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Abstract 

During liver ischemia-reperfusion injury, existing mechanisms involved oxidative stress, calcium overload, and the activation of in
flammatory responses involve mitochondrial injury. Mitochondrial autophagy, a process that maintains the normal physiological ac
tivity of mitochondria, promotes cellular metabolism, improves cellular function, and facilitates organelle renewal. Mitochondrial 
autophagy is involved in oxidative stress and apoptosis, of which the PINK1-Parkin pathway is a major regulatory pathway, and the 
deletion of PINK1 and Parkin increases mitochondrial damage, reactive oxygen species production, and inflammatory response, play
ing an important role in mitochondrial quality regulation. In addition, proper mitochondrial permeability translational cycle regula
tion can help maintain mitochondrial stability and mitigate hepatocyte death during ischemia-reperfusion injury. This mechanism 
is also closely related to oxidative stress, calcium overload, and the aforementioned autophagy pathway, all of which leads to the 
augmentation of the mitochondrial membrane permeability transition pore opening and cause apoptosis. Moreover, the release of 
mitochondrial DNA (mtDNA) due to oxidative stress further aggravates mitochondrial function impairment. Mitochondrial fission 
and fusion are non-negligible processes required to maintain the dynamic renewal of mitochondria and are essential to the dynamic 
stability of these organelles. The Bcl-2 protein family also plays an important regulatory role in the mitochondrial apoptosis signaling 
pathway. A series of complex mechanisms work together to cause hepatic ischemia-reperfusion injury (HIRI). This article reviews 
the role of mitochondria in HIRI, hoping to provide new therapeutic clues for alleviating HIRI in clinical practice.
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Introduction
The liver receives dual blood supply from the hepatic artery and 

portal vein. The liver hosts vital biochemical reactions in the hu

man body, primarily powered by mitochondria, constituting 

about 90%–95% of all energy sources. Mitochondria originated in 

eukaryotic cells approximately 2 billion years ago and are be

lieved to have formed through endosymbiosis [1, 2]. The widely 

accepted theory suggests that modern organelles evolved from 

bacteria and play crucial roles in metabolism, calcium regula

tion, and cell death. Owing to the liver's critical function and the 

increasing prevalence of liver injury and failure, liver transplan

tation has gained popularity in clinical practice [3]. Ischemia- 

reperfusion injury (IRI) is a clinical condition characterized by 

cellular damage following organ ischemia and hypoxia, exacer

bated upon reoxygenation. During the liver transplantation, IRI 

occurs inevitably in the process of harvesting, storage, and reper

fusion, which is one of the important causes of complications 

and death in liver transplant patients. Hepatic ischemia- 

reperfusion injury (HIRI) can be classified as hot or cold 

according to the temperature at which it occurs. Hot ischemia- 
reperfusion is most likely to occur in cases of portal embolism, 
hepatic resection, and shock, whereas the cold ischemia- 
reperfusion process usually occurs during perfusion and the 
preservation of the donor liver [4, 5]. The pathogenesis of HIRI is 
complex and complicated, involving a variety of important physi
ological activities such as inflammatory responses, oxidative 
stress, mitochondrial damage, lipid peroxidation, endoplasmic 
reticulum stress, inflammatory factor release, neutrophil infiltra
tion, calcium overload, cellular autophagy, and apoptosis.

HIRI significantly impairs mitochondrial function, leading to 
severe damage to the cytoskeleton, membrane structure, and 
overall cell function, with profound consequences for metabolic 
and physiological processes. Mitophagy encompasses multiple 
signaling pathways, with particular focus on the extensively 
studied PINK1/Parkin pathway and other non-PINK1/Parkin- 
dependent pathways [6]. Impaired function of the mitochondrial 
membrane permeability transition pore (MPTP) affects the degree 
of HIRI [7]. Mitochondrial DNA (mtDNA), believed to have bacte
rial origins, is released into the cellular matrix following 
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ischemia-reperfusion, triggering the body's immune response, 
and exacerbating cellular damage [8]. Mitochondrial fusion and 
fission play a crucial role in regulating mitochondrial quality [9, 
10]. The role of B lymphocytoma-2 (Bcl-2) family in regulating ap
optosis and HIRI cannot be ignored either. A study showed that 
Bcl-2 overexpression can reduce the degree of HIRI [11]. An in- 
depth understanding of the mechanism of mitochondria in HIRI 
is hopeful to provide treatment options for reducing IRI caused 
by liver resection or liver transplantation, and improve the treat
ment effect and prognosis of patients. This article will review the 
mechanism of mitochondria in HIRI and the clinical research 
progress of drugs for the treatment of HIRI from the above 
five aspects.

Mitochondrial autophagy and HIRI
The development of HIRI involves many kinds of cell death, with 
necrosis being the predominant death pathway; however, pro
grammed cell death pathways such as apoptosis, ferroptosis, and 
cell scorching are also involved [12, 13]. Cell death associated 
with autophagy, a crucial biological mechanism, encapsulates 
damaged components through vesicle formation. It, then, fuses 
with lysosomes to form autolysosomes, facilitating the degrada
tion of cytoplasm and organelles. This process supports cell me
tabolism and organelle renewal. Mitophagy eliminates excess or 
malfunctioning mitochondria, preserving the balance of mito
chondrial quantity and mass, being critical for the functional in
tegrity of the entire mitochondrial network and cell survival. The 
liver exhibits a high level of mitophagy. During the progress of 
ischemia-reperfusion, the regulation of mitochondrial autophagy 
and mitochondrial membrane stability are closely related. It has 
been shown that maintaining mitochondrial function by regulat
ing mitochondrial autophagy can play a role in protecting hepa
tocytes and reducing HIRI [13, 14].

PINK1-Parkin signaling pathway in mitophagy
Mitophagy encompasses various signaling pathways, e.g. PINK1- 
Parkin, BNIP3/NIX, and FUNDC1, with the PINK1-Parkin pathway 
being a major concern of current research. Phosphatase and ten
sin homolog-induced putative kinase 1 (PINK1) is a protein kinase 
encoded by the PARK6 gene. PINK1 exhibits broad expression in 
human cells, particularly in high energy-consuming organs. 
Parkin, encoded by the PRKN gene, is exceptionally large at 1.38 
million base pairs, making it one of the largest genes in humans. 
Human Parkin is a 465-amino acid protein serving as an E3 ubiq
uitin ligase. It mediates the attachment of ubiquitin molecules to 
target proteins, marking them for protease-mediated degrada
tion. Ubiquitin-mediated mitochondrial autophagy relies on the 
interaction between PINK1 and Parkin. PINK1 primarily resides in 
the outer mitochondrial membrane and is continually recruited 
to the inner mitochondrial membrane under normal conditions. 
It is then rapidly degraded by the ubiquitin-proteasome system 
[15]. In case of mitochondrial damage, the mitochondrial mem
brane potential decreases, hindering the translocation of PINK1 
into the inner mitochondrial membrane, resulting in its accumu
lation within the outer mitochondrial membrane [16]. The accu
mulated PINK1 in the outer mitochondrial membrane undergoes 
autophosphorylation, allowing for the replenishment of Parkin in 
the damaged mitochondrial outer membrane and activating the 
ubiquitin ligase function of Parkin. Parkin can ubiquitinate mito
chondrial outer membrane proteins, and substrates of Parkin 
such as mitofusin (Mfn), mitochondrial Rho GTPase (Miro), and 
voltage-dependent anion channels (VDAC) are polyubiquitinated. 
This is because its E3 ligase activity is recognized by an adaptor 

protein that is anchored to microtubule-associated protein 1A/1B 
light chain 3 (LC3) in the phagosome. LC3 facilitates mitophagy 
by transporting ubiquitinated mitochondria to autophagosomes. 
As a key protein for autophagosome generation and a marker 
protein on the autophagosome membrane, it is of significance for 
responding to the autophagic process. The receptor-mediated 
clearance of mitochondrial phagocytosis involves the Bcl-2 fam
ily of proteins, and these mitochondrial phagocytosis receptors 
are localized to the outer mitochondrial membrane and interact 
with LC3 to initiate mitochondrial autophagy and degradation 
[17, 18] (Figure 1).

