glucoside stimulates Parkin-mediated mitosis to relieve
NAFLD.

Li et al. (2020)

Caloric restriction and metformin Changes were enhanced in the CR + Met group for the mitophagy marker
BNIP3

Linden et al. (2015)

Sirtuin 3 Sirtuin 3 overexpression protected hepatocytes against mitochondrial
apoptosis via promoting Bnip3-required mitophagy

Li et al. (2018)

Akebia saponin D Activation of BNip3 via ASD may offer a new strategy for treating NAFLD. Gong et al. (2018)

HBV

HBV HBV stimulated the gene expression of Parkin, PINK1, and LC3B and
induced Parkin recruitment to the mitochondria

Kim et al. (2013a)

HBx HBx regulates diverse aspects of Parkin, enhancing mitophagy in starvation Huang et al. (2018)

HBx HBx induced BNIP3L-dependent mitophagy Chen et al. (2020)

Thyroid Hormone TH/PINK1/Parkin pathway has a critical role in protecting hepatocytes
from HBx-induced carcinogenesis

Chi et al. (2017)

MARCH5 Mitochondria ubiquitin ligase, MARCH5 resolves HBx protein aggregates
in the liver pathogenesis

Yoo et al. (2019)

HCV

HCV HCV infection stimulated Parkin and PINK1 gene expression Kim et al. (2013b)

HCV HCV infection stimulated expression of Drp1 and its mitochondrial
receptor, mitochondrial fission factor

Kim et al. (2014)

Ginsenoside Rg3 G-Rg3 restores the HCV-induced Drp1–mediated aberrant mitochondrial
fission process, thereby resulting in suppression of persistent HCV infection

Kim et al. (2017)

NS5A The expression of HCV NS5A in the hepatoma cells triggered hallmarks of
mitophagy including mitochondrial fragmentation, loss of MMP, and
Parkin translocation to the mitochondria

Jassey et al. (2019)

(Continued on the following page)
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TABLE 2 (Continued) Mitophagy-related therapeutic targets in liver disease.

Disease Regulators Mitophagy pathway Ref.

HCC

FUNDC1 knockout
FUNDC1 overexpression

FUNDC1–mediated mitophagy suppresses HCC. Li et al. (2019)

Alantolactone Alantolactone induces apoptosis through inhibition of
PINK1-mediated mitophagy

Kang et al. (2019)

PINK1 Mitophagy controls the activities of tumor suppressor p53 to
regulate hepatic cancer stem cells

Liu et al. (2017a)

MALAT1 knockdown MALAT1 knockdown cells showed reduced expression of
mitophagy markers, particularly PINK1, SQSTM1/p62, NDP52,
BNIP3, and LC3B-I/II.

Zhao et al. (2021b)

STOML2 STOML2 potentiates metastasis of HCC by promoting
PINK1-mediated mitophagy

Zheng et al. (2021)

Oroxylin A (CDK9 inhibitor) Oroxylin A showed strong therapeutic potential against HCC by
downregulating PINK1-PRKN-mediated mitophagy

Yao et al. (2022)

YAP Yap promotes HCC metastasis and mobilization by regulation of
JNK/Bnip3/SERCA/CaMKII pathways

Shi et al. (2018)

by GSH-S-transferases. The binding to proteins results in oxidative
stress and mitochondrial dysfunction (McGill and Jaeschke, 2013).
It is now well recognized that mitochondrial dysfunction plays a
crucial role in the downstream signaling pathways following APAP
overdose (Ramachandran and Jaeschke, 2018). While NAPQI can
bind anddetoxifyGSHunder normal conditions, excessive unbound
NAPQI covalently binds tomitochondrial proteins, forming adducts
that disrupt the electron transport chain (ETC.) and cause electron
leakage and oxidative stress in hepatocytes (Kon et al., 2004;
Cover et al., 2005; Ramachandran et al., 2011).

