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ARTICLE INFO ABSTRACT

Keywords: The function of liver is highly dependent on mitochondria producing ATP for biosynthetic and detoxifying
Liver injury properties. Accumulating evidence indicates that most hepatic disorders are characterized by profound mi-
mtDNA tochondrial dysfunction. Mitochondrial dysfunction not only exhibits mitochondrial DNA (mtDNA) damage and
STI,NG. depletion, but also releases mtDNA. mtDNA is a closed circular molecule encoding 13 of the polypeptides of the
g’];l\(]ianve stress oxidative phosphorylation system. Extensive mtDNA lesions could exacerbate mitochondrial oxidative stress and

subsequently cause damage to hepatocytes. When mtDNA leaves the confines of mitochondria to the cytosolic
and extracellular environment, it can act as damage-associated molecular patterns (DAMPs) to trigger the in-
flammatory response through the Toll-like receptor 9, inflammasomes, and stimulator of interferon genes
(STING) pathways and further exacerbate hepatocellular damage and even remote organs injury. In addition,
mtDNA also plays a vital role in hepatitis B virus (HBV)-related liver injury and hepatocellular carcinoma (HCC).
In this review, we describe mtDNA alterations during liver injury, focusing on the mechanisms of mtDNA-
mediated liver inflammation and oxidative stress injury.

Hepatocellular carcinoma

1. Introduction

The liver is an organ with high energy requirements, playing a pi-
votal role in multiple synthesis and secretions of endogenous com-
pounds. Hepatic diseases are closely associated with mitochondrial
dysfunction [1]. Mounting studies suggest that mitochondrial dys-
function is a critical factor in the initiation and progression of some
diseases [2]. Mitochondria are intracellular double-membrane-bound
organelles responsible for energy production, protein synthesis, calcium
homeostasis, and cell death [2,3]. Mitochondrial dysfunction not only
exhibits mitochondrial DNA (mtDNA) damage and depletion, but also
causes mtDNA release, which has been also found in liver injury.

mtDNA is a double-stranded circular loop DNA of 16,569 bp by
encoding for 37 genes in humans as well as 13 respiratory chain sub-
units and participating in synthesis of respiratory chain complexes I, III,
IV, and V [4,5]. In general, quantitative polymerase chain reaction
targeting some mitochondrial genes is used to test mtDNA copy number
in plasma, serum or tissues, but there is no unified primer at present.
Research has demonstrated that mtDNA acts as damage-associated
molecular patterns (DAMPs) when released into the extracellular and

cytosol environment [6]. Emerging evidence suggests that mtDNA can
regulate inflammation through triggering Toll-like receptor 9 (TLR9)
and cyclic GMP-AMP synthase (cGAS)-stimulator of interferon genes
(STING), playing a crucial role in sepsis, ischemia-reperfusion (I/R)
injury, heart failure, and renal injury, etc. [7-10]. It also can activate
inflammasomes, including the NOD-like receptor family pyrin domain
containing-3 (NLRP3) inflammasomes, the NOD-like receptor family
CARD domain-containing protein 4 (NLRC4) inflammasomes, and ab-
sent in melanoma 2 (AIM2) inflammasomes [11].

Investigators have demonstrated that during liver injury, necrotic
hepatocytes release mtDNA, which acts as an agonist for TLR9 and
c¢GAS-STING to induce neutrophil infiltration and liver inflammation
that may further exacerbate hepatocellular damage [12,13]. mtDNA
can induce type I interferon (IFN I) production through activating the
c¢GAS-STING pathway [12,13]. Moreover, IFN I has been shown to be a
crucial role in triggering oxidative stress and amplifying liver injury
[14,15]. Aside from mtDNA release, mtDNA lesions are another feature
of liver injury [16]. mtDNA participates in maintenance of mitochon-
dria function and production of ATP. The damage and depletion of
mtDNA induce oxidative stress and some mitochondrial diseases [2]. In
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addition, mtDNA also plays a vital role in hepatitis B virus (HBV)-re-
lated liver injury and hepatocellular carcinoma (HCC). The Review by
Rawla et al. [17] emphasizes that there is a strong association between
HBV and HCC with a 30 fold increased risk of HCC in chronic HBC
carriers. Herein, we discuss the involvement of mtDNA in liver injury,
its effects on liver inflammation and oxidative stress, and the associa-
tion between mtDNA and HBV-related liver injury.

