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1. INTRODUCTION  

Hepatitis C is an infectious disease caused by Hepatitis C virus 

(HCV) primarily affecting the liver. HCV infection is a global health 

concern affecting more than 71 million people around the world and 

nearly 400,000 people die every year with this viral related cirrhosis 

and hepatocellular carcinoma (HCC) [1].  

The advent of new direct antiviral drugs (Direct-Acting Antivirals or 

DAAs) has substantially changed the therapeutic management of 

patients with chronic HCV-related hepatitis. For many years, in fact, 

the only possibility of recovery from the chronic infection was by 

treatment with Intereferon (IFN) in combination with ribavirin given 

over a period of time between six and eighteen months. The main 

limitations of the aforementioned therapy were essentially 

represented by the manifestation of numerous side effects during 

treatment, low response (30-70%) to overall treatment and 

contraindication to administer for patients with advanced liver 

disease [2,3].  

On the contrary, the use of the new direct antivirals guarantees the 

decrease in viral load in a few weeks of treatment, and ultimately the 

sustained viral response (SVR). The effectiveness and extreme 

manageability of these treatments has allowed the usage of these 

drugs in patients with hepatic cirrhosis and in patients for whom 

antiviral therapy was contraindicated or difficult to manage such as 

transplanted patients, psychiatric patients or simply in elderly 

subjects. Patients who achieved SVR after DAA treatment showed 

less cirrhosis-related complications, as well as reduced risk for 

mortality and hepatocellular carcinoma [4,5]. At the same time, 

clearance of the infection does not reduce risks to develop cirrhosis 

and cancer to the initial level, as observed in the uninfected 
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population. One of the factors that contributes to liver injury is 

alteration of the redox balance in the host cell, due to increased 

production of reactive oxygen species (ROS) and altered expression 

of scavenging enzymes [6].  

Oxidative stress is defined as the production of reactive species 

which overwhelms the antioxidant defences, is a process deeply 

involved in the progression of liver damage during chronic hepatitis 

C [7]. Indeed, patients affected by chronic hepatitis C present with 

altered pro and antioxidant markers in both body fluids and liver 

specimens [8,9]. Excessive oxidative markers may be the result of 

chronic inflammation, iron overload, along with HCV encoded 

proteins [10]. The non-structural protein 5A affects the intracellular 

Ca2+ signalling, which in turn triggers production of reactive species 

by mitochondria [11], and the HCV core protein may cause oxidative 

damage exerting a direct effect on mitochondria [12]. In addition, 

chronic HCV infection is associated with decreased circulating 

antioxidant defences, such as reduced glutathione (GSH), 

superoxide dismutase (SOD), and catalase (CAT) [9,13]. Recent 

evidence also suggests that the disruption of redox balance observed 

in infected patients is irrespective of HCV genotype [14]. However, 

much less is known about redox biology of viral infections since 

studies so far have been focused on the mechanism by which HCV 

augments ROS production and limits antioxidant defence. Several 

studies have suggested that HCV replication and production of 

infectious virions are suppressed by lipid peroxides whose 

production is augmented by the infection [15]. By removing the 

noxious stimulus of the virus and inflammation, rapid and complete 

response observed early after starting DAA therapy might normalise 

redox homeostasis in chronically infected HCV patients. The 

response to a traditional antiviral regimen (PEGylated IFN α-2b and 

oral ribavirin) is accompanied by an improvement in circulating 
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redox balance, while failure is characterised by persistent oxidative 

stress [16].  

It is well known that HCV proteins may interfere with host antiviral 

signalling, shutting down the cascade of innate immune response 

[17]. Several other mechanisms exist, but in essence, once HCV 

enters the cell, the virus behaves to undermine innate immune 

response using viral enzymes, core and envelope proteins. However, 

in chronic HCV infection another specific phenomenon occurs, 

namely T-Cell exhaustion, a dysfunction or physical elimination of 

antigen-specific T cells [18]. Exhausted T cells show altered 

proliferative abilities, sustained up-regulation of a wide array of co-

inhibitory receptors, altered metabolic fitness and failure for 

transition to quiescence [19]. DAAs rapidly inhibit viral replication 

and results in rapid elimination of those viral products active in 

evading the immune response allowing for restoration of immune 

activity against HCV. 

Owing to the rapid cessation of HCV replication and the consequent 

clearance of viral antigens with an efficacy near to 100%, DAAs may 

be beneficial to the systemic redox balance and play a role in limiting 

liver damage and starting fibrosis regression. The present study was 

designed to investigate the impact of DAA treatment on circulating 

markers of oxidative damage and antioxidant defence in a cohort of 

patients affected by chronic hepatitis C. To know the overall 

repercussions occurred on immune cells we analysed the gene 

expression profile change in the peripheral blood mononuclear cells 

(PBMCs) of chronic HCV patients treated with a combination of 

IFN-free DAA therapy.  
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1.1. Epidemiology 

HCV belongs to the genus Hepacivirus of the family Flaviviridae. It 

is approximately 9.6 kb with a single stranded positive sense 

Ribonucleic acid (RNA) genome [20]. There are seven major 

genotypes 1, 2, 3, 4, 5, 6 and 7 and >84 subtypes to date with distinct 

global distribution. Genotype (GT) 1a and 1b prevail (about 50%) in 

Europe and North America followed by GT3 (about 25%) and GT4 

(about 20%). GT2, GT5 and GT6 are rare in western countries [21]. 

Infection by all genotypes depends on the interaction of structural 

and non-structural viral proteins with host proteins. Genotype 

variability is important to dictate response to the therapy and to 

develop effective HCV vaccines with potential use. HCV mainly 

replicates in the cytoplasm of hepatocyte and causes acute or chronic 

hepatitis C [22]. About 50-70% of the patients with acute HCV are 

developing chronic disease showing liver inflammation. Among 

chronic patients, 20-30% of them further develop hepatic fibrosis 

and liver cirrhosis after 30 years. HCV induced Cirrhotic patients 

have a 3-5% risk of developing liver cancer [23]. 

HCV is mainly transmitted by blood (medical or surgical procedures, 

blood transfusion and intravenous drug use). Acute infection caused 

by HCV is self-resolving in 20-50% of cases but does not confer 

permanent immunity. In most cases (50-80%), HCV infection 

becomes chronic leading to cirrhosis (10-20% of cases) in 10-20 

years and hepatocellular carcinoma (1-4% per year in patients with 

HCV related cirrhosis). Chronic HCV infection is asymptomatic for 

a prolonged period of time, so many people are unaware of the 

infection and have not been tested. In Europe data suggests that only 

10-40% of HCV positive individuals are aware of the infection status 

of HCV [24]. 
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1.2. HCV life cycle  

Life cycle of HCV is a multistep process that includes attachment, 

entry, endocytosis, un coating of genetic material and replication. 

Upon entering the blood circulation, HCV interacts with lipid 

molecules like Low-density lipoprotein (LDL) and very low-density 

lipoprotein (VLDL) to become lipoviral particles (LVPs). Liver cells 

are the main target of HCV within the host, as it contains all the entry 

receptors for HCV infection. Viral genome enters into the cytosol 

upon fusion of viral and host membrane that facilitates replication of 

viral RNA and translation [25].  

1.2.1. Entry of HCV into hepatocytes 

HCV has a positive single stranded RNA genome with an 

icosahedral protein coat encapsulated by an outer lipid membrane 

with two viral glycoproteins E1 and E2 embedded to it (Figure 1). 

E1 and E2 envelope proteins act as complexes of disulphide-bound 

heterodimers and play a crucial role in virus entry. E2 is involved in 

receptor binding whereas E1 is likely to be involved in viral fusion 

phase [26]. Thus, once the HCV particle reaches the hepatocyte 

surface, it interacts first with glycosaminoglycans and syndecans 

followed by binding to more specific receptors including scavenger 

receptor B1 and the tetraspanin CD81. The viral particle complexed 

with these entry factors reaches tight junctions and engages in further 

interactions with claudin-1 (CLDN1) and occludin. These factors set 

an essential entry receptor for the virus entry primed by the E1-E2 

complex [27]. 

The viral particle subsequently enters the cell via receptor and 

clathrin mediated endocytosis.  After its release into the cytosol the 

clathrin coated vesicle interacts with the motor protein dynein. 

Dynein transports the vesicle by walking along microtubules to reach 

the Endoplasmic reticulum (ER) and acidification of the endosome 
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lumen induces conformational changes of the viral envelope 

glycoproteins which in turn interact with the endosomal membrane 

leading to fusion of viral and endosomal membranes. Membrane 

fusion is followed by uncoating of the nucleocapsid and the release 

of viral RNA genome into the cytosol. Similar mechanism could be 

involved in cell to cell spread in the host organism [28,29]. 

 

 

Figure 1. Life cycle of HCV virus (a) HCV particle with RNA genome tightly 

associated with E1, E2 glycoproteins, lipids and apolipoproteins. (b) Overview of 

HCV entry into the cell. (Alazard-Dany N et al., 2019).  

1.2.2. HCV RNA translation and replication 

The viral RNA is around 9.6 kb in length with a single open reading 

frame with highly structured non-translated regions [30]. Binding 

and assembly of ribosome subunits on the viral RNA starts the 

translation of HCV polyprotein. A signal sequence located in the 

beginning of the translated polyprotein allows the ribosome to be 

targeted to the translocon on the ER membrane. Translated single 

polyprotein is co and post-translationally modified by both viral and 

host proteases giving rise to 10 mature proteins (core, E1, E2, P7, 

NS2, NS3, NS4A, NS4B, NS5A and NS5B). The core, structural 
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proteins E1 and E2 which makeup the viral particle is produced from 

the N-terminal end and other nonstructural proteins are produced 

from the C-terminus end of polyprotein. The non-translated region 

of RNA contains cis-acting elements which are important for 

genome translation, replication and internal ribosomal entry site at 

5’end [31,32]. 