Mitochondria are central regulators of cell death and liver
injury caused by various drugs (Jaeschke et al., 2012; Pessayre et al.,
2012). The timely elimination of damaged mitochondria is essential
for preventing DILI. Research has demonstrated that mitophagy
is activated, as evidenced by increased Parkin translocation
to mitochondria, ubiquitination of mitochondrial proteins,
sequestration of impaired mitochondria into autophagosomes,
and degradation of mitochondrial proteins in primary mouse
liver hepatocytes (Williams et al., 2015b; Wang et al., 2019).
Pharmacological induction of autophagy using rapamycin nearly
eliminated APAP-induced liver injury in mice, whereas inhibition
of autophagy with 3-methyladenine or chloroquine exacerbated
APAP-induced hepatotoxicity (Ni et al., 2012; Shan et al., 2019).
Baulies et al. reported that mice with lysosomal dysfunction
exhibited higher mortality rates following APAP overdose due
to defective fusion of mitochondria-containing autophagosomes
with lysosomes (Baulies et al., 2015). These findings suggest
that autophagy/mitophagy plays a protective role in mitigating
excessive APAP-induced hepatotoxicity. Interestingly, compared to
the pronounced mitophagy disruption observed in PINK1/Parkin
double knockout (DKO) mice after APAP administration, mice
with either PINK1 or Parkin single knockouts displayed mild
mitochondrial defects. However, acute knockout of Parkin
accelerated APAP-induced liver injury in mice, suggesting that

mice did not have enough time to adapt to the acute loss of Parkin
under acute knockout of Parkin time window (Shan et al., 2019).
Moreover, Parkin knockout mice showed resistance to APAP-
induced liver injury (Wang et al., 2019). These data indicate that
PINK1 and Parkin may compensate for each other to maintain
mitophagy and protect against DILI. Although PINK1/Parkin-
mediated mitophagy acts as a protective mechanism against APAP-
induced hepatotoxicity, additional Parkin-independent pathways
merit further investigation.

4.3 Mitophagy in NAFLD

Nonalcoholic fatty liver disease (NAFLD) is the hepatic
manifestation of metabolic syndrome, encompassing a range of
liver conditions from simple steatosis to NASH, fibrosis, cirrhosis,
and HCC in advanced stages (Younes and Bugianesi, 2019).
Pathologically, it is marked by hepatocyte ballooning, inflammatory
infiltration, collagen deposition, and hepatocyte death (Liu J. et al.,
2018). NAFLD develops due to increased lipogenesis caused by
abnormal lipidmetabolism following excessive free fatty acid uptake
by hepatocytes (Lee et al., 2019). Given the essential role of
mitochondria in fatty acid metabolism and energy production,
mitochondrial dysfunction is considered a key feature of NAFLD
(García-Ruiz et al., 2013; Simões et al., 2018).

A growing body of evidence associates impaired mitophagy
with NAFLD. Studies using high-fat diet (HFD)-induced mouse
models and cultured cells treated with oleic acid (OA) or
palmitic acid (PA) have demonstrated that restoring defective
mitophagy in hepatocytes improves metabolic outcomes. Diet-
induced NAFLD leads to autophagic arrest in hepatocytes,
contributing to oxidative stress, mitochondrial dysfunction, and
insulin resistance. Conversely, targeted deletion of ALCAT1
in mice prevents NAFLD onset, restores mitophagy, enhances
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mitochondrial structure, preserves mtDNA integrity, and boosts
oxidative phosphorylation (Wang et al., 2015). Pharmacological
enhancement of PINK1/Parkin-dependent mitophagy through
quercetin, a plant flavonol, alleviates HFD-induced liver disease
in a 10-week feeding mouse model (Liu P. et al., 2018). Additionally,
Zhou et al. found that macrophage stimulating 1 (Mst1), identified
as a novel upstream regulator of mitophagy, exacerbates apoptosis
in cardiac and cancer tissues by suppressing mitophagy activity
(Zhou T. et al., 2019). Knockdown of Mst1 reverses Parkin-related
mitophagy, protecting mitochondria and hepatocytes against HFD
challenges. Liraglutide, a long-acting GLP-1 analog, reduces lipid
accumulation, inhibits the activation of the nucleotide-binding
oligomerization domain-like receptor pyrin domain-containing
protein 3 (NLRP3) inflammasome and pyroptosis, mitigates
mitochondrial dysfunction and ROS generation, and promotes
mitophagy in hepatocytes (Yu et al., 2019). Inhibition of mitophagy
using 3-methyladenine or PINK1-targeted siRNA diminishes
liraglutide-mediated suppression of inflammatory injury. Exenatide
could alleviate oxidative stress damage and suppress the NLRP3
inflammasome by promoting the mitophagy pathway in the liver,
thereby providing a protective role for the liver in NAFLD and
diabetes within C57BL/6 mice (Shao et al., 2018). Compounds
such as corilagin and cyanidin-3-O-glucoside stimulate Parkin-
mediated mitophagy, mitigating NAFLD by inhibiting hepatic
oxidative stress, NLRP3 inflammasomes, steatosis, and improving
systemic glucose metabolism (Zhang et al., 2019; Li et al., 2020).
Nevertheless, research on Parkin gene-deleted mice has yielded
highly unexpected outcomes. Parkin gene-deleted mice exhibited
resistance to weight gain, steatohepatitis, and insulin resistance
(Kim et al., 2011). Partially, Parkin exerted this effect through
the ubiquitin-mediated stabilization of the lipid transporter CD36
(Kim and Sack, 2012). Costa et al. discovered that intestinal lipid
absorption is compromised in Park2 knockout mice, as indicated
by elevated fecal lipids and decreased plasma triglycerides following
an intragastric fat challenge (Costa et al., 2016). This dialectically
demonstrates that Parkin plays an important role in regulating lipid
absorption in addition to mediating mitochondrial autophagy.