2. Mechanisms for hepatocellular mtDNA release

mtDNA contributes to disease pathogenesis through interaction
with multiple signal pathways, which requires mtDNA to leave the
confines of mitochondria to the extracellular or cytosolic environment.
In general, mtDNA release involves two aspects, including cytosolic and
extracellular. Up to now, mechanisms for mtDNA release from mi-
tochondria mainly depend on mitochondrial permeability transition
(MPT) pores, B-cell lymphoma 2 homologous antagonist killer (BAK)
and Bcl-2-associated X protein (BAX). MPT pores are located in the
inner mitochondrial membrane [18]. Inhibition of pore opening with
cyclosporine A decreases leakage of mtDNA into cytosol [19]. A study
has found that hepatocytes following severe shock show mitochondrial
dysfunction characterized with opening of MPT pores, mitochondrial
swelling, decreased mitochondrial membrane potential and reduced
ATP levels [20]. BAK and BAX, two pro-apoptotic Bcl-2 family proteins,
are required for rapid execution of Fas-mediated massive apoptosis in
the liver [21]. When BAK and BAX are activated, they oligomerize in
the mitochondrial outer membrane, causing its permeabilization and
the release of mtDNA and cytochrome c [22]. Mechanically, these BAK/
BAX macropores allow the inner mitochondrial membrane to herniate
into the cytosol [22]. Once in the cytoplasm, the inner membrane in-
creases permeability allowing mtDNA release, which is independent of
MPT pores [23].

With respect to extracellular release, cellular stress and necrosis are
primary factors in the non-discriminant release of mtDNA [24]. On the
contrary to uncontrolled cell death, necroptosis, a newly discovered
form of programmed necrosis, has been found to increase extracellular
mtDNA [25]. There is accumulating evidence that necroptosis is a pa-
thogenically relevant driver in nonalcoholic steatohepatitis (NASH) and
liver cancer [26]. Moreover, red blood cell (RBC) transfusion and RBC-
induced endothelial necroptosis were shown to increase the extra-
cellular mtDNA, which points out a potential mechanism for transfu-
sion-related lung injury [27]. Intriguingly, necroptosis was shown to be
associated with MPT pores opening [28]. Another proposed mechanism
by which mtDNA is translocated to the extracellular space is via ex-
tracellular vesicles. Extracellular vesicles have three forms, including
exosomes, microparticles (MPs) and apoptotic bodies [29]. mtDNA has
been observed in MPs [30] and exosomes [31]. Nevertheless, it is un-
clear whether free mtDNA and mtDNA in MP have different con-
centration, structure and immunostimulatory effects. Extracellular ve-
sicles and necroptosis are not opposed to each other. A recent study has
shown RAW 264.7 murine macrophage cells undergoing necroptosis
release MPs [31]. The particles contain both chromosomal and mi-
tochondrial DNA [32].

3. Liver inflammation induced by mtDNA release

As previously mentioned, mtDNA acts as DAMPs, which requires
mtDNA to leave the confines of mitochondria to the extracellular and
cytosolic environment. Circulating mtDNA levels are elevated in mice
and humans during liver injury [33]. Actually, it is damaged hepato-
cytes that release mtDNA into extracellular environment and circula-
tion. Emerging evidence suggest that the elevated mtDNA derived from
liver may induce or aggravate liver inflammation through triggering
TLRY, inflammasomes and cGAS-STING.
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3.1. Acetaminophen-induced liver injury

Acetaminophen (APAP) is one of the most commonly used anti-
pyretic and analgesic drug used to relieve symptoms of mild in-
flammatory conditions, but its overdose is also a primary cause of acute
liver failure [34]. The overdose of APAP can deplete hepatic GSH and
subsequently lead to intracellular oxidative stress, mitochondria dys-
function, DNA or mtDNA damage, finally contributing to hepatocyte
injury or death [35]. Initially, it was thought that cell injury, apoptosis
or necrosis resulted in the release of mtDNA out of the cell, leading to
increased levels of extracellular mtDNA. However it is generally ac-
cepted that the mode of APAP-induced hepatocyte death in patients or
mice is oncotic necrosis without caspase activation [36,37].

Recent studies have shown occurrence of MPT pore opening and
mitochondrial membrane lysis after APAP treatment [38], which ac-
counts for mtDNA release. McGill et al. [39] conducted clinical trials to
investigate the association between serum mitochondrial biomarkers
and outcome in APAP overdose patients. They showed that mtDNA is
higher in serum from non-survivors of APAP-induced acute liver failure
compared with survivors. Moreover, receiver operating characteristic
curve analyses revealed mtDNA was predictive of outcome. Therefore,
mtDNA may act as a biomarker for indicating APAP-induced liver in-
jury.

