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Summary

Hepatitis virus infections affect a large proportion of the global population. The host

responds rapidly to viral infection by orchestrating a variety of cellular machineries, in

particular, the mitochondrial compartment. Mitochondria actively regulate viral

infections through modulation of the cellular innate immunity and reprogramming

of metabolism. In turn, hepatitis viruses are able to modulate the morphodynamics

and functions of mitochondria, but the mode of actions are distinct with respect to

different types of hepatitis viruses. The resulting mutual interactions between viruses

and mitochondria partially explain the clinical presentation of viral hepatitis, influence

the response to antiviral treatment, and offer rational avenues for novel therapy. In

this review, we aim to consider in depth the multifaceted interactions of mitochondria

with hepatitis virus infections and emphasize the implications for understanding path-

ogenesis and advancing therapeutic development.
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1 | INTRODUCTION

Hepatitis or liver inflammation is one of the most common liver dis-

eases that imposes a heavy global health burden.1,2 Acute hepatitis

is either self‐resolving or develops into chronic hepatitis and subse-

quently progresses to cirrhosis or hepatocellular carcinoma (HCC).3

The main etiologies include infection, metabolism, and autoimmune‐
- - - - - - - - - - - - - - - - - - - - - - - - - -
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related causes. Viral infections including hepatitis A, B, C, D, and E

viruses (HAV, HBV, HCV, HDV, and HEV, respectively) are the leading

causes (Table 1).

Host cells rapidly respond to viral infection by orchestrating a

variety of cellular machineries. In particular, the mitochondrial com-

partment appears important in this respect and responds in various

ways, including by acting as scaffold on which several key antiviral

molecular machineries are converged.4 Mitochondria antiviral‐

signaling protein (MAVS) acts as an adaptor for transcription and

production of interferons (IFN), the most potent antiviral cytokines,

in response to viral infection. Interestingly, different hepatitis

viruses differentially interact with MAVS, resulting in enhancement

or antagonism of host antiviral defense.5 In parallel, mitochondrial
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TABLE 1 Features of hepatitis virus infections

HAV HBV HCV HDV HEV

Size, nm 27‐32 42 55‐62 36‐43 27‐34

Genome +ssRNA Partially dsDNA +ssRNA −ssRNA +ssRNA

Incubation period, d 15‐45 30‐180 15‐160 30‐60 15‐60

Genome length, nt 7500 3200 9600 1700 7200

Envelope No/quasi enveloped Yes Yes Yes No/quasi enveloped

Transmission Fecal‐oral Blood and other body fluids Blood Blood and other body fluids Fecal‐oral

Infection course Acute Acute; chronic Acute; chronic Acute; chronic Acute; chronic

Severity of hepatitis ± ++ + + ±

Liver cancer development No Yes Yes Yes Not clear

Vaccine Yes Yes No No Yes (in China only)

Treatment N/A Yes Yes No approved medicationa No approved medicationa

Abbreviations: ds, double‐stranded; FDA, Food and Drug Administration; N/A, not applicable; nt, nucleotide; ss, single‐stranded.
aFor HDV, no FDA approved medication is available. Peg‐IFN‐α is the only recommended therapy, but the efficacy is unsatisfactory. For HEV, no FDA

approved medication is available. Ribavirin has been used as off‐label treatment with good efficacy.
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DNA (mtDNA) is able to elicit innate immune response through

Toll‐like receptor 9 (TLR9) and stimulator of interferon genes

(STING) signaling.6 Finally, the release of citric acid cycle intermedi-

ates from the mitochondrial matrix into the cytosol following viral

infection also regulates host innate immunity.7 Together, these

mechanisms likely impact on the infection course, pathogenesis,

and the clinical outcome of IFN‐α treatment in hepatitis virus

infections.

The liver is a metabolic powerhouse, and accordingly hepato-

cytes contain abundant numbers of mitochondria to support the

energy requirement associated with high metabolic activity.8 Viruses

require energy and macromolecule building blocks from the host to

complete their life cycle but on the other hand can modulate the

host metabolic machineries.9 Hepatitis viruses are known to regu-

late the number, quality, and dynamics of mitochondria, resulting

in altered mitochondrial morphology and function.10 Accordingly,

morphological and functional alterations of mitochondria are com-

monly observed in liver tissues obtained from viral hepatitis

patients.11-13

Intriguingly, accumulating evidences have suggest that mitochon-

drial products serve as mediators of many cellular signaling pathways,

including inflammatory responses that are prominent features of viral

hepatitis. Adenosine 5'‐triphosphate (ATP), the primary carrier of

energy, plays pleiotropic roles in inflammation by acting as an extracel-

lular signaling molecule.14,15 HCV replication actively consumes

intracellular ATP.16 5‐Aminoimidazole‐4‐carboxamide ribonucleotide

(AICAR), an activator of ATP production, counteracts both HCV and

HEV infection.17,18 HBV infection decrease ATP levels in hepato-

cytes.19 Several other metabolites from mitochondria, in particular, cit-

rate and succinate, are implicated in the pathological processes of viral

hepatitis and cirrhosis.20,21 Given the complexity, whether it is a
sequential or causal relationship between mitochondrial alteration

and hepatitis remains unclear.
2 | MITOCHONDRIAL DYSFUNCTION IN
VIRAL HEPATITIS PATIENTS

Mitochondrial dysfunction is associated with many common disor-

ders.22 It is a prominent feature of liver cell injury and is often seen

in patients with viral hepatitis. HBV and HCV infections are frequently

accompanied by mitochondrial dysfunction. In patients, HCV infection

results in morphological alteration of mitochondria, reduction in the

copy number, and oxidative‐damage–triggered mutations in the

genome of mtDNA.11-13,23 Interestingly, mitochondrial abnormalities

in HCV patients vary in a genotype‐dependent manner. Their

frequency is higher in genotype 1b than genotype 2a/c or 3a infection,

suggesting a greater intrinsic cytopathic effect of genotype 1b

HCV.11,24 The current direct‐acting antivirals are highly effective in

inhibiting HCV infection. However, whether mitochondrial dysfunc-

tion persists in patients after HCV eradication remains an interesting

question to be investigated. In HBV patients, a lower level of serum

mtDNA content is related to an increased risk of HCC development,

indicating that circulating mtDNA may be a potential noninvasive

marker of HCC risk.25 Extensive mitochondrial gene dysregulation

and global downregulation of mitochondrial function have been

observed in HBV‐specific CD8 T cells from patients with chronic

infection. Treatment with mitochondria‐targeted antioxidants restores

antiviral activity of these exhausted HBV‐specific CD8 T cells.26 Data

regarding the mitochondrial status in hepatitis A and E patients remain

limited, identifying a need for future research.
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3 | THE MUTUAL INTERACTIONS BETWEEN
HEPATITIS VIRUSES AND MITOCHONDRIAL
COMPARTMENTS