In addition, Bnip3-mediated mitophagy also plays a crucial
role in regulating liver lipid metabolism and may protect
against NAFLD progression. Loss of BNip3 increases hepatic
lipid synthesis, associated with elevated ATP levels, reduced
AMPK activity, and increased expression of lipogenic enzymes
(Glick et al., 2012). Furthermore, the impairment of BNIP3-
induced mitophagy also significantly contributes to the regulation
of hepatic lipid metabolism, thereby facilitating the progression of
NAFLD (Linden et al., 2015). Overexpression of Sirtuin3 protects
hepatocytes from mitochondrial apoptosis by promoting BNip3-
dependent mitophagy, reversing BNip3 expression and mitophagy
activity via the ERK-CREB signaling pathway (Li et al., 2018).
Akebia saponin D alleviates hepatic steatosis by targeting BNip3-
mediated mitophagy, offering a potential therapeutic strategy
for NAFLD (Gong et al., 2018).

4.4 Mitophagy in viral hepatitis

In recent years, viral hepatitis has become a major global
health concern, affecting hundreds of millions of people and

causing significant morbidity and mortality. Both Hepatitis
B virus (HBV) and Hepatitis C virus (HCV) are strongly
associated with chronic health complications. The majority of
deaths attributed to viral hepatitis are caused by HBV and
HCV, despite the overall morbidity linked to these infections
(Lanini et al., 2019). Emerging research highlights an increasing
connection between mitochondrial dysfunction and HBV/HCV
infections (Simula and De Re, 2010; Fisicaro et al., 2017;
Montali et al., 2023).

