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The hepatitis C virus (HCV) infection produces several pathological effects in host organism through a wide number of
molecular/metabolic pathways. Today it is worldwide accepted that oxidative stress actively participates in HCV pathology, even if
the antioxidant therapies adopted until now were scarcely effective. HCV causes oxidative stress by a variety of processes, such as
activation of prooxidant enzymes, weakening of antioxidant defenses, organelle damage, and metals unbalance. A focal point, in
HCV-related oxidative stress onset, is the mitochondrial failure. These organelles, known to be the “power plants” of cells, have a
central role in energy production, metabolism, and metals homeostasis, mainly copper and iron. Furthermore, mitochondria are
direct viral targets, because many HCV proteins associate with them. They are the main intracellular free radicals producers and
targets. Mitochondrial dysfunctions play a key role in the metal imbalance. This event, today overlooked, is involved in oxidative
stress exacerbation and may play a role in HCV life cycle. In this review, we summarize the role of mitochondria and metals in
HCV-related oxidative stress, highlighting the need to consider their deregulation in the HCV-related liver damage and in the
antiviral management of patients.

1. Introduction
Hepatitis C virus (HCV) is a human pathogen affecting about
4 million new subjects every year [1]. Approximately 3% of the
world’s population is estimated to be chronically infected by
HCV [2]. Differently from the other hepatitis viruses (A, B,
and E), more than 80% of HCV patients become chronic [3].
HCV is a member of the genus Hepacivirus of Flaviviridae
family. It is a single-stranded RNA virus with positive
polarity. The genome of HCV encodes a polyprotein of
about 3000 amino acids that is expressed from a single
long open reading frame (ORF). This polyprotein is cleaved
into ten different products: the core protein (Core) and the
envelope glycoproteins 1 and 2 (E1 and E2, resp.), which
are constituents of the HCV particles, p7 and nonstructural
protein 2 (NS2), primarily involved in HCV assembly, NS3,
NS4A, NS4B, NS5A, and NS5B nonstructural proteins with
important roles in the polyprotein processing and HCV
replication [4]. HCV infection frequently leads to severe liver

diseases, including liver cirrhosis and HCC [5]. Chronic HCV
infected patients are commonly characterized by metabolic
derangements, such as steatosis, insulin resistance (IR), and
altered homeostasis of trace metals [6–8]. Many works
suggest that oxidative stress (OS) plays a pivotal role in
the occurrence of all these pathological features. OS is the
condition occurring when the cellular or systemic redox
balance is altered, as a consequence of unusual exposure to
prooxidant molecules, like reactive oxygen species (ROS) or
reactive nitrogen species (RNS) [9], which in turn can be
either associated with an inadequate antioxidant response
or not. The overproduction of ROS and RNS can be caused
either by endogenous or exogenous sources [9]. OS produces
oxidative damage to proteins, lipids, and nucleic acids, thus
altering their physiological functions.
Mitochondria are the main source of ROS production
through the electron transport chain (ETC) complexes and
the mitochondrial dehydrogenases [10] and, at the same time,
they are the main targets of reactive molecules. Mitochondria
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are well-known targets of HCV protein actions; however, also
extramitochondrial sources of ROS are involved in HCVrelated OS onset: ER, peroxisomes and other cell compartments [11, 12], xanthine oxidase or NADPH oxidases [13],
cytochromes P450, and resident immune cell populations in
the liver (e.g., Kupffer cells). To avoid the deleterious effects of
ROS, biological systems have developed several mechanisms
of detoxification that use a wide number of small molecules,
peptides, and enzymes, like glutathione (GSH) or superoxide
dismutases (SODs), respectively.
However, it should not be forgotten that ROS are also
potent second messengers in a plethora of cellular functions;
they are involved in modulating key physiopathological processes [14, 15], such as those mediated by the signal transducer
and activator of transcription (STAT) and nuclear factor
kappa-light-chain enhancer of activated B cells (NF𝜅B) [16].
This review will summarize some relevant mechanisms
through which HCV may promote OS onset, focusing the
attention on virus-related mitochondrial OS, trace elements
derangement, and novel therapeutic opportunities to counteract these viral actions.

2. Oxidative Stress during HCV Infection
The OS occurrence, as a consequence of HCV infection, is
well established [17]. Several reports put in evidence a deep
redox imbalance in infected patients, focusing on its potential
correlation with the course of the liver disease.
Increased markers of oxidative-damaged DNA (8-hydroxyguanosine, 8-OHdG) and lipid peroxidation products
(8-isoprostane) were detected in serum, peripheral blood
mononuclear cells (PBMC), and liver specimens of infected
patients [5, 18, 19].