Under normal physiological conditions, cells eliminate dam
aged or dysfunctional mitochondria through autophagy. 
However, during ischemia-reperfusion events, mitochondrial 
autophagy exhibits a dual nature. During ischemia, rational mi
tochondrial autophagy effectively repairs damaged mitochon
dria, suppressing the release of substantial amounts of reactive 
oxygen species (ROS), cytochrome C (cyt-C), and other pro- 
apoptotic substances [19]. Following the initial hypoxic state, 
during reperfusion, a specific amount of ROS directly damages 
mitochondria, leading to oxidative stress and the activation of 
PINK1/Parkin pathway-mediated autophagy, resulting in severe 
cellular damage [20].

Although nutrient depletion during prolonged ischemia is the 
trigger for autophagy, the energy deficiency that accompanies 
autophagy is the main factor in its impairment. The absence of 
adenosine triphosphate (ATP) may prevent the formation of 
autophagic vesicles and inhibit mitochondrial autophagy [21]. 
Moreover, the presence of PINK1 and Parkin inhibits ATP deple
tion, enhancing the effect of supplementation-induced apoptosis. 
In other words, mitochondrial stability can be maintained by reg
ulating related factors such as PINK1 and Parkin, thus, mitigating 
the damage suffered by the liver during the ischemia-reperfusion 
phase due to mitochondrial dysfunction [22].

AMPK pathway in mitophagy
The PINK1/Parkin pathway is widely studied, whereas the AMPK 
pathway is an alternative regulator of mitophagy. AMPK is a vital 
kinase for regulating energy homeostasis and plays a central role 
in biological energy metabolism. It is present in multiple signal
ing pathways and can be activated by various physiological stim
uli. AMPK activation suppresses mTOR complex 1 (mTORC1) by 
targeting the Ser555 site of the Unc-51-like autophagy-activated 
kinase 1 (ULK1) complex, initiating autophagic vacuole forma
tion, signifying the commencement of autophagy [23, 24]. 
Simultaneously, AMPK regulates the generation of new mito
chondria via PGC-1α transcription [25]. This dual regulatory pro
cess by AMPK enables newly formed mitochondria to replace 
dysfunctional ones, achieving a “mitochondrial purification 
effect” critical in numerous physiological and pathological pro
cesses. The activation of the AMPK/ULK1 pathway by isoflurane 
significantly attenuates HIRI, while the inhibition of AMPK phos
phorylation exacerbates liver injury and oxidative stress in 
ischemia-reperfusion injured mice [26, 27]. In previous studies, 
Genipin was shown to upregulate hepatocyte mitochondrial 
autophagy in a PINK1-dependent manner during ischemia- 
reperfusion injury; inhibition of sirtuin 1 (SIRT1) was observed to 
decrease AMPK phosphorylation and diminish the effect of 
Genipin on HIRI [28, 29]. SIRT1 is an NADþ-dependent type III 
protein deacetylase known for its role in regulating hepatic lipid 
metabolism and inflammation, promoting autophagy, and re
storing mitochondrial quantity and membrane potential [30]. 
SIRT1 is thought to induce mitochondrial autophagy by directly 

2 | Y. Zhou et al.  



deacetylating the Mfn2 located in the outer mitochon
drial membrane.

Other factors in mitophagy
Mitochondrial autophagy process involves various pathways. For 
example, Zhou et al. [31] demonstrated that the knockdown of 
the CCAAT/enhancer binding protein homolog (CHOP) reduces 
hepatocyte death during HIRI. CHOP deletion also enhances mi
tochondrial autophagy by upregulating dynamin-related protein 
1 (Drp1) and BECN1 expression in mice after ischemia- 
reperfusion. In addition, NIP3-like protein X (Nix) is a significant 
mediator of mitochondrial autophagy. It binds to LC3 as an auto
phagosome receptor through phosphorylation at Ser34/35, or it 
recruits the autophagy-related gene (Atg8) protein family to dam
aged mitochondria, inducing autophagy [32]. Moreover, Kr€uppel- 
like factor 10 (KLF10) serves as a transcriptional regulator and a 
key component of the TGF-β pathway. KLF10 is intricately linked 
with oxidative stress, autophagy, and IRI, and also plays an im
portant role in a variety of liver diseases [33]. KLF10 diminishes 
apoptosis by directly activating mitochondrial autophagy 
through binding to the promoter of Parkin, thus, alleviating HIRI. 
Under oxidative stress, HIF-1α initiates KLF10 transcription by 
binding to the promoter of KLF10, facilitating mitochondrial 
autophagy through the HIF-1α/KLF10/Parkin axis to reduce apo
ptosis and HIRI. Knockdown of KLF10 reduced mitochondrial 
autophagy in mouse HIRI model, exacerbating liver function im
pairment, highlighting the clinical translational value of KLF10. 
Whereas, high KLF10 expression can expedite liver function re
covery following liver transplantation, which has some clinical 

application prospects. Zheng and colleagues [34] demonstrated 
that as liver injury improved, mesenchymal stem cells (MSCs) 
demonstrated the ability to regulate mitochondrial mass in a 
HIRI mouse model and L02 hepatocyte hypoxia/reoxygenation 
model. MSCs can reduce the overproduction of mitochondrial 
ROS, restore the antioxidant system, minimize the buildup of mi
tochondrial debris, boost ATP production, and enhance mitoph
agy. Furthermore, they observed that MSCs reversed the 
decrease in Parkin and PINK1 expression and the inactivation of 
the AMPK pathway in the HIRI model. In other words, MSCs pro
vide hepatoprotective effects during HIRI by enhancing PINK1- 
dependent mitochondrial autophagy.

Application of clinical drugs to mitophagy
Some of the drugs that affect mitochondrial autophagy and their 
mechanisms are listed in Table 1. It is essential to noted that 
while these drugs have received some research support, the 
mechanisms and effects of drugs may be different in different 
individuals or under different experimental conditions. 
Therefore, further studies are required to enhance our under
standing of these mechanisms.

Opening of the mitochondrial MPTP and HIRI
The autophagy described above is a component of apoptosis. Will 
the mitochondrial membrane potential change during apoptosis? 
The answer is yes. The mitochondrial membrane contains nu
merous channels regulating material transport, collectively re
ferred to as the voltage-dependent MPTP. It is a group of 

Figure 1. Mitochondrial autophagy. In the presence of elevated ROS, mtDNA mutations, chemical toxicant release, and nutrient deficiency, OMM 
depolarizes and PINK1 accumulates in the OMM, activating Parkin to ubiquitinate outer membrane proteins. LC3 transports the ubiquitinated 
mitochondria to the autophagosome and thereby mediates mitochondrial autophagy. Genipin and MSCs positively regulate the PINK1-Parkin pathway. 
AMPK activates the Ser555 site of ULK1 by inhibiting mTORC1, which contributes to autophagic vacuole formation, and SIRT1 facilitates this process. 
mtDNA ¼mitochondrial DNA, ROS ¼ reactive oxygen species, OMM ¼ outer mitochondrial membrane, IMM ¼ inner mitochondrial membrane, MSCs ¼
mesenchymal stem cells, AMPK ¼ Adenosine 50-monophosphate (AMP)-activated protein kinase, VDAC ¼ voltage-dependent anion channels, LC3 ¼
light chain 3, Nix ¼ NIP3-like protein X, ULK1 ¼ Unc-51-like autophagy initiation kinase 1.
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nonspecific protein complexes present between the inner and 

outer mitochondrial membranes. The outer mitochondrial mem

brane contains various pore proteins, each featuring a channel 

permitting molecules weighing <5 kDa to pass. This channel 

facilitates the transport of large mitochondrial membrane trans

fer proteins [53]. Upon stimulation by apoptosis signals, the mito

chondrial MPTP channel opens, resulting in heightened 

mitochondrial membrane permeability and a decline in the mito

chondrial trans-membrane potential. MPTP is deactivated during 

ischemia and reactivated during reperfusion, earning it the name 

“apoptotic switch” due to its dynamic behavior [54–56]. 