HBV infection affects approximately 350 million individuals
worldwide, with chronic HBV being closely linked to
HCC(Neuveut et al., 2010; Guerrieri et al., 2013; Chen and Tian,
2019; Torresi et al., 2019; Qian et al., 2024). The HBV genome
consists of relaxed-circular DNA (rcDNA) approximately 3.2 kb in
length, featuring a complete minus strand and an incomplete plus
strand. This genome encodes four overlapping open reading frames
(ORFs): C, P, S, andX.TheseORFs produce functional viral proteins,
including HBc and its derivatives such as the E antigen (HBe) and
the 22-kDa precore protein (p22cr) from ORF C; Pol from ORF P;
three types of surface antigens—L-HBs, M-HBs, and S-HBs—from
ORF S; and the HBV X protein (HBx) from ORF X (Tsukuda and
Watashi, 2020;Asandemet al., 2024).HBxplays a critical role in both
hepatocarcinogenesis and HBV replication (Andrisani, 2013). The
interaction between HBx and the mitochondrial protein HVDAC3
(human voltage-dependent anion channel 3) has been confirmed
using standard in vitro and in vivo techniques (Rahmani et al., 2000).
It is widely acknowledged that HBV exploits autophagy to enhance
its replication efficiency (Sir et al., 2010; Khan et al., 2018). Kim et al.
reported that HBV modifies mitochondrial dynamics by promoting
fission and mitophagy, thereby reducing virus-induced apoptosis.
Additionally, HBV stimulates the expression of Parkin, PINK1, and
LC3B genes and induces the recruitment of Parkin to mitochondria
(Kim et al., 2013a). Huang et al. demonstrated that HBx enhances
PINK1/Parkin-mediated mitophagy under starvation conditions.
HBx not only upregulates the expression of PINK1/Parkin genes
but also accelerates Parkin recruitment to specific mitochondria
(Huang et al., 2018). Chen et al. proposed a positive feedback
mechanism wherein HBx induces BNIP3L-dependent mitophagy,
which upregulates glycolytic metabolism and increases the cancer
stemness of HCC cells both in vivo and in vitro (Chen et al., 2020).
Chi et al. confirmed the protective effects of thyroid hormone (TH)
against HBx-induced hepatocarcinogenesis through activation
of the PINK1/Parkin pathway in hepatocytes (Chi et al., 2017).
MARCH5, an E3 ligase located in the OMM, correlates positively
with the survival rates of HCC patients (Yoo et al., 2019). HBx-
induced ROS production, mitophagy were suppressed in the
presence of high MARCH5 expression.

HCV is a significant human pathogen capable of inducing severe
liver diseases, including acute and chronic hepatitis, cirrhosis, and
HCC (Chu andOu, 2021).This virus is a small, envelopedRNAvirus
with a single-stranded RNA genome encoding both structural and
nonstructural proteins.The structural proteins, which form the viral
particle, include the core protein and the envelope glycoproteins
E1 and E2. In contrast, the nonstructural proteins include the
p7 ion channel, the NS2-3 protease, the NS3 serine protease
and RNA helicase, the NS4A polypeptide, the NS4B and NS5A
proteins, and the NS5B RNA-dependent RNA polymerase (RdRp)
(Moradpour et al., 2007; Fatima et al., 2014; Houghton, 2019).
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HCV infection has been shown to influence mitophagy. Kim
et al. reported that HCV-infected cells exhibit a higher number
of mitophagosomes compared to uninfected cells. The presence of
HCV-induced mitophagy was confirmed by the colocalization of
LC3 puncta with Parkin-associated mitochondria and lysosomes
(Kim et al., 2013b). Furthermore, Kim et al. demonstrated that HCV
disrupts mitochondrial dynamics by promoting mitochondrial
fission, followed by mitophagy, which helps mitigate HCV-induced
apoptosis (Kim et al., 2014). Surprisingly, however, Hara et al.
found that HCV core protein inhibits the transport of Parkin to
affected mitochondria by interacting with Parkin and subsequently
inhibiting mitophagy (Hara et al., 2014). The contradictory findings
between the two studies may be due to experimental conditions,
such as the presence or absence of CCCP (carbonyl cyanide m-
chlorophenylhydrazone) in the culture and different post-infection
times. Additionally, Kim et al. identified G-Rg3 as an inhibitor of
HCV propagation. Its antiviral mechanism involves restoring HCV-
induced dysregulation of mitochondrial fission mediated by DRP1,
leading to the suppression of chronic HCV infection (Kim et al.,
2017). Jassey et al. highlighted the role of the NS5A in regulating
cellularmitophagy. Specifically, the expression ofNS5A in hepatoma
cells induced key features of mitophagy, such as mitochondrial
fragmentation, loss of MMP, and translocation of Parkin to the
mitochondria (Jassey et al., 2019).

4.5 Mitophagy in liver cancer

HCC is the sixth most common malignancy and fourth
leading cause of cancer-related death worldwide (Brown et al.,
2023). The epidemiology of HCC is rapidly changing, with
NAFLD increasingly contributing to fibrosis, cirrhosis, and HCC
development (Ganesan and Kulik, 2023). Under these pathological
conditions, mitochondria play a pivotal role in regulating energy
production and determining cell survival or death. Damaged
mitochondria produce excessive ROS, which impair DNA, proteins,
and lipids, all contributing to the initiation and progression of HCC
(Severi et al., 2010; Nakahira et al., 2011; Vera-Ramirez et al., 2011;
Nickel et al., 2014; Schieber and Chandel, 2014; Sia et al., 2017).