It remains unclear whether other ways can also promote mtDNA
release in APAP-induced liver injury. At present, free mtDNA, mtDNA in
exosomes and mtDNA in MPs have been found in the circulation of
APAP-induced liver injury. It is also unknown whether there are other
existence forms of circulating mtDNA in APAP-induced liver injury. He
et al. [12] found that injection of APAP remarkably elevated serum
levels of mtDNA, and mtDNA were found in MPs and exosomes, with
much higher levels in MPs. Furthermore, mtDNA from necrotic hepa-
tocytes could trigger TLR9 in neutrophils, inducing expression of pro-
inflammatory mediators and infiltration of hepatic neutrophil, and
subsequently aggravating liver injury [12]. In addition, elevated
mtDNA in circulation may trigger a systemic inflammatory response
and remote lung injury [40].

Apart from TLR9, a recent study has shown that mice deficient in
STING or cGAS were completely resistant to APAP-induced liver injury
[15]. Furthermore, ablation of IFN I recognition in interferon a/p re-
ceptor (IFNAR™/7) protected mice from APAP-induced liver injury
[15], pointing out a potential mechanism for APAP-induce liver injury
mediated by mtDNA via GAS-STING (Fig. 1). mtDNA can also activate
the NLRP3 inflammasomes capable of recruiting and activating caspase-
1, which cleaves pro-IL-13 and pro-IL-18 into IL-1( and IL-18 [8].
Imaeda et al. [8] showed reduced mortality and APAP-induced liver
injury in mice lacking components of the NLRP3 inflammasomes. IL-1f3
and IL-18 may induce activation of liver non-parenchymal cells (NPCs)
[41]. This demonstrates a critical role for the NLRP3 inflammasomes
pathway in APAP-induced liver injury.

3.2. NASH

NASH is a multiple liver disorder characterized by steatosis, in-
flammation, ballooning injury and varying degrees of fibrosis [42,43].
Obesity, hyperglycemia, type 2 diabetes and hypertriglyceridemia are
the most important risk factors [17,44]. Accumulating evidence in-
dicates that mitochondria dysfunction exerts a pivotal role in the phy-
siopathology of NASH, but the specific mechanisms underlying this
dysfunction are still unclear. Circulating mtDNA levels were shown to
be markedly enhanced in patients with NASH [30,45]. Gautheron et al.
[46] demonstrated RIP3-dependent necroptosis controls NASH-induced
liver fibrosis, which partly accounts for mtDNA release.

Recently, Luo et al. [47] demonstrated that NPCs of liver tissues
from patients with non-alcoholic fatty liver disease (NAFLD) had in-
creased levels of STING relative to liver tissues from patients without
NAFLD. Yu et al. [13] found that mtDNA from hepatocytes of high fat
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Fig. 1. Overview of liver inflammation mediated by mtDNA. Upon liver struck by APAP, I/R, ALD and NASH, increasing mitochondrial stress induces release of
damaged or fragmented mtDNA into cytosol via MPT pore and Bak/Bax. Meanwhile, cellular stress, necrotic cells or cells undergoing necroptosis will expose free
mtDNA or mtDNA-enriched MPs to extracellular space, subsequently diffusing into blood vessels. Free mtDNA and mtDNA-enriched MPs could be taken in by NPCs,
including neutrophils, KCs and DCs, triggering the inflammation response. mtDNA can activate intracellular TLR9, inflammasomes and cGAS-STING, resulting in
production of inflammatory mediators and infiltration of neutrophil, which, in turn, induces or exacerbates liver inflammation.

diet (HFD)-fed mice increased TNF-a and IL-6 expression in co-cultured
Kupffer cells (KCs), which was associated with nuclear factor-xB (NF-
kB) signal pathway and was attenuated by STING deficiency. Moreover,
mice with disruption of STING and mice with STING disruption only in
myeloid cells developed less methionine- and choline-deficient diet- or
HFD-induced hepatic steatosis, fibrosis, and inflammation in mice
[13,47]. The severity of steatosis and inflammation following a HFD
could be restored by transplanting bone marrow cells from control mice
to mice with disruption of STING [47]. Noteworthily, STING activation
is associated with hepatocyte fat deposition and liver fibrosis [47].
Besides, the NLRP3 inflammasomes exert proinflammatory effects on
the development and progression of NASH. It was reported that the
NLRP3 inflammasomes triggered liver fibrosis by activating hepatic
stellate cells [48]. Recently, Pan et al. [49] showed that using palmitic
acid to stimulate KCs decreased the mitochondrial membrane potential
and subsequently induced mtDNA release. Upon palmitic acid stimu-
lation, KCs increased expression of NLRP3 inflammasomes and forma-
tion of mtDNA-NLRP3 inflammasome complexes accounting for acti-
vation of NLRP3 inflammasomes [49]. Similarly, KCs derived from the
mouse NASH model had elevated expression of NLRP3 inflammasomes
[49].