The replicase components NS3-4A, NS4B, NS5A and NS5B are 

sufficient to support viral RNA replication. HCV replicase proteins, 

in concert with host factors, induce rearrangements of the ER 

membrane, including the formation of double membrane vesicles 

[33]. These vesicles cluster to form the membranous web, which 

represents the site of HCV RNA replication. Viral RNA synthesis is 

catalysed by the RNA dependent RNA polymerase activity of NS5B, 

which acts in concert with other viral non-structural proteins 

(NS3/4A, NS4B, NS5A) as well as several host factors [34]. After 

synthesis of a negative strand RNA intermediate, multiple positive 

strand progeny RNAs are generated from this template and either 

used for translation and replication or packaged into nucleocapsid 

particles. 

NS2 viral protease, is involved in maturation of viral polyprotein and 

assembly of viral particles. NS3 viral protease is a helicase and also 

involved in proteolysis of downstream parts of polyprotein. Acting 

as a cofactor NS4A interacts with NS3 and anchors it to the 

membrane. P7 is a viroporin involved in assembly and secretion of 

virions [35]. Most of the viral membrane proteins are involved in the 

reorganisation of the cellular membranes required for HCV genome 

replication and viral assembly. In early HCV infection, the massive 

rearrangement of cellular membranes forms a membranous web by 

double membrane vesicles originating from ER [36]. Along with 

other replication complex proteins, NS4B and NS5A play a key role 
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in the formation and maintenance of membranous webs containing 

replication factories of the virus [37]. Viral proteins also recruit 

several cellular factors like cyclophilins, cellular peptidyl-propyl cis-

trans isomerase. Cyclophilin A interacts with NS5A in the formation 

of membranous webs. 

1.2.3. HCV Assembly, Budding and Secretion  

HCV Viral assembly occurs at assembly sites of replication 

complexes associated with ER derived membranes [38]. NS5A plays 

a key role in viral replication, assembly and delivery of RNA 

genome to the core proteins for assembly into nucelocapsids [39,40]. 

P7 viroporin acts in concert with NS2 in the assembly process as 

well as at a later stage of viral envelopment [41]. They coordinate 

the recruitment of core and envelope glycoproteins E1, E2 as well as 

NS3, NS5A to the assembly sites. Along with viral proteins, several 

cellular proteins apolipoprotein E, DGAT1 and ESCRT act as key 

factors for HCV assembly [42]. 

The viral envelope glycoproteins are acquired by budding at the ER, 

a process which appears to be linked to the VLDL machinery. 

Maturation of lipoviro particles may require unconventional passage 

through Golgi apparatus and a trans-endosomal secretary route. 

Newly synthesized virus particles are thought to be transported to 

the cell surface in export vesicles via the cellular secretory pathway. 

Finally, these are released from the cell by exocytosis to reach the 

bloodstream [43]. In HCV life cycle, viral proteins are multipurpose 

and are involved in several functions of viral replication reflecting 

the genetic economy. As these viral proteins are involved in one or 

more steps of the viral cycle, targeting these proteins is a potent 

antiviral target in the fight of HCV infection.  
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1.3. Pathophysiology of HCV infection 

HCV infection is associated with chronic hepatic inflammation due 

to oxidative stress and immune response of the infected cells [44]. 

Infected hepatocytes recruit immune cells by production of 

cytokines, chemokines and numerous growth factors that perpetuate 

the local inflammatory response and activate myofibroblasts and 

stellate cells [45]. Sustained inflammation observed during chronic 

HCV infection may be due to response of T helper 2 cells and CD8+ 

T cells that induce apoptosis [46,47]. Activation of hepatic stellate 

cells causes fibrogenesis-characterised by excess production of 

extracellular matrix which leads to liver fibrosis and ultimately 

developing to cirrhosis [48]. The changes in hepatocyte proliferation 

during progression of HCV infection could be due to direct 

interaction of viral proteins with proteins involved in the regulation 

of cell cycle and loss of cell cycle checkpoints due to 

Deoxyribonucleic acid (DNA) damage induced by oxidative stress 

[6]. 

Both innate and adaptive immune responses are activated in response 

to HCV. Viral RNA in the host activates pattern recognition 

receptors present on the cell surface, endoplasm and endosomes to 

initiate an immunogenic response via pathogen associated molecular 

pattern (PAMP) [49]. With an aim to create an antiviral state, IFNs 

are secreted in response to activation of Nuclear factor kappa B (NF-

κB) and the JNK pathway. Wide variety of immune cells secrete type 

1 IFN-α, IFN-β, IFN-ω which bind to their specific receptors and 

activate a subset of genes called IFN sensitive genes (ISGs). ISGs 

may include protein kinase R and 2’,5’-oligoadenylate synthase that 

induce shutdown of mRNA translation and help to cleave viral and 

host single stranded RNA respectively. T-lymphocytes, 

macrophages and dendritic cells secrete type II -IFN-γ to clear acute 
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and chronic HCV infection. Similar to type I IFNs, type III IFN-λ 

bind to hepatocyte receptors and activate many ISGs. IFN-β is 

observed in liver macrophages and kupffer cells of HCV infected 

patient’s liver biopsy [50]. Patients with chronic HCV infection and 

HCV infected chimpanzees have been detected with high 

concentrations of IFN-γ. In HCV infected patients, IFNs including 

IFN- γ are produced by non-parenchymal cells, they escape from 

HCV induced attenuation of type I IFN production. Despite immune 

response, HCV still persists by inhibiting ISGs [1]. 

The majority of HCV infected patients develop a chronic hepatitis C 

infection associated with inflammation, steatohepatitis, progressive 

fibrosis, and finally leading to cirrhosis [51]. Several risk factors 

enhancing HCV-related HCC progression are hepatitis B virus or 

Human immunodeficiency virus (HIV) coinfection, obesity, insulin 

resistance, and non-alcoholic steatohepatitis [52]. HCV may directly 

induce HCC by altering energy metabolism, apoptosis, angiogenesis, 

epithelial mesenchymal transition (EMT), and oxidative stress [53].  

HCV infection has incompletely understood apoptosis process that 

plays an important role in tumorigenesis. Inhibition of apoptosis 

escapes from crucial checkpoints during the life cycle of transformed 

cells. Moreover, HCV proteins Core, NS2, NS3, and NS5A interact 

and suppress the transcriptional activity of p53, a critical tumour 

suppressor protein [54-56]. In addition, defective autophagy in mice 

results in spontaneous development of HCC due to the accumulation 

of autophagy cargo p62 [57]. Autophagy deficiency in hepatocytes 

favour EMT and autophagy stimulation may promote early pre-

neoplastic liver nodules in a Resistant-Hepatocyte rat model [58]. 
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1.4. Structure and function of Mitochondria 

Mitochondria are involved in significant number of human diseases 

such as cardiovascular disorders, neurodegenerative diseases, 

diabetes, and also plays a key role in ageing. Mitochondria are also 

one of the favorite target for HCV that impacts its functions and 

affecting cellular growth, proliferation, and differentiation. Viral 

proteins modify mitochondrial functions by binding to outer 

membrane of mitochondria and getting imported to intermembrane 

space and matrix [59]. Clinical observations revealed the existence 

of hepatic mitochondrial dysfunction and oxidative stress in HCV 

infected patients. Analysis of human liver samples displayed 

ultrastructural changes in mitochondria, lipid peroxidation products, 

DNA adducts, and GSH depletion. These effects on mitochondria 

alter its functions significantly resulting in the pathogenesis of the 

disease [60]. 

Mitochondrial structure comprises outer mitochondrial membrane 

(OMM), inter membrane space (IMS), inner mitochondrial 

membrane (IMM), and matrix (Figure 2). The OMM is freely 

permeable to nutrients, ions, energy molecules like Adenosine 

diphosphate (ADP), Adenosine triphosphate (ATP), and other low-

molecular weight solutes. The IMM contains many folds into the 

matrix known as cristae. IMM is strictly permeable to oxygen and 

impermeable except through specific transporters [61]. The 

mitochondrial respiratory chain complexes are multi-subunit 

structures embedded in IMM that help in the electron transport chain 

(ETC) for ATP production. Mitochondrial DNA (mtDNA) is 

circular with about 16,500 base pairs containing 37 genes.  mtDNA 

encodes for 13 proteins of ETC complexes and ATP synthase, 22 

transfer RNAs and 2 ribosomal RNAs [62]. Nuclear DNA encodes 

the other proteins of mitochondria in the cytoplasm and then import 
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into the mitochondria.      

  

 

Figure 2: Mitochondria structure and components (Labieniec-Watala M. etal., 

2012). 