3.1 | Apoptosis in the pathogenesis of viral hepatitis

Accumulating evidence supports the role of liver cell apoptosis in the

pathogenesis of viral hepatitis.27 Although there are multiple modes

of programmed cell death, pyroptosis and apoptosis cascades through

the extrinsic and intrinsic pathways are the predominant forms for

viral hepatitis.28 The extrinsic signaling is activated via the cell surface

death receptors including TNFR1, TRAIL‐R1, and Fas. The intrinsic

pathway is mainly triggered by nonreceptor stimuli but characterized

by the permeabilization of the outer mitochondrial membrane. This

leads to the release of proapoptotic factors from the mitochondrial

intermembrane space into the cytosol.29 A recent study demonstrates

that the extrinsic and intrinsic apoptotic pathways activate pannexin‐1

to drive NLRP3 inflammasome assembly, which is involved in the

pathogenesis of viral hepatitis.30,31

The numbers of apoptotic hepatocytes in chronic hepatitis B and C

patients are small but higher than those in healthy individuals.32 It is

now generally accepted that cytotoxic T lymphocytes mediate the

immune clearance of hepatitis virus‐infected hepatocytes. Immune‐

mediated apoptosis plays an important role in liver damage and

pathogenesis.33 However, hepatitis viruses may also have direct

effects on apoptosis. The role of the HBV X gene product (HBx) in

hepatocyte apoptosis is multifaceted. Proapoptotic function of HBx

has been reported in hepatocytes of transgenic mice,34 whereas it also

blocks Fas‐induced apoptosis in liver cells.35 Similarly, HCV infection

enhances susceptibility to Fas‐mediated apoptosis,36 whereas several

HCV proteins (core, E1, E2, and NS proteins) inhibit TNF‐α‐mediated

apoptosis.37 Recently, HEV has been reported to induce hepatocyte

apoptosis via mitochondrial pathway in Mongolian gerbils.38 However,

the underlining interaction between apoptosis and HEV infection

remains largely obscure.

Cytochrome c, an essential component of the electron transport

chain (ETC) transferring electrons from complex III to complex IV,

plays a key role in the early events of mitochondria‐mediated apopto-

sis. Serum cytochrome c has been suggested as a potential new

marker for fulminant hepatitis in patients.39 During apoptosis,

cytochrome c is released from the mitochondrial intermembrane space

to induce caspase activation. HCV can induce,40 whereas HEV can

block the release of cytochrome c from mitochondria to cytosol

(Figure 1).41 The possible correlation between the amount of serum

cytochrome c and the severity of hepatitis should be further explored

for potential diagnostic relevance. Besides cytochrome c, mutual inter-

actions between caspase activation and viral infection have also been

observed.42 Several viruses express proteins that could be cleaved by

the caspase protease, resulting in inhibition of apoptosis.43,44 For

example, the HCV viral nonstructural protein 5A can be cleaved by

activated caspase, which subsequently translocates to nucleus to

enhance the transcription of several NF‐κB target genes to inhibit
apoptosis.45 The protein from HEV ORF2 has different forms and

could translocate to the cell nucleus.46 However, whether ORF2 pro-

tein is cleaved by the host protease and whether it regulates apoptotic

pathway remain to be further studied. Taken together, apoptosis is

likely an important mechanism in pathogenesis of viral hepatitis. Hep-

atitis viruses can modulate apoptotic pathways at various levels. Thus,

detection and quantification of particular apoptosis‐related molecules

may be explored as potential biomarkers for disease diagnosis in viral

hepatitis patients.
3.2 | MAVS and mtDNA‐mediated Innate Immune
Response

The early and non‐specific detection of hepatitis viruses is generally

through the recognition by pathogen‐associated molecular patterns

(PAMP) as innate immunity sensors. This leads to the activation of

downstream IFN signal pathway and subsequent production of the

ultimate antiviral effectors, interferon‐stimulated genes (ISG).47,48

MAVS, acting as an adaptor for transcription and production of

IFN, shows specific interactions with different hepatitis viruses.

HAV and HCV provoke a blockade in cell‐autonomous IFN produc-

tion by inducing proteolytic release of a part of the extra‐

mitochondrial domain of MAVS. This is clinically supported by the

presence of cleaved MAVS in the liver biopsies of HCV—but not

HBV‐infected patients.49-51 The HCV protease NS3/4A cleaves

MAVS off the mitochondria,52 whereas HAV uses a stable, catalyti-

cally active polyprotein processing intermediate to target MAVS for

proteolysis.49 Instead of directly provoking MAVS proteolysis, HEV

induces MAVS to form “prion‐like” polymers, producing a type III

IFN response (Figure 1). The sequestering of MAVS in morphologi-

cally altered mitochondria may explain the relatively poor response

to IFN treatment in the clinical management of HEV compared with

that in HCV‐infected patients.5 Thus, exploring drugs preventing

aggregation of MAVS on the outer membrane of mitochondria could

be potentially used as a combination with IFN to enhance the anti‐

HEV efficacy. HBV infection is another case altogether, and investi-

gation of liver biopsies from chronic HBV patients indicates the

absence of activated innate immune response.53 Thus, HBV is likely

invisible to pattern recognition receptors, and the role of MAVS may

not be prominent.

Because mtDNA contains remnants of bacterial nucleic acid

sequences and is methylated in a different way from nuclear DNA, it

resembles non‐self DNA and is thus easily to be degraded after trans-

ferring to the cytosol, leading to the activation of innate immune

system.54 mtDNA‐mediated immune activation involves TLR9 and

cGAS‐STING signaling pathways, which contribute to the clearance

of invading pathogens and provoke inflammasome activation,

interleukin‐1 production, and pyroptosis.55,56 Because of bidirectional

transcription, mtDNA is capable of generating overlapped transcripts.

These formed long double‐stranded RNA structures that engage in

MDA5‐mediated antiviral signaling to trigger a type I IFN response.57

Clinically, IFN treatment in HCV patients significantly decreases the



FIGURE 1 The mutual interactions of the mitochondrial compartment with hepatitis viruses and the consequences on the infections. Hepatitis
viruses differentially modulate mitochondria antiviral‐signaling protein (MAVS) signaling. HAV and HCV cleave, while HEV induces MAVS
aggregation. These interactions with MAVS result in enhancement or antagonism of innate immune response. Hepatitis viruses either induce or
block the mitochondrial permeability transition pore (MPTP) opening, regulating the release of mitochondrial contents such as mitochondrial DNA
(mtDNA) fragment or adenosine 5'‐triphosphate (ATP), which then lead to antiviral defense. mtDNA that are not completely degraded are able to
enter the endocytic pathway through mitochondria‐derived vesicles, which engage Toll‐like receptor 9 (TLR9) in lysosomes and lead to the
activation of the NF‐κB signaling and interferons (IFN) production. Sustained apoptosis caused by hepatitis virus infection triggers damage of
membrane integrity, resulting in the liberation of mitochondrial contents into the extracellular milieu
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frequency of mtDNA mutations in hepatocytes and increases the

mtDNA copy numbers in peripheral leukocytes.12,58 Moreover,

mtDNA was reported to mediate IFN response.59 Even though hepa-

tocytes contain hundreds of copies of mtDNA, it is possible that the

combination of mtDNA deletions and point mutations, together with

mtDNA strand breaks by increased reactive oxygen species (ROS),

could reach a threshold sufficient to induce mitochondrial dysfunction,

contributing to the pathogenesis of viral hepatitis. Very recently, it has

been reported that new mtDNA synthesis can activate the NLRP3

inflammasome.60 As described, activation of NLRP3 inflammasome is

closely related to the pathogenesis of chronic liver diseases, including

viral hepatitis.31
3.3 | Mitochondrial morphodynamics in response to
hepatitis virus infection