Accordingly, we recently demonstrated that HCV patients
are characterized by increased plasma levels of 7-ketocholesterol (7K) and 7-𝛽-hydroxycholesterol (7𝛽OH) [20], two of
the well-known peroxidation products of cholesterol, called
oxysterols. Oxysterols are extremely interesting, not only
because they can modulate the mitogen-activated protein
kinases (MAPKs), thus affecting cell growth and promoting
cell transformation [21], but also because they were detected
in oxidized-low density lipoprotein (oxLDL) [22]. Oxysterols
are the specific ligands of liver X receptors (LXRs), nuclear
receptors deeply involved in several pathophysiological processes, for example, lipid metabolism and inflammation [23];
through oxysterols HCV might profoundly modulate host
metabolism. Accordingly, steatosis is a common feature in
HCV-infected hepatocytes [24] and it is characterized by
high oxidation rates with a consequent increase of electron
delivery to the ETC that might cause ROS overproduction.
Infected patients show a correlation between OS markers
and inflammation, grade of fibrosis, and hepatic iron storage
[25, 26]. However, the increased levels of oxysterols give rise
to the question whether the OS is directly due to HCVhost cell interactions or if host immune response and iron
overload are main reasons for OS onset [27–29]. Surely, a
synergistic mechanism exists.
Moreover, HCV patients are deeply characterized by a
reduction of their antioxidant defense. Glutathione (GSH), a
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key player of the first line of antioxidant defense, produced by
all cells and especially concentrated in liver [30], is commonly
decreased in chronic HCV subjects [31–33]. Accordingly, the
ratio between oxidized (GSSG) and reduced (GSH) forms, a
well-accepted parameter representative of the oxidative status, is increased [32]. As well as GSH, glutathione reductase,
glutathione peroxidase, and Cu/Zn containing SOD are often
found decreased in PBMC of infected patients too [34].
All reported data demonstrate that OS occurrence is due
to HCV, but some discrepancies exist about the entity of the
induction of liver damage linked to this pathological mechanism. To note, OS markers are found in HCV patients with
mild, moderate, or no liver disease [35]. However, proteomic
analysis revealed an upregulation of antioxidant enzymes at
early (F1 to F3) but not at late stages of fibrosis [36].
On the contrary, some works described an enhanced
expression of thioredoxin (Trx) [37] or heme oxygenase
(HO-1) [38]. The latter enzyme, in particular, is a known target gene of the nuclear factor erythroid2-like 2 (Nrf2) protein.
This data seems in contrast with what we have previously
described, but, in our opinion, the activation of Nrf2 could be
functional to HCV virus. In fact, Nrf2 is a transcription factor
which recognizes a common conservative sequence, called
antioxidant response element (ARE), in the promoter regions
of many antioxidant enzymes [39, 40], and is crucial to preserve the mitochondrial activities and to enhance cell survival
of infected cells [41]. Thus is essential for viral life cycle.

3. Mitochondria: In the Center of
the Viewfinder of HCV
As mentioned above, the main parts of ROS produced in the
cells are generated by mitochondria. These organelles are the
“cellular power plants,” because they are mainly responsible
for cell supply of adenosine triphosphate (ATP). By sensing
the energy status they may decide the cell fate [42]. The
relevance of mitochondria to metabolism, energy production, and cell fate was brought to light by several reports
in a plethora of human diseases, from neurodegeneration to
metabolic disorders [43].
Several lines of evidence describe, without any doubt,
mitochondria as a main target of the HCV virus. It is well
known that HCV produces ultrastructural alteration of these
organelles and causes oxidative damage and a reduction in
mitochondrial DNA copy number, in both hepatocytes and
lymphocytes of infected patients [44, 45].
Mitochondria possess a complex architecture; they comprise an outer membrane (OMM) that encloses the entire
organelle and has a structure similar to that of plasma
membrane. The OMM contains proteins and complexes
that allow diffusion of small proteins or factors characterized by a specific signaling sequence at their N-terminus.
The OMM can associate with the ER through a structure
called mitochondria-associated ER membrane (MAM) [46].
MAMs are zones of junctions where the inner mitochondrial
membrane (IMM) meets the OMM and allows exchanges
of Ca2+ and lipid between ER and mitochondria [46]. Thus,
MAMs are key elements in the maintenance of mitochondrial
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Figure 1: Molecular mechanisms through which HCV induces mitochondrial damage and the consequent increased ROS production. Several
HCV proteins associate with both endoplasmic reticulum (ER) and mitochondria. In particular, Core localizes also on MAMs and may
play a role in the increase of mitochondrial Ca++ pool, which in turn is involved in mitochondrial permeability transition pore (mPTP)
opening, release of cytochrome c (Cyt C), and consequent mitochondrial depolarization. Organelle depolarization may be responsible for
electron transport chain (ETC) failure and reactive oxygen species (ROS) overproduction. Enhanced ROS, in turn, may cause a further mPTP
opening (dashed line), worsening the mitochondrial depolarization, thus leading to the onset of a vicious deleterious circle that aggravates
the mitochondrial damage. Furthermore, some reports indicate that Complexes I and IV (CI and CIV, resp.) of the ETC are main targets of
HCV actions. The fall of their activities plays key role in ETC failure and increased ROS production.