The ETC contains a series of four proteins (complex I-IV) with 

mobile carriers ubiquinone and cytochrome c (Figure 3). These 

components together with ATP synthase (complex V) produce ATP 

through oxidative phosphorylation (OXPHOS). Nicotinamide 

adenine dinucleotide (NADH) and flavin adenine dinucleotide 

(FADH2) generated by the Tricarboxylic acid cycle act as substrates 

for complex I and complex II respectively. During ETC, electrons 

are transferred from NADH to the complex I then passes them to 

ubiquinone (CoQ), inducing the pumping of protons from matrix to 

IMS through complex I. Electrons from FADH2 are accepted by 

complex II and subsequently transferred to CoQ, which is not 

accompanied by proton translocation unlike complex I. CoQ then 

passes electrons to complex III which passes them to cytochrome c 

coupled with pumping of protons from matrix to IMS. Cytochrome 

C passes electrons to Complex IV (cytochrome c oxidase) where the 

molecular oxygen is reduced to water. Complex V is a multi-subunit 

containing extra membranous (F1) and transmembrane (F0) domains 

functioning under rotational motor mechanism allowing ATP 

https://en.wikipedia.org/wiki/Cytochrome_c_oxidase
https://en.wikipedia.org/wiki/Cytochrome_c_oxidase
https://en.wikipedia.org/wiki/Cytochrome_c_oxidase
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production [63].  

 

 

Figure 3: Schematic representation of OXPHOS in mitochondria. The process of 

OXPHOS is the main pathway in the cell to produce adenosine triphosphate 

(ATP). Mitochondrial electron transport chain consists of four complexes: 

Complex I (NADH-coenzyme Q reductase), Complex II (succinate 

dehydrogenase), Complex III (coenzyme Q-cytochrome c reductase), and 

Complex IV (cytochrome c oxidase). Complexes I, III, and IV establish the proton 

gradient across the IMM for ATP synthesis by ATP synthase (Branca JVV et al., 

2020). 

 

Mitochondria are the main sources of ROS in the cell. During ETC, 

though most of the electrons donated are migrated to complex IV are 

accepted by protons that react with oxygen to form water, few electrons 

react directly with oxygen and form superoxide anion radical [64]. 

Manganese superoxide dismutase localised in the mitochondria, 

spontaneously reacts with superoxides and dismutates into oxygen and 

Hydrogen peroxide (H2O2). Mitochondrial GSH peroxidase and 

peroxiredoxins detoxify H2O2 into water. Under physiological 

conditions, ROS act as signalling molecules depending on their 

intensity and oxidative stress [65,66]. ROS at lower concentrations are 

important for metabolic adaptation, while moderate levels of ROS 

involves in regulation of inflammatory mediators. ROS at higher 
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concentrations, activates apoptotic and autophagic pathways [65-67].  

1.5. Oxidative stress in HCV infection 

Metabolic dysregulation such as insulin resistance, steatosis and iron 

overload has been observed in chronic HCV patients. Evidence 

suggests that oxidative stress could be one of the underlying 

mechanisms of these pathologies. Mitochondrial respiratory chain 

enzymes are modulated and inactivated by HCV proteins including 

core, E1 and NS3 that cause disruption of mitochondrial 

transmembrane potential and leakage of electrons, that induce rise of 

intracellular ROS levels [68,69]. All these molecular events together 

impair mitochondrial and cellular signalling pathways. Excess 

generation of ROS and decreased capacity of the antioxidant system 

leads to oxidative stress that can cause cellular damage [70].  ROS 

either directly interact with biological molecules including lipids, 

proteins and nucleic acids or activate classical signalling cascades 

like protein kinases, cytokines and transcription factors which 

regulate stress responses that in turn stimulate inflammatory 

response [71]. 

In the mid-1900s oxidative stress occurrences were detected in 

chronic HCV patients. Expression of HCV proteins in an infected 

cell activates several pathways including mitogen activated protein 

kinase (MAPK), ER response, NF-κB and calcium signalling [72]. 

HCV proteins such as E1, E2, NS3/4A, NS4B and NS5A are 

involved in induction of oxidative stress in hepatocytes [7].  

Replication of HCV or expression of core proteins lead to 

mitochondrial alterations accompanied by massive ROS production 

due to inhibition of complex 1 activity of ETC [73]. Mitochondrial 

dysfunction could be due to core induced increase of prohibitin 

expression, a mitochondrial chaperone that regulates expression of 

complex IV and possibly complex I of ETC (2013_Alexander V. 
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Ivanov et al., 54). In chronic HCV patients, mitochondrial 

dysfunction was observed in hepatocytes and other cell types 

including lymphoma cells, lymphocytes (PBMCs) [74]. 

 ROS induction by HCV has been evidenced by measurement of 

ROS, antioxidant levels, measurement of expression and activity 

levels of antioxidant defence enzymes and interaction products of 

ROS with biological molecules in liver biopsies, as well as blood 

samples or blood cells of chronic HCV patients. ROS concentrations 

were increased two to five fold in liver tissues and lymphocytes of 

chronic HCV patients [68,75]. In addition, elevated levels of Pro-

oxidant capacity or clastogenic score i.e., ability to modify DNA in 

plasma were reported in patients [8,76]. Decreased levels of 

antioxidant defence enzymes such as manganese or Cu/Zn SOD, 

CAT and GSH reductase / peroxidase (GSH-Px) were reported in 

PBMCs in chronic HCV patients, though increased levels are also 

reported. However, no changes were observed in the expression of 

the same enzymes in the liver of the same patients, suggesting that 

alterations in PBMCs could be a secondary event [77]. HCV patients 

have displayed significant higher values of lipid peroxidation, 

advanced oxidation protein products and 8-hydroxyguanosine (8-

OHdG) levels in PBMC compared to healthy controls [78,79]. 

Higher 8-OHdG was also detected in liver samples of chronic HCV 

patients [80]. 

ERis actively involved in induction of ROS in cytoplasm as excess 

production of viral proteins in the infected cell induces unfolded 

protein response (UPR) accompanied by release of calcium to 

cytosol [81]. Released calcium is quickly absorbed by the 

mitochondria resulting in elevation of ROS. Normally, cells have 

sufficient capacity to combat ROS using antioxidant systems thus 

preventing tissue damage [72]. However, during an infection there 
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is a disruption in the balance that can induce accumulation of ROS 

and oxidative stress. Induction of ROS production by HCV is 

activated through calcium redistribution between ER, cytoplasm and 

mitochondria. Evidence reports that HCV core protein increases 

mitochondrial Ca2+ uniporter activity. Furthermore, core protein and 

NS5A expressing cells deplete ER Ca2+ reserves causing rise of 

cytoplasmic Ca2+ concentration by inhibition of SERCA and 

induction of passive leak of calcium ions respectively [82,83]. 

Several antioxidant agents (GSH, S-adenosil-methionine and 

thioredoxin) and antioxidant enzymes (SOD, CAT, GSH-Px and 

heme oxygenase-1) are involved in the protection of cell against 

oxidative stress damage [84,85].  

In HCV, the infected cell family of nicotinamide adenine 

dinucleotide phosphate (NADPH) oxidases are an additional source 

of ROS. Calcium signalling activates several NADPH oxidases [86]. 

Family of NADPH oxidase contains seven transmembrane enzymes 

such as NADPH-oxidase 1-5 (NOX1-5), Dual oxidase 1,2 

(DUOX1,2) involved in ETC and thus produce superoxide anion or 

H2O2 [87]. Evidence suggests that NOX 1 and 4 may act as primary 

source of superoxide anion and contribute to producing H2O2 in 

HCV infected cells. It was shown that the HCV core is the main 

regulator of NOX4 expression via transforming growth factor beta-

1. In HCV infected cells special emphasis on NOX in induction of 

oxidative stress is given due to their ability to produce ROS in the 

nucleus, which leads to the formation of DNA damage.  Increased 

expression of NOX4 and elevated levels of superoxide levels in 

nucleus are reported in HCV infected hepatocytes [88,89]. 

Another potential contributor of ROS in HCV infected cells is ER-

residing Cytochrome P450 Family 2 Subfamily E Member 1 

(CYP2E1) [90,91]. It was reported that expression of CYP2E1 is 
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enhanced in the livers of chronic HCV patients with early stage 

fibrosis [92]. In addition, HCV infection or expression of the 

individual core proteins E1, E2 and NS4B increase ROS production 

by induction of ER Stress and UPR [93]. 

Data reports that in order to promote replication, HCV proteins can 

alter several intra cellular signalling pathways by finely regulating 

the oxido-reductive state of the host cell. HCV replication is 

critically controlled by MAPK and phosphoinotsitide-3 kinase 

(PI3K) signalling pathways that in turn are modulated by 

phosphorylation cascades and oxidative stress. Oxidative stress 

plays a central role in HCV induced liver damage by ROS production 

from HCV infected cells and infiltrating immune cells. In addition, 

HCV core protein directly interacts with mitochondria and reduces 

the complex 1 activity of ETC by decreasing the mitochondrial 

NADPH levels. Overexpression of HCV core protein diminished the 

levels of GSH and induced the levels of Glutathione disulphide 

[12,94]. 

1.6. Immune cell response in HCV infection 

Immune system is a complex network that helps the body to fight 

infections and other diseases. It can be divided into innate and 

adaptive immunity based on their response to the pathogen. Adaptive 

immunity is mediated by B and T lymphocytes.  Both the immune 

components act together and in parallel with regulatory signalling 

molecules known as cytokines and chemokines to eradicate the 

pathogen. Innate immunity is the first line of defence against 

invading pathogens. Innate immunity is mediated by macrophages, 

natural killer (NK) cells, dendritic cells and granulocytes (Figure 4). 

NK cells act by perforin secretion and cell lysis of infected cells 

whereas Macrophages, granulocytes, and dendritic cells act as 

antifungal, anti-parasitic and antimicrobial by their endocytic and 
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phagocytic activity [95,96]. Further, by their antigen presenting 

property they uptake, process and present the antigens to major 

histocompatibility complex class II to CD4+ T cells. They stimulate 

the adaptive immune response by secretion of   proinflammatory 

cytokines such as interleukin (IL)1, IL6, IL12, IFNs α/β and 

chemokines such as IL8. CD4+ T lymphocytes up on activation 

differentiate into T helper (Th)-1 and Th-2 cells and T cytotoxic cells 

and B lymphocytes into plasma cells (antibody- specific cells). 