The mitochondrial life cycle entails frequent fusion (in which two

mitochondria form a single organelle) and fission (the division of one

mitochondrion into two daughter organelles) events.61 These two

opposing processes collaboratively control the number and size of

mitochondria and maintain cell homeostasis. Mitofusin‐1 (Mfn1),

mitofusin‐2 (Mfn2), and optic atrophy 1 (Opa1) are the key regulators

of fusion, whereas dynamin‐related protein 1 (Drp1) tightly modulates

fission (Figure 2A). A main reason for continual mitochondrial fission

and/or fusion is that it facilitates the degradation of damaged



FIGURE 2 Mitochondrial morphodynamics is differentially regulated by hepatitis viruses to modulate innate immune response. A, The
mitochondrial life cycle entails frequent fusion and fission events. Mitofusin‐1 (Mfn1), mitofusin‐2 (Mfn2), and optic atrophy 1 (Opa1) are the
key regulators of fusion, whereas dynamin‐related protein 1 (Drp1) and mitochondrial fission 1 protein (Fis1) modulate fission. HBV and HCV
induce fission, whereas HEV triggers fusion. B, Immunofluorescence staining of human liver cells infected with HEV showing the induction of
mitochondrial fusion. HEV capsid protein (red; anti‐ORF2), mitochondria (green; anti‐HSP60), and 4',6‐diamidino‐2‐phenylindole DAPI (blue). Cells
were visualized with 63× oil immersion lens at identical settings
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organelles by mitophagy, which is regulated by Parkin and Pink

proteins. It promotes mitochondrial turnover and prevents accumula-

tion of dysfunctional mitochondria. HCV and HBV infections promote

mitophagy.62,63 The role of mitophagy in other hepatitis viruses needs

to be further studied.

Upon infection, hepatitis viruses rearrange the intracellular micro-

environment, including the mitochondrial compartment.64 Mitochon-

drial fission has been frequently observed in HBV and HCV

infections.10,65 HCV promotes fission by inducing Drp1 phosphoryla-

tion.66 This correlates with oxidative stress, presenting as excessive
lipid peroxidation and deficiency of tissue hepatocellular antioxidant

stores, which in turn contributes to steatosis that is highly prevalent

in HCV infection.67,68 In contrast, HEV is able to trigger mitochon-

drial fusion to promote viral replication (Figure 2B).69 Because

mitochondrial fission is the initial step of mitophagy, the differential

regulation of mitochondrial morphodynamics by HEV compared

with HCV may suggest a negative regulation of mitophagy during

its propagation.

The fission and fusion processes in hepatocytes are responsible for

the exchange and reallocation of mitochondrial contents including
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mtDNA. Inhibition of mitochondrial fusion is related to mtDNA deple-

tion.70 Importantly, the equilibrium between fission and fusion is

crucial for stabilizing mtDNA copy number and maintaining healthy

liver function.71 Hence, modulation of mitochondrial morphodynamics

could potentially affect virus‐induced liver dysfunction.

In addition, morphodynamics also regulates innate immunity by

affecting the distribution of MAVS on the mitochondrial outer

membrane. As reorganization of MAVS spatial distribution is a key

event in IFN production in response to viral infection, such spatial

reorganization has important consequences. Mitochondrial fusion pro-

motes, whereas fission inhibits, RIG‐I‐like receptor (RLR) signaling.

Fibroblasts lacking mitofusin proteins produce less IFN and pro‐

inflammatory cytokines upon viral infection.72,73 Small molecules, such

as mitochondrial division inhibitor 1 (Mdivi1) that inhibits Drp1 activ-

ity, have been developed.74 Hence, the effects of these agents on

different hepatitis viruses are interesting be investigated.
3.4 | The role of the mitochondrial electron
transport chain

Mitochondrial ETC consists of a series of complexes that transfer elec-

trons from donors to acceptors via redox coupled with the transfer of

protons across a membrane. It is the site for oxidative phosphorylation

and generation of ATP. Mitochondrial morphodynamics can regulate

the respiratory rate.75 Fused mitochondria enhance, whereas mito-

chondrial fission decrease, respiratory function. Thus, changing the

dynamics of mitochondrial fission and fusion influences mitochondrial

function and constitutes an evident target for viruses to corrupt

mitochondria‐mediated innate immunity. Hepatitis viruses actively

interact with the ETC; for example, HBx protein down‐regulates ETC

activity.76 HCV replication inhibits ETC and so the production of

ATP.77 By profiling the role of different ETC complexes, complex III

was found to support HEV replication.18

During cellular respiration, byproducts like ROS are produced

under stressed conditions.78 Increased ROS production is associated

with liver injury and the pathogenesis of viral hepatitis.79 Furthermore,

ROS production is involved in various cellular signaling pathways,

including those mediating immune responses. ROS can induce aggre-

gation of MAVS on mitochondrial outer membrane to initiate IFN

response. Cells with reduced ETC activity are impaired with produc-

tion of IFNs and proinflammatory cytokines during viral infection.80

In contrast, increased ROS production counteracts HCV replication.81

Thus, the ETC emerges as a primary target for viral infection, although

hepatitis viruses likely target its functionality indirectly, for instance,

by modifying mitochondrial morphodynamics.
3.5 | Mitochondrial permeability transition pore and
hepatitis viruses

Mitochondria actively communicate with the cytosol and nuclear com-

partments. The signals involved are mediated through proteins located

on the mitochondrial membrane, including the mitochondrial
permeability transition pore (MPTP). Mitochondrial contents can

escape from the mitochondrial matrix during MPTP opening.82,83

The products related to the action of ETC, such as ATP and cyto-

chrome c, are transferred through MPTP to cytosol to exert biological

functions. MPTP is composed of voltage‐dependent anion channel

(VDAC) in the outer mitochondrial membrane, the adenine nucleotide

translocator (ANT) in the inner mitochondrial membrane, and

cyclophilin D (CypD) as its regulator in the matrix.

