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Abstract Hepatitis C virus (HCV) causes a persistent

chronic infection of hepatocytes resulting in progressive

fibrosis and carcinogenesis. Abnormalities in mitochondria

are prominent features of clinical disease where ultra-

structural changes, alterations in electron transport, and

excess reactive oxygen species production occur. These

mitochondrial abnormalities correlate with disease severity

and resolve with viral eradication. Multiple viral proteins,

particularly core and NS3/4a bind to mitochondria. The

core and NS5a proteins primarily cause ER stress, ER Ca2?

release and enhance direct transfer of Ca2? from ER to

mitochondria. This results in electron transport changes,

increased ROS production, and sensitivity to mitochondrial

permeability transition and cell death. The viral protease,

NS3/4a, binds to mitochondria as well where it cleaves an

important signaling adapter, MAVS, thus preventing viral

clearance by endogenous interferon production. This

review discusses the mechanisms by which HCV causes

mitochondrial changes and consequences of these for

disease.
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Introduction

Hepatitis C Virus (HCV) is an important human pathogen

that infects almost 2 % of the world’s population [1]. It was

the first virus to be identified by purely molecular tech-

niques and its discovery in 1989 [2, 3] initiated a tremen-

dous research effort into the mechanisms of tissue injury

and fibrosis that has resulted in the development of new

concepts and paradigms in liver disease. We now know that

chronic viral infections can be cured, most hepatocellular

carcinoma is a viral disease, cirrhosis is reversible, and a

quartet of immune, host, viral and environmental factors all

combine to produce liver disease.

For most of the HCV era, treatment of the disease was

difficult and problems such as limited access to medical

care, intolerable side effects, or poor efficacy of medi-

cations meant that only a small minority of patients could

expect to have their HCV cured [4]. This left about 80 %

of ‘‘real world’’ HCV patients to progress as the disease

as it took its course. This situation created a great interest

in understanding the mechanisms of how HCV caused

liver injury and how this liver injury might be minimized.

Studying chronically infected patients revealed an almost

universal presence of mitochondrial alterations that were

intimately linked to the pathogenesis and persistence of

the disease. Many of these have subsequently been shown

to be direct results of viral protein-mitochondrial inter-

actions. New developments in HCV therapy hold out the

prospect that it will soon be possible to achieve over

90 % cure rates with easily tolerable oral medications,

limited only by financial considerations and access to

medical care [5]. With these developments the continued

interest in HCV host pathogen interactions is sure to

wane, but the information learned from HCV pathogen-

esis studies will continue to be relevant to deeper
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understanding of viral-host interactions and liver disease

in general.

The association of human HCV infection with cellular and

tissue changes that reflect mitochondrial dysfunction was

observed shortly after the disease was identified. These have

been confirmed in hundreds of studies. These include ultra-

structural changes in mitochondria [6], increased markers of

oxidative stress in the liver [7] and evidence of oxidative stress

markers in blood [7]. In spite of these consistent observations,

it has been more difficult to separate specific HCV mecha-

nisms from a more general process occurring in inflammatory

diseases as a whole and many questions regarding the sig-

nificance of HCV-mitochondrial interactions are in dispute.

Nonetheless, four key facts have been established that are

strongly supported in the literature. These are:

1. Ultrastructural mitochondrial abnormalities and

increased ROS production occur in hepatocytes from

HCV infected patients.

2. HCV proteins directly bind to mitochondria or mito-

chondria-associated membrane fractions in a wide

variety of experimental model systems.

3. HCV infection alters mitochondrial Ca2? homeostasis

and excess production of mitochondrial ROS induced

by HCV in cellular model systems can be prevented by

blocking mitochondrial Ca2? accumulation.

4. HCV cleaves the signaling protein MAVS off the

surface of mitochondria blocking an important antivi-

ral innate immune process.

Hepatitis C virus likely has other effects on mitochon-

dria as well, such as altering their clearance by mitophagy

and suppressing induction of antioxidant pathways, but

these effects have proven less reproducible and may only

occur in special circumstances.