Garcia-Martinez et al. [30] demonstrated that plasma from mice and
patients with NASH contained high mtDNA levels, and most of the
plasma mtDNA was found in MPs of hepatocyte origin. Furthermore,
the plasma from HFD-fed mice induced a significant increase in TLR9
activation using the TLR9 reporter cell line, compared with the plasma
from the chow-fed control mice [30]. TLR9 is involved in hepatic
steatosis and inflammation in the model of NASH [41,50,51]. More-
over, administration of the TLR9 antagonist IRS954 blocks the devel-
opment of NASH showing a significant reduction in steatosis, bal-
looning and inflammation, serum transaminases, and inflammatory
cytokine transcript levels [30], which supplies a new therapeutic for
NASH. Similarly, there are remarkably increased serum levels of
mtDNA-enriched MPs derived from hepatocytes stress in acute-on-
chronic alcoholic use patients [52]. Moreover, release of mtDNA-

enriched MPs depends on ER stress and leads to neutrophilia and liver
injury via TLR9 pathway [52]. Thus, mtDNA is a potential biomarker
predictive of outcome in NASH and alcoholic liver disease (ALD).

3.3. Hepatic I/R injury

Clinically, hepatic I/R injury remains a major complication of
transplantation, liver resection, and hemorrhagic shock [53]. When
hepatocytes are exposed to I/R, MPT pores will open [54], which allows
mtDNA release. Emerging evidence indicates that mitochondrial
DAMPs (MTDs), particularly mtDNA, play an important role in immune
response during I/R injury [54]. Hu et al. [55] found that MTDs in-
cluding mtDNA were released during hepatic I/R injury and were as-
sociated with the increased expression of pro-inflammatory cytokines
(IL-6 and TNF-a). MTDs decrease hepatocytes viability in a con-
centration dependent manner, which indicates that MTDs are toxic
mediators for amplifying liver damage. In addition, knockout of type I,
but not type II, IFN receptor decreased intrahepatic pro-inflammatory
response and protected mice against liver I/R injury [14]. Furthermore,
IFN-a derived from plasmacytoid dendritic cells promoted liver I/R
injury by increasing hepatocyte apoptosis as a consequence of induction
of hepatocyte IFN regulatory factor 1 expression [56]. Supposedly, IFN I
induced by mtDNA via cGAS-STING may contribute to pathogenesis of
liver I/R injury. Mounting evidence indicates that NLRP3 signal is also
involved in hepatic I/R injury. Zhu et al. [57] demonstrated that si-
lencing of NLRP3 can protect the liver from I/R injury by reducing IL-
1B and IL-18. Both NLRP3 and caspase-1 knockout mice are protected
from liver I/R injury [58]. Moreover, inflammasome-mediated injury is
dependent on caspase-1 expression in liver NPCs, including resident
KGCs, infiltrating neutrophils, and dendritic cells (DCs) [58]. So far,
however, there is no research reporting mtDNA-mediated liver I/R in-
jury via inflammasomes. Recently, a study found that reducing the
mtDNA release and reactive oxygen species (ROS) overproduction by
accelerating autophagy mediated by Nrf2/HO-1 pathway minimized
hepatic I/R injury [59], as a potential therapeutic target for hepatic I/R
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injury. Nevertheless, little is known about the association between he-
patic I/R injury and free mtDNA.

While elevated circulating mtDNA derived from liver can induce or
aggravate liver injury, it is unclear whether it can cause damage to
extrahepatic tissue and organs. Some studies have demonstrated that
the release of necrotic products from liver injury, including mtDNA,
into the circulation may trigger a systemic inflammatory response like a
sepsis-like state through identical innate immune pathways [33,60],
and even induce remote lung injury [60]. This effect is well understood
while mtDNA mainly activates three signaling pathways (TLR9, in-
flammasomes and cGAS-STING). However, occurrence of this effect
may depend on the speed of mtDNA release, the concentration of cir-
culating mtDNA and immunity condition of organism. Except that liver
injury drives mtDNA releasing to circulation, some diseases, including
trauma, sepsis, I/R injury, etc., also can remarkably elevate circulating
mtDNA [33,61]. The model of hemorrhage-I/R-animals has displayed
obvious oxidative mtDNA damage in all organs with the most promi-
nent damage in the liver and accumulation of mtDNA in plasma [61].
Even so, there is little research to explore the association between
elevated circulating mtDNA and liver injury in trauma, sepsis, I/R in-
jury, etc.