Hepatitis viruses have various interactions with MPTP. HBx pro-

tein has been shown to colocalize with VDAC, leading to alteration

of mitochondrial transmembrane potential. The 68‐117 region of

HBx interacts with mitochondria and is necessary for membrane per-

meabilization.84 HEV ORF3 protein sustains high levels of oligomeric

VDAC to preserve mitochondrial potential and membrane integrity,

thereby protecting infected cells from mitochondrial depolarization

and death.41 HBV and HCV core proteins provoke MPTP opening,

whereas HEV prevents such an event. In line with this, the MPTP

inhibitor cyclosporine A (CsA) inhibits HBV and HCV85-87 but pro-

motes HEV replication.18,88 As highlighted, the importance of mtDNA

in innate immunity, mtDNA fragments in fact are also released

through MPTP. Thus, targeting MPTP opening represents a potential

antiviral strategy.
4 | THE IMPACT OF MITOCHONDRIAL
METABOLITES

Metabolites produced from the mitochondrial tricarboxylic acid cycle,

including citrate, succinate, fumarate, and acetyl‐CoA, are important

regulators of signaling transduction when released from the mitochon-

dria.56,89 Citrate synthase and succinate dehydrogenase are up‐

regulated in HBV‐infected cells, leading to elevation of the corre-

sponding metabolites such as fumarate and succinate.90 Succinate

has been recognized as an emerging signal transducer to activate

inflammatory pathways.7 An example is the increase in antigen‐

presenting capacity of dendritic cells if cytosolic succinate levels

increase.91 Thus, it is rational to suggest that such molecules may

modulate innate immunity in hepatocytes as well.92 HCV infection

has been related to elevated level of acetyl‐CoA, a metabolite that

participates in many biochemical reactions in protein, carbohydrate,

and lipid metabolism.93 It has been widely recognized that acetyl‐

CoA contributes to lysine acetylation by donating its acetyl group.94

Lysine modification controls many aspects of protein function and

provides an obvious mechanism as to how acetyl‐CoA can influence

cellular function. HBV replication is regulated by the acetylation status

of the cccDNA‐bound H3/H4 histones.95,96 Acetylation of retinoic

acid‐inducible gene I (RIG‐I) regulates its antiviral functions,97 and

RIG‐I is essential for sensing HAV,98 HBV,99 HCV,100 and HEV infec-

tions.101 Importantly, adequate cytosolic acetyl‐CoA level is required

for interferon‐γ (IFNγ) production.102 Other metabolites can inhibit

inflammatory responses. For example, lactate acts through the lactate

receptor to reduce hepatitis in mouse models.103 There is an increase

in lactate production in HCV‐infected cells, probably because the
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corruption of mitochondrial function provokes increased dependency

in the hepatocyte on glycolysis to support its energy needs.104 In

apparent agreement, targeting mitochondrial metabolism has been

proposed to prevent chronic neuroinflammation.105 This may bear

implications for treating neurologic diseases caused by HEV

infection.106
5 | IMPLICATIONS FOR THERAPEUTIC
DEVELOPMENT

IFN‐α has been used in the clinic for decades to treat chronic HBV and

HCV infections. The effects of IFN on viral replication have been

linked to mitochondrial functions,107 but conversely, mitochondria

regulate antiviral IFN responses via MAVS or the production of ROS.

The development of direct‐acting antivirals (DAA), in particular, the

nucleoside/nucleotide analogues, constitutes a landmark in advancing

the treatment for viral hepatitis.108 Nucleoside/nucleotide analogues

can efficiently inhibit viral replication by inhibition of viral polymerase

activity.109 However, these drugs may exert off‐target effects by inhi-

bition of mitochondrial DNA polymerase, resulting in a reduction of

mtDNA copy number, although a minor reduction may not present a

clinically apparent phenotype.110,111 Fialuridine, a nucleoside analogue

investigated for treating HBV infection, caused five deaths from liver

failure associated with lactic acidosis and two required liver transplan-

tation.112 The toxicity is primary due to damaging mitochondria,

particularly in nerves, liver, skeletal, and cardiac muscle, as these tis-

sues contain many mitochondria.113 The degree of these side‐effects

limits development of this class of drugs, even though the antiviral

effect may be very promising.

Despite the launch of many antiviral drugs, new therapeutics are

still required for eliminating viral hepatitis. Unlike HCV, the persis-

tence of cccDNA prevents cure but only inhibits viral replication in

HBV patients.114 For HEV, besides supportive care and off‐label

treatment with ribavirin or IFN‐α for some cases, there is no proven

antiviral medication available. Mitochondria represent a viable target

for new therapeutic development. As mitochondrial dysfunction is

widely present in HBV patients, treatment with mitochondria‐targeted

antioxidants mitoquinone (MitoQ) and the piperidine‐nitroxide

MitoTempo can restore the antiviral activity of HBV‐specific CD8 T

cells.26 MitoQ is based on the delivery of a potent antioxidant with

targeted lipophilic cations that leads to accumulation up to several‐

hundred fold in mitochondria. It has been extensively studied and

demonstrated safety in humans.22,115,116 Because increased oxidative

stress and subsequent mitochondrial damage are the key mechanisms

causing pathogenesis in viral hepatitis, treatment with MitoQ can

decrease liver damage in HCV patients.115 It has also been shown to

attenuate liver fibrosis in mice.117

The mitochondrial ETC complexes have long been recognized as an

antiviral target.118 The complex I inhibitor, metformin, inhibits HBV

and HCV infections in experimental models,119,120 although

the effects in patients remain unclear. Complex III sustains HEV

replication and can be targeted by pharmacological inhibitors to inhibit
viral replication in experimental models but requires further clinical

validation.18

Lastly, mitochondria‐mediated apoptosis is essential in the patho-

genesis of viral hepatitis; however, no optimal drug has been identified

to prevent or treat liver injury. In this respect, mitochondria‐targeted

antioxidants or caspase inhibitors, look promising, but require further

investigation.
6 | CONCLUDING REMARKS

Liver cells are enriched in mitochondria that support the unique fea-

tures of hepatic metabolism but also orchestrate cell‐autonomous

antiviral immunity upon viral infection. Mitochondrial dysfunction

commonly occurs in viral hepatitis patients. This associates with dis-

ease progression from acute, chronic infection to cancer development.

Hepatitis viruses actively interact with the mitochondrial compartment

at various levels, including regulation of mitochondrial

morphodynamics, innate immune response, bioenergetics, and metab-

olism. The mode of actions of these interactions may differ among

the five major types of hepatitis viruses but are essential for under-

standing the pathogenesis, clinical outcome, and treatment response

in viral hepatitis patients.

The prominent role of mitochondria in contributing to pathology

has provided opportunities for therapeutic development against viral

hepatitis and prevention of liver cancer development. Several

mitochondrial‐related or targeted agents have been used in the clinic

or tested in clinical trials, including the complex I inhibitor metformin,

the MPTP inhibitor CsA, the NAD+ precursor nicotinamide mononu-

cleotide, the mitochondria‐targeted protective compounds MitoQ

and Bendavia, and the antioxidant coenzyme Q10. However, the

development and application of mitochondria‐related therapies remain

at their infancy. We propose to enhance the therapeutic development

by identifying and repurposing the existing FDA‐approved medica-

tions with mitochondria‐targeted properties. On the other hand,

dietary and herbal supplements121 and other new approaches122,123

should also be explored for their potential to modulate or restore

mitochondrial function.
ACKNOWLEDGMENTS

This research is supported by the Dutch Cancer Society Young

Investigator Grant (10140) and a VIDI grant (91719300) from the

Netherlands Organization for Scientific Research (NWO) (to Q.P.),

and by China Scholarship Council PhD fellowship to C.Q.