These important cellular events are mediated by signals delivered by 

toll-like receptors through recognition of microbial or viral proteins, 

nucleic acids and mediated by release of different cytokines such as 

IFN- γ, Tumour necrosis factor-α (TNF-α), IL-10 [95-97]. 

 

 

Figure 4. Components of innate and adaptive immunity (Alhetheel AF. etal., 

2022).  

https://www.frontiersin.org/files/Articles/810231/fviro-01-810231-HTML/image_m/fviro-01-810231-g002.jpg
https://www.frontiersin.org/files/Articles/810231/fviro-01-810231-HTML/image_m/fviro-01-810231-g002.jpg
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Cytokines are a large group of signalling molecules that act through 

cell surface receptors produced in response to innate and adaptive 

immunity. Cytokines are produced by a vast variety of cells like 

macrophages, B lymphocytes, T lymphocytes mast cells, as well as 

endothelial cells, fibroblasts and stromal cells [96].  Initially defined 

lymphokines or monokines were later referred to as cytokines to 

more correctly indicate that all nucleated cells are able to produce 

and respond to them. They are not hormones or growth factors 

because unlike hormones they are not secreted by one specific cell 

type and above all they are secreted only in response to precise 

cellular signals but not in a constitutive way. Cytokines include 

chemokines, IFNs, ILs, lymphokines and tumour necrosis factors.  

They are divided into pro-inflammatory and anti-inflammatory 

cytokines depending on their response activation function such as 

inflammatory or control of the inflammatory response. Pro 

Inflammatory cytokines are involved in upregulation of 

inflammatory reactions that include IL-1α and 1β, IL-2, IL-6, IL8, 

TNF-α, IFN γ.  while IL belong to the group of anti-inflammatory 

cytokines such as IL-4, IL-10 control the proinflammatory response 

[98]. 

Chemokines play an important role in the pathogenesis of chronic 

HCV related liver diseases. HCV infection causes inflammation 

through binding and interaction of HCV RNA and protein 

components with pattern recognition receptors (PRRs) or other 

cellular structures of the host. Immune or inflammatory response is 

activated upon interaction of viral proteins with PRRs such as toll-

like receptors (TLRs)1-10. Proinflammatory cytokines are produced 

via several viruses derived PAMPs, HCV RNA and viral proteins. 

For instance, MAPK TLR3 signalling by HCV double stranded RNA 

during HCV replication releases high amounts of IL8 [99]. TLR7 
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mediated signalling induces pro-IL1b mRNA expression [100], 

TLR2 mediated inflammatory pathway is triggered by conformation 

mediated interaction with HCV TLR core or NS3 proteins [101].  

TLR4 mediated signalling by NS5A protein activates signal 

transduction cascades and stimulates secretion of IFN-β and IL6 

through activation of NF-κB in both hepatocytes and B cells [102]. 

In addition to PRRs, HCV protein E2 binds with other cellular 

structures such as CD81 and activates MAPK to secrete Chemokine 

(C-C motif) ligand 5 (CCL-5) [103]. HCV NS5B protein activates 

immune signalling via TANK binding kinase and NF-κB to produce 

IFNs and inflammatory cytokines [104]. In short, uncontrolled and 

excessive inflammatory response is triggered by interaction of HCV 

components with host cells and exacerbates the progression of 

disease.  

PBMC plays an important role in clearing pathogens that include 

monocytes (precursor of macrophages) and lymphocytes (NK cells, 

CD4+ cells, CD8+ cells, B cells). Evidence shows that HCV causes 

infection in hepatocytes and other cell types such as bone marrow 

cells and PBMCs [105,106] through interaction with CD81 

molecules on the cell surface [107]. In sustained responders viral 

RNA is detectable in PBMCs for upto 5 years despite the 

disappearance in serum. PBMCs are important sites of HCV 

replication and are proposed to be main extrahepatic sources of 

reinfection [108,109].  Persistence of HCV infection in PBMCs 

results in chronic immune activation and immune system exhaustion 

[110,111]. PBMCs play a crucial role in elimination of pathogen by 

phagocytic and cytolytic activities through regulation of different 

signalling pathways such as janus kinase/ signal transducer and 

activator of transcription (JAK-STAT), PI3K and MAPK pathways 

in hepatocytes and macrophages [112,113].  
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1.7. Current antiviral targets 

Earlier, HCV was treated with immunomodulatory agents such as 

IFN and pegylated IFN (pegIFN) to attain SVR which is defined as 

undetectable levels of HCV RNA at least twelve (SVR12) or 24 

weeks (SVR24) after the cessation of the treatment [114]. Guanosine 

nucleoside analogue, Ribavarin was also used along with IFN 

therapy for HCV treatment [2]. However, these therapies have severe 

side effects and SVR is maintained in only 40-50% of the patients 

[115].  Lack of efficacy, genotype resistance to treatment, and side-

effects of pegIFN/RBV prompted the search for new HCV drugs and 

the development of DAA agents. With the development of DAAs, 

treatment of HCV has evolved to target specific components of HCV 

that are involved in replication and processing to achieve SVR [116].  

1.7.1. NS3/4A Inhibitors: 

These are the first DAAs introduced into the market targeting the 

protease domain of NS3. The protease activity of NS3 plays a crucial 

role in maturation of viral polyprotein by cleaving peptide junctions 

into non-structural proteins together with NS4A cofactor. NS4A acts 

as an important cofactor for NS3 enzymatic activities by localising 

NS3 in the membrane and helps in holding the HCV replication 

complex at the cellular membrane [117,118]. These inhibitors can 

affect several functions of complexes such as NS3, NS4 and different 

domains of NS3, allowing inhibition of multiple steps by targeting a 

single molecule [119,120]. These molecules are considered as 

protease inhibitors and are suffixed with –previr. In the beginning of 

the DAA era, the first antivirals that came into the market are 

boceprevir and telaprevir followed by simeprevir. These were 

peptidomimetic linear ketoamides that bind to the active site of 

protease domain of NS3. However, due to their severe side effects, 

low genetic barrier and restriction to genotype 1 resulted in 
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discontinuation of their use in most countries [121]. Further research 

in the development of new protease inhibitors resulted in increased 

potency and improved genetic resistance barriers such as 

Glecaprevir, paritaprevir, grazoprevir and voxilaprevir Improved 

efficacy shown by the combination therapy of these molecules with 

other viral protein targeting DAAs allowed the development and 

approval of IFN free regimen treatment with lower side effects and 

high SVR [122]. 

1.7.2. NS5B inhibitors  

Two types of NS5B inhibitors were developed that target the 

catalytic or non-catalytic sites of the protein. The first molecules 

developed against NS5B targets belong to a class of nucleo(s)tide 

inhibitors that bind to the catalytic site of the enzyme [42]. These 

inhibitors terminate RNA synthesis by mimicking the natural 

substrate of the enzyme that are incorporated into the nascent RNA 

chains. These molecules are suffixed with –buvir. In 2013, FDA 

approved the first NI Sofosbuvir, a uridine analogue followed by 

dasabuvir.  Sofosbuvir is involved in the catalytic site of HCV RNA 

polymerase which is highly conserved between genotypes, 

suggesting the pan genotypic potential of the drug with a minimal 

risk of emergence of viral resistance. Sofosbuvir is the commonly 

used antiviral agent in most HCV treatment combinations due to its 

favourable safety-tolerability profile, high genetic barrier resistance 

and its activity against most genotypes [123]. 

The second class of NS5B inhibitors include non-nucleoside 

inhibitors that do not bind to the catalytic site of the enzyme [124]. 

They exert their effect by inhibiting the conformational changes 

required for the polymerase activity. The only FDA approved NNI 

till date is Dasabuvir that targets NS5B and is recommended only for 
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HCV genotype 1. NIIs show lower barriers to resistance and poor 

pangenotypic activity as they target poorly conserved sequences 

[125]. However, when used in combination with more potent drugs 

it improves the efficacy and reduces the duration of the treatment. 

1.7.3. NS5A inhibitors 

NS5A is a potential antiviral target essential for viral RNA 

replication and viral assembly and genome transfer to assembly sites. 

NS5A interacts with many viral and cellular proteins including itself 

to form dimers or oligomers by existing in different phosphorylated 

forms.  NS5A inhibitors are suffixed with –asvir [126]. Daclatasvir, 

ledipasvir and ombitasvir are first-generation drugs. Declatasvir 

inhibits HCV replication probably by inhibiting the formation of 

double membrane vesicles essential for viral genome replication or 

acting on assembly [127,128] or by preventing the delivery of RNA 

to the core protein. Though the exact mechanism of inhibition of 

NS5A is still not known, it seems to act on multiple steps of the viral 

life cycle, augmenting its effects. The second generation NS5A 

inhibitors include elbasvir, velpatasvir and pibrentasvir. These 

molecules have lower toxicity than first generation drugs and are 

optimised to be pan-genotypic [42]. 
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2. AIM OF THE STUDY 

The main objective of the study was to investigate the impact of 

DAAs treatment on circulating redox markers of oxidative damage 

and antioxidant defense and restoration of mitochondrial function 

and energy homeostasis in peripheral blood mononuclear cells of 

chronic HCV patients. 
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3. MATERIALS AND METHODS 

3.1. Study population and design 

We conducted an observational study on 196 HCV+ and HIV- 

patients who started therapy with DAAs as standard-of-care 

treatment for HCV-related hepatitis. All patients were referred to the 

C.U.R.E. (Centro per la Ricerca e la Cura delle Epatopatie) at the 

University of Foggia, Italy. Patients with concurrent active cancer 

and other chronic diseases or taking antioxidant supplementation 

were excluded. Fifty-seven percent of patients were females and the 

median age was 63 years (range 35–90 yrs).  