While the existence of mitochondrial effects of HCV is

clear, the consequences of these effects are not. Data

supports both pro- and anti-viral consequences of mito-

chondrial modifications and the extent to which mito-

chondrial effects are an appropriate host response, a

pathological disease mechanism, or both is unclear. This

article will review the evidence for the known effects of

HCV on mitochondria and will discuss several areas where

understanding the HCV-mitochondrial interactions may

provide clues to disease pathogenesis.

The HCV Lifecycle

Hepatitis C virus is an enveloped, single stranded, positive

sense RNA virus that circulates in humans as a modified

lipoprotein particle sometimes called a lipoviroprotein [8].

The virus infects hepatocytes by binding to a multicom-

ponent receptor consisting of CD81, SR-B1, claudin-1 and

occludin. Receptor binding triggers clathrin-mediated

endocytosis and a subsequent uncoating step releases the

viral RNA into the cytoplasm [9]. This message sense RNA

immediately interacts with ER-associated ribosomes gen-

erating the first round of viral proteins. The polyprotein is

processed by host signal peptidases and then by the NS3/4a

viral encoded protease. The individual viral proteins then

assemble a replication complex [10].

The processes of HCV RNA replication, protein trans-

lation, virion particle assembly, maturation, and secretion

are all membrane associated and take place at various sites.

The viral protein NS4b serves as an anchor and membrane

modifying protein that is sufficient by itself to form a

modification of the ER termed the membranous web [11].

The latter stages of HCV particle assembly, maturation,

and secretion are less well understood but involve inter-

actions of the nacent virions with lipid droplets, ER, and

lipoprotein secretion pathways [12].

The HCV viral polyprotein is processed by a series of

host and viral proteases to produce the mature viral proteins.

There are three structural proteins, seven non-structural

proteins, and one alternate reading frame protein [10]. The

structural proteins are the core or capsid protein and the

envelop proteins E1 and E2. The nonstructural proteins

consist of p7, a small viral ion channel, NS2, NS3 and NS4a

which together form a multifunctional viral protease and

helicase, NS4b, NS5a, a multifunctional protein involved in

particle assembly, RNA replication and modulation of host

responses, and NS5b, the RNA-dependent RNA polymerase.

As for nearly all viral proteins, the HCV proteins are highly

multifunctional and three proteins in particular, core, NS3,

and NS5a, bind to hundreds of host target proteins [13] and

are active in modulating a number of cellular functions such

as lipid metabolism, cell death pathways, innate immune

responses, autophagy, and metabolism [14•].

Mitochondrial Association of HCV Proteins

Viruses frequently modify mitochondrial function through

direct interaction of viral proteins with mitochondrial

components. Viral proteins can bind to the outer mem-

brane, be imported into the matrix or intermembrane space,

or bind to membrane sites closely associated with the

mitochondria such as the mitochondria associated mem-

brane (MAM) fraction of the ER [15]. In the case of hep-

atitis C, a number of different mitochondrial associations

have been reported.

The most studied mitochondrial interacting protein is

core. Core protein is consistently co-purified in crude

mitochondrial preparations from HCV infected or protein

overexpressing systems, and subcellular fractionation and

protease digestion have revealed primarily an outer
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membrane site [16–19]. A recent immunoEM study in

replicon bearing cells has also shown evidence of core in

the inner membrane [20] but this has not been observed in

other studies of either viral infection or core protein

overexpression. The two most carefully performed studies

[16, 17] both identified core as associated with the mito-

chondrial outer membrane and particularly the MAM

fraction. These studies both identified a C-terminal

hydrophobic domain sequence that was required for bind-

ing. One of the problems with this analysis is that core

protein is abundant, extremely hydrophobic, and only a

very small fraction of it is present in mitochondria. Much

greater quantities are present in both ER and lipid droplets

[21, 22]. Since ER is closely associated with mitochondria

in hepatocytes, there is still some doubt about whether core

protein binds directly to mitochondria or rather binds to an

ER fraction that is closely associated with mitochondria

such as the MAM.