(201509110121).
CONFLICT OF INTEREST

The authors declare that they have no conflict of interest.
ORCID

Qiuwei Pan https://orcid.org/0000-0001-9982-6184

https://orcid.org/0000-0001-9982-6184


8 of 11 QU ET AL.
REFERENCES

1. Zhao L, Chen S, Shi X, Cao H, Li L. A pooled analysis of mesenchymal

stem cell‐based therapy for liver disease. Stem Cell Res Ther.

2018;9(1):72.

2. Akazawa Y, Nakao K. To die or not to die: death signaling in nonalco-

holic fatty liver disease. J Gastroenterol. 2018;53(8):893‐906.

3. Chen G, Cheung R, Tom JW. Hepatitis: sedation and anesthesia impli-

cations. Anesth Prog. 64:106‐118.

4. Mills EL, Kelly B, O'Neill LAJ. Mitochondria are the powerhouses of

immunity. Nat Immunol. 2017;18(5):488‐498.

5. Yin X, Li X, Ambardekar C, Hu Z, Lhomme S, Feng Z. Hepatitis E virus

persists in the presence of a type III interferon response. PLoS Pathog.

2017;13(5):e1006417.

6. Wang L, Liebmen MN, Wang X. Roles of mitochondrial DNA signaling

in immune responses. Adv Exp Med Biol. 2017;1038:39‐53.

7. Murphy MP, O'Neill LAJ. Krebs cycle reimagined: the emerging roles

of succinate and itaconate as signal transducers. Cell. 2018;174(4):

780‐784.

8. Madrigal‐Matute J, Cuervo AM. Regulation of liver metabolism by

autophagy. Gastroenterology. 2016;150(2):328‐339.

9. Yin J, Redovich J. Kinetic modeling of virus growth in cells. Microbiol

Mol Biol Rev. 2018;82(2).

10. Kim SJ, Khan M, Quan J, Till A, Subramani S, Siddiqui A. Hepatitis B

virus disrupts mitochondrial dynamics: induces fission and mitophagy

to attenuate apoptosis. PLoS Pathog. 2013;9(12):e1003722.

11. Barbaro G, Di Lorenzo G, Asti A, et al. Hepatocellular mitochondrial

alterations in patients with chronic hepatitis C: ultrastructural and

biochemical findings. Am J Gastroenterol. 1999;94(8):2198‐2205.

12. Nishikawa M, Nishiguchi S, Kioka K, Tamori A, Inoue M. Interferon

reduces somatic mutation of mitochondrial DNA in liver tissues from

chronic viral hepatitis patients. J Viral Hepat. 2005;12(5):494‐498.

13. Serejo F, Emerit I, Filipe PM, et al. Oxidative stress in chronic hepatitis

C: the effect of interferon therapy and correlation with pathological

features. Can J Gastroenterol. 2003;17(11):644‐650.

14. Trautmann A. Extracellular ATP in the immune system: more than just

a "danger signal". Sci Signal. 2009;2(56):pe6.

15. Vitiello L, Gorini S, Rosano G, la Sala A. Immunoregulation through

extracellular nucleotides. Blood. 2012;120(3):511‐518.

16. AndoT, Imamura H, Suzuki R, et al. Visualization and measurement of

ATP levels in living cells replicating hepatitis C virus genome RNA.

PLoS Pathog. 2012;8(3):e1002561.

17. Moreira D, Silvestre R, Cordeiro‐da‐Silva A, Estaquier J, Foretz M,

Viollet B. AMP‐activated protein kinase as a target for pathogens:

friends or foes? Curr Drug Targets. 2016;17(8):942‐953.

18. Qu C, Zhang S, Wang W, et al. Mitochondrial electron transport chain

complex III sustains hepatitis E virus replication and represents an

antiviral target. FASEB J. 2019;33(1):1008‐1019. https://doi.org/

10.1096/fj.201800620R

19. Bagga S, Rawat S, Ajenjo M, Bouchard MJ. Hepatitis B virus (HBV) X

protein‐mediated regulation of hepatocyte metabolic pathways

affects viral replication. Virology. 2016;498:9‐22.

20. Williams NC, O'Neill LAJ. A role for the krebs cycle intermediate cit-

rate in metabolic reprogramming in innate immunity and

inflammation. Front Immunol. 2018;9:141.

21. Gong ZG, Zhao W, Zhang J, et al. Metabolomics and eicosanoid anal-

ysis identified serum biomarkers for distinguishing hepatocellular

carcinoma from hepatitis B virus‐related cirrhosis. Oncotarget.

2017;8(38):63890‐63900.
22. Murphy MP, Hartley RC. Mitochondria as a therapeutic target for

common pathologies. Nat Rev Drug Discov. 2018;17(12):865‐886.

23. Zhang AM, Ma K, Song Y, et al. Mitochondrial DNAs decreased and

correlated with clinical features in HCV patients from Yunnan, China.

Mitochondrial DNA A DNA Mapp Seq Anal. 2016;27(4):2516‐2519.

24. Simmonds P. Clinical relevance of hepatitis C virus genotypes. Gut.

1997;40(3):291‐293.

25. Li L, Hann HW, Wan S, et al. Cell‐free circulating mitochondrial DNA

content and risk of hepatocellular carcinoma in patients with chronic

HBV infection. Sci Rep. 2016;6(1):23992.

26. Fisicaro P, Barili V, Montanini B, et al. Targeting mitochondrial dys-

function can restore antiviral activity of exhausted HBV‐specific
CD8 T cells in chronic hepatitis B. Nat Med. 2017;23(3):327‐336.

27. Bantel H, Schulze‐Osthoff K. Apoptosis in hepatitis C virus infection.

Cell Death Differ. 2003;10(S1):S48‐S58. https://doi.org/10.1038/sj.

cdd.4401119

28. Fiers W, Beyaert R, Declercq W, Vandenabeele P. More than one way

to die: apoptosis, necrosis and reactive oxygen damage. Oncogene.

1999;18(54):7719‐7730.

29. Brenner D, Mak TW. Mitochondrial cell death effectors. Curr Opin Cell

Biol. 2009;21(6):871‐877.

30. Chen KW, Demarco B, Heilig R, et al. Extrinsic and intrinsic apoptosis

activate pannexin‐1 to drive NLRP3 inflammasome assembly. EMBO

J. 2019;38(10):e101638.

31. Wu X, Dong L, Lin X, Li J. Relevance of the NLRP3 inflammasome in

the pathogenesis of chronic liver disease. Front Immunol.

2017;8:1728.