Peripheral whole blood samples were collected from patients at 

multiple time points, including at baseline on the day of starting 

therapy (T0), after 4 weeks of drug administration (4wks), on the day 

of the final treatment (EoT), and at 12 weeks post-treatment 

(sustained virological response, SVR12). Patients with all the 

samples collected at baseline, during (4wks) and at the end of 

treatment (EoT), and after the treatment (SVR12) were considered 

for the final analysis. Liver fibrosis was assessed by transient 

elastography, performed with the Fibroscan® (Echosense, Paris, 

France) medical device, using the M or the XL probe after overnight 

fasting following standard requirements of the Echosense [129]. 

Stiffness cut-off values reported by Arena et al. were used for staging 

liver fibrosis during transient elastography [130]. 7.8 KPa, 10.8 KPa 

and 14.8 KPa were used as cut-off points for mild fibrosis, 

significant fibrosis and cirrhosis, respectively. The Authors’ 

institutional review board approved the clinical investigation, which 

was conducted according to the principles expressed in the 

Declaration of Helsinki. Written informed consent was obtained 

from all patients to participate in the study. Hepatitis C treatment 
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antiviral therapy and treatment duration (12 or 24 weeks) were 

indicated for each patient according to the viral genotype/ subtype 

and the severity of liver disease, according to European Medicine 

Agency and National Drug Agency reimbursement restrictions.  

Patients received one of the following regimens: (for observational 

study) 

1. sofosbuvir + simeprevir;  

2. sofosbuvir/ledipasvir;  

3. sofosbuvir + daclatasvir; 

4. ombitasvir/paritaprevir/ritonavir ± dasabuvir (3D); 

 5. glecaprevir/pibrentasvir  

Real-time polymerase chain reaction was used for HCV-RNA 

quantification (Abbott RealTime HCV Amplification Reagent Kit on 

Abbott Automatic m2000 system), with a lower detection of 12 

IU/mL. Patients were followed up monthly with clinical and 

laboratory evaluations during antiviral therapy. Virologic response 

was assessed at week 4, at the end of treatment, and at 12 weeks after 

the end of treatment to determine the SVR. A rapid virologic 

response (RVR) was defined as undetectable HCV-RNA after 4 

weeks of therapy. SVR12 was defined as undetectable HCV-RNA 

12 weeks after the treatment completion. All patients included in this 

study successfully cleared the virus at the end of therapy with 

subsequent attainment of SVR. The serum levels of alanine 

aminotransferase and aspartate aminotransferase were also 

normalised in most of these patients following HCV clearance.  

3.2. Laboratory Measurements 

3.2.1. Isolation of peripheral blood mononuclear cells (PBMC) 

Peripheral blood samples were obtained from patients with an 
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overnight fasting at all the study points.  After collection within 1-2 

h, the whole fraction of intact PBMCs were isolated from 

Ethylenediamine tetraacetic acid (EDTA)-blood by density medium 

centrifugation at 25 °C, using HistopaqueR1077 Hybri-Max TM 

(Sigma) following a standard protocol. Briefly, 6 ml of blood was 

layered on top of a 3 ml of Histopaque and centrifuged at 800 × g for 

30 min at 25 °C. The separated mononuclear band was carefully 

collected (~1 ml), resuspended in 10 ml PBS and centrifuged again 

at 800 × g for 20 min. The pellet was washed twice in the same 

conditions. Finally, the dry pellet was stored at −80 °C until use.  

For respirometry, enzymatic and protein analyses samples from 

identical isolation of cells were used.  

3.2.2. Measurement of cytokines 

Cytokine measurement was performed using Biochip Array 

Technology (BAT) by Randox Laboratories. The array was used to 

measure serum levels of IL-2, IL-6, IL-8, IL-10 and TNF-α. The 

assay was performed using Randox apparatus according to 

manufacturer's recommendations. Samples were tested in duplicate, 

and expressed as the mean of two measurements.  

3.2.3. Measurement of serum levels of HNE and MDA adducts  

Serum fluorescent adducts formed between peroxidation-derived 

aldehydes and proteins such as 4-hydroxynonenal (HNE) and 

malondialdehyde (MDA) were measured by spectro-fluorimetry as 

previously reported [131].  

3.2.4. Measurement of serum levels of 8-OHDG 

The concentration of 8-OHdG in serum was analysed using a highly 

sensitive 8-OHdG enzyme-linked immunosorbent assay (ELISA) 

monitoring kit (Jaica, Fukuroi, Japan), according to the 

manufacturer's instructions [132].  
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3.2.5. Measurement of Antioxidant levels in PBMC 

SOD, CAT and GSH-Px activities were analysed in PBMC by 

spectrophotometry method following the respective Cayman Assay 

kits procedures: SOD (n° 706002), CAT (n° 707002), GSH-Px (n° 

703102).  

3.2.6. RNA isolation and quantitative real-time polymerase chain 

reaction (qRT-PCR)  

Total cellular RNA was isolated from PBMC samples using the 

RNAeasy Kit (Qiagen, Hilden, Germany) according to the 

manufacturer instructions. Samples were quantified by absorption 

spectrophotometry, and RNA integrity was confirmed using 

nondenaturing agarose gel electrophoresis. cDNA was obtained 

using a random hexamer primer and a SuperScript III Reverse 

Transcriptase kit as described by the manufacturer (Invitrogen, 

Frederick, MD, USA). A PCR master mix containing the specific 

primers (SOD1): forward, TGT GGG GAA GCA TTA AAG G; 

reverse, CCG TGT TTT CTG GAT AGA GG; (CAT) : forward, 

GCC ATT GCC ACA GGA AAG TA; reverse, CCA ACT GGG 

ATG AGA GGG TA; (GSH-Px) : forward, GGA GAC CTC ACC 

CTG TAC C; reverse, GTC ATT CAC CAT GTC CAC C; 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH): forward, 

CAA GGC TGA GAA CGG GAA; reverse: 59-GCA TCG CCC 

CAC TTG ATT TT-39) was added, along with AmpliTaq Gold DNA 

polymerase (Applied Biosystems, Foster City, CA, USA). Real-time 

quantification of mRNA was performed with a SYBR Green I assay 

and evaluated using an iCycler detection system (Bio-Rad 

Laboratories). The threshold cycle (CT) was determined, and the 

relative genes expression was subsequently calculated as follows: 

fold change = 2−Δ(ΔCT), where ΔCT = CTtarget−CThousekeeping and 

Δ(ΔCT) = ΔCTtreated−ΔCTcontrol.  
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3.2.7. Mitochondrial respiration and glycolytic activity 

quantification  

In order to quantify mitochondrial respiration and glycolysis, oxygen 

consumption rate (OCR) and extracellular acidification rate (ECAR) 

respectively were measured, using a Seahorse XFe96 Extracellular 

Flux Analyzer (Seahorse Biosciences, Billerica, MA) according to 

the manufacturer's instructions. Experimental setup for PBMCs was 

based on a previous work of Jones et al (10), with minor adjustments. 

Cells were plated at 0.1x106 cells/well of a 96-well Seahorse plate. 

A utility plate containing sterile water (200 μl/well) together with the 

cartridge was placed in a CO2-free incubator at 37°C overnight. The 

day after, the water was replaced with a calibrant solution and, after 

1 h incubation at 37° C in a CO2-free incubator, the utility plate with 

the cartridge containing injector ports and sensors was run on the 

Seahorse for calibration. Cells were sequentially treated with 

inhibitors: 0.5 μM oligomycin, 1 mM carbonyl-cyanide-4- 

(trifluoromethoxy) phenylhydrazone (FCCP), 0.5 μM 

rotenone/antimycin A, and 50 mM 2- deoxyglucose. Analysis was 

performed using Wave software.  

3.2.8. DNA isolation, DNA integrity and mtDNA copy number  

Total DNA was isolated using the DNeasy Blood and Tissue Kit 

(Qiagen) following manufacturer’s protocols with minor 

modifications. mtDNA and nDNA damage was determined using the 

DNA damage assay described by Wang et al (11). Briefly, a qPCR 

was performed, using 6 and 30 ng DNA for mtDNA and nDNA 

analysis, respectively. Primers for MT-RNR1 and NDUFA9 were 

used to represent mtDNA and Ndna respectively (MT-RNR1: 

forward, AAA CTG CTC GCC AGA ACA CT, reverse, CAT GGG 

CTA CAC CTT GAC CT; NDUFA9: forward, GCA AGG GTC 

CCT ATG AGA GAA, reverse, CAA GAA CGA GGG GAA AAG 

TG). A total volume of 20μl containing 50 ng of total DNA, 5% 
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DMSO, 1 × GeneAmp® PCR Buffer II, 1.25 mM MgCl2, 2.5 mM 

dNTP, 0.5 μM forward and reverse primers and 0.075 U/μl 

AmpliTaq Gold® DNA polymerase and the following program was 

used: 94 °C for 5 minutes then for 40 cycles, 94 °C for 30 seconds, 

70 °C for 30 seconds, 72 °C for 30 seconds and finally 72 °C for 3 

minutes. mtDNA copy number was determined by real- time qPCR 

quantification of the nuclear (HBB) and mitochondrial (MT-RNR1) 

templates.  