Another HCV protein that strongly associates with

mitochondria is NS3/4a, the primary viral protease [23]. At

the mitochondrial surface it cleaves MAVS, a tail anchored

outer membrane protein that is required for generation of

an interferon response to RNA viruses [24, 25]. This pro-

tein is an essential component of the innate immune

response in which dsRNA originating from viruses is rec-

ognized by the RIG-I receptor and ultimately stimulates

activation of IRF3 and production of b-interferon.

Several other HCV proteins have been identified to

associate with mitochondria by fractionation, immunoEM

or others methods, but many of these interactions have

only been observed in overexpression systems. p7 over-

expression results in its association with mitochondria

[26], and NS5a and NS5b have been identified by im-

munoEM to be present in the mitochondrial inner mem-

brane and matrix [20]. In these latter cases the functional

significance has not been demonstrated and the extent to

which the localization is model dependent has not been

rigorously evaluated.

Mitochondrial Abnormalities in Human HCV Infection

An association of human HCV infection with hepatic

mitochondrial dysfunction and oxidative stress has been a

consistent clinical observation. Analysis of patient samples

has demonstrated ultrastructural changes in mitochondria

[6], increases in lipid peroxidation products [27–31] and

oxidative DNA adducts [32, 33], decreased hepatic and

circulating antioxidant levels [27–29, 34], induction of

oxidant stress induced proteins [35, 36], the presence of

oxidized protein and lipid derivatives in the liver [7, 33],

and the presence of free radicals in liver biopsy specimens

[37].

While oxidative stress is present in nearly all inflam-

matory diseases, it appears to be greater for hepatitis C than

for other liver diseases such as autoimmune hepatitis or

chronic hepatitis B [37–39]. In addition, there is a corre-

lation between greater degrees of oxidative stress markers

and more severe inflammation [28, 29, 31–33, 37], insulin

resistance [40, 41], fibrosis progression and the develop-

ment of hepatocellular carcinoma [42]. Successful response

to interferon based therapy decreases oxidative stress

markers [27]. Further circumstantial evidence for the

pathological role of oxidative stress and mitochondrial

dysfunction in liver injury is the well described disease

synergy of HCV with agents that cause mitochondrial

injury such as alcohol [43] and acetaminophen [44].

Overall, these observations demonstrate that chronic hep-

atitis C in humans has a distinct mitochondrial dysfunction

footprint that correlates with disease severity.

The conclusion that HCV causes significant functional

alterations in mitochondria is further supported by abun-

dant data in experimental model systems. These include

transgenic mice expressing viral proteins [18, 19, 45],

chimeric mice with humanized livers infected with HCV

[46], cell culture systems expressing viral proteins or rep-

licating viral RNA [47–49], and cells infected with culture

adapted forms of HCV [50]. The most commonly described

phenomena are that HCV causes an increase in mito-

chondrial ROS production, inhibition of mitochondrial

electron transport, alterations in mitochondrial morphol-

ogy, inhibition of innate immune signaling, and sensitiza-

tion to mitochondrial cell death cascades. These

mitochondrial effects of HCV can be divided into two

major classes, those affecting electron transport and ROS

production, and those that are independent of changes in

electron transport. Both are relevant to pathogenesis and

will be discussed separately.

Mechanisms of Oxidative HCV Effects

on Mitochondria

The most consistent and best described oxidative effects of

HCV result from effects of the viral core protein. While

core is the viral capsid protein, only a small fraction of it is

incorporated into virions. The remainder resides in mem-

brane and lipid associated structures, particularly in ER,

lipid droplets and in the MAM fraction [16, 21, 22]. Mito-

chondrial effects of core have been highly reproducible

between laboratories and across model systems. Core pro-

tein expression results in activation of ER stress pathways

[51], and Ca2? release from the ER resulting in a decrease

in ER Ca2? content [49, 52, 53]. In mitochondria, core

causes an increase in ROS production [18], an increase in

matrix Ca2? content and greater uptake into mitochondria
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of the Ca2? released from the ER [49, 54]. At the level of

electron transport, core produces a selective decrease in

complex 1 activity, and increased superoxide production

from complex 1 [19, 54]. These effects are not sufficient to

cause either cell death or mitochondrial permeability tran-

sition (MPT), but HCV infected or core expressing cells,

unlike control cells, rapidly undergo MPT and cell death

after exposure to exogenous oxidative stress or induction of

ER Ca2? release [50, 54, 55]. While ER stress, ER Ca2?