homeostasis of lipids and Ca2+ [46] and are crucial to
modulating the opening of the mitochondrial permeability
transition pore (mPTP). The latter is a critical event in
the decision of cell fate [47]. Furthermore, MAMs have
a key role in the cellular pathways leading to very-lowdensity lipoprotein (VLDL) assembly and secretion [48].
These cellular activities are also essential for the formation
and maturation of HCV particles [49].
Several HCV proteins have been shown to directly associate with mitochondria [50–52] (Figure 1). In particular,
Core is able to associate with OMM through a specific
sequence at its C-terminal region [53, 54]. It was detected in
MAMs on the mitochondrial surface [53] and, by electronic
microscopy; it was also localized in the IMM [52] (Figure 1).
Biochemical studies revealed that the interaction of HCV
with mitochondria, through the Core protein, plays a key
role in organelles sensitization to Ca2+ influx, with the
consequent opening of mPTP, release of cytochrome c [55],
mitochondrial depolarization, and ETC failure. This cascade
of events leads to an increased ROS generation (Figure 1).
Other viral proteins reinforce the Core action. Indeed,
in experimental models, the proteins p7 and NS4A, the
NS3/4A complex, and the proteins NS5A and NS5B were
found to be localized to mitochondria and ER by subcellularfractionation and confocal and electron microscopy [55–59]

(Figure 1). Furthermore, both NS5A and NS5B were also
localized in the IMM and in the mitochondrial matrix [55, 58]
(Figure 1).
These data clearly demonstrate the intimate connection
of HCV to mitochondria.
The mitochondrial sensitization to Ca2+ along with the
mPTP opening, caused by viral proteins, lead to building up
a vicious circle characterized by the inhibition of the ETC,
with the consequent increase in ROS production. This, in
turn, induces mPTP opening [60, 61] and further worsening
of mitochondrial failure (Figure 1).
One of the main mitochondrial targets of HCV is Complex I of ETC (also known as NADH:ubiquinone oxidoreductase) [62]. Complex I activity, being the first step of ETC,
is crucial for the aerobic respiration. Mitochondria isolated
from transgenic mice expressing Core, E1, and E2 glycoproteins are characterized by an increased ROS production
from Complex I substrates and reduced Complex I activity
[17, 50] (Figure 1). The Complex IV (cytochrome c oxidase)
is the other mitochondrial protein complex affected by HCV
(Figure 1). On the contrary, Complexes II and III are not
altered during HCV infection [63]. It is interesting to note
that the inhibition of viral replication, via IFN treatment,
can fully restore the activities of both Complexes I and IV in
hepatic cells [63].
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Increased oxidation of the GSH and thioredoxin pools
further provides a demonstration of the HCV-related mitochondrial redox imbalance [64, 65]. Core has also been
shown to induce the expression of mitochondrial but not
cytoplasmic SOD [65], suggesting that HCV generates ROS
at mitochondrial level and, at the same time, strengthens the
cellular antioxidant system against OS. The virus, to avoid
excessive cytotoxic effects produced by a massive increase of
ROS, might activate this behavior.

4. HCV and Metals Homeostasis Derangement
HCV infection may prompt OS onset by deregulation of
homeostasis of trace metals, like zinc (Zn), iron (Fe), and
copper (Cu) [8]. Zn, Fe, and Cu are essential trace elements
that play important roles in various biological processes.
HCV patients show low plasma concentrations of Zn,
whereas Cu and Fe concentrations were high [8, 66]. Notably,
higher amounts of both Fe and Cu can interfere with Zn
homeostasis, worsening the Zn deficiency [67].
Zn is largely present in the cells [68] and has several
relevant biological functions: it is involved in insulin management [69] and in the maintenance of immune system [70].
Zinc is a redox inert metal; thus, it does not directly
participate in cellular reactions of reduction and oxidation.
The antioxidant potential of Zn is exerted through different
mechanisms: (a) it is able to bind the sulfhydryl groups of
proteins avoiding their oxidation by free radicals; (b) it participates in the antioxidant response through the modulation
of metallothioneins, GSH, and Nrf2; (c) it may antagonize
redox-active transition metals, such as Fe and Cu [68]. Zn
has also a structural relevance to HCV because some of its
proteins, that is, NS3 and NS5A, are zinc metalloproteins [71].
At hepatic level, Zn is known to promote antioxidant and
anti-inflammatory effects that result in reduced hepatocyte
injury, in chronic HCV infected patients [72, 73]; moreover,
Zn is able to inhibit NF𝜅B activation, thus counteracting the
production of inflammatory cytokines [74]. HCV replication,
instead, enhances the NF𝜅B pathway activation triggered
by tumor necrosis factor-alpha (TNF𝛼) [75]; thus the low
Zn plasma levels may prompt the onset of an inflammatory
environment known to play a key role in virus-related liver
disease progression. Accordingly, some studies suggest that
zinc administration, through a drug called polaprezinc, may
improve the outcome in HCV and HCV-related cirrhotic
patients [76, 77]. The idea that low levels of Zn may be functional to HCV-related liver damage seems further supported
by some studies that have suggested its potential in inhibiting
HCV replication [78]; however, the mechanism is still not
clear.