3.2.10. Western blot Analysis 

PBMC pellets (about 20 μl) were re-suspended and incubated on ice 

in 2.5 × their volume of Radioimmunoprecipitation assay buffer 

(RIPA) buffer (50 mm Tris/HCl (pH 7.4), 150 mm NaCl, 1 mm 

PMSF, 1 mm EDTA, 1% Triton X-100, 1% Sodium Dodecyl Sulfate 

(SDS) (v/v) and 1% (v/v) Protease Inhibitor Cocktail (Sigma-

Aldrich) for 20 minutes, vortexed every 5 minutes and then 

centrifuged for 20 min at 51,000 × g (4 °C). The protein 

concentration in supernatant was determined and proteins (20 μg per 

well) and a molecular weight marker (See Blue Plus2 Prestained 

Standard, Invitrogen) were separated by 12% Sodium Dodecyl 

Sulphate-Polyacrylamide Gel Electrophoresis (SDS-PAGE)54 

(Mini-Protean System (Bio-Rad)). Protein was mixed with loading 

buffer (50 mm Tris/HCl (pH 6.8), 12% (v/v) glycerol, 4% SDS, 2% 

(v/v) 2-mercaptoethanol and 0.01% (w/v) Bromphenol Blue) for 30 

minutes at 37 °C. Proteins were subsequently semidry electroblotted 

onto polyvinylidene difluoride (PVDF) membranes (Merck), 

membranes air-dried overnight, rinsed with 100% methanol (v/v) 

and blocked in TBS (Tris-Buffered Saline) with 5% non-fat dried 

milk for 1 hour. Membranes were incubated with primary antibodies 

(see below) in TBS containing 0.1% (v/v) Tween-20 and 2% non-fat 

dried milk overnight at 4 °C. Secondary detection was carried out 

with peroxidase conjugated secondary antibodies (Sigma-Aldrich) in 
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TBS containing 0.1% (v/v) Tween-20 and 2% non-fat dried milk for 

1 hour. The proteins were then visualized with the Super Signal West 

Femto Maximum Sensitivity Substrate (Thermo Scientific) using 

Syngene Imaging System and the intensity of signal was quantified 

with the Quantity One 1-D Analysis Software (Bio-Rad) for further 

analysis.  

Primary antibodies: Complex III subunit Core 2 monoclonal 

antibody MS304/D1129 (1:10000); Complex II subunit 30 kDa Ip 

monoclonal antibody MS203/D1205 (1:2000); Complex I subunit 

NDUFB6 monoclonal antibody MS108 (1:2000), all Mitosciences; 

Anti-ATPB antibody (3D5) - Mitochondrial Marker (Complex V 

beta subunit) ab14730 (1:1000); Ms mAb to MTCO2 (12C4F12, 

Mitochondrially Encoded Cytochrome c Oxidase subunit 2) 

ab10258 (1:10000); Anti-beta-actin antibody ab8227 (1:3333); Anti-

Citrate synthetase antibody [2H8BB6] ab128564 (1:2500) - all 

Abcam. Secondary antibodies: Anti-Mouse IgG (whole molecule)-

Peroxidase antibody produced in goat A8924 (1:2500); Anti-Rabbit 

IgG (whole molecule)-Peroxidase antibody produced in goat A0545 

(1:2500), Sigma-Aldrich.  

3.2.11. Respiratory chain complexes activity  

Dry pellets of isolated PBMCs were resuspended in PBS to a protein 

concentration of approximately 3-4 mg/ml, determined by bradford 

assay. The specific activity of NADH-decylubiquinone 

oxidoreductase (NQR) (complex I), succinate decylubiquinone 

DCPIP (2,6-dichlorophenolindophenol) reductase (SQR) (complex 

II) and cytochrome c oxidase (complex IV) were measured using a 

Beckman Coulter Spectrophotometer. Briefly, to disrupt the 

mitochondrial membranes for complex I measurement 100 μg of the 

cell suspension was first lysed by 3 min incubation in distilled water.  
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Rotenone- sensitive complex I activity was measured in assay 

medium with final volume of 1 ml (50 mM TRIS, pH 8.1, 2.5 mg/ml 

Bovine serum albumin (BSA), 0.3 mM Potassium cyanide (KCN), 

0.1 mM NADH, 50 μM decylubiquinone without and with 3 μM 

rotenone) and followed the decrease in absorbance at 340 nm due to 

the NADH oxidation (ε = 6.22 mM−1 cm−1).  

Complex II activity was measured in 1 ml of assay medium 

containing 10 mM potassium phosphate pH 7.8, 2 mM EDTA, 1 

mg/ml BSA, 200 μg of cell protein 0.3 mM KCN, 10 mM succinate, 

3 μM rotenone, 0.2 mM ATP, 80uM DCPIP , 1 μM Antimycin, 50 

μM decylubiquinone. The decrease in absorbance at 600 nm due to 

the oxidation of DCPIP at 600 nm (ε = 20.1 mM−1 cm−1) was 

recorded.  

For determination of complex IV activity, the cell suspension was 

solubilized by incubation with 1.5% n-dodecyl-β-D-maltoside for 15 

minutes at 4 °C, then centrifuged for 10 minutes at 10,000 g and 

resulting supernatant was used for assay activity. Complex IV 

activity was measured by incubating of 100 μg of cell supernatant 

protein in 1 ml of assay medium (40 mM potassium phosphate, pH 

7.0; 1 mg/ml BSA; 25 μM reduced cytochrome c) by following the 

oxidation of cytochrome c (II) at 550 nm (ε = 19.6 mM−1 cm−1). 

All assays were performed at 37 °C.  

3.3. Statistical analysis  

Data were expressed as count and percentages for qualitative values, 

and as mean ± standard deviation of the mean (SDM) for quantitative 

variables. Gaussian distribution of the samples was evaluated by 

Kolgomorov–Smirnov test. Temporal trends of laboratory markers 

were studied using the one-way analysis of variance (ANOVA). 

Each analysis was conducted for the whole study population. Further 



33 
 

analyses were performed comparing patients with no or mild fibrosis 

(F0/F1) vs significant fibrosis (F3/F4), according to the METAVIR 

scoring system [133], genotype 1 vs genotype non-1, sofosbuvir-

based vs sofosbuvir-free treatment, RVR vs non-RVR protease-

inhibitor (PI)-based vs PI-free treatment. The significance of 

differences between different groups at each time studied was 

assessed by the two-way analysis of variance (ANOVA), to test the 

main effects of time and fibrosis/genotype/treatment/response as 

between-subject factor; the interaction time × 

fibrosis/genotype/treatment/response was studied, and a Sidak test 

was applied as post hoc test for multiple comparisons. A linear 

regression model was used to analyze the association between 

changes in serum HCV-RNA or TNF-α and circulating markers of 

oxidative stress (HNE- and MDA-protein adducts, 8-OHdG). All 

tests were 2-sided, and P values < 0.05 were considered statistically 

significant. Statistical analysis was performed with the Statistical 

Package for Social Sciences version 23.0 (SPSS, Inc., Chicago, IL) 

and the package Graph- Pad Prism 7.0 for Windows (GraphPad 

Software, Inc., San Diego, CA). Microarray data statistical analysis 

was performed using the GeneSpringGX14.9 Software. Lowly 

expressed genes were filtered out using a 10-percentile cut-off. 

Paired T test was carried out to identify differentially expressed 

genes between conditions (FDR=0.1; FC>2). To assess the 

biological relationships among the top selected transcripts, we used 

the IPA software (http://www.ingenuity.com) as previously 

described (12, 13).  
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4. RESULTS 

4.1. Baseline patient characteristics  

Baseline characteristics of patients are shown in Table 1. Nearly half 

of the study population (45%) had baseline ALT levels ≤ 1.5 x ULN. 

The median baseline log10 HCV RNA level was 5.58 IU/mL (range 

2.3–6.9 IU/mL) and genotype 1 was the most frequently detected 

(61%). 96 patients (49%) were treated with sofosbuvir-based 

regimens while 100 patients (51%) were treated with sofosbuvir-free 

regimen. All study participants reached SVR at the end of the 

treatment and 6 relapses were observed after treatment. RVR was 

observed in 61 (31%) patients.  

HCV viremia during antiviral treatment and after the end of 

treatment is shown in Figure 5.  

 

Figure 5. HCV viremia during treatment and after the end of treatment. At week 

4 DAAs induce a rapid decrease in median HCV RNA levels 
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Table 1: Graphic and clinical characteristics of the study population. 

variable N = 196 

Age (years) 63 (35-90) 

Gender (M/F) 112 (84%) / 57 (43%) 

 

Cirrhosis 

94 (48%) 

Child-A 76 (81%) 

Child-B 18 (19%) 

HCV genotype 1a/1b 120 (61%) 

2 38 (20%) 

3 20 (10%) 

4 18 (9%) 

DAAs treatment Sofosbuvir-based regimen 96 (49%) 

Sofosbuvir-free regimen 100 (51%)  

DAAs treatment Sofosbuvir + simeprevir 19 

Sofosbuvir/ledipasvir 13 

Sofosbuvir + daclatasvir 21 

Sofosbuvir + ribavirin 29 

Sofosbuvir + velpatasvir  14 

Ombitasvir/paritaprevir/rito

navir ± dasabuvir  

42 

Glecaprevir/pibrentasvir 58 

Treatment duration 24 weeks 59 (30%) 

< 24 weeks  137 (70%) 
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Liver function test  ALT ≤ ULN  88 (45%) 

ALT > 2 ULN  45 (23%) 

Log10 HCV-RNA 

(UI/mL) 

5.58 (2.3–6.9) 

Previous treatment  PegIFN + ribavirin  53 (27%)  

DAAs (1st or 2nd 

generation)  Naïve 

10 (5%) 

Naïve 133 (68%)  

Cryoglobulinemia  10 (5%) 

Diabetes 47 (24%) 

RVR  61 (31%) 

HCV-RNA 

undetectable at the 

EoT  

196 (100%) 

Sustained 

Virological 

Response (SVR)  

190 (97%) 

DAA, direct antiviral agent; ALT, alanine aminotransferase; ULN, upper limit of 

normal; PegIFN, pegylated interferon.  