Mechanisms associated with HIRI, including oxidative stress, cal

cium overload, and specific signal pathways linked to mitophagy, 

are connected to the opening of the mitochondrial MPTP. We will 

provide an overview of each of these below.

Oxidative stress and MPTP
In hepatic ischemia-reperfusion, substantial ROS production 

occurs, leading to changes in the mitochondrial trans-membrane 

potential and the opening of the MPTP [57]. ROS can interact with 

polyunsaturated fatty acids in biological membranes, resulting in 

the generation of highly reactive molecules. This process leads to 

lipid peroxidation and the release of harmful aldehydes such as 

4-hydroxynonenal and malondialdehyde. These compounds can 

significantly disrupt normal apoptotic signaling pathways and 

cause destruction [58–60]. Studies on ferroptosis in recent years 

have shown that iron has a catalytic effect on ROS formation and 

can stimulate MPTP opening to induce apoptosis. During ische

mia, Fe2þ is released from intracellular lysosomes and trans

ported into mitochondria through the unidirectional transporter 

protein complex. The results in iron overload and upon reperfu

sion with hydrogen peroxide, a significant amount of hydroxyl 

radicals is generated. These radicals damage mtDNA, proteins, 

and cell membranes, ultimately causing MPTP opening and apo

ptosis. In addition, Nakazato et al. [61] indicated that protein ki

nase C has a strong indirect elevating effect on nuclear 

transcription factor kappa B (NF-κB) activation and ROS produc

tion, thus, promoting MPTP opening.

Calcium overload and MPTP
Calcium (Ca2þ), a crucial cellular signaling molecule, serves as a 

ubiquitous second messenger and a cofactor for various 

enzymes. It plays a significant role in maintaining intracellular 

homeostasis. Mitochondria and endoplasmic reticulum are the 

primary sites for the rapid and localized release of calcium dur

ing specific signaling processes. The mitochondrial trans- 

membrane potential reflects the state of calcium ion accumula

tion [62]. Excessive calcium accumulation will disrupt cellular 

homeostasis and initiate a cascade of cellular damage. Ca2þ

transportation in mitochondria is mediated by three structures: 

the Ca2þ mitochondrial calcium uniporter (MCU), the Naþ/Ca2þ

exchanger (NCLX), and the Ca2þ/Hþ reverse transporter protein 

(Letm1) [63]. When ischemia and hypoxia occur, the functions of 

all three transporters are compromised, leading to the calcium 

overload. Ischemia and hypoxia increase cell membrane perme

ability, causing intracellular Ca2þ accumulation. Upon reperfu

sion with oxygen, the MPTP opens and releases large amounts of 

stored calcium ions, triggering apoptosis. Several studies have 

explored the connection between Ca2þ and MPTP. Some 

researchers have proposed that hypoxia interferes with oxidative 

phosphorylation to impede ATP production, leading to Ca2þ over

load. This, in turn, exacerbates lipid peroxidation and further 

attenuates the oxidative phosphorylation process, establishing a 

positive feedback loop that depletes ATP [64]. Concurrently, ex

cessive Ca2þ overload increases the extent of mitochondrial Naþ/ 

Ca2þ exchange and inactivation states, resulting in a higher Ca2þ

concentration that is adequate to induce MPTP opening, conse

quently compromising mitochondrial membrane integrity [65, 

66]. A large number of mitochondria can be found near the site of 

calcium release, allowing for precise control of local ion concen

tration and ensuring effective regulation of local calcium 

effects [67].

Table 1. Some drugs that affect mitophagy and their effects

Drugs Regulated  
molecules/ 
ions/genes

Methods Effects on  
mitochondrial  
autophagy

References

Rapamycin mTOR, Bcl-2,  
Fas-mRNA,  
cyt-c, ULK1

"Bcl-2 mRNA level 
#Fas-mRNA level; #cyt-C; reduces mtDNA dam

age; #mTORC1 activity, "ULK1 activity and 
promotes autophagic vesicle formation 

Promote [28, 35–38]

Metformin AMPK Obstructs MRCC, activates AMPK pathway Promote [39–41]
CCCP AMPK, PINK1/Parkin Disrupts the mitochondrial electrochemical gra

dient and activates the PINK1/Parkin pathway
Promote [42]

Mdivi-1 Drp-1 (Ser616),  
caspase-3, cyt-C

#mitochondrial Drp-1 
protein level; #mtDNA fragmentation; 
#caspase-3 protein 
level; #cytochrome C protein 
and mRNA levels 

Suppress [43–47]

Valinomycin AMPK, Kþ Interferes with Kþ balance and promotes mito
chondrial swelling

Promote [48]

Chloroquine Hþ inhibits lysosomal acidification and interferes 
with the degradation of mitochondria by 
autophagosomes.

Suppress [49, 50]

Oxaliplatin mtDNA, ion pump Binds to mtDNA and leads to mtDNA damage; 
produces ROS; interferes with mem
brane potential

Promote [51, 52]

MRCC ¼mitochondrial respiratory chain complex, CCCP ¼ carbonyl cyanide-m-chlorophenylhydrazone, mtDNA ¼mitochondrial DNA, ROS ¼ reactive oxygen 
species, AMPK ¼ Adenosine 5’-monophosphate (AMP)-activated protein kinase, Drp1 ¼ dynamin-related protein 1, mTOR ¼mechanistic target of rapamycin, ULK1 
¼ Unc-51-like autophagy initiation kinase 1.
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PINK1-Parkin signaling pathway and MPTP
It has been suggested that alterations in mitochondrial trans
membrane potential can serve as a precursor to autophagy 
PINK1 can accumulate on the outer mitochondrial membrane, 
initiating the selective translocation of Parkin, which contributes 
to autophagy and effectively eliminates scathing mitochondria 
[68]. Zhou and Zhang [27] found that melatonin blocked mito
chondrial autophagy-mediated cell death by inhibiting the open
ing of MPTP and suppressing the activation of PINK1/Parkin. 
Rodriguez-Enriquez et al. [69] found that starvation-induced mi
tochondrial autophagy could be inhibited by the MPTP opening 
inhibitor ciclosporin A (CsA) in hepatocytes cultured In vitro. 
Recent studies have revealed that the expression level of MPTP 
can be significantly reduced by inhibiting the expression of the 
mouse Prif gene (the gene encoding procyclin D [CypD]) [70].

The mitochondrial permeability transition cycle involves 
MPTP switching, mitochondrial membrane polarization, and the 
resting phase. The interplay between these cycles significantly 
impacts the pathological response of hepatocytes in ischemia- 
reperfusion. It was shown that ginsenoside Rg1 modulates the 
opening and closing of MPTP by inhibiting CypD protein expres
sion. This inhibition curtails the mitochondrial apoptotic path
way, ultimately mitigating HIRI. Furthermore, Rg1 inhibits 
excessive mitochondrial autophagy during the reperfusion phase 
by partially suppressing CypD protein expression levels. This sta
bilization of the mitochondrial trans-membrane potential, fur
ther limits the PINK1-Parkin signaling pathway-mediated 
mitophagy [71]. In summary, proper mitochondrial permeability 
transition cycle regulation can help exert the defense role of 
mitophagy, maintain mitochondrial stability, and alleviate hepa
tocyte death during ischemia-reperfusion injury.