32. Papakyriakou P, Tzardi M, Valatas V, et al. Apoptosis and apoptosis

related proteins in chronic viral liver disease. Apoptosis. 2002;7(2):

133‐141.

33. Knolle PA, Thimme R. Hepatic immune regulation and its involvement

in viral hepatitis infection. Gastroenterology. 2014;146(5):1193‐1207.

34. Terradillos O, de La Coste A, Pollicino T, et al. The hepatitis B virus X

protein abrogates Bcl‐2‐mediated protection against Fas apoptosis in

the liver. Oncogene. 2002;21(3):377‐386.

35. Pan J, Duan LX, Sun BS, Feitelson MA. Hepatitis B virus X protein

protects against anti‐Fas‐mediated apoptosis in human liver cells by

inducing NF‐kappa B. J Gen Virol. 2001;82(1):171‐182.

36. Ruggieri A, Harada T, Matsuura Y, Miyamura T. Sensitization to Fas‐
mediated apoptosis by hepatitis C virus core protein. Virology.

1997;229(1):68‐76.

37. Ray RB, Meyer K, Steele R, Shrivastava A, Aggarwal BB, Ray R. Inhibi-

tion of tumor necrosis factor (TNF‐alpha)‐mediated apoptosis by

hepatitis C virus core protein. J Biol Chem. 1998;273(4):2256‐2259.

38. Yang Y, Shi R, Soomro MH, Hu F, Du F, She R. Hepatitis E virus

induces hepatocyte apoptosis via mitochondrial pathway in Mongo-

lian gerbils. Front Microbiol. 2018;9:460.

39. Sakaida I, Kimura T, Yamasaki T, et al. Cytochrome c is a possible new

marker for fulminant hepatitis in humans. J Gastroenterol. 2005;40(2):

179‐185.

40. Deng L, Adachi T, Kitayama K, et al. Hepatitis C virus infection

induces apoptosis through a Bax‐triggered, mitochondrion‐mediated,

caspase 3‐dependent pathway. J Virol. 2008;82(21):10375‐10385.

41. Moin SM, Panteva M, Jameel S. The hepatitis E virus Orf3 protein

protects cells from mitochondrial depolarization and death. J Biol

Chem. 2007;282(29):21124‐21133.

42. Saelens X, Kalai M, Vandenabeele P. Translation inhibition in apopto-

sis: caspase‐dependent PKR activation and eIF2‐alpha
phosphorylation. J Biol Chem. 2001;276(45):41620‐41628.

https://doi.org/10.1096/fj.201800620R
https://doi.org/10.1096/fj.201800620R
https://doi.org/10.1038/sj.cdd.4401119
https://doi.org/10.1038/sj.cdd.4401119


QU ET AL. 9 of 11
43. Richard A, Tulasne D. Caspase cleavage of viral proteins, another way

for viruses to make the best of apoptosis. Cell Death Dis. 2012;3(3):

e277.

44. Connolly PF, Fearnhead HO. Viral hijacking of host caspases: an

emerging category of pathogen‐host interactions. Cell Death Differ.

2017;24(8):1401‐1410.

45. Jiang X, Kanda T, Wu S, et al. Hepatitis C virus nonstructural protein

5A inhibits MG132‐induced apoptosis of hepatocytes in line with

NF‐kappaB‐nuclear translocation. PLoS ONE. 2015;10(7):e0131973.

46. Lenggenhager D, Gouttenoire J, Malehmir M, et al. Visualization of

hepatitis E virus RNA and proteins in the human liver. J Hepatol.

2017;67(3):471‐479.

47. Wang W, Xu L, Su J, Peppelenbosch MP, Pan Q. Transcriptional reg-

ulation of antiviral interferon‐stimulated genes. Trends Microbiol.

2017;25(7):573‐584.

48. Xu L, Wang W, Peppelenbosch MP, Pan Q. Noncanonical antiviral

mechanisms of ISGs: dispensability of inducible interferons. Trends

Immunol. 2017;38(1):1‐2.

49. Yang Y, Liang Y, Qu L, et al. Disruption of innate immunity due to

mitochondrial targeting of a picornaviral protease precursor. Proc Natl

Acad Sci U S A. 2007;104(17):7253‐7258.

50. Loo YM, Owen DM, Li K, et al. Viral and therapeutic control of IFN‐
beta promoter stimulator 1 during hepatitis C virus infection. Proc

Natl Acad Sci U S A. 2006;103(15):6001‐6006.

51. Park SH, Rehermann B. Immune responses to HCV and other hepati-

tis viruses. Immunity. 2014;40(1):13‐24.

52. Li XD, Sun L, Seth RB, Pineda G, Chen ZJ. Hepatitis C virus protease

NS3/4A cleaves mitochondrial antiviral signaling protein off the mito-

chondria to evade innate immunity. Proc Natl Acad Sci U S A.

2005;102(49):17717‐17722.

53. Suslov A, Boldanova T, Wang X, Wieland S, Heim MH. Hepatitis B

virus does not interfere with innate immune responses in the human

liver. Gastroenterology. 2018;154(6):1778‐1790.

54. West AP, Shadel GS. Mitochondrial DNA in innate immune responses

and inflammatory pathology. Nat Rev Immunol. 2017;17(6):363‐375.

55. Afonina IS, Zhong Z, Karin M, Beyaert R. Limiting inflammation‐the
negative regulation of NF‐kappaB and the NLRP3 inflammasome.

Nat Immunol. 2017;18(8):861‐869.

56. Weinberg SE, Sena LA, Chandel NS. Mitochondria in the regulation of

innate and adaptive immunity. Immunity. 2015;42(3):406‐417.

57. Dhir A, Dhir S, Borowski LS, et al. Mitochondrial double‐stranded
RNA triggers antiviral signalling in humans. Nature. 2018;560(7717):

238‐242.

58. Yen HH, Shih KL, Lin TT, Su WW, Soon MS, Liu CS. Decreased mito-

chondrial deoxyribonucleic acid and increased oxidative damage in

chronic hepatitis C. World J Gastroenterol. 2012;18(36):5084‐5089.

59. Rongvaux A, Jackson R, Harman CC, et al. Apoptotic caspases prevent

the induction of type I interferons by mitochondrial DNA. Cell.

2014;159(7):1563‐1577.

60. Zhong Z, Liang S, Sanchez‐Lopez E, et al. New mitochondrial DNA

synthesis enables NLRP3 inflammasome activation. Nature.

2018;560(7717):198‐203.

61. Manoli I, Alesci S, Blackman MR, Su YA, Rennert OM, Chrousos GP.

Mitochondria as key components of the stress response. Trends

Endocrinol Metab. 2007;18(5):190‐198.

62. Amako Y, Munakata T, Kohara M, Siddiqui A, Peers C, Harris M. Hep-

atitis C virus attenuates mitochondrial lipid beta‐oxidation by

downregulating mitochondrial trifunctional‐protein expression. J Virol.