4.2. Effect of antiviral treatment on circulating redox balance  

To assess the impact of DAA treatment on systemic redox balance, 

we measured circulating markers of oxidative stress (such as serum 

proteins oxidatively modified by lipoperoxidative reactions, as well 

as oxidatively damaged DNA), and the serum antioxidant capacity. 

We observed a significant decrease of both HNE- and MDA-protein 

adducts in the serum of patients at the end of treatment, which 

persisted 12 weeks after treatment discontinuation (Figure 6A and 

6B). Serum levels of 8-OHdG were reduced at 4 weeks after 



37 
 

initiation of therapy and persisted low at the end of treatment and at 

SVR12 (Figure 6C). On the other side, we did not notice any 

significant change in the serum trolox equivalent antioxidant 

capacity at any time of the study. Taken together, these results 

suggest that the improvement in circulating redox balance was 

observed in HCV patients treated with DAAs is associated with a 

reduction in the oxidative injury to proteins and DNA, even though 

we did not describe an increased systemic reactive species 

scavenging ability.  

 

Figure 6. Hydroxynonenal (HNE) and malondialdehyde (MDA) – protein adducts 

(panels A and B), and 8-hydroxydeoxyguanosine (8-OHdG, panel C) serum levels 

at baseline (T0), during antiviral treatment (4wks and EoT) and after the end of 

therapy (SVR12). Data are expressed as mean standard error of the mean. 

Statistical differences were assessed by the one-way analysis of variance for 

repeated measures and the Tukey as post hoc test. * = p < 0.05 vs T0; *** = p < 

0.001 vs T0;・ = p < 0.05 vs 4wks; T0, baseline; 4wks, after 4 weeks of therapy; 

EoT, end of treatment; SVR12, 12 weeks after the end of treatment. 

 

4.3. Effect of antiviral treatment on circulating inflammation 

cytokines  

Cytokine profile during and after treatment is reported in Figure 7. IL-6 and 

IL-8 did not change across time points (Figure 7A and 7B) as compared to 

baseline whereas IL-10 and TNF-α normalised at the end of treatment 

onwards (Figure 7C and 7D). At the same time IL-10 significantly decreased 

from 1.53 pg/ml to 0.2 pg/ml (p < 0.05) and TNF-α from 4.24 pg/mL to 2.82 

pg/mL (p < 0.01) and this was confirmed at SVR (IL-10 0.1 pg/ml ad TNF-
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α 0.8 pg/ml, respectively). The same findings were confirmed in a subgroup 

analysis by treatment regimen used.  

 

 

Figure 7. Cytokine levels at baseline, during antiviral treatment, and after the end 

of therapy. Interleukin-6 (A) and interleukin-8 (B) serum levels did not change 

over time. IL-10 (C) and TNF-α (D) concentration decreased progressively during 

treatment and reached statistical significance at the end of treatment. Values are 

shown as the median and interquartile range (IQR). Outliers are not reported. T0: 

baseline; T4wk: after 4 weeks of therapy; EoT: end of treatment; SVR4: 4 weeks 

after the end of treatment; SVR12:12 weeks after the end of treatment. *=p < 

0.05vsT0;**=p < 0.01vsT0;***=p < 0.001vsT0. 

 

 

4.4. DAA treatment restores redox balance by improving antioxidant 

enzymes activity  

To better analyse the impact of DAA treatment on the circulating 
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redox balance, and to clarify the possible mechanism of reduced 

oxidative damage, the enzymatic activity of several antioxidant 

enzymes (such as SOD, CAT, and GSH-Px) was performed in 

PBMC extracted from patients at each time point. Of note, the SOD 

activity was reduced at 4 weeks after initiation of therapy, but it 

increased with respect to baseline at the end of treatment and 

persisted higher at SVR12 (Figure 8A). As compared to baseline, we 

observed an increase in both the CAT and the GSH-Px activity at 4 

weeks after initiation of therapy, which continued to rise until the 

end of the study period (Figure 8B and 8C). We also evaluated the 

mRNA expression of antioxidant genes in PBMC. We noticed that 

the SOD gene expression followed a similar trend to its enzymatic 

activity during and after the DAA treatment (Figure 8D). On the 

contrary, gene expression of CAT and GSH-Px was in- creased after 

4 weeks of DAA therapy and at the EoT with respect to baseline, but 

it decreased to baseline level at SVR 12 (Figure 8E and 8F).  

 

  

 Figure 8. Superoxide dismutase (SOD, panel A), catalase (CAT, panel B) and 

glutathione peroxidase (GSH-Px, panel C) activities, and mRNA expression 
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(panels D–F) in peripheral blood mononuclear cells (PBMC) isolated from 

patients at baseline (T0), during antiviral treatment (4wks and EoT) and after the 

end of therapy (SVR12). Data are expressed as mean ± standard error of the mean. 

Statistical differences were assessed by the one-way analysis of variance for 

repeated measures and the Tukeyasposthoctest.*=p < 0.05vsT0;***=p < 

0.001vsT0;·=p < 0.05vs4wks;··=p < 0.01vs4wks;···=p < 

0.001vs4wks.T0,baseline;4wks, after 4 weeks of therapy; EoT, end of treatment; 

SVR12, 12 weeks after the end of treatment. 

4.5 Association between HCV genotype, cirrhosis and treatment 

regimen on circulating redox markers  

We then compared the impact of DAA treatment on markers of redox 

balance and antioxidant enzyme activities in patients affected by 

HCV genotype 1 versus genotype non-1, sofosbuvir-based versus 

sofosbuvir-free treatment, RVR versus non-RVR, and no/mild 

fibrosis (F0/F1) versus significant fibrosis (F3/F4). We did not find 

any significant difference between subgroups related to genotype, 

treatment regimen, or RVR. On the contrary, when the two-way 

ANOVA analysis was performed in subgroups of patients with 

different fibrosis stage, a significant effect of fibrosis resulted for the 

serum 8-OHdG levels (F = 80, p < 0.0001) and CAT activity (F = 

1162, p < 0.0001), while an interaction effect (time × fibrosis) was 

observed for serum 8- OHdG (F = 274.2, p < 0.0001), SOD activity 

(F = 139.2, p < 0.0001), and CAT activity (F = 602.4, p < 0.0001). 

Of interest, we observed that the serum 8-OHdG level was markedly 

reduced in the F3/F4 group as compared with F0/F1 patients at the 

end of treatment and at SVR12 (Figure 9A). No differences were 

described for the circulating levels of both the HNE- and the MDA-

protein adducts. We also observed that the SOD activity was higher 

in the PBMC from F3/F4 patients rather than F0/F1 ones at SVR12 

(Figure 9B), but the CAT activity was higher in the F0/F1 group with 

respect to F3/F4 at baseline, at 4 weeks after initiation of therapy, 

and at SVR12 (Figure 9C).  

A subgroup analysis including patients previously treated with 



41 
 

pegIFN was performed and we did not observe any significant 

differences in comparison to overall data.  

 

Figure. 9. Serum 8-hydroxydeoxyguanosine level (8OH-dG, panel A), superoxide 

dismutase activity (SOD, panel B), and catalase activity (CAT, panel C) in 

peripheral blood mononuclear cells, in patients at baseline (T0), during antiviral 

treatment (4wks and EoT) and after the end of therapy (SVR12), according to mild 

(F0–F1) or severe (F3–F4) liver fibrosis. Data are expressed as mean ± standard 

error of the mean. Statistical differences were assessed by the two-way analysis of 

variance for repeated measures, and the Sidak as post hoc test. *** = p < 0.001 

F0–F1 vs F3–F4. T0, baseline; 4wks, after 4 weeks of therapy; EoT, end of 

treatment; SVR12, 12 weeks after the end of treatment.  

4.6. Relationship among viremia, cytokine levels and circulating   

markers of oxidative stress  

To assess the relationship between changes in viremia and redox 

balance during and after the DAA treatment, a linear regression 

model was designed which correlated the variation of HCV-RNA 

(independent variable) and the variation of serum HNE- and MDA-

protein adducts, and 8-OHdG. A significant positive relationship 

was observed among changes registered in serum HCV-RNA and 8-

OHdG between 4wks and baseline (Figure 10A). We further 

designed a linear regression model to study the relationship between 

the variation of circulating TNF-α and serum markers of oxidative 

stress. Interestingly, a positive association was found among changes 

in serum TNF-α and HNE-protein adducts between SVR12 and 

baseline (Figure 10B).  
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Figure 10. Linear regression analysis between the variation of serum HCV-RNA 

and 8-OHdG from baseline to 4wks (panel A), and between the variation of serum 

HNE- protein adducts and TNF-α levels from baseline to SVR12 (panel B).  