As well as in other pathologies, such as cancer or diabetes
[70, 79, 80], in the HCV infection a Zn deficiency occurs
parallel to a Cu increase [8], particularly in those patients
affected by NAFLD as well [81], thus paving the way for a
redox imbalance. The increase in Cu serum levels correlates
with viral load [82]. Since Cu overload may lead to several
deleterious effects, it is possible to speculate that the Zn
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therapy is beneficial for HCV patients because it also provokes a reduction in Cu levels, as already described in other
pathologies like Wilson’s disease [83].
Cu, in fact, is a transition metal extremely harmful
because, as well as Fe, it is characterized by an elevated redox
potential; thus it may participate in redox reactions, like Fenton’s reaction, promoting ROS generation and consequently
OS, as already reported in other tissues and pathologies
[84]. To avoid its unhindered reactivity, biological systems
developed an intricate network of proteins that prevents
the existence of free copper. GSH, a key antioxidant, able
to suppress Cu toxicity through its binding to this metal,
maintains it in a reduced state and avoids its redox cycling
[85]. GSH decrease, associated with Cu deregulation, may
play a key role in the HCV-related OS onset. The role
of Cu in HCV infection and the related OS is probably
underestimated. Oxidative potential of Cu on low-density
lipoprotein (LDL), in fact, is known for a long time [86].
This event not only has a clinical relevance in cardiovascular
risk enhancement, but also may have a deep impact in HCVrelated damage, even if some apparent contrasting data are
reported. Several studies, in fact, describe the presence of
a high level of oxLDLs in HCV infected patients [20, 87],
according to the plasma Cu elevation, suggesting a possible
role in disease pathogenesis; on the contrary, other papers
suggest their potential role in inhibiting the HCV entry in
the cells [88, 89]. Nevertheless, why should the virus produce
something that could be able to inhibit its entry into cells?
Currently, there is not an explanation. It could be a protective
response of the organism; the oxidation of LDL, in fact, as a
consequence of the inflammatory response activation, could
be an attempt to counteract viral infection. Alternatively, it
may only be a secondary phenomenon occurring only in a
late phase as a result of the prooxidant environment generated
by the HCV, also through the imbalance of transition metals
homeostasis, such as copper. This latter hypothesis implies
that LDL oxidation has actually a low impact in countering
the infectivity of HCV, since it occurs only when the virus has
already activated its pathological mechanisms. Although the
oxidation of LDL is an event well established in HCV patients,
the mechanisms underlying it are not well clarified. The topic
is intriguing, and the role of Cu needs to be better explained,
not only because Cu and oxLDL evaluations may have a deep
diagnostic and prognostic impact, but also because a deep
comprehension of their involvement in HCV-related disease
could open the way to new antiviral approaches.
Altered Cu homeostasis is associated with a reduction of
ceruloplasmin [90–92]. This protein is important for both the
trafficking of copper, binding 95% of circulating copper [70],
and Fe, because, at hepatic level, it is the main ferroxidase
enzyme, which is crucial for a proper Fe transport [93]. Thus,
its deregulation may also represent a sign of systemic Fe
perturbation.
As a matter of fact, patients with chronic HCV infection
are commonly characterized by elevated levels of serum
ferritin and hepatic iron [8]. Hepatic iron increase could
be functional to viral cell cycle; in fact, a recent paper
indicates that transferrin receptor 1 (Tfr1) may be important
for the cell entry of viral particle [94]. The relevance of this
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metal is further highlighted by several studies and clinical
trials that demonstrate how the hepatic iron levels influence
hepatic injury and response to therapy in chronic HCV
patients [95–98]. Furthermore, patients with a virus-induced
severe grade of hepatitis show higher levels of serum iron
with respect to patients characterized by a lower grade of
hepatitis. Note that serum iron is positively correlated with
intense steatosis, fibrosis, and biochemical and histological
parameters, indicating liver inflammation [99].
The mechanism underlying iron deregulation is still
unclear; however, in such a context, hepcidin seems to be
a key player. Hepcidin is a protein synthesized in the liver
where iron, inflammation, and OS promote its expression
[100]. This protein, through the modulation of ferroportin,
is crucial for the maintenance of systemic iron homeostasis.
Through the use of a mouse model of HCV infection, it
was suggested that the hepatic decrease of hepcidin causes
an increased intracellular iron storage and, at the same time,
OS. This, in turn, may promote the expression of ferroportin
in the duodenum and in the macrophages, thus leading to
increased iron serum levels [101]. This mechanism could
explain the iron derangement in HCV patients. Furthermore,
it was recently proposed that the HCV-related downregulation of hepcidin may also exert a deep impact on the virus life
cycle, because it seems to possess an antiviral activity [102].