release and activation of stress kinases can be produced by

multiple viral proteins [56], core is required for the viral

sensitization to MPT [50]. This conclusion is further sup-

ported by the observation that addition of purified core

protein to isolated mitochondria is sufficient to increase

Ca2? uptake, increase ROS production, and cause ROS and

Ca2?-dependent MPT [19, 50, 54].

In isolated mitochondria, core protein alters the regu-

lation of the mitochondrial Ca2? uniporter (MCU),

increasing both uptake rate and maximal matrix Ca2?

concentration in response to a given extramitochondrial

Ca2? stimulus [54]. All the mitochondrial effects of core

protein are entirely Ca2? dependent and can be prevented

by multiple methods that block Ca2? entry into mito-

chondria such as Ca2? chelation or inhibition of the MCU

[49, 50]. Selective effects of complex 1 thus appear to be

a result of this complex’s unique sensitivity to glutathione

oxidation and glutathionylation [57], and not to any spe-

cific interaction of core with electron transport complexes.

The effect of core protein is thus primarily a modification

of the ER-mitochondrial Ca2? transfer network [58] to

more efficiently transfer Ca2? from ER to mitochondria.

This secondarily affects the mitochondrial inner mem-

brane through Ca2?-mediated changes in redox potential.

However, the weight of evidence shows that core neither

crosses the MOM nor binds to any part of the mito-

chondrion except the MAM.

One of the important unanswered questions about the

HCV-mitochondrial interaction is how the binding of core

protein to structures present on the outer surface of mito-

chondria, or even only the MAM, can alter the regulation

of the inner membrane protein MCU. This is an area of

active investigation and with the recent identification of

MCU protein [59••], it is possible that answers will be

forthcoming. The current thinking is that efficient Ca2?

uptake requires close molecular interactions between the

MCU, its associated regulatory proteins and outer mem-

brane components such as VDAC [60], and by binding to

the external portion of one of these components, core may

affect the functioning of the entire system.

In addition to core, other HCV proteins have been

shown to produce a mitochondrial ROS phenotype. This is

best shown for NS5a although in this case there is limited

evidence of direct interactions with mitochondria and the

effect seems to be more a result of the rather profound ER

stress caused by this protein [61–63]. The NS3/NS4a

complex also increases ROS formation [55]. It forms a

protease that binds to the mitochondrial outer membrane

where it both modulates innate immune signaling [64] and

increases mitochondrial ROS production [23].

It is important to note that not all HCV associated oxi-

dative stress comes from mitochondria. ROS production

from macrophages and neutrophils [65] as well as cytosolic

sources such as NADPH oxidase are present as well [66,

67•]. HCV infection also suppresses hepatic hepcidin pro-

duction [68, 69] thus increasing intestinal Fe absorption

and resulting in hepatic iron overload [70].

Effects of HCV on Antioxidants

As discussed, HCV has a more prominent oxidative stress

phenotype than other diseases that share an inflammatory

component. Part of the explanation for this appears to be

HCV’s ability to manipulate antioxidant responses. Several

antioxidant pathways have been shown to be modulated by

HCV. Heme oxygenase-1 (HO-1) is an inducible antioxi-

dant enzyme that works by generating the antioxidant bil-

iverdin from heme. HCV inhibits its induction, both in

model systems and in patient samples, exacerbating the

oxidative stress phenotype [71]. Nrf2 is a redox activated

transcription factor that also plays a role in antioxidant

responses [72]. Its target genes include the glutathione

synthesizing enzyme GCL as well as a number of GSTs.