2015;89(8):4092‐4101.
63. Huang XY, Li D, Chen ZX, et al. Hepatitis B Virus X protein elevates

Parkin‐mediated mitophagy through Lon Peptidase in starvation. Exp

Cell Res. 2018;368(1):75‐83.

64. Dubuisson J, Cosset FL. Virology and cell biology of the hepatitis C

virus life cycle: an update. J Hepatol. 2014;61(1):S3‐S13.

65. Kim SJ, Syed GH, Khan M, et al. Hepatitis C virus triggers mitochon-

drial fission and attenuates apoptosis to promote viral persistence.

Proc Natl Acad Sci U S A. 2014;111(17):6413‐6418.

66. Kim SJ, Syed GH, Siddiqui A. Hepatitis C virus induces the mitochon-

drial translocation of Parkin and subsequent mitophagy. PLoS Pathog.

2013;9(3):e1003285.

67. Goodman ZD, Ishak KG. Histopathology of hepatitis C virus infection.

Semin Liver Dis. 1995;15(01):70‐81.

68. Berson A, De Beco V, Letteron P, et al. Steatohepatitis‐inducing drugs

cause mitochondrial dysfunction and lipid peroxidation in rat hepato-

cytes. Gastroenterology. 1998;114(4):764‐774.

69. Wang YJ, Pan QW, Zhao JM. Hepatitis E virus infection induces mito-

chondrial fusion to facilitate viral replication. Hepatology.

2017;66:372a.

70. Wai T, Langer T. Mitochondrial dynamics and metabolic regulation.

Trends Endocrinol Metab. 2016;27(2):105‐117.

71. Bernhardt D, Muller M, Reichert AS, Osiewacz HD. Simultaneous

impairment of mitochondrial fission and fusion reduces mitophagy

and shortens replicative lifespan. Sci Rep. 2015;5(1):7885.

72. Castanier C, Garcin D, Vazquez A, Arnoult D. Mitochondrial dynamics

regulate the RIG‐I‐like receptor antiviral pathway. EMBO Rep.

2010;11(2):133‐138.

73. Koshiba T, Yasukawa K, Yanagi Y, Kawabata S. Mitochondrial mem-

brane potential is required for MAVS‐mediated antiviral signaling.

Sci Signal. 2011;4(158):ra7.

74. Manczak M, Kandimalla R, Yin X, Reddy PH. Mitochondrial division

inhibitor 1 reduces dynamin‐related protein 1 and mitochondrial fis-

sion activity. Hum Mol Genet. 2019;28(2):177‐199.

75. Khan M, Syed GH, Kim SJ, Siddiqui A. Mitochondrial dynamics and

viral infections: a close nexus. Biochim Biophys Acta.

1853;2015:2822‐2833.

76. Casciano JC, Bouchard MJ. Hepatitis B virus X protein modulates

cytosolic Ca(2+) signaling in primary human hepatocytes. Virus Res.

2018;246:23‐27.

77. Ando M, Korenaga M, Hino K, et al. Mitochondrial electron transport

inhibition in full genomic hepatitis C virus replicon cells is restored by

reducing viral replication. Liver Int. 2008;28(8):1158‐1166.

78. Stowe DF, Camara AK. Mitochondrial reactive oxygen species pro-

duction in excitable cells: modulators of mitochondrial and cell

function. Antioxid Redox Signal. 2009;11(6):1373‐1414.

79. Ivanov AV, Valuev‐Elliston VT, Tyurina DA, et al. Oxidative stress, a

trigger of hepatitis C and B virus‐induced liver carcinogenesis.

Oncotarget. 2017;8(3):3895‐3932.

80. Yoshizumi T, Imamura H, Taku T, et al. RLR‐mediated antiviral innate

immunity requires oxidative phosphorylation activity. Sci Rep.

2017;7(1):5379.

81. Choi J, Lee KJ, Zheng Y, Yamaga AK, Lai MM, Ou JH. Reactive oxygen

species suppress hepatitis C virus RNA replication in human hepa-

toma cells. Hepatology. 2004;39(1):81‐89.

82. Taddeo EP, Laker RC, Breen DS, et al. Opening of the mitochondrial

permeability transition pore links mitochondrial dysfunction to insulin

resistance in skeletal muscle. Mol Metab. 2014;3(2):124‐134.



10 of 11 QU ET AL.
83. Kwong JQ, Molkentin JD. Physiological and pathological roles of the

mitochondrial permeability transition pore in the heart. Cell Metab.

2015;21(2):206‐214.

84. You DG, Cho YY, Lee HR, et al. Hepatitis B virus X protein induces

size‐selective membrane permeabilization through interaction with

cardiolipin. Biochim Biophys Acta Biomembr. 2019;1861(4):729‐737.

85. Quarato G, D'Aprile A, Gavillet B, et al. The cyclophilin inhibitor

alisporivir prevents hepatitis C virus‐mediated mitochondrial dysfunc-

tion. Hepatology. 2012;55(5):1333‐1343.

86. Lee HR, Cho YY, Lee GY, You DG, Yoo YD, Kim YJ. A direct role for

hepatitis B virus X protein in inducing mitochondrial membrane per-

meabilization. J Viral Hepat. 2018;25(4):412‐420.

87. Nakagawa M, Sakamoto N, TanabeY, et al. Suppression of hepatitis C

virus replication by cyclosporin a is mediated by blockade of

cyclophilins. Gastroenterology. 2005;129(3):1031‐1041.

88. Wang Y, Zhou X, Debing Y, et al. Calcineurin inhibitors stimulate and

mycophenolic acid inhibits replication of hepatitis E virus. Gastroen-

terology. 2014;146(7):1775‐1783.

89. Li X, Egervari G, Wang Y, Berger SL, Lu Z. Regulation of chromatin

and gene expression by metabolic enzymes and metabolites. Nat

Rev Mol Cell Biol. 2018;19(9):563‐578.

90. Shi YX, Huang CJ, Yang ZG. Impact of hepatitis B virus infection on

hepatic metabolic signaling pathway. World J Gastroenterol.

2016;22(36):8161‐8167.

91. Mills E, O'Neill LA. Succinate: a metabolic signal in inflammation.

Trends Cell Biol. 2014;24(5):313‐320.

92. Tannahill GM, Curtis AM, Adamik J, et al. Succinate is an inflamma-

tory signal that induces IL‐1beta through HIF‐1alpha. Nature.

2013;496(7444):238‐242.

93. Kapadia SB, Chisari FV. Hepatitis C virus RNA replication is regulated

by host geranylgeranylation and fatty acids. Proc Natl Acad Sci U S A.

2005;102(7):2561‐2566.

94. Galdieri L, Vancura A. Acetyl‐CoA carboxylase regulates global his-

tone acetylation. J Biol Chem. 2012;287(28):23865‐23876.

95. PollicinoT, Belloni L, Raffa G, et al. Hepatitis B virus replication is reg-

ulated by the acetylation status of hepatitis B virus cccDNA‐bound
H3 and H4 histones. Gastroenterology. 2006;130(3):823‐837.