Therefore, through the hepcidin inhibition HCV reaches two
goals to save its viral cycle and to promote derangement of
iron homeostasis.
The latter event may be crucial in OS-mediated liver
injury [103]. In fact, Fe is an extremely reactive transition
metal, and an excessive presence may induce mitochondrial injury increasing the risk of HCC development [104].
Accordingly, a Fe reduction therapy has been shown to
counteract hepatocyte injury in patients with HCV infection
[97], confirming an important role of iron in HCV-related
liver injury.
So, the OS induced by HCV promotes the onset of a dangerous loop involving, once again, mitochondrial damage;
hence, the deranged homeostasis of metals may enhance ROS
production and mitochondrial failure, which may participate
in the alteration of metal homeostasis. Mitochondria, in fact,
play a key role in the maintenance of Cu and Fe homeostasis
[105, 106].

5. New Potential HCV
Therapeutical Approaches
In the last decade, the gold standard in the HCV treatment
was represented by the combination of pegylated interferon
(IFN)-𝛼 and ribavirin. This therapy, administered for 24 or 48
weeks, produced viral suppression in approximately 40–50%
of patients infected by HCV genotype 1 and in 80% of those
infected by HCV genotypes 2 and 3 [107]. Today, the new
therapeutic approach contemplates the use of a triple therapy,
(IFN)-𝛼 and ribavirin plus telaprevir or boceprevir, two
direct-acting antiviral (DAA) agents known to be NS3/NS4A
protease inhibitors [107]. Unfortunately, although these new
treatments reach a sustained viral response (SVR) in 63–75%
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HCV genotype 1 patients and a reduction in therapy length,
persistent limitations to treatment still exist. In particular,
many new side effects have been encountered which are
in need of adequate management strategies as well as drug
interactions, other than the persistence of virus resistance
and interferon intolerance [108]. To overcome these problems
today new therapeutic treatments are under investigation,
such as DAA of second generation, targeting NS5B, or host
targeting molecules, like cyclophilin inhibitors, and the use
of IFN-free therapy, to reduce intolerance to treatment and
to enlarge the potential patients cohorts [107].
The use of molecules counteracting oxidative stress at
mitochondrial levels or treatments able to restore a proper
metal homeostasis could be really helpful in HCV therapy.
Accordingly, in fact, it was recently demonstrated that the
use of a cell-permeant iron chelator and GSH ethyl ester
decreased oxidative RNA damage, positive selection, and
the nucleotide and amino acid substitution rates of HCV
[109]; all these events are involved in the virus resistance to
the antiviral therapy. Unfortunately, antioxidants and other
strategies decreasing ROS/RNS in HCV patients achieved
poor effects. In fact, when being used alone, antioxidants like
N-acetylcysteine (NAC), vitamin E, or ascorbic acid ameliorate liver damage but did not affect HCV titer [107]; currently,
only seldom, the outcome of antiviral therapy was improved
when they were used in combination with IFN [107].
The above-mentioned scarce efficacy could be justified
by the fact that the canonical antioxidants are not taken up
into mitochondria, the major cellular source of damaging free
radicals within cells [61]. To decrease specifically mitochondrial oxidative damage, mitochondria-targeted antioxidants
have been developed like mitoquinone (MitoQ) [110, 111].
This novel class of compounds combines the antioxidant
potential of ubiquinone with a lipophilic triphenylphosphonium cation, which facilitates the mitochondrial storage [111].
Some studies, both in vitro and in vivo, have shown that the
selective mitochondrial accumulation of MitoQ enhances its
antioxidant potential if compared to untargeted antioxidants
[112]. This molecule, which accumulates in the liver after oral
administration [110], was employed in phase II trials against
HCV [113]. Despite its scarce impact on the viral load, it was
able to decrease the liver damage. It is conceivable to imagine
that the great reduction of OS and inflammation, due to its
mitochondrial specificity, may be highly detrimental for the
virus persistence.
Another class of molecules that gained great interest as
antioxidant and mitochondrially targeted antiviral agents is
the analogues of cyclosporine A (CsA), for example, the
cyclophilin (Cyp) inhibitors [114]. They are nonimmunosuppressive molecules and have a great anti-HCV potential, as
demonstrated by in vivo and in vitro studies [115–117]. The
prototype of this class of molecules is Alisporivir (also known
as Debio-025 or DEB025) [118]. This drug, besides its ability
to counteract viral replication, was demonstrated to prevent
the HCV-related mitochondrial respiration dysfunctions, the
collapse of mitochondrial membrane potential, the consequent ROS overproduction, and the mitochondrial calcium
overload [119]. Cyp inhibitors are host oriented therapeutic,
and for this reason, their use in the common clinical practice

6
is difficult because of the risk of cell toxicity; even clinical and
experimental data push towards this direction.