Damage and release of mtDNA in HIRI
The MPTP regulates the passage of certain ions in and out of mi
tochondria, raising the question of how mtDNA, originally lo
cated within mitochondria, can be damaged and released. This 
issue remains a subject of ongoing investigation. Since mtDNA 
may have originated from bacteria, it is perceived as “foreign” 
material within the cell, distinct from the cell's own DNA. A 
study has noted that mtDNA exhibits lower levels of methylation 
when compared with nuclear DNA [72]. mtDNA is situated in the 
mitochondrial matrix, making it particularly vulnerable to oxida
tion by ROS in the electron transport chain. This oxidative stress 
can result in mtDNA mutations. The occurrence of HIRI is inex
tricably linked to the destruction of mtDNA. Studies have 
reported that both mitochondrial number and mtDNA content 
decrease during HIRI [29, 73]. Genetic mutations or absence of 
mtDNA disrupt the respiratory chain, impacting mitochondrial 
energy metabolism and ultimately leading to severe liver injury. 
HIRI causes oxidative stress, resulting in a decrease in mitochon
drial potential and a decrease in the activity of the internal mito
chondrial enzyme system, which in turn induces the release of 
mtDNA. However, the excessive release of mtDNA and the ensu
ing inflammatory response usually form a vicious circle, aggra
vating the degree of ischemia-reperfusion injury. DNA 
fragmentation occurs when intracellular levels of ROS are ele
vated. However, mtDNA lacks protection from histones and lacks 
an effective DNA repair mechanism. Therefore, they are continu
ously exposed to the ROS environment, which enhances their de
structive capacity and consequently reduces ATP production 
[74]. The damage to mtDNA results in the release of cyt-C from 
mitochondria into the cytoplasm, subsequently inducing 

apoptosis in hepatocytes. As the duration of ischemia lengthens, 
the expression of cyt-C increases and intensifying the degree of 
apoptosis. In a study by Guo et al. [75], there were 62 mutant sites 
in the mtDNA D-loop region in HIRI. This highlights the high sen
sitivity of mtDNA to ischemia and hypoxia, with mutation rates 
increasing with prolonged ischemia. Furthermore, mutations in 
the mtDNA D-loop region will be bound to affect the transcrip
tion and replication of mtDNA, worsening hepatic injury [76]. 
During HIRI, the cessation of ATP synthesis during ischemia can 
lead to mitochondrial oxidative stress and mtDNA alkylation 
damage. These damages will be further aggravated with reperfu
sion (Figure 2). Alkylation damage primarily results from the in
teraction of oxides produced during mitochondrial oxygen 
consumption with deoxyribose and its bases in mtDNA. This type 
of DNA damage is common. Alkylation damage can impair 
mtDNA replication and transcription, disrupting the regular epi
static regulation of ATP synthesis-related proteins synthesized 
by mitochondrial genes. This disruption inhibits ATP synthesis 
and worsens hepatocyte injury. In addition, mtDNA damage can 
also give rise to spontaneous mitochondrial rupture, which in 
turn contributes to the massive release of cytokines and an exac
erbation of inflammatory responses, thus, aggravating HIRI. DNA 
polymerase γ is a key element in mtDNA reconstruction as the 
level of its mRNA expression serves as an indicator of the extent 
of mtDNA damage.

In response to the role of mtDNA in HIRI, we may consider set
ting about developing some targeted therapeutic drugs in this di
rection. Rapamycin has the capacity to reduce mtDNA base 
damage and low the DNA mutation rate. It also effectively sup
presses the overexpression of mtDNA polymerase γ mRNA in 
HIRI, ensuring normal mtDNA replication, translation, and tran
scription. Furthermore, it enhances mtDNA repair and mitigates 
hepatocyte apoptosis. These combined effects reduce the extent 
of hepatocyte injury during ischemia-reperfusion [28, 35]. 
Aberrant mtDNA release as a driver or participant in disease is 
implicated in a wide variety of pathological processes. Gaining 
insights into how mtDNA specifically excludes mitochondria, for 
example, whether it can be associated with MPTP, will provide us 
with new therapeutic avenues.

Mitochondrial fission
The human body is a dynamic and balanced system. It possesses 
a regulatory capacity in response to external stimuli, however, 
surpassing its limits can result in pathological injury. The previ
ously mentioned mitochondrial damage occurs due to the dis
ruption of the initially normal physiological processes after 
ischemia-reperfusion. Mitochondria keep their dynamic renewal 
and homeostasis by fission and fusion, and either redundant mi
tochondrial fission or reduced mitochondrial fusion will cause 
variations of mitochondrial dynamics that affect mitochondrial 
function and have a negative impact on HIRI [77–79]. Following 
mitochondrial division, damaged organelle fragments fuse with 
each other to form a reticular system to renew damaged mtDNA. 
Excessive fission initiates the mitochondrial apoptotic pathway, 
leading to a lack of mitochondrial stability and enzymatic activ
ity in hepatocytes. This imbalance in the energy metabolism of 
hepatocytes exacerbates ischemia-reperfusion injury [65]. It has 
been indicated that there is a positive feedback interrelationship 
between cyt-C release and mitochondrial fission, and the two 
promote each other [80]. According to the study, mitochondrial 
dynamics perhaps have to do with the regulation of Drp1, mito
chondrial fission protein 1 (Fis1), Mfn1/2, and mitochondrial 

Mitochondria in hepatic ischemia-reperfusion injury | 5  



fission factor (Mff) [81]. Drp1 is a critical protein for mitochon
drial division, and it is primarily located in the cytoplasm. 
Following translational modification in the cytoplasm, Drp1 will 
be transferred to the outer mitochondrial membrane, where it 
interacts with Mff, mitochondrial dynamic proteins (Mid49, 
Mid51), and Mfn1 to mediate the division of the outer membrane 
[80, 82, 83]. Interruption this pathway shields hepatocytes from 
IRI-induced apoptosis [84]. Mitochondrial fusion is thought to be 
a defense response in which two mitochondria merge into one to 
enhance their resistance properties. Mitochondrial fusion con
sists of outer membrane fusion mediated by Mfn1 and Mfn2 in 
the outer mitochondrial membrane and inner membrane fusion 
facilitated by the inner membrane protein optic atrophy 1 (OPA1) 
in the inner mitochondrial membrane (Figure 3). Likewise, the 
Ser616 phosphorylation of Drp1 contributes to mitochondrial di
vision and phosphorylation at the Ser637 site leads to apoptosis. 
The compound DK1/cyclin B has positive effects on Drp1 phos
phorylation at the Ser616 site. In contrast, hepatic stimulation 
substance significantly inhibits the expression of cyclin- 
dependent kinase 1 (CDK1) and Bax, which reduces Drp1 phos
phorylation at the Ser616 site and releases cyt-C to resist HIRI 
[84]. Phosphorylation of the Drp1 Ser637 site by protein kinase A 
extends the mitochondrial length and inhibits apoptosis. 
Whereas, dephosphorylation of the Drp1 Ser637 site by calci
neurin promotes the fragmentation of mitochondria [85].

Mitochondrial fission can also lead to the accumulation of in
tracellular free radicals and the activation of autoimmune 
responses, causing inflammatory responses and hepatocyte apo
ptosis and contributing to the development and progression of 
hepatic IRI. Hence, controlling and regulating mitochondrial 
quantity and homeostasis in hepatocytes with the use of mito
chondrial protective agents or anti-mitochondrial fission drugs 

could emerge as a new way to treat HIRI. For example, it has 
been reported that augmenter of liver regeneration can inhibit 
the phosphorylation of Drp1 to exert a protective effect, while 
ubiquitin-like modification (SUMOylation) can promote Drp1 ac
tivation to accelerate mitochondrial division [86]. It has been con
firmed that the hormone irisin could protect mice from HIRI by 
inhibiting Drp1 and Fis1, increasing mitochondrial biogenesis, 
and suppressing apoptosis [87].

Regulation of HIRI by Bcl-2 family proteins
Exploring these mitochondrial destruction mechanisms reveals 
that mitochondrial matrix swelling, loss of endosomal cristae, 
and the disintegration of the endosomal membrane caused by 
damage result in changes in membrane permeability. This leads 
to the release of apoptosis-related proteins, including cyt-C (a 
trigger of apoptosis), into the cytoplasm [88, 89]. Consequently, 
this triggers the cascade reaction of aspartate-specific cysteine 
proteases (Caspases), initiating intrinsic apoptosis [90, 91]. This 
represents a classical apoptotic pathway, functioning as both the 
upstream pathway of mitochondrial apoptosis and a central ele
ment in the Caspase pathway [92]. The Caspase family operates 
in the later stages of apoptosis regulation, with their heightened 
expression and activation playing a crucial role in governing mi
tochondrial apoptotic signaling pathways [93, 94]. The Bcl-2 fam
ily is closely associated with the regulation of apoptosis and 
participates in the pathogenesis of different kinds of diseases, in
cluding HIRI. It was found that Bcl-2 can effectively inhibit up
stream Caspase protease activity, thus diminishing apoptosis 
[95]. Bcl-2 and Bcl-xl are significant proteins that inhibit and re
duce the level of apoptosis and subsequently reducing the extent 
of cell injury. In contrast, Bax and Bak are beneficial to apoptosis. 