Reduction of Nrf2 activity sensitizes the liver to a number

of redox dependent injury steps and augmentation of Nrf2

is hepatoprotective [73]. HCV effects on Nrf2 occur and

appear to be context dependent. Several studies have

shown an activation as a result of HCV protein expression

[74, 75], but in HCV replicating cells there is an inhibition

of Nrf2 translocation to the nucleus. This results from its

interaction with small Maf proteins which fail to localize to

the nucleus because they associate with the HCV replica-

tion complexes [76].

Recent studies from our lab have also shown that HCV

modulates the function of the redox related transcription

factor FOXO3 [77•]. FOXO3 target genes SOD2, catalase

and peroxiredoxin 3 are all involved in antioxidant

response. While HCV by itself activates FOXO3, the

combination of HCV and alcohol causes loss of FOXO3

from the nucleus and a decrease in the mitochondrial

expression of SOD2. Taken together, HCV can thus have

variable effects on antioxidant capacity, and under some

circumstances, such as in the presence of alcohol, there is a

loss of antioxidant enzymes at the same time as ROS

production is increasing.

182 Curr Pathobiol Rep (2013) 1:179–187

123



Effects of HCV on Mitochondrial Based Signaling

Pathways

In addition to their effects on mitochondrial bioenergetic and

redox processes, HCV proteins interact with mitochondria in

ways that specifically affect innate immune signaling events.

The antiviral response to RNA viruses such as HCV

involves recognition of dsRNA by the RNA helicase RIG-I

and a signal transduction process that requires binding to the

mitochondrial outer membrane protein MAVS, and conse-

quent activation of IKKe, phosphorylation of IRF3, and

induction of interferon b production [78]. The discovery of

MAVS by Chen and colleagues [79] showed the centrality

of the mitochondria to this process. Cleavage or relocal-

ization of MAVS off the mitochondria abolished its ability

to signal and blocked endogenous interferon production in

response to viral infection.

Shortly after discovery of MAVS it was shown that the

HCV protease, NS3/NS4a, avidly cleaves a site in the

C-terminal anchor loop of MAVS releasing this latter

protein from the mitochondria and abolishing IFNb pro-

duction in response to HCV [24, 25]. This mechanism has

subsequently been shown to play a significant role in HCV

persistence and this proteolysis of a mitochondrial protein

may be one of HCV’s most significant mitochondrial

effects [80].

MAVS is an outer membrane mitochondrial protein but

it is also present in membranes from ER and the MAM.

The MAM-localized MAVS appears to be the most rele-

vant for initiation of the downstream events of antiviral

signaling [81••]. NS3/4a preferentially localizes to the

MAM where it cleaves the most signaling active fraction of

MAVS [82], preventing the interferon response and

allowing establishment of chronic infection.

Hepatitis C virus also has multiple effects on apoptosis

pathways with considerable variability, either positive or

negative, depending on the experimental systems used

[83]. One consistent observation is that infection of hepa-

toma cells with cell culture adapted HCV eventually causes

apoptosis and markedly sensitizes cells to TRAIL-induced

apoptosis. This latter phenomenon is mediated primarily by

the mitochondrial cell death pathways and while its

mechanism is poorly understood, it has been attributed to

both increases in cell surface TRAIL receptors [84] and

enhanced cleaved Bid and active Bax [85] translocation to

mitochondria.

HCV and Mitochondrial Quality Control Mechanisms

Hepatitis C virus is able to alter the function of mito-

chondrial chaperones responsible for assembly of the

electron transport complexes themselves and this effect

may, in part, explain the observation that there is a selec-

tive complex 1 deficiency in HCV infection. Several

groups have shown that HCV proteins or HCV itself

increases the expression level of prohibitin, a mitochon-

drial matrix chaperone [86, 87]. Prohibitin was shown to

avidly bind to HCV core protein and this binding was

sufficient to reduce its binding to the mitochondrially

encoded protein subunits of complex 1 thus interfering

with the assembly of this complex [87].