96. Belloni L, Pollicino T, De Nicola F, et al. Nuclear HBx binds the HBV

minichromosome and modifies the epigenetic regulation of cccDNA

function. Proc Natl Acad Sci U S A. 2009;106(47):19975‐19979.

97. Choi SJ, Lee HC, Kim JH, et al. HDAC6 regulates cellular viral RNA

sensing by deacetylation of RIG‐I. EMBO J. 2016;35(4):429‐442.

98. Fensterl V, Grotheer D, Berk I, Schlemminger S, Vallbracht A,

Dotzauer A. Hepatitis A virus suppresses RIG‐I‐mediated IRF‐3 acti-

vation to block induction of beta interferon. J Virol.

2005;79(17):10968‐10977.

99. Sato S, Li K, Kameyama T, et al. The RNA sensor RIG‐I dually func-

tions as an innate sensor and direct antiviral factor for hepatitis B

virus. Immunity. 2015;42(1):123‐132.

100. Schoggins JW, Wilson SJ, Panis M, et al. A diverse range of gene

products are effectors of the type I interferon antiviral response.

Nature. 2011;472(7344):481‐485.

101. Xu L, Wang W, Li Y, et al. RIG‐I is a key antiviral interferon‐stimulated

gene against hepatitis E virus regardless of interferon production.

Hepatology. 2017;65(6):1823‐1839.

102. Mehta MM, Weinberg SE, Chandel NS. Mitochondrial control of

immunity: beyond ATP. Nat Rev Immunol. 2017;17(10):608‐620.

103. Hoque R, Farooq A, Ghani A, Gorelick F, Mehal WZ. Lactate reduces

liver and pancreatic injury in Toll‐like receptor‐ and inflammasome‐
mediated inflammation via GPR81‐mediated suppression of innate

immunity. Gastroenterology. 2014;146(7):1763‐1774.

104. Ramiere C, Rodriguez J, Enache LS, Lotteau V, Andre P, Diaz O. Activ-

ity of hexokinase is increased by its interaction with hepatitis C virus

protein NS5A. J Virol. 2014;88(6):3246‐3254.

105. Peruzzotti‐Jametti L, Pluchino S. Targeting mitochondrial metabolism

in neuroinflammation: towards a therapy for progressive multiple

sclerosis. Trends Mol Med. 2018;24(10):838‐855.

106. Dalton HR, Kamar N, van Eijk JJ, et al. Hepatitis E virus and neurolog-

ical injury. Nat Rev Neurol. 2016;12(2):77‐85.

107. Rongvaux A, Jackson R, Harman Christian CD, et al. Apoptotic

caspases prevent the induction of type i interferons by mitochondrial

DNA. Cell. 2014;159(7):1563‐1577. https://doi.org/10.1016/j.

cell.2014.11.037

108. Marshall AD, Pawlotsky JM, Lazarus JV, Aghemo A, Dore GJ, Grebely

J. The removal of DAA restrictions in Europe—one step closer to

eliminating HCV as a major public health threat. J Hepatol.

2018;69:1188‐1196.

109. Horsley‐Silva JL, Vargas HE. New therapies for hepatitis C virus infec-

tion. Gastroenterol Hepatol (N Y). 2017;13:22‐31.

110. Feng JY, Xu Y, Barauskas O, et al. Role of mitochondrial RNA poly-

merase in the toxicity of nucleotide inhibitors of hepatitis C virus.

Antimicrob Agents Chemother. 2016;60(2):806‐817.

111. Arnold JJ, Sharma SD, Feng JY, et al. Sensitivity of mitochondrial tran-

scription and resistance of RNA polymerase II dependent nuclear

transcription to antiviral ribonucleosides. PLoS Pathog. 2012;8(11):

e1003030.

112. McKenzie R, Fried MW, Sallie R, et al. Hepatic failure and lactic acido-

sis due to fialuridine (FIAU), an investigational nucleoside analogue

for chronic hepatitis B. N Engl J Med. 1995;333(17):1099‐1105.

113. Young MJ. Off‐target effects of drugs that disrupt human mitochon-

drial DNA maintenance. Front Mol Biosci. 2017;4:74.

114. Dusheiko G. Current and future directions for the management of

hepatitis B. S Afr Med J. 2018;108:22‐30.

115. Gane EJ, Weilert F, Orr DW, et al. The mitochondria‐targeted anti‐
oxidant mitoquinone decreases liver damage in a phase II study of

hepatitis C patients. Liver Int. 2010;30(7):1019‐1026.

116. Snow BJ, Rolfe FL, Lockhart MM, et al. A double‐blind, placebo‐
controlled study to assess the mitochondria‐targeted antioxidant

MitoQ as a disease‐modifying therapy in Parkinson's disease. Mov

Disord. 2010;25(11):1670‐1674.

117. Rehman H, Liu Q, Krishnasamy Y, et al. The mitochondria‐targeted
antioxidant MitoQ attenuates liver fibrosis in mice. Int J Physiol

Pathophysiol Pharmacol. 2016;8:14‐27.

118. Arciello M, Gori M, Balsano C. Mitochondrial dysfunctions and

altered metals homeostasis: new weapons to counteract HCV‐
related oxidative stress. Oxid Med Cell Longev. 2013;2013:971024.

119. Xun YH, Zhang YJ, Pan QC, et al. Metformin inhibits hepatitis B virus

protein production and replication in human hepatoma cells. J Viral

Hepat. 2014;21(8):597‐603.

120. Tsai WL, Chang TH, Sun WC, et al. Metformin activates type I inter-

feron signaling against HCV via activation of adenosine

monophosphate‐activated protein kinase. Oncotarget. 2017;8(54):

91928‐91937.

121. Lam J, McKeague M. Dietary modulation of mitochondrial DNA dam-

age: implications in aging and associated diseases. J Nutr Biochem.

2019;63:1‐10.

122. Cheng Y, Liu DZ, Zhang CX, et al. Mitochondria‐targeted antioxidant

delivery for precise treatment of myocardial ischemia‐reperfusion

https://doi.org/10.1016/j.cell.2014.11.037
https://doi.org/10.1016/j.cell.2014.11.037


QU ET AL. 11 of 11
injurythrough a multistage continuous targeted strategy.

Nanomedicine. 2019;16:236‐249.

123. Skoda J, Borankova K, Jansson PJ, Huang ML, Veselska R, Richardson

DR. Pharmacological targeting of mitochondria in cancer stem cells:

an ancient organelle at the crossroad of novel anti‐cancer therapies.
Pharmacol Res. 2018;139:298‐313.
How to cite this article: Qu C, Zhang S, Li Y, Wang Y,

Peppelenbosch MP, Pan Q. Mitochondria in the biology, path-

ogenesis, and treatment of hepatitis virus infections. Rev Med

Virol. 2019;29:e2075. https://doi.org/10.1002/rmv.2075

https://doi.org/10.1002/rmv.2075