Figure 2. Factors affecting mtDNA release and the impact on HIRI. During ischemia and hypoxia, mitochondrial DNA is fragmented, exposing mtDNA 
to ROS for a long time and DNA break, which on the one hand allows cyt-C to be released from the mitochondria and on the other hand mutations 
occur in the D-Loop region, affecting gene expression and ATP production. In addition, the mtDNA undergoes rupture, and cytokines are released, 
allowing for the intensification of the inflammatory response. mtDNA ¼mitochondrial DNA, ROS ¼ reactive oxygen species, cyt-C ¼ cytochrome C, 
HIRI ¼ hepatic ischemia-reperfusion injury.
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Bax, as an important component of mitochondrial membrane 
channels, can activate Caspase-9 on mitochondrial membranes, 
enhancing Caspase-3 activity and expediting the onset of apopto
sis. Under normal conditions, Bcl-xl binds to apoptosis protease- 
activating factor 1 (Apaf-1) so that Apaf-1 is not involved in the 
activation of Pro-caspase-9 [96]. Bax interacts with Bcl-xl when 
cells are stimulated by death signals, removing the inhibitory ef
fect of Bcl-xl on Apaf-1. This leads to the release of cyt-C from 
mitochondria, its binding to Apaf-1, and the replacement of ADP 
with ATP/dATP, activating Apaf-1 free in the cytoplasm. In turn, 
Pro-caspase-9 is activated by its hydrolysis to become caspase-9. 
The apoptosome is made up of cyt-C, Apaf-1, and Caspase-9. 
Caspase-9 gets activated by its self-splicing and then it triggers 
the Caspase cascade reaction, which continues to activate mem
bers of Caspase-3, 6, and 7 with the help of dATP and ATP so that 
apoptosis is allowed to proceed [97] (Figure 4).

In the mechanism of mitochondria-mediated apoptosis, Bcl-2 
family proteins can not only effectively alter the permeability of 
mitochondria and form pores to expel substances from mito
chondria but also activate the activity of mitochondrial MPTP, ef
fectively boosting the release of apoptosis-associated proteins. 
Yang et al. [98] found that pre-treatment with octreotide reduced 
the activity of mitochondrial metabolic enzymes and alleviated 
HIRI, which includes NADH2 dehydrogenase and prolyl phos
phate isomerase. Their previous study also indicated that the 
protective mechanism of octreotide is probably related to the de
crease in endotoxin levels, the downregulation of inflammatory 
cytokines (TNF-α and IL-1β), the inhibition of hepatocyte apopto
sis, and the Bcl-2/Bax-mediated mitochondrial apoptotic path
way [99]. Lin et al. [100] reported that SLC25A10 participates in 
the mitochondrial apoptotic signaling pathway by regulating Bcl- 
2A1 and baculoviral IAP repeat containing 2 (BIRC2). This regula
tion reduces the release of cyt-C from mitochondria, and inhibits 
the activation of downstream signaling pathways. Inhibiting Bcl- 
2, an inhibitor of apoptosis, reduces ATP production by suppress
ing the tricarboxylic acid cycle and mitochondrial respiration 
[101]. It has been shown that Rapamycin has a prominent role in 
reconstruction by inhibiting the activation of several cytokines, 
suppressing the expression of the pro-apoptotic gene Fas-mRNA, 

and promoting the expression of the apoptosis-inhibiting gene 
Bcl-2 mRNA to protect the outer mitochondrial membrane from 
damage. Rapamycin inhibits the release of cyt-C, produces intra
cellular antioxidant effects, inhibits apoptosis, maintains the 
normal structural function of mitochondria, reduces respiratory 
chain dysfunction brought about by hypoxia in ischemia- 
reperfusion, and enhances cellular adaptation to hypoxic envi
ronments [28, 35].

Summary and future perspectives
The current study has improved our comprehension of the role 
of mitochondria in HIRI. Mitochondria are intricately involved in 
numerous metabolic and signaling pathways within the human 
body. This article only briefly discusses the regulation of mitoph
agy, MPTP, mtDNA damage, and Bcl-2 family. The regulatory 
genes, proteins, and signaling molecules involved in each mecha
nism are interconnected and interact extensively. Besides the 
molecules discussed in this article, numerous other regulatory 
factors, such as PGC-1α, play roles in mitochondrial biogenesis 
and cellular adaptation [102]. Currently, drugs targeting PGC-1α, 
like honokiol, have demonstrated the potential to mitigate 
ischemia-reperfusion by modulating the AMPK/PCG-1α/SIRT3 
pathway [103]. Other natural substances have also been shown 
to have protective effects on mitochondrial function. Perhaps we 
can not only study small molecule drugs and protein drugs but 
also look for natural macromolecular compounds as much as 
possible [104, 105].

For patients with liver failure and liver injury, In vitro mito
chondrial transplantation may be a good option alongside drug 
therapy and organ transplantation [106–108]. In addition, instru
mental perfusion can detect mitochondrial function and related 
markers, and the use of mechanical perfusion to mitigate mito
chondrial damage can improve graft function to some extent 
[109]. Utilizing oxygenated solution flushing during liver trans
plantation to buffer against hypoxia and mitigate mitochondrial 
damage may be an effective intervention to mitigate IRI. At a 
time when the organ donor pool is in such short supply, we need 
to make more breakthroughs in the mechanism of ischemia- 

Figure 3. Mitochondrial fission and fusion. Drp1, Mff, Mid49, Mid51, and Fis1 in the OMM interact with each other to cause mitochondrial fission. OPA1 
is located in the IMM and mediates fusion. HSS can inhibit the expression of DK1/cyclin B and suppress the phosphorylation of Drp1 at the Ser616 site 
to inhibit mitochondrial fission. Drp1 ¼ dynamin-related protein 1, Mff ¼mitochondrial fission factor, Mfn ¼mitochondrial fusion protein, Fis ¼
mitochondrial fission protein, Mid49/51 ¼mitochondrial dynamin49/51, OPA1 ¼ optic atrophy 1, OMM ¼ outer mitochondrial membrane, IMM ¼ inner 
mitochondrial membrane, HSS ¼ hepatic stimulation substance, AMPK ¼ Adenosine 50-monophosphate (AMP)-activated protein kinase.
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reperfusion occurrence in addition to expanding the standard do
nor. And the study of mitochondria is undoubtedly an important 
avenue, especially the study of key molecules in its biogenesis, 
adaptation, and mass regulation and kinetic modulation. In the 
future, a large number of studies are still needed to substantiate 
hypotheses and establish a therapeutic foundation for mitigat
ing HIRI.

Funding
This study was supported by the National Natural Science 
Foundation of China [grant number 81870067, 82170664].

Conflicts of Interest
No conflict of interest, financial, or otherwise, are declared by all 
the authors.

References
1.00 Roger AJ, Mu~noz-G�omez SA, Kamikawa R. The origin and diver

sification of mitochondria. Curr Biol 2017;27:R1177–92.
2.00 Hampl V, �Cepi�cka I, Eli�a�s M. Was the mitochondrion necessary 

to start eukaryogenesis? Trends Microbiol 2019;27:96–104.
3.00 Bodzin AS, Baker TB. Liver transplantation today: where we 

are now and where we are going. Liver Transpl 2018;24:1470–5.
4.00 Cannistr�a M, Ruggiero M, Zullo A et al. Hepatic ischemia reper

fusion injury: a systematic review of literature and the role of 

current drugs and biomarkers. Int J Surg 2016;33(Suppl 

1):S57–70.