Further effects of HCV on mitochondrial quality control

occur via effects on autophagy pathways [88]. HCV alters

autophagy pathways possibly to use autophagy related

structures as replicative intermediates or to avoid innate

immune responses. It has recently been observed that there

is a specific interaction of HCV with a mitochondria spe-

cific autophagy pathway termed mitophagy [89]. Mito-

phagy is controlled to a large extent by two proteins, Pink1

and Parkin [90]. Pink1 is a kinase that accumulates on the

surface of depolarized mitochondria. Pink1 accumulation

recruits the E3 ubiquitin ligase, Parkin, to the mitochon-

drial outer membrane where it ubiquitinates mitochondrial

substrates triggering mitophagy. A recent study by Siddiqi

and colleagues showed that HCV infection increased both

Parkin and Pink1 gene expression, increased their associ-

ation with mitochondria and promoted mitophagy [91•].

The loss of respiratory chain activity, so frequently asso-

ciated with HCV, could be blocked by silencing Parkin

expression. However, another study of the effects of HCV

on mitophagy noted that recruitment of Parkin to mito-

chondria was actually inhibited by HCV and this was

attributed to direct binding of Parkin to core protein in the

cytosol with loss its ability to be move to mitochondria

[92]. Clearly these issues will need to be resolved, but the

above studies clearly indicate the ability of HCV not to just

alter mitochondrial function but to also affect mitochon-

drial quality control mechanisms.

Consequences of HCV-Mitochondrial Interactions

There are three main consequences that are currently rec-

ognized as resulting from HCV-mitochondria interactions.

First is the role of oxidative stress in pathogenesis [93].

Pathologically, oxidative stress contributes to many aspects

of the disease. Combined with steatosis, it promotes

fibrogenesis [94], carcinogenesis [95] and sets up positive

feedback loops promoting steatosis, oxidative DNA dam-

age and cell death signaling [96].

The second consequence is related to ROS effects on the

virus itself. There is considerable evidence that ROS

directly suppress HCV replication [97]. It has been pro-

posed that this may be a result of either lipid peroxidation

[98] or ROS dependent changes in cellular calcium [99].

Curr Pathobiol Rep (2013) 1:179–187 183

123



While it would seem counterintuitive that the virus would

develop mechanisms to limit its own replication,

unchecked replication could be harmful to long term per-

sistence of the virus if persistently high viral loads either

promote immune clearance or so aggressively kill the host

that it would reduce the chances of viral transmission. This

ROS suppression of viral replication may also explain

some of the disappointing clinical results with antioxidant

therapies [100]. Finally, the cleavage of mitochondrial

MAVS is clearly important for establishment of chronic

infection and helps to explain the high efficacy of NS3/4a

protease inhibitors in this disease.

Conclusions

Hepatitis C virus interacts with mitochondria in multiple

ways. These are illustrated in Fig. 1. The best documented

effects are production of ROS, modulation of antioxidant

pathways, suppression of innate immunity, and alteration

of mitophagy. These effects play a role in promoting that

delicate balance of chronic infection in which viral repli-

cation is ongoing but not sufficient to induce either clear-

ance or rapid death of the host. There are many unanswered

questions in terms of these mitochondrial effects. The

oxidative stress response clearly plays only a small part in

the overall pathogenesis and the results of antioxidant

therapy trials have been uniformly disappointing. The

finding that ROS suppresses rather than promotes replica-

tion may be an important part of this equation.

Given the limitations of the model systems, many of

these questions can best be answered in human patients

who are chronically infected. While the details of how

mitochondrial-viral interactions promote pathology are of

great scientific interest, thankfully the era of studying

chronically infected HCV patients with incurable disease

may be coming to an end. As of this writing the second

generation of direct acting antiviral agents is about to be

FDA approved and these hold the promise of much greater

therapeutic viral clearance with low levels of side effects.

Once these are widely available, it will no longer be a

clinical goal to find ways to mitigate liver injury in patients

who remain chronically infected. However, the lesson

learned from HCV will be applicable to other diseases for

which mitochondrial dysfunction plays a pathological role.
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