HCC is a well-known inflammation-associated cancer, with
over 90% of cases arising in the context of hepatic injury
and inflammation. When mitochondria are damaged, ROS
and mtDNA are released into the cytosol, activating innate
immune responses that contribute to liver cancer initiation
and progression (Nakahira et al., 2011; Bishayee, 2014). Li
et al. observed that FUNDC1, a previously characterized
mitophagy receptor, accumulates in most HCCs. They further
demonstrated that specific knockout of FUNDC1 in hepatocytes
promotes diethylnitrosamine (DEN)-induced HCC initiation
and progression, whereas FUNDC1-overexpressing hepatocytes
protect against HCC development (Li et al., 2019). Specifically,
depletion of FUNDC1 in hepatocytes increases cytosolic mtDNA
release and caspase-1 activation, leading to elevated secretion of
proinflammatory cytokines such as interleukin-1β (IL1β) and
hyperproliferation of hepatocytes. These findings highlight the
protective role of FUNDC1-mediated mitophagy in suppressing
HCC progression through regulation of mitochondrial quality
control and inflammatory responses.

Interestingly, accumulating evidence suggests thatmitophagymay
paradoxically promote cancer growth and metastasis (Zong et al.,
2016; Wang et al., 2021). Sesamol, a phenolic antioxidant compound
abundant in sesame seeds, has been shown to inhibit mitophagy
and autophagy by disrupting the PI3K Class III/Beclin-1 pathway
(Liu Z. et al., 2017). Alantolactone, another compound, demonstrates
therapeutic potential in liver cancer by suppressing PINK1/Parkin-
mediated mitophagy (Kang et al., 2019). Liver cancer stem cells
(LCSCs), a small subset of HCC cells responsible for self-renewal,
differentiation, metastasis, and recurrence, exhibit activation of
BNIP3L-mediated mitophagy. This process induces a metabolic
shift toward glycolysis in LCSCs and HBx-expressing HCC cells,
increasing the proportion of the LCSC population to maintain cancer
stemness (Chen et al., 2020). Liu et al. revealed that mitophagy is
essential for sustaining LCSCs by degradingmitochondria-associated
p53. Otherwise, p53 would be activated by PINK1 to suppress
the expression of NANOG, a key factor in maintaining stemness
(Liu K. et al., 2017). Mitophagy also plays a critical role in the
progression of benign tumors to malignant ones. Inhibition of
mitophagy increases the level of PINK1-mediated phosphorylated
TP53, which translocates to the nucleus to suppress NANOG
expression, therebypreventingthetransitionfrombenigntomalignant
liver tumors (Qian et al., 2018). The long noncoding RNA (lncRNA)
MALAT1 (metastasis-associated lung adenocarcinoma transcript 1),
typically enriched in the nucleus, was found to be aberrantly localized
in the mitochondria of hepatoma cells. Zhao et al. demonstrated that
MALAT1-deficient cells exhibit reduced expression of mitophagy
markers such as PINK1, p62, NDP52, BNIP3, and the LC3B-II/I ratio
(Zhao Y. et al., 2021). Compared with paired adjacent normal tissues,
IMM protein STOML2 expression was increased in HCC. Zheng
et al. found that STOML2 enhances mitophagy by stabilizing PINK1,
promotingHCCmetastasis andmodulating the response to lenvatinib
(Zheng et al., 2021). CDK9 (cyclin-dependent kinase 9), a catalytic
subunit of the transcription elongation factor P-TEFb, is considered a
promising target for cancer therapy. Yao et al. reported that inhibition
of CDK9 disrupts the SIRT1-FOXO3-BNIP3 axis and the PINK1-
PRKN pathway, effectively blocking mitophagy initiation in HCC
(Yao et al., 2022). Yap, a transcriptional coactivator, is significantly
upregulated inHCCandpromotes cellmigration. Shi et al. discovered
that Yap inhibits BNIP3-mediated excessive mitophagy, improving
mitochondrial function and ATP storage, thereby facilitating HCC
progression (Shi et al., 2018).