5.00 Zhai Y, Petrowsky H, Hong JC et al. Ischaemia-reperfusion in

jury in liver transplantation—from bench to bedside. Nat Rev 

Gastroenterol Hepatol 2013;10:79–89.
6.00 Tere�sak P, Lapao A, Subic N et al. Regulation of PRKN- 

independent mitophagy. Autophagy 2022;18:24–39.
7.00 Parks RJ, Murphy E, Liu JC. Mitochondrial permeability transi

tion pore and calcium handling. Methods Mol Biol 2018; 

1782:187–96.

8.00 Riley JS, Tait SW. Mitochondrial DNA in inflammation and im

munity. EMBO Rep 2020;21:e49799.
9.00 Wang L, Feng ZJ, Ma X et al. Mitochondrial quality control in 

hepatic ischemia-reperfusion injury. Heliyon 2023;9:e17702.

10.0 Adebayo M, Singh S, Singh AP et al. Mitochondrial fusion and 

fission: the fine-tune balance for cellular homeostasis. FASEB J 

2021;35:e21620.

11.0 Wu K, Ma L, Xu T et al. Protective effects against hepatic 

ischemia-reperfusion injury after rat orthotopic liver trans

plantation because of BCL-2 overexpression. Int J Clin Exp Med 

2015;8:13818–23.
12.0 Hirao H, Nakamura K, Kupiec-Weglinski JW. Liver ischaemia- 

reperfusion injury: a new understanding of the role of innate 

immunity. Nat Rev Gastroenterol Hepatol 2022;19:239–56.
13.0 Hu C, Zhao L, Zhang F et al. Regulation of autophagy protects 

against liver injury in liver surgery-induced ischaemia/reper

fusion. J Cell Mol Med 2021;25:9905–17.
14.0 Kong W-N, Li W, Bai C et al. Augmenter of liver regeneration- 

mediated mitophagy protects against hepatic ischemia/reper

fusion injury. Am J Transplant 2022;22:130–43.

15.0 Sekine S, Youle RJ. PINK1 import regulation; a fine system to 

convey mitochondrial stress to the cytosol. BMC Biol 2018;16:2.

Figure 4. Mitochondrial apoptosis pathway mediated by Bax/Bcl-xl and caspase family. Bax binds to Bcl-xl to free Apaf-1 in the cytoplasm and 
mitochondria release cytochrome C into the cytoplasm, making cytochrome C interact with Apaf1 to activate caspase 9. In addition, cytochrome C, 
Apaf-1, and caspase 9 together form the apoptosis body. With the help of ATP, they promote apoptosis to occur. SLC25A10 can reduce the release of 
cytochrome C from mitochondria, and it inhibits the activation of downstream signaling pathways by regulating Bcl-2A1 and BIRC2. Apaf-1 ¼
apoptosis protease-activating factor 1, SLC25A10 ¼ solute carrier family 25 member 10, BIRC2 ¼ baculoviral IAP repeat containing 2.

8 | Y. Zhou et al.  



16.0 Narendra D, Tanaka A, Suen D-F et al. Parkin is recruited selec

tively to impaired mitochondria and promotes their autoph

agy. J Cell Biol 2008;183:795–803.

17.0 Onishi M, Yamano K, Sato M et al. Molecular mechanisms and 

physiological functions of mitophagy. EMBO J 2021;40:e104705.
18.0 Palikaras K, Lionaki E, Tavernarakis N. Mechanisms of mitoph

agy in cellular homeostasis, physiology and pathology. Nat Cell 

Biol 2018;20:1013–22.
19.0 Frank M, Duvezin-Caubet S. Mitophagy is triggered by mild ox

idative stress in a mitochondrial fission dependent manner. 

Biochim Biophys Acta 2012;1823:2297–310.
20.0 Youle RJ, Narendra DP. Mechanisms of mitophagy. Nat Rev Mol 

Cell Biol 2011;12:9–14.
21.0 Han R, Liu Y, Li S et al. PINK1-PRKN mediated mitophagy: dif

ferences between in vitro and in vivo models. Autophagy 2023; 

19:1396–405.
22.0 Ning X-J, Yan X, Wang Y-F et al. Parkin deficiency elevates he

patic ischemia/reperfusion injury accompanying decreased 

mitochondrial autophagy, increased apoptosis, impaired DNA 

damage repair and altered cell cycle distribution. Mol Med Rep 

2018;18:5663–8.

23.0 Ge Y, Zhou M, Chen C et al. Role of AMPK mediated pathways 

in autophagy and aging. Biochimie 2022;195:100–13.
24.0 Kim J, Kundu M, Viollet B et al. AMPK and mTOR regulate 

autophagy through direct phosphorylation of Ulk1. Nat Cell Biol 

2011;13:132–41.
25.0 Mihaylova MM, Shaw RJ. The AMPK signalling pathway coordi

nates cell growth, autophagy and metabolism. Nat Cell Biol 

2011;13:1016–23.
26.0 Rao Z, Pan X, Zhang H et al. Isoflurane preconditioning allevi

ated murine liver ischemia and reperfusion injury by restoring 

AMPK/mTOR-mediated autophagy. Anesth Analg 2017; 

125:1355–63.

27.0 Zhou H, Zhang Y. Melatonin protects cardiac microvascula

ture against ischemia/reperfusion injury via suppression of 

mitochondrial fission-VDAC1-HK2-mPTP-mitophagy axis. J 

Pineal Res 2017;63:e12413.
28.0 L�opez-Royuela N, Balsas P, Gal�an-Malo P et al. Bim is the key 

mediator of glucocorticoid-induced apoptosis and of its poten

tiation by rapamycin in human myeloma cells. Biochim Biophys 

Acta 2010;1803:311–22.
29.0 Shin JK, Lee SM. Genipin protects the liver from ischemia/re

perfusion injury by modulating mitochondrial quality control. 

Toxicol Appl Pharmacol 2017;328:25–33.
30.0 Cho H-I, Seo M-J, Lee S-M. 2-Methoxyestradiol protects against 

ischemia/reperfusion injury in alcoholic fatty liver by enhanc

ing sirtuin 1-mediated autophagy. Biochem Pharmacol 2017; 

131:40–51.

31.0 Zhou S, Rao Z, Xia Y et al. CCAAT/Enhancer-binding protein 

homologous protein promotes ROS-mediated liver ischemia 

and reperfusion injury by inhibiting mitophagy in hepatocytes. 

Transplantation 2023;107:129–39.
32.0 Rodger CE, McWilliams TG, Ganley IG. Mammalian mitoph

agy—from in vitro molecules to in vivo models. FEBS J 2018; 

285:1185–202.
33.0 Shang J, Lin N, Peng R et al. Inhibition of Klf10 attenuates oxida

tive stress-induced senescence of chondrocytes via modulat

ing mitophagy. Molecules 2023;28:924.
34.0 Zheng J, Chen L, Lu T et al. MSCs ameliorate hepatocellular ap

optosis mediated by PINK1-dependent mitophagy in liver is

chemia/reperfusion injury through AMPKα activation. Cell 

Death Dis 2020;11:256.

35.0 Zhang Y, Zhang J-W, Lv G-Y et al. Effects of STAT3 gene silenc

ing and rapamycin on apoptosis in hepatocarcinoma cells. Int J 

Med Sci 2012;9:216–24.
36.0 Wu Y, Zhang J, Liu F et al. Protective effects of HBSP on ische

mia reperfusion and cyclosporine a induced renal injury. Clin 

Dev Immunol 2013;2013:758159.
37.0 Munivenkatappa R, Haririan A, Papadimitriou JC et al. Tubular 

epithelial cell and podocyte apoptosis with de novo sirolimus 

based immunosuppression in renal allograft recipients with 

DGF. Histol Histopathol 2010;25:189–96.
38.0 Campos-Acu~na J, P�erez F, Narv�aez E et al. Rapamycin-condi

tioned dendritic cells activated with monophosphoryl lipid-A 

promote allograft acceptance in vivo. Immunotherapy 2015; 

7:101–10.
39.0 Stein BD, Calzolari D, Hellberg K et al. Quantitative in vivo pro

teomics of metformin response in liver reveals AMPK- 

dependent and -independent signaling networks. Cell Rep 2019; 

29:3331–48 e7.