Another mechanism through which it is possible to
counteract the HCV-related OS is the maintenance or the
rescue of a correct metals homeostasis. In fact, the positive
effects reached through a Zn supplementation on the HCVrelated liver damage were described, although viral titer
was not affected [120]. Other reports, indeed, describe that
phlebotomy treatment, done to reduce the circulating iron
content, produces a 2.95 odds ratio of response to IFN therapy
[121]. To date, the potential effect of copper reduction in HCV
treatment was not yet described, but we need to keep in
mind an interesting issue. Recently, the ability of a wide range
of natural polyphenols to counteract various steps of HCV
life cycle, like cell entry, replication, or spreading was deeply
reviewed [122]. Of particular interest among these molecules
are quercetin, (−)-Epigallocatechin-3-gallate (EGCG), and
Silymarin/Silibinin [122], because they are known to be powerful antioxidants. However, a property of these compounds,
too often underestimated, is their ability to bind reactive
metals like Fe and Cu [123, 124]. This behavior is extremely
interesting, but to date its relevance in HCV treatment has
not been yet investigated. Through the metal binding, in fact,
polyphenols could exert their antiviral actions via different
mechanisms, because not only they can control metals redox
reactivity, counteracting the OS occurrence, but also through
the modulation of intracellular metal content, they could
hinder the activity of some viral proteins, for example, NS3
or NS5A. It could be imagined that polyphenols, reaching
and penetrating the hepatocytes, once bound to Fe or Cu,
can cause an intracellular rise of metal levels, which can, in
turn, counteract the viral replication. Accordingly, it has been
reported that increased intracellular levels of Fe and Cu can
create a hostile environment for the life cycle of the virus
[125, 126].
On these bases, the use of molecules with an antioxidant
potential, targeting mitochondria, or being able to bind metals, could be really helpful to eradicate HCV infection, at least
as treatments complementary to gold standard therapies. On
the other hand, a deeper knowledge of the mechanisms of
action of such compounds can reveal new interesting abilities
that could lead to the formulation of new efficient therapies
with less side effects and major tolerance.

6. Discussion
The hepatitis C virus promotes a prooxidant cellular status
through several molecular mechanisms. While at cellular
level mitochondria appear to be the most affected organelles,
at systemic level the deregulation of trace metals homeostasis
is associated with pathological mechanisms involving OS and
inflammation, which in turn may be once more correlated
with mitochondrial failure. Furthermore, if we consider the
fact that HCV infection is associated with a decrease of
antioxidant defenses, it leaps to the eyes that the increase of
ROS is not efficiently counteracted. Thus, the virus establishes
a vicious circle in which the molecules can suffer oxidative
damage with the consequent alteration of their physiological
functions.
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To this regard, an antioxidant therapy could be useful
to counteract, at least in part, the pathological consequences
caused by HCV-related OS. Unfortunately, until now, antioxidant therapy had scarce effectiveness, either if used alone
or combined with interferon (IFN) antiviral treatment [127].
In fact, as previously reported, the main goal reached by
antioxidant supplementation is the reduction of OS and
inflammatory state caused by HCV, which causes, in turn, a
reduction of virus-related liver damage.
On the other hand, we need to keep in mind that
HCV induces OS through numerous molecular pathways, for
example, mitochondrial damage (Figure 1) and altered metal
homeostasis; thus it is difficult to imagine an antioxidant
approach with a such wide range of action. Furthermore,
it should always be remembered that HCV produces several other effects besides the OS; thus, we think that the
antioxidant effects may be helpful to counteract HCV-related
damage, but it is likely that they are not so effective if used
alone. Probably, the use of antioxidants able to selectively
target mitochondria can more efficiently counteract the OS
related mitochondrial dysfunctions, thus leading to more
powerful healthy effects than those obtained through the use
of canonical untargeted antioxidants.
Another potentially effective approach is the use of
natural polyphenols to counteract the OS related to HCV
infection. Several natural compounds have shown antiviral
effects counteracting viral entry (e.g., Honokiol), replication
(e.g., Quercetin), or spreading (e.g., Silymarin) [122]. Natural
compounds are known to be powerful antioxidants, and some
of them are also able to bind Cu and Fe, controlling, in this
way, their redox potential [128]. If we consider their abilities,
it could be conceivable to imagine that the use of “natural
cocktails,” obtained by mixing different compounds, each of
which is able to counteract a specific aspect of HCV infection
(entry, replication, and OS generation), could be effective.
In conclusion, we believe that despite the poor results
obtained so far by using antioxidant therapies, this antiviral
therapeutic strategy should not to be set aside.
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localization, stability, and trans-cleavage competence of the
hepatitis C virus NS3-NS4A complex expressed in tetracyclineregulated cell lines,” Journal of Virology, vol. 74, no. 5, pp. 2293–
2304, 2000.
[57] S. Griffin, D. Clarke, C. McCormick, D. Rowlands, and M.