4. mtDNA-mediated liver oxidative stress injury

Mitochondria are the vital organelles that sustain intracellular bio-
logical processes by providing the high-energy phosphate molecule
adenosine triphosphate [62]. Defective mitochondria contribute to
shortage in ATP, increase and leakage in ROS, and activation of in-
trinsic apoptotic cell death pathway [63]. Mitochondria dysfunction
induces mtDNA lesions and mtDNA depletion [64]. Moreover, mtDNA
damage is not only the manifestation of mitochondrial dysfunction, but
also aggravates mitochondrial dysfunction and cell lesions. The liver is
an organ with high energy requirements. Most hepatic disorders are
characterized by profound mitochondrial dysfunction and mtDNA da-
mage [62,65]. As previously mentioned, mtDNA can encode 13 re-
spiratory chain subunits, involving in synthesis of respiratory chain
complexes I, III, IV, and V. Moreover, mitochondrial oxidative re-
spiratory chain is associated with the production of ATP and ROS [66].
Once ROS give damage to mtDNA beyond a certain threshold, damaged
mtDNA can increase ROS and amplify oxidative stress by encoding
deficient subunits for the respiratory chain, which aggravates the oxi-
dative damage to mitochondrial function until cell death occur [67].
Therefore, mtDNA may make important contributions to the patho-
genesis of liver oxidative stress injury.

4.1. ALD

Excessive alcohol consumption contributes to ALD [68,69]. ALD
represents a broad spectrum of hepatic pathology including alcoholic
steatosis, alcoholic hepatitis, and alcoholic cirrhosis, which may ulti-
mately progress to hepatocellular carcinoma [68]. Alcohol consump-
tion induces oxidative stress with increasing ROS formation in hepa-
tocyte mitochondria [70]. It has been known that ROS participate in the
transition of simple steatosis to advanced stage of ALD [71,72]. A
consequence of increased ROS production is oxidation of mtDNA
manifested by increased amounts of 8-hydroxy-2’-deoxyguanosine,
mutations of mtDNA, strand breaks of mtDNA, and mitochondrial
dysfunction [73-76], which in turn worsens ROS production and de-
creases hepatic ATP. Replication of damaged mtDNA molecules, to-
gether with mtDNA strand breaks, causes mtDNA deletion [77].

Multiple mtDNA deletions have been detected in liver tissues from
alcoholic patients. Mansouri et al. [78] found that 24% of all alcoholic
patients and 85% of the 13 alcoholic patients with microvesicular
steatosis exhibited either single or multiple 4977, 5385, 5039 and
5556-base pair mtDNA deletions, while only 3% of the non-alcoholic
controls carried a mtDNA deletion. Although hepatocytes contain
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hundreds of copies of mtDNA, it is possible that the accumulation of
diverse mtDNA damage and deletions, together with mtDNA strand
breaks, could reach a threshold sufficient to reduce mitochondrial re-
spiration and ATP synthesis, resulting in mitochondrial dysfunction and
even hepatocyte injury in patients with ALD [77]. mtDNA mutations
and damage located in the D-loop region interfere with replication and
maintenance of mtDNA, and dysfunctional mitochondria also reduces
expression of mtDNA replication-related proteins, such as mitochon-
drial single-stranded DNA-binding protein and mitochondrial tran-
scription factor A (TFAM) [79-81]. In addition, extensive mtDNA le-
sions may enhance the susceptibility to nucleolytic attacks from
mitochondrial endonuclease G [70,82,83], thereby decreasing mtDNA
levels, which may impair the synthesis of the mtDNA-encoded proteins
that are key proteins of the oxidative phosphorylation system [2].
mtDNA depletion in hepatocytes impairs mitochondrial function and
causes hepatic steatosis [84]. During oxidative stress induced by al-
cohol consumption, peroxynitrite, the reactive species derived from the
spontaneous reaction of nitric oxide with superoxide, is involved in the
mtDNA depletion effects [70]. As previously mentioned, increasing
serum levels of mtDNA-enriched MPs happen in acute-on-chronic al-
coholic use patients [52]. It is highly possible that mtDNA in MPs or
free mtDNA is partly damaged. Interestingly, it is unclear what effects
damaged mtDNA has on innate immunity.