40.0 Demar�e S, Kothari A, Calcutt NA et al. Metformin as a potential 

therapeutic for neurological disease: mobilizing AMPK to re

pair the nervous system. Expert Rev Neurother 2021;21:45–63.
41.0 Hasanvand A. The role of AMPK-dependent pathways in cellu

lar and molecular mechanisms of metformin: a new perspec

tive for treatment and prevention of diseases. 

Inflammopharmacology 2022;30:775–88.
42.0 Lee S, Lee S, Lee S-J et al. Inhibition of mitoNEET induces Pink1- 

Parkin-mediated mitophagy. BMB Rep 2022;55:354–9.
43.0 Chuang Y-C, Lin T-K, Yang D-I et al. Peroxisome proliferator- 

activated receptor-gamma dependent pathway reduces the 

phosphorylation of dynamin-related protein 1 and ameliorates 

hippocampal injury induced by global ischemia in rats. J 

Biomed Sci 2016;23:44.
44.0 Li Y, Wang P, Wei J et al. Inhibition of Drp1 by Mdivi-1 attenu

ates cerebral ischemic injury via inhibition of the 

mitochondria-dependent apoptotic pathway after cardiac ar

rest. Neuroscience 2015;311:67–74.
45.0 Li Y-H, Xu F, Thome R et al. Mdivi-1, a mitochondrial fission in

hibitor, modulates T helper cells and suppresses the develop

ment of experimental autoimmune encephalomyelitis. J 

Neuroinflammation 2019;16:149.

46.0 Ma X, Xie Y. Post-ischemia mdivi-1 treatment protects against 

ischemia/reperfusion-induced brain injury in a rat model. 

Neurosci Lett 2016;632:23–32.
47.0 Wang J, Wang P, Li S et al. Mdivi-1 prevents apoptosis induced 

by ischemia-reperfusion injury in primary hippocampal cells 

via inhibition of reactive oxygen species-activated mitochon

drial pathway. J Stroke Cerebrovasc Dis 2014;23:1491–9.

48.0 Klein B, W€orndl K, L€utz-Meindl U et al. Perturbation of intracel

lular K(þ) homeostasis with valinomycin promotes cell death 

by mitochondrial swelling and autophagic processes. Apoptosis 

2011;16:1101–17.

49.0 Varisli L, Cen O, Vlahopoulos S. Dissecting pharmacological 

effects of chloroquine in cancer treatment: interference with 

inflammatory signaling pathways. Immunology 2020; 

159:257–78.
50.0 Al-Bari MAA. Co-targeting of lysosome and mitophagy in can

cer stem cells with chloroquine analogues and antibiotics. J 

Cell Mol Med 2020;24:11667–79.

51.0 Shi Y, Tang B, Yu P-W et al. Autophagy protects against 

oxaliplatin-induced cell death via ER stress and ROS in Caco-2 

cells. PLoS One 2012;7:e51076.
52.0 Kim S-Y, Song X, Zhang L et al. Role of Bcl-xL/Beclin-1 in inter

play between apoptosis and autophagy in oxaliplatin and 

Mitochondria in hepatic ischemia-reperfusion injury | 9  



bortezomib-induced cell death. Biochem Pharmacol 2014; 

88:178–88.

53.0 Zhang X, Lemasters JJ. Translocation of iron from lysosomes to 

mitochondria during ischemia predisposes to injury after re

perfusion in rat hepatocytes. Free Radic Biol Med 2013; 

63:243–53.

54.0 Wallimann T, Riek U, M€oddel M. Intradialytic creatine supple

mentation: a scientific rationale for improving the health and 

quality of life of dialysis patients. Med Hypotheses 2017;99:1–14.

55.0 Zaouali MA, Panisello A, Lopez A et al. GSK3β and VDAC in

volvement in ER stress and apoptosis modulation during 

orthotopic liver transplantation. Int J Mol Sci 2017;18:591.

56.0 Khan HA, Ahmad MZ, Khan JA et al. Crosstalk of liver immune 

cells and cell death mechanisms in different murine models of 

liver injury and its clinical relevance. Hepatobiliary Pancreat Dis 

Int 2017;16:245–56.
57.0 Ravingerov�a T, Kindernay L, Bartekov�a M et al. The molecular 

mechanisms of iron metabolism and its role in cardiac dys

function and cardioprotection. Int J Mol Sci 2020;21:7889.

58.0 Panisello-Rosell�o A, Alva N, Flores M et al. Aldehyde dehydro

genase 2 (ALDH2) in rat fatty liver cold ischemia injury. Int J 

Mol Sci 2018;19:2479.

59.0 Panisello-Rosell�o A, Lopez A, Folch-Puy E et al. Role of aldehyde 

dehydrogenase 2 in ischemia reperfusion injury: an update. 

World J Gastroenterol 2018;24:2984–94.

60.0 Zhang S, Feng Z, Gao W et al. Aucubin attenuates liver 

ischemia-reperfusion injury by inhibiting the HMGB1/TLR-4/ 

NF-κB signaling pathway, oxidative stress, and apoptosis. Front 

Pharmacol 2020;11:544124.
61.0 Nakazato PCG, Victorino JP, Fina CF et al. Liver ischemia and re

perfusion injury. Pathophysiology and new horizons in precon

ditioning and therapy. Acta Cir Bras 2018;33:723–35.
62.0 Raffaello A, Mammucari C. Calcium at the center of cell signal

ing: interplay between endoplasmic reticulum, mitochondria, 

and lysosomes. Trends Biochem Sci 2016;41:1035–49.
63.0 Belosludtsev KN, Dubinin MV, Belosludtseva NV et al. 

Mitochondrial Ca2þ transport: mechanisms, molecular struc

tures, and role in cells. Biochemistry (Mosc) 2019;84:593–607.
64.0 Rossetti A, Togliatto G, Rolo AP et al. Unacylated ghrelin pre

vents mitochondrial dysfunction in a model of ischemia/reper

fusion liver injury. Cell Death Discov 2017;3:17077.
65.0 Gu J, Zhang T, Guo J et al. Ursodeoxycholyl lysophosphatidyle

thanolamide protects against hepatic ischemia/reperfusion in

jury via phospholipid metabolism-mediated mitochondrial 

quality control. FASEB J 2020;34:6198–214.
66.0 Chang WJ, Chehab M, Kink S et al. Intracellular calcium signal

ing pathways during liver ischemia and reperfusion. J Invest 

Surg 2010;23:228–38.
67.0 Marchi S, Patergnani S, Missiroli S et al. Mitochondrial and en

doplasmic reticulum calcium homeostasis and cell death. Cell 

Calcium 2018;69:62–72.
68.0 Qi Y, Qiu Q, Gu X et al. ATM mediates spermidine-induced 

mitophagy via PINK1 and Parkin regulation in human fibro

blasts. Sci Rep 2016;6:24700.
69.0 Rodriguez-Enriquez S, Kim I, Currin RT et al. Tracker dyes to 

probe mitochondrial autophagy (mitophagy) in rat hepato

cytes. Autophagy 2006;2:39–46.
70.0 Hu W, Chen Z, Ye Z et al. Knockdown of cyclophilin D gene by 

RNAi protects rat from ischemia/reperfusion-induced renal in

jury. Kidney Blood Press Res 2010;33:193–9.
71.0 Lin J, Qing Z, Huang H et al. Ginsenoside Rg1 alleviates rat liver 

ischemia-reperfusion ischemia through mitochondrial 

autophagy pathway. Altern Ther Health Med 2023;29:16–25.

72.0 Mechta M, Ingerslev LR, Fabre O et al. Evidence suggesting ab

sence of mitochondrial DNA methylation. Front Genet 2017; 

8:166.
73.0 Khader A, Yang W-L, Godwin A et al. Sirtuin 1 stimulation 

attenuates ischemic liver injury and enhances mitochondrial 

recovery and autophagy. Crit Care Med 2016;44:e651-63–e663.
74.0 Chen L, Liu T, Tran A et al. OPA1 mutation and late-onset car

diomyopathy: mitochondrial dysfunction and mtDNA instabil

ity. J Am Heart Assoc 2012;1:e003012.
75.0 Guo W, Yang D, Xu H et al. Mutations in the D-loop region and 

increased copy number of mitochondrial DNA in human la

ryngeal squamous cell carcinoma. Mol Biol Rep 2013;40:13–20.
76.0 Lee H-C, Li S-H, Lin J-C et al. Somatic mutations in the D-loop 

and decrease in the copy number of mitochondrial DNA in hu

man hepatocellular carcinoma. Mutat Res 2004;547:71–8.