Harris, “Signal peptide cleavage and internal targeting signals
direct the hepatitis C virus p7 protein to distinct intracellular
membranes,” Journal of Virology, vol. 79, no. 24, pp. 15525–15536,
2005.
[58] Y. Nomura-Takigawa, M. Nagano-Fujii, L. Deng et al., “Nonstructural protein 4A of Hepatitis C virus accumulates on
mitochondria and renders the cells prone to undergoing
mitochondria-mediated apoptosis,” Journal of General Virology,
vol. 87, no. 7, pp. 1935–1945, 2006.
[59] S. M. Horner, H. M. Liu, H. S. Park, J. Briley, and M. Gale Jr.,
“Mitochondrial-associated endoplasmic reticulum membranes
(MAM) form innate immune synapses and are targeted by
hepatitis C virus,” Proceedings of the National Academy of
Sciences of the United States of America, vol. 108, no. 35, pp.
14590–14595, 2011.
[60] H. F. Galley, “Bench-to-bedside review: targeting antioxidants
to mitochondria in sepsis,” Critical Care, vol. 14, no. 4, article
230, 2010.
[61] M. P. Murphy, “How mitochondria produce reactive oxygen
species,” Biochemical Journal, vol. 417, no. 1, pp. 1–13, 2009.
[62] C. Piccoli, R. Scrima, G. Quarato et al., “Hepatitis C virus protein expression causes calcium-mediated mitochondrial bioenergetic dysfunction and nitro-oxidative stress,” Hepatology, vol.
46, no. 1, pp. 58–65, 2007.
[63] M. Ando, M. Korenaga, K. Hino et al., “Mitochondrial electron
transport inhibition in full genomic hepatitis C virus replicon
cells is restored by reducing viral replication,” Liver International, vol. 28, no. 8, pp. 1158–1166, 2008.
[64] K. Moriya, K. Nakagawa, T. Santa et al., “Oxidative stress in the
absence of inflammation in a mouse model for hepatitis C virusassociated hepatocarcinogenesis,” Cancer Research, vol. 61, no.
11, pp. 4365–4370, 2001.
[65] M. Y. Abdalla, I. M. Ahmad, D. R. Spitz, W. N. Schmidt, and B.
E. Britigan, “Hepatitis C virus-core and non structural proteins
lead to different effects on cellular antioxidant defenses,” Journal
of Medical Virology, vol. 76, no. 4, pp. 489–497, 2005.
[66] H. A. Sayed, A. El Ayyat, H. El Dusoki et al., “A cross sectional
study of hepatitis B, C, some trace elements, heavy metals,
aflatoxin B1 and schistosomiasis in a rural population, Egypt,”
The Journal of the Egyptian Public Health Association, vol. 80,
no. 3-4, pp. 355–388, 2005.

Oxidative Medicine and Cellular Longevity
[67] J. C. King, “Determinants of maternal zinc status during pregnancy,” American Journal of Clinical Nutrition, vol. 71, no. 5,
2000.
[68] P. I. Oteiza, “Zinc and the modulation of redox homeostasis,”
Free Radical Biology and Medicine, vol. 53, no. 9, pp. 1748–1759,
2012.
[69] G. A. Rutter, “Think zinc: new roles for zinc in the control of
insulin secretion,” Islets, vol. 2, no. 1, pp. 49–50, 2010.
[70] K. Jomova and M. Valko, “Advances in metal-induced oxidative
stress and human disease,” Toxicology, vol. 283, no. 2-3, pp. 65–
87, 2011.
[71] D. Moradpour and F. Penin, “Hepatitis C virus proteins: from
structure to function,” Current Topics in Microbiology and
Immunology, vol. 369, pp. 113–142, 2013.
[72] T. Himoto, N. Hosomi, S. Nakai et al., “Efficacy of zinc
administration in patients with hepatitis C virus-related chronic
liver disease,” Scandinavian Journal of Gastroenterology, vol. 42,
no. 9, pp. 1078–1087, 2007.
[73] Y. Murakami, T. Koyabu, A. Kawashima et al., “Zinc supplementation prevents the increase of transaminase in chronic
hepatitis C patients during combination therapy with pegylated
interferon 𝛼-2b and ribavirin,” Journal of Nutritional Science and
Vitaminology, vol. 53, no. 3, pp. 213–218, 2007.
[74] A. S. Prasad, “Zinc: role in immunity, oxidative stress and
chronic inflammation,” Current Opinion in Clinical Nutrition &
Metabolic Care, vol. 12, no. 6, pp. 646–652, 2009.
[75] T. Kanda, O. Yokosuka, K. Nagao, and H. Saisho, “State of
hepatitis C viral replication enhances activation of NF-kB- and
AP-1-signaling induced by hepatitis B virus X,” Cancer Letters,
vol. 234, no. 2, pp. 143–148, 2006.