There are some repair mechanisms on mtDNA damage and mtDNA
depletion in alcohol-induced liver injury. Manganese superoxide dis-
mutase (MnSOD) can prevent mtDNA depletion and mitochondrial
dysfunction after acute alcohol binge in mice [70]. Sun et al. [71] de-
monstrated chronic alcohol feeding decreased hepatic mitochondrial
respiratory complex, ATP, TFAM and mtDNA contents, companied with
reducing zinc level. They also found that alcohol exposure-induced
hepatic zinc deficiency could inactivate mitochondrial biogenesis
pathway and decrease mitochondrial DNA replication, which, in turn,
lowers mitochondrial complex proteins expression and sequentially
worsens alcohol-induced ROS production, finally aggravating liver in-
jury. Zhang et al. [73] showed that IL-6 activates mtDNA repair en-
zymes and induces cell cycle arrest allowing time for mtDNA repair
after alcoholic liver injury in mice. Meanwhile, IL-6 treatment re-
markably improved survival associated with fatty liver transplants from
alcohol-fed rats [85]. In addition, mitophagy can also be induced by
mtDNA damage, while activation of mitophagy alleviates alcohol-in-
duced liver injury in ethanol-fed mice [86]. Oxidative stress plays a
crucial role in ALD. Sources of ROS generation in liver include hepatic
cytochrome P450 2E1, mitochondrial oxidative respiratory chain, and
NADPH oxidase (NOX) [63,69,87]. Sun et al. [63] found that phar-
macological inhibition of NOX4 activity protects against alcohol-in-
duced liver injury in mice through improving oxidative stress and mi-
tochondrial function with hepatic increasing mtDNA and ATP.
Therefore, removal of hepatic ROS could be an effective strategy in
reducing mtDNA lesions and preventing the development of ALD.

4.2. Hepatic I/R injury

Hepatocellular damage induced by I/R also involves the generation
of ROS and the activation of inflammatory pathways [88]. The mi-
tochondrion is a major source of ROS generation. Mitochondrial dys-
function can induce oxidative stress, inflammation and cell death, all of
which could exacerbate I/R injury. mtDNA, as important DAMPs from
mitochondria, plays a key role in I/R injury through triggering TLRO,
inflammasomes and cGAS-STING [8]. However, there is little recogni-
tion of mtDNA function in hepatic I/R injury. Apart from elevated
circulating mitochondrial DAMPs [58,59], hepatic I/R injury also in-
duces hepatocellular mtDNA damage [88]. Emerging evidence in-
dicates that mtDNA lesions and mtDNA depletion may contribute to the
process of I/R injury. Improving hepatic mitochondrial function and
increasing mtDNA replication are the therapeutic strategies to minimize
hepatic I/R injury. A study found that the phosphodiesterase inhibitor
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cilostazol increases mtDNA and mitochondria content, reduces mtDNA
damage and protects against hepatic I/R injury [88]. In addition, mi-
tochondrial transplantation may be a valued treatment of varied is-
chemic disorders, mitochondrial diseases and related disorders [89].
Lin et al. [90] showed that an intrasplenic infusion of viable mi-
tochondria isolated from the donor before reperfusion significantly re-
duced hepatic I/R injury.

4.3. Lipopolysaccharide-induced liver injury

Lipopolysaccharide (LPS) treatment can induce a “sepsis-like” in-
flammation state [82]. As we know, LPS has been identified as one of
the main factors causing acute hepatocyte lesions through macrophage
activation [91]. LPS increases mitochondrial ROS formation, causes
mtDNA lesions, and decreases complex I activity in mice [92]. Mi-
tochondrial dysfunction and mtDNA damage play a key role in LPS-
induced liver injury. As early as 2003, Hagir et al. [93] found that LPS
led to decreasing liver mtDNA copy number and oxidant-dependent
3.8-kb liver mtDNA deletion in the region encoding NADH dehy-
drogenase subunits 1 and 2 and cytochrome c oxidase subunit I, which
was associated with mitochondrial glutathione depletion. Furthermore,
Choumar et al. [93] demonstrated that MnSOD, NOS inhibitors, and
superoxide or peroxynitrite scavengers protected against LPS-induced
mtDNA depletion, pointing out a role of the superoxide anion reacting
with NO to form mtDNA- and protein-damaging peroxynitrite. In ad-
dition, glucocorticoid receptor was found to be involved in protecting
against LPS-induced liver injury via an increased binding to the mtDNA
D-loop region, thereby regulating the expression of mtDNA-encoded
genes [94]. Taken together, these studies indicate that LPS adminis-
tration impairs mtDNA integrity and transcriptional capacity, which
shows the link between LPS-mediated liver injury and oxidative mtDNA
deletion.