Overall, similar to general autophagy, it seems that depending on
the stage of tumorigenesis, mitophagy also plays a dual role in HCC
development. Mitophagy prevents HCC initiation by suppressing
the accumulation of dysfunctional mitochondria, cellular oxidative
stress, genomic instability, and inflammation. Once carcinogenesis is
initiated,mitophagy ishighlyactivatedtosupport tumorcellmetabolic
demands and promote HCC progression. Therefore, targeted therapy
that selectively inhibits mitophagy in actively proliferating tumor
cells while enhancing mitophagy in adjacent normal cells may be a
promisingbutchallengingtherapeuticdirectionforHCCinthefuture.

5 Analysis of mitophagy

Mitophagy is a dynamic process that begins with phagocytosis
by mitophagosomes and ends with mitolysosomal degradation. It is
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TABLE 3 Pharmacological targeting of mitophagy.

Molecule name Functional
mechanism

Species Outcome Clinical trial Ref.

Urolithin A Promote mitophagy and
activate Nrf2/ARE
signaling

Mouse Reduced oxidative stress Phase 2/Completed Gao et al. (2022)

Metformin Activate AMPK and
restore the expression of
UQCRC2

Mouse Reduced
ethanol-induced liver
injury

Phase 4/Completed Lu et al. (2021)

Deferiprone (DFP) Induce mitophagy by
iron chelation

Mouse Decreased hepatic
inflammation

Phase 4/Completed Tong et al. (2023)

Icaritin Recover MMP and
inhibit mTOR complex I

Mouse Prolonged survival time
of mice at the advanced
stage of HCC

Phase 2/Completed Yu et al. (2020)

AT101 Inducing BNIP3 and
NIX-mediated
mitophagy

None Inducing autophagic cell
death

Phase 2 Meyer et al. (2018)

Ketoconazole Inducing
PINK1-Parkinmediated
mitophagy

PDX model Inducing apoptosis Not Found Chen et al. (2019)

Salidroside Inducing
Parkin-dependent
mitophagy

Rats Inhibiting apoptosis Not Found Zhang et al. (2018)

Liraglutide Inducing
PINK1-Parkinmediated
mitophagy

None Inhibiting pyroptosis Phase 4 Yu et al. (2019)

TMP Inducing
PINK1-Parkinmediated
mitophagy

Mouse Inhibiting necroptosis Not Found Zhou et al. (2022)

Silibinin Inducing
PINK1-Parkinmediated
mitophagy

None Inhibiting ferroptosis Not Found Du et al. (2023)

important to use multiple analytical methods when monitoring
mitophagy in vitro and in vivo models. The most widely used
methods currently used to study and quantify mitophagy
include electron microscopy (EM), fluorescence microscopy
of co-localization of mitochondria with mitophagosomes or
mitolysosomes, mitochondrial mass determination, and a range
of newly developed pH-sensitive fluorescent probes (Williams and
Ding, 2018).

EM is one of the best tools to study mitophagy because
it provides visualization of double-membrane mitophagosomes.
However, due to the limited number of cells and sections, it is
difficult to quantify mitophagy activation by EM. Colocalization
of mitochondria with mitophagosomes and mitolysosomes by
fluorescent co-labeling provides quantitative results in a large
number of cells. However, quantifying the co-localization of
mitochondria with autophagosomes or lysosomes is subjective and
thus requires the use of consistent criteria across experiments.
The final step of the mitophagic degradation process can be
monitored by measuring mitochondrial mass using MitoTracker