[76] S. Matsuoka, H. Matsumura, H. Nakamura et al., “Zinc supplementation improves the outcome of chronic hepatitis C and
liver cirrhosis,” Journal of Clinical Biochemistry and Nutrition,
vol. 45, no. 3, pp. 292–303, 2009.
[77] H. Matsumura, K. Nirei, H. Nakamura et al., “Zinc supplementation therapy improves the outcome of patients with chronic
hepatitis C,” Journal of Clinical Biochemistry and Nutrition, vol.
51, no. 3, pp. 178–184, 2012.
[78] K. Yuasa, A. Naganuma, K. Sato et al., “Zinc is a negative regulator of hepatitis C virus RNA replication,” Liver International,
vol. 26, no. 9, pp. 1111–1118, 2006.
[79] G. J. Cooper, “Selective divalent copper chelation for the treatment of diabetes mellitus,” Current Medicinal Chemistry, vol. 19,
no. 17, pp. 2828–2860, 2012.
[80] B. Li, Y. Tan, W. Sun, Y. Fu, L. Miao, and L. Cai, “The role of zinc
in the prevention of diabetic cardiomyopathy and nephropathy,”
Toxicology Mechanisms and Methods, vol. 23, no. 1, pp. 27–33,
2013.
[81] C. H. Guo, P. C. Chen, and W. S. Ko, “Status of essential trace
minerals and oxidative stress in viral hepatitis C patients with
nonalcoholic fatty liver disease,” Internaional Journal of Medical
Science, vol. 10, no. 6, pp. 730–737, 2013.
[82] W.-S. Ko, C.-H. Guo, M.-S. Yeh et al., “Blood micronutrient,
oxidative stress, and viral load in patients with chronic hepatitis
C,” World Journal of Gastroenterology, vol. 11, no. 30, pp. 4697–
4702, 2005.
[83] E. A. Roberts and M. L. Schilsky, “Diagnosis and treatment of
Wilson disease: an update,” Hepatology, vol. 47, no. 6, pp. 2089–
2111, 2008.
[84] M. C. Linder, “The relationship of copper to DNA damage and
damage prevention in humans,” Mutation Research, vol. 733, no.
1-2, pp. 83–91, 2012.

9
[85] M. D. Mattie and J. H. Freedman, “Copper-inducible transcription: regulation by metal- and oxidative stress-responsive
pathways,” American Journal of Physiology, vol. 286, no. 2, pp.
C293–C301, 2004.
[86] R. P. Patel and V. M. Darley-Usmar, “Molecular mechanisms
of the copper dependent oxidation of low-density lipoprotein,”
Free Radical Research, vol. 30, no. 1, pp. 1–9, 1999.
[87] M. Nakhjavani, A. Mashayekh, O. Khalilzadeh et al., “Oxidized
low-density lipoprotein is associated with viral load and disease
activity in patients with chronic hepatitis C,” Clinics and
Research in Hepatology and Gastroenterology, vol. 35, no. 2, pp.
111–116, 2011.
[88] T. Von Hahn, B. D. Lindenbach, A. Boullier et al., “Oxidized
low-density lipoprotein inhibits hepatitis C virus cell entry in
human hepatoma cells,” Hepatology, vol. 43, no. 5, pp. 932–942,
2006.
[89] S. Westhaus, D. Bankwitz, S. Ernst et al., “Characterization of
the inhibition of hepatitis C virus entry by In vitro-generated
and patient-derived oxidized low-density lipoprotein,” Hepatology, vol. 57, no. 5, pp. 1716–1724, 2013.
[90] R. J. Jones, S. J. Lewis, J. M. Smith, and J. Neuberger, “Undetectable serum caeruloplasmin in a woman with chronic hepatitis
C infection,” Journal of Hepatology, vol. 32, no. 4, pp. 703–704,
2000.
[91] C. Fillebeen, M. Muckenthaler, B. Andriopoulos et al., “Expression of the subgenomic hepatitis C virus replicon alters iron
homeostasis in Huh7 cells,” Journal of Hepatology, vol. 47, no.
1, pp. 12–22, 2007.
[92] F. Duygu, S. T. Koruk, H. Karsen, N. Aksoy, A. Taskin, and
M. Hamidanoglu, “Prolidase and oxidative stress in chronic
hepatitis C,” Journal of Clinical Laboratory Analysis, vol. 26, no.
4, pp. 232–237, 2012.
[93] G. J. Anderson and F. Wang, “Essential but toxic: controlling the
flux of iron in the body,” Clinical and Experimental Pharmacology and Physiology, vol. 39, no. 8, pp. 719–724, 2012.
[94] D. N. Martin and S. L. Uprichard, “Identification of transferrin
receptor 1 as a hepatitis C virus entry factor,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 110, no. 26, pp. 10777–10782, 2013.
[95] R. J. Fontana, J. Israel, P. LeClair et al., “Iron reduction before
and during interferon therapy of chronic hepatitis C: results of
a multicenter, randomized, controlled trial,” Hepatology, vol. 31,
no. 3, pp. 730–736, 2000.
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