4.4. Cholestatic liver injury

Cholestasis is a condition that results in bile stasis and the accu-
mulation of toxic bile acids in the liver and the systemic circulation,
leading to hepatocyte death and eventually to liver fibrosis and cir-
rhosis [95,96]. It is described as a prominent feature of primary biliary
cirrhosis, primary sclerosing cholangitis, biliary atresia, and iatrogenic
obstruction of bile ducts [95,97]. Evidence from in vivo and in vitro
experiments demonstrates that oxidative stress, mitochondrial dys-
function and mtDNA damage are the major pathophysiologic me-
chanism in cholestatic liver diseases. It was shown that selective defects
of complexes I, IIl and IV, coded by mtDNA, were detected in liver
tissue of two siblings with neonatal cholestasis and early liver in-
sufficiency [98]. In a study of rats, mtDNA copy number significantly
decreases 72 h after bile duct ligation [99]. Long-term cholestasis leads
to mtDNA severe depletion and deletions, which is likely to be con-
sequence of loss TFAM [95]. Furthermore, there are a novel 11, 194-bp
mtDNA deletion and fewer mtDNA copies detected in hepatocytes of
rats with obstructive jaundice [100]. These changes are consistent with
damage to hepatic and mitochondrial function. Therefore, mtDNA da-
mage is tightly associated with cholestatic liver injury. In addition, Xu
et al. [67] demonstrated that mtDNA damage is involved in liver da-
mage in extrahepatic cholestatic patients and TFAM has mtDNA-pro-
tective effects. Recently, Koh et al. [96] performed a mitochondrial
genome-wide analysis to investigate the extent of mtDNA mutations in
the liver of 14 biliary atresia patients and five choledochal cyst, sug-
gesting that the mutations in liver mtDNA protein-coding genes are
highly associated with biliary atresia. Nevertheless, it is still unclear
whether mtDNA alterations are the cause of cholestatic liver injury or
just its manifestation.
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5. mtDNA in hepatitis B virus infection and hepatocellular
carcinoma

Hepatitis B virus (HBV) is a primary cause of chronic viral hepatitis,
and chronic hepatitis B infection (CHB) can progress to liver cirrhosis
and hepatocellular carcinoma (HCC) [101]. Accumulating evidence
indicates that alterations of mitochondrial metabolism and oxidative/
nitrosative stress contribute to initiation and progression of chronic
HBYV infection [1]. mtDNA alterations have been identified in human
cancers, including HCC. mtDNA change is also closely related to dif-
ferent stages of HBV-related liver injury. In 2011, Zhao et al. [102]
conducted a case-control study by collecting peripheral blood leukocyte
samples from 274 HBV-related HCC cases, 126 non-cancer patient
controls with HBV-related chronic liver diseases (CLD), and 258 healthy
controls. They showed that HCC cases have a significant lower mtDNA
content in peripheral blood leukocytes samples than CLD controls and
mtDNA content from HBV-related HCC is significantly associated with
HCC. Recently, Chen et al. [103] published a case-control study to test
mtDNA content in peripheral blood leukocyte samples from 76 CHB
cases naive to antivirus therapy and 96 healthy controls. They found
that mtDNA content of CHB cases without antivirus therapy is sig-
nificantly higher than healthy controls and mtDNA content is nega-
tively associated with hepatitis B surface antigen. They also showed
that a decreasing trend of levels of HBV viral load and alanine amino-
transferase is associated with the increase of mtDNA content.

In 2015, Wang et al. [79] published a case-control study including
136 cirrhotic HBV cases and 136 frequency-matched non-cirrhotic HBV
controls, and found that cirrhotic HBV patients had significantly lower
mtDNA content in serum than non-cirrhotic HBV controls. To explore
the relationship between circulating mtDNA content and HCC, Li et al.
[104] collected blood from 116 HBV-related HCC cases and 232 fre-
quency-matched cancer-free HBV controls. HCC patients had sig-
nificantly lower mtDNA content in serum than HBV patients. Moreover,
compared to HBV patients with higher mtDNA content in serum, those
with lower mtDNA content had a remarkably increased risk of HCC
with an odds ratio of 2.19 (95% confidence interval: 1.28-3.72,
P = 0.004). Therefore, mtDNA content in peripheral blood leukocyte or
in serum may serve as a potential noninvasive biomarker of HBV-re-
lated liver diseases (Fig. 2), which may need more studies to confirm.
Nevertheless, it remains unclear why mtDNA content alters during
different stages of HBV infection. But the association between mtDNA
and HBV infection is evident only in never-drinkers [79,102]. Actually,
increased production of mitochondrial ROS and decreased glutathione
content were found in chronically ethanol-fed animals, which might
induce cellular death, therefore preventing malignant transformation of
hepatocytes in heavy drinkers [102,105].