staining, flow cytometry, and Western blotting using antibodies
against mitochondrial proteins. However, MitoTracker staining
depends on MMP and may not stain damaged mitochondria.
Mitochondrial proteins, especially OMM proteins, are degraded
by autophagy and proteasomes (Tanaka et al., 2010; Chan et al.,
2011; Yoshii et al., 2011). Therefore, if mitochondrial quality is
monitored by Western blotting, several mitochondrial proteins
should be used, including inner membrane and matrix proteins.
The development of pH-dependent fluorescent molecular tools has
greatly improved the quality of traditional fluorescence imaging,
making image-based methods more accurate and reproducible in
monitoring mitophagy. Mito-QC is a pH-sensitive mitochondrial
fluorescent probe consisting of a tandem mCherry-GFP tag fused
to the mitochondrial targeting sequence of the OMM protein FIS1.
Mito-QC mice allow monitoring of mitophagy in vivo. Under
steady-state conditions, mito-QC displays both red and green
fluorescence. When mitophagy is induced, mito-QC displays an
mCherry red signal that is stabilized when mitophagy is delivered
to lysosomes. The green GFP signal is quenched when mitophagy
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is delivered to lysosomes (McWilliams et al., 2016). However,
since FIS1 is located on the OMM, it was unclear whether some
mito-QC could be degraded by the ubiquitin proteasome system
rather than mitophagy. To circumvent this possibility, Chan’s group
developed a similar probe (Cox8-EGFP-mCherry) targeting the
IMM protein Cox8 (Rojansky et al., 2016).

6 Mitophagy interacts with other
cellular stress responses

Accumulating evidence suggests that mitophagy plays a
regulatory role in other cellular stress responses. As a form of
selective autophagy, mitophagy can induce autophagic cell death
when mitochondrial clearance is excessive. Certain drugs or
compounds have been shown to target mitochondria, leading to
excessive mitophagy and autophagic cell death (Meyer et al., 2018;
Yao et al., 2018; Huang et al., 2021). Mitochondria and ER are two
important organelles in cells that are closely linked in function
and structure. It was found that about 20% of the mitochondrial
surface is in contact with the ER membrane, called mitochondria-
associated ER. Vesicle-associated membrane-associated protein
(VAPB) is a recombinant protein on the ER membrane; it binds
to the OMM protein tyrosine phosphatase protein 51 (PTPIP51) to
form a tether that connects the ER to the mitochondria and keeps
them at a distance of 10–30 nm (Gomez-Suaga et al., 2017). When
VAPB or PTPIP51 is overexpressed, the contact surface between
mitochondria and the ER increases, leading to mitochondrial
calcium overload, MPTP opening, release of cytochrome c and
ROS, and induction of cell apoptosis. When the expression of VAPB
and PTPIP51 is reduced, the distance betweenmitochondria and the
ER becomes longer, resulting in insufficient Ca2+ in mitochondria,
inhibition of the TCA cycle, and reduced ATP production. For more
details, see the review by Liu et al. (Liu et al., 2022).

Accumulating evidence suggests that mitophagy is a negative
regulator of NLRP3 inflammasome-mediated pyroptosis. In
NASH, liraglutide can induce PINK1-Parkin-mediated mitosis,
thereby limiting ROS production and inhibiting NLRP3-mediated
hepatocyte pyroptosis (Yu et al., 2019). Wu et al. showed that
betulinic acid can restore autophagic flux after injury, thereby
inducing mitophagy to eliminate ROS accumulation and inhibit
NLRP3-mediated pyroptosis (Wu et al., 2021).

7 Summary and future perspectives

In conclusion, mitophagy acts as a key regulatory mechanism
for eliminating damaged mitochondria, allowing cells to preserve
their stability and functionality. This process provides protective
effects in the development and progression of various liver
diseases, such as ALD, DILI, NAFLD, and viral hepatitis. On
the other hand, mitophagy demonstrates a dual nature in liver
tumorigenesis and cancer progression, functioning as both a
protective and potentially harmful factor depending on the specific
context. Although the PINK1/Parkin-dependent pathway is one
of the most extensively studied mechanisms of mitophagy, the
role of PINK1/Parkin-independent pathways in liver pathogenesis
remains to be fully elucidated. Recent progress has enhanced

our understanding of how mitophagy manages mitochondrial
damage in liver diseases. Nevertheless, the interactions between
different mitophagy-mediated pathways and the exact mechanisms
by which mitophagy influences disease initiation and progression
are still unclear and require further exploration. Numerous studies
have demonstrated the therapeutic potential of strategies targeting
mitophagy, and related drugs have also shown good prospects
in the treatment of various diseases (Table 3). Future studies in
this field are expected to expand our knowledge, facilitating the
development of more effective strategies for new drug discovery
and clinical treatments. These endeavors offer promising potential
for advancing therapeutic interventions targeting mitophagy in
liver diseases.
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