77.0 Andrieux P, Chevillard C, Cunha-Neto E et al. Mitochondria as 

a cellular hub in infection and inflammation. Int J Mol Sci 2021; 

22:11338.
78.0 Lechado Terradas A, Zittlau KI, Macek B et al. Regulation of mi

tochondrial cargo-selective autophagy by posttranslational 

modifications. J Biol Chem 2021;297:101339.
79.0 Ding Q, Qi Y, Tsang S-Y. Mitochondrial biogenesis, mitochon

drial dynamics, and mitophagy in the maturation of cardio

myocytes. Cells 2021;10:2463.
80.0 Tilokani L, Nagashima S, Paupe V et al. Mitochondrial dynam

ics: overview of molecular mechanisms. Essays Biochem 2018; 

62:341–60.

81.0 Long R-T, Peng J-B, Huang L-L et al. Augmenter of liver regener

ation alleviates renal hypoxia-reoxygenation injury by regulat

ing mitochondrial dynamics in renal tubular epithelial cells. 

Mol Cells 2019;42:893–905.

82.0 Giacomello M, Pyakurel A, Glytsou C et al. The cell biology of 

mitochondrial membrane dynamics. Nat Rev Mol Cell Biol 2020; 

21:204–24.
83.0 Filadi R, Pendin D, Pizzo P. Mitofusin 2: from functions to dis

ease. Cell Death Dis 2018;9:330.
84.0 Zhang C, Huang J, An W. Hepatic stimulator substance resists 

hepatic ischemia/reperfusion injury by regulating Drp1 trans

location and activation. Hepatology 2017;66:1989–2001.
85.0 Kraus F, Roy K, Pucadyil TJ et al. Function and regulation of the 

divisome for mitochondrial fission. Nature 2021;590:57–66.

86.0 Huang J, Xie P, Dong Y et al. Inhibition of Drp1 SUMOylation by 

ALR protects the liver from ischemia-reperfusion injury. Cell 

Death Differ 2021;28:1174–92.
87.0 Bi J, Zhang J, Ren Y et al. Irisin alleviates liver ischemia- 

reperfusion injury by inhibiting excessive mitochondrial fis

sion, promoting mitochondrial biogenesis and decreasing oxi

dative stress. Redox Biol 2019;26:101193–306.
88.0 Martins RM, Teodoro JS, Furtado E et al. Recent insights into 

mitochondrial targeting strategies in liver transplantation. Int J 

Med Sci 2018;15:248–56.
89.0 Sullivan EM, Pennington ER, Green WD et al. Mechanisms by 

which dietary fatty acids regulate mitochondrial structure- 

function in health and disease. Adv Nutr 2018;9:247–62.
90.0 Shan M, Fan TJ. Cytotoxicity of carteolol to human corneal epi

thelial cells by inducing apoptosis via triggering the Bcl-2 fam

ily protein-mediated mitochondrial pro-apoptotic pathway. 

Toxicol In Vitro 2016;35:36–42.

91.0 Ong S-B, Samangouei P, Kalkhoran SB et al. The mitochondrial 

permeability transition pore and its role in myocardial ische

mia reperfusion injury. J Mol Cell Cardiol 2015;78:23–34.
92.0 Jassem W, Fuggle SV, Rela M et al. The role of mitochondria in 

ischemla/reperfusion injury. Transplantation 2002;73:493–9.

10 | Y. Zhou et al.  



93.0 Buczko P, Szarmach I, Grycz M et al. Caspase-3 as an important 

factor in the early cytotoxic effect of nickel on oral mucosa 

cells in patients treated orthodontically. Folia Histochem 

Cytobiol 2017;55:37–42.
94.0 Julien O, Wells JA. Caspases and their substrates. Cell Death 

Differ 2017;24:1380–9.
95.0 Burri SH, Kim CN, Fang G et al. ‘Loop’ domain deletional mu

tant of Bcl-xL is as effective as p29Bcl-xL in inhibiting 

radiation-induced cytosolic accumulation of cytochrome c 

(cyt c), caspase-3 activity, and apoptosis. Int J Radiat Oncol Biol 

Phys 1999;43:423–30.
96.0 Wolf P, Schoeniger A, Edlich F. Pro-apoptotic complexes of BAX 

and BAK on the outer mitochondrial membrane. Biochim 

Biophys Acta Mol Cell Res 2022;1869:119317.
97.0 Fu YF, Fan TJ. Bcl-2 family proteins and apoptosis. Sheng Wu 

Hua Xue Yu Sheng Wu Wu Li Xue Bao (Shanghai) 2002;34:389–94.

98.0 Yang J, Sun H, Guan R et al. Hepatocellular protein profiles af

ter hepatic ischemia/reperfusion injury with or without 

octreotide preconditioning in a rabbit model. Transplant Proc 

2014;46:3282–8.
99.0 Yang J, Sun H. The effect of octreotide on hepatic ischemia- 

reperfusion injury in a rabbit model. Transplant Proc 2013; 

45:2433–8.
100. Zhou X, Paredes JA, Krishnan S et al. The mitochondrial carrier 

SLC25A10 regulates cancer cell growth. Oncotarget 2015; 

6:9271–83.

101. Chattopadhyay P, Chaudhury P, Wahi AK. Bcl-2 expression 
alters the mitochondrial tri carboxyl Acid pathway in hepatic 
ischemic and reperfusion induced necrosis and apoptosis in 

rat liver. Indian J Pharm Sci 2010;72:437–41.
102. Jannig PR, Dumesic PA, Spiegelman BM et al. SnapShot: regula

tion and biology of PGC-1α. Cell 2022;185:1444–e1.
103. Wang D, Cao L, Zhou X et al. Mitigation of honokiol on fluoride- 

induced mitochondrial oxidative stress, mitochondrial 
dysfunction, and cognitive deficits through activating AMPK/ 
PGC-1α/Sirt3. J Hazard Mater 2022;437:129381.

104. Waseem M, Tabassum H, Bhardwaj M et al. Ameliorative effi
cacy of quercetin against cisplatin-induced mitochondrial dys
function: study on isolated rat liver mitochondria. Mol Med Rep 

2017;16:2939–45.
105. Buko V, Kuzmitskaya I, Kirko S et al. Betulin attenuated liver 

damage by prevention of hepatic mitochondrial dysfunction in 

rats with alcoholic steatohepatitis. Physiol Int 2019;106:323–34.
106. Ulger O, Kubat GB. Therapeutic applications of mitochondrial 

transplantation. Biochimie 2022;195:1–15.
107. McCully JD, Del Nido PJ, Emani SM. Mitochondrial transplanta

tion for organ rescue. Mitochondrion 2022;64:27–33.
108. Kubat GB, Ulger O, Akin S. Requirements for successful mito

chondrial transplantation. J Biochem Mol Toxicol 2021; 

35:e22898.
109. Schlegel A, Muller X, Mueller M et al. Hypothermic oxygenated 

perfusion protects from mitochondrial injury before liver 

transplantation. EBioMedicine 2020;60:103014.

# The Author(s) 2024. Published by Oxford University Press and Sixth Affiliated Hospital of Sun Yat-sen University
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/ 
), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.
Gastroenterology Report, 2024, 12, –
https://doi.org/10.1093/gastro/goae066
Review Article

Mitochondria in hepatic ischemia-reperfusion injury | 11  


	Active Content List
	Introduction
	Mitochondrial autophagy and HIRI
	Opening of the mitochondrial MPTP and HIRI
	Damage and release of mtDNA in HIRI
	Mitochondrial fission
	Regulation of HIRI by Bcl-2 family proteins
	Summary and future perspectives
	Funding
	Conflicts of Interest
	References