Increasing evidence has indicated that mtDNA alterations play a
crucial role in HCC development. mtDNA content is required to main-
tain normal mitochondrial respiratory function. The alteration of
mtDNA copy number is correlated with tumor progression and patient
prognosis [106]. Previous studies have reported that mtDNA content is
significantly lower in tumor tissue than that of non-tumorous tissue in
HCC [80,107,108]. Moreover, it was shown that mtDNA content was
not only remarkably reduced in HCC tissues, but also in cirrhotic tissues
[109]. Actually, both mtDNA mutations and mtDNA copies are asso-
ciated with cancer development and progression [107,110,111].
mtDNA mutations located in the D-loop region not only induce mtDNA
depletion [80], but also are positively related to poor HCC differ-
entiation grade [112]. Mechanically, increased production of ROS in-
duced by mtDNA depletion impairs oxidative phosphorylation capacity
and leads to DNA damage and subsequent malignant cellular transfor-
mation [113,114]. Although mtDNA alterations have been described in
HCC, whether mtDNA alterations are correlated with the initiation and
progression of HCC remains controversial.

To some extent, cells with low mtDNA content could be resistant to
apoptosis and thus more vulnerable to malignant transformation [115].



X. Zhang, et al.

HBV-related liver injury

higher mtDNA in peripheral
blood leukocytes content
than healthy controls

Healthy controls Hepatitis

HBV patients with lower
mtDNA content in serum have !
a increased risk of HCC

Liver cirrhosis

lower mtDNA content in
serum than non-cirrhotic
HBV controls

Life Sciences 236 (2019) 116464

lower mtDNA in peripheral blood
leukocytes than HBV-related
chronic liver diseases controls

low mtDNA copy number in
HCC tissues is correlated with
large tumor size, liver cirrhosis,
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T
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Fig. 2. Alteration of mtDNA content in different stages of HBV-related liver injury.

Yamada et al. [116] demonstrated that low mtDNA copy number in
HCC was correlated with large tumor size, liver cirrhosis, and poor 5-
year survival. Furthermore, low mtDNA content was found to stimulate
NF-kB or Rel factors by suppressing NF-kB inhibitor, while dysregula-
tion of NF-xB has been associated with various cancers [117]. However,
once the mtDNA content decreases to a certain threshold, at which
production of energy is insufficient to keep the normal cellular meta-
bolism, the cell will turn to cell death but not tumorigenesis [102]. It
was also shown that mtDNA binding to High Mobility Group Box-1
(HMGB1) activates TLR9 signaling to induce tumor growth during hy-
poxia [118]. HBV X protein (HBx) encoded by the HBV genome is a 154
amino acids, non-structural protein that is known to regulate calcium
signaling and ROS and participate in activation of potential transcrip-
tion factors such as STAT-3 and NF-xB [119,120]. A study has found
that ROS production mediated by the C-terminal region of HBx results
in mtDNA damage, which may play a role in HBV-related HCC devel-
opment [121].

6. Conclusions

In this review, we demonstrate that liver injury not only induces
hepatocyte mtDNA damage, but also releases mtDNA. mtDNA partici-
pates in maintenance of mitochondria function and production of ATP.
Cells with extensive mtDNA lesions may selectively undergo apoptosis
[122]. Mechanically, damage and depletion of mtDNA increase ROS in
hepatocytes and subsequently impair liver normal function. Reduction
of mtDNA lesions and increase in mtDNA content could be effective
strategies in alleviating liver injury. No matter how mtDNA mutations
induce liver oxidative stress injury or even cancer, it remains unclear
what degree or type of mutation is involved in these processes. Fur-
thermore, emerging evidence has indicated circulating mtDNA is ele-
vated in NASH, ALD, hepatic I/R injury, etc. circulating mtDNA acts as
DAMPs inducing neutrophil infiltration and liver inflammation via
TLR9 and STING, which may exacerbate hepatocellular damage. No-
tably, liver NPCs, namely neutrophils, KCs, DCs and lymphocyte, ex-
press remarkably higher levels of DNA sensors, including cGAS, STING,
TLR9 and AIM2, than hepatocytes during homeostasis [15], suggesting

that liver NPCs are the main DNA sensors within the liver micro-
environment. Moreover, NPCs have been shown to be crucial to pro-
duction of IFN I and amplification of liver injury [15]. Therefore,
mtDNA amplifies inflammation by irritating liver NPCs (Fig. 1), when
damaged hepatocytes release mtDNA. Taken together, mounting stu-
dies indicate that mtDNA contributes to pathological and physiological
changes and may be a biomarker in liver injury. However, it remains
unclear whether mtDNA actively contributes to pathogenesis of liver
injury through interaction with inflammasomes or other potential sig-
naling pathways. Additional studies are needed to further explore the
role of mtDNA in liver inflammation, liver oxidative stress injury and
HCC.
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