4.7. Effect of antiviral treatment on mitochondrial energy homeostasis in 

PBMCs  

We investigated the influence of DAAs on PBMCs cellular 

bioenergetics by measuring OXPHOS with OCR and glycolysis with 

ECAR. The antiviral therapy did not influence neither basal nor 

ATP-linked respiration at any time of the study. However, both the 

maximal respiratory capacity and the reserve capacity significantly 

increased 4 weeks after starting therapy and persisted higher at EoT 

and three months later (SVR12) (Figure 11A, 11B). On the other 

hand, cellular glycolysis measured in terms of ECAR did not change 

along the time (Figure 11C). Mitochondrial complexes from PBMC 

were run on Western Blot to quantify respiratory complexes subunits 

and showed that DAAs treatment was associated with the significant 

increase in the level of complex I, complex IV, complex V subunits, 

and citrate synthase, from 4wks to SVR12. Subunits of the complex 

III notably increased at EoT and persisted until SVR12 (Figure 11D). 

Enzymatic activities of the ETC complexes were thus measured to 

verify whether the modifications observed in energy availability 

were related to recovery of specific complexes. Interestingly, 
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complex I and complex IV activity significantly increased in PBMCs 

at EoT, and persisted high at SVR12 (Figure 11E). Overall, these 

data suggest that viral eradication with DAAs therapy induced a 

prompt adaptation in immune cells which in turn improved 

mitochondrial metabolism.
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Figure 11. Viral eradication with DAAs restores mitochondrial function in PBMCs. A, B. Oxygen consumption rate of patients 

at T0, 4wks, EoT and SVR12 (n=12 for each time-point; each sample was run in triplicate). C. Extracellular acidification rate 

(ECAR) of patients at T0, 4wks, EoT and SVR12 (n=12 for each time-point; each sample was run in triplicate). D. Protein 

levels of ETC complex I, II, III, IV and V subunits, and citrate synthase determined by western blot (representative pictures). 

E. Complex I and IV enzymatic activity at T0, 4wks, EoT, SVR12 (n=12 for each timepoint). Data shown as mean ± SEM; **: 

p < 0.01; ***: p < 0.001. OCR, oxygen consumption rate, 4wks, 4 weeks of therapy, Eot, end of therapy, SVR12, 12 weeks of 

sustained virological response; ETC, electron transport chain. 
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4.8. mtDNA damage in PBMCs and effects of DAAs  

Subunits of mitochondrial complexes are partially encoded by 

nuclear DNA (nDNA) and in part by mitochondrial DNA (mtDNA). 

To address the hypothesis that HCV eradication could depend on the 

DNA encoding and since it is well known that DNA copy number 

varies upon bioenergetic stimuli and oxidative stress [134-136], we 

isolated nuclear and mitochondrial DNA from PBMCs. We did not 

observe any difference in terms of mtDNA copy number along the 

observation time (Figure 12A). As mtDNA reacts to alterations in 

mitochondrial metabolism and DNA repair factors influence the 

modification of mtDNA upon metabolic manipulations [137], we 

assessed mitochondrial DNA integrity using a qPCR-based method, 

which detects any modification that inhibits the TaqαI restriction 

enzyme [138]. In line with the results of mitochondrial activity, 

mtDNA damage in PBMCs was reduced after 4 weeks of treatment, 

an effect that persisted until the end of observation, at SVR12 

(Figure 12B). The lower mtDNA damage level was not likely to be 

due to mitophagic removal of damaged molecules, as the copy 

number of mtDNA was similar at all the time points of the study and 

no changes were observed in terms of nDNA damage (Figure 12A, 

12C).  

These results suggest that HCV chronic infection selectively induces 

mtDNA damage that is completely reversed by HCV eradication, 

and this is already evident 4 weeks after starting DAAs therapy.  
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Figure 12. Treatment with DAAs recovered mtDNA damage. A. mtDNA content 

in PBMCs at T0, 4wks, EoT and SVR12, normalized to T0. B. mtDNA damage at 

T0, 4wks, EoT and SVR12, normalized to T0 determined by qPCR. C. mtDNA 

damage at T0, 4wks, EoT and SVR12, normalized to T0, determined by qPCR. 

(n=12 for each time point). Data shown as mean ± SEM; ***: p < 0.001 mtDNA, 

mitochondrial DNA; nDNA, nuclear DNA; 4wks, 4 weeks of therapy, EoT, end 

of therapy, SVR12, 12 weeks of sustained virological response.  

4.9. Different DAAs regimens differently affect PBMCs rewiring  

We investigated whether different therapy regimens could elicit 

different immune responses. To do this, we differentiated patients 

treated with Sofosbuvir-based therapy from patients receiving 

Sofosbuvir-free regimens. Most of Sofosbuvir-free regimens are 

protease inhibitors (PI) and the increase of Complex-I and Complex 

IV activity over time was significantly higher in PI treated subjects 

compared to non-PI treated patients (Figure 13A, 13B). Moreover, 

the beneficial effect of HCV eradication in terms of mtDNA damage 

was more prominent in PI patients (Figure 13C). Therefore, different 

DAAs displayed different cellular immune rewiring and PI were the 

ones which more potently changed PBMCs metabolic adaptation.  
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Figure 13.  A, B. Enzymatic activity of complex I and IV at at T0, 4wks, EoT and 

SVR12, of patients treated with protease inhibitors containing or protease 

inhibitors free therapy regimens (n=5 for each group). C. mtDNA damage at T0, 

4wks, EoT and SVR12, of patients treated with protease inhibitors containing or 

protease inhibitors free therapy regimens. PI, protease inhibitors (n=6 for each 

group). Data shown as mean ± SEM; *: p < 0.05; **: p < 0.01; ***: p < 0.001. 

4wks, 4 weeks of therapy, EoT, end of therapy, SVR12, 12 weeks of sustained 

virological response; mtDNA, mitochondrial DNA; nDNA, nuclear DNA.  

 

5. DISCUSSION 

The present study demonstrates for the first time that DAA treatment 

restores circulating redox homeostasis in patients affected by chronic 

hepatitis C. This beneficial effect occurs irrespective of the HCV 

genotype and of antiviral regimen.  

Liver injury associated with chronic HCV infection is caused by the 

specific immune response and a direct impairment in infected cells 

[139,140]. Among the cellular mechanisms by which HCV causes 

liver injury, oxidative stress plays a determinant role [7,141]. Indeed, 

A B 

C 



48 
 

oxidative stress has been long considered a hallmark of chronic 

hepatitis C [10]. Oxidative stress is determined by an extensive 

production of reactive species, which damage biological 

macromolecules such as lipids, DNA and proteins. Lipid 

peroxidation produces high levels of reactive aldehydes, such as 

HNE and MDA, which in turn form adducts with proteins including 

enzymes and signaling molecules – with consequent structural and 

functional alterations [131]. On the other side, high reactive species 

can oxidise DNA bases or induce single and double-stranded DNA 

breaks, with consequent modifications that contribute to 

carcinogenesis. Oxidative damage to DNA increases the risk for 

patients affected by chronic hepatitis C to develop hepatocellular 

carcinoma [142].  

Our data show that 4 weeks after starting DAA therapy, HCV 

replication is completely suppressed and antioxidant enzymes SOD 

and GSH-Px are over-expressed both in terms of mRNA and 

enzymatic activity. Very interestingly, a clear reduction in the level 

of 8-OHdG, a fine marker of oxidative DNA damage, was observed 

that persisted several weeks after treatment discontinuation. We also 

analysed typical markers of lipid oxidation by measuring HNE and 

MDA adducts to serum proteins and observed a significant reduction 

similar to 8-OHdG but starting later.  

CAT and GSH-Px expression and activity seem to recover early after 

starting DAAs therapy whereas lipid peroxidation reduction 

becomes evident later. Very interestingly, SOD showed a reduction 

in terms of mRNA expression and in terms of activity 4 weeks after 

starting DAAs with a significant increase at the end of therapy that 

persisted three months later. It is worth noting that HCV may directly 

induce the oxidation of DNA and the impairment of DNA repair 

enzymes [143]. This evidence strengthens the hypothesis that DAA 



49 
 

therapy reverses this harmful effect in part by reducing the HCV-

mediated production of reactive species. On the other side, HCV is 

sensitive to lipid peroxidation since the oxidative membrane damage 

induces modifications in the membrane-bound replicase components 

[15]. This could partially explain the observed latency in the 

reduction of circulating HNE- and MDA-protein adducts, with 

respect to 8-OHdG, in our patients.  

Further to be a direct consequence of viral replication, oxidative 

stress in chronic HCV infection is also mediated by pro-

inflammatory mediators produced by lymphoid cells, since the virus 

may cause cytopathic effects to circulating lymphocytes and 

monocytes [144]. PBMC in chronically infected HCV patients 

present with increased lipid peroxidation products and SOD activity, 

while no modification of CAT and GSH-Px activity [145]. Our data 

show that, with respect to baseline, SOD activity and gene 

expression decreased after 4 weeks of DAA treatment, to raise up at 

the end of treatment. Conversely, we observed a constant increase of 

both CAT and GSH-Px activity and gene expression after the 

initiation of DAA treatment. SOD dismutates superoxide anion to 

H2O2, which in turn is catabolized by CAT and GSH-Px. The 

balance between antioxidant enzymes is crucial to prevent and 

counteract oxidative stress. An augmented activity of CAT or GSH-

Px with respect to SOD would be protective against oxidant-induced 

damage [146,147].  

Oxidative stress induces the proliferation of hepatic stellate cells 

promoting collagen synthesis and the consequent development of 

fibrosis in chronic hepatitis C [10]. Indeed, the level of oxidative 

markers increased parallel to the fibrosis stage, suggesting that their 

detection is important for monitoring the progression of HCV-

related hepatitis [148]. Our data show that, at baseline, high fibrosis 
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stage CHC patients showed higher oxidative DNA damage and 

lower SOD and CAT activities as compared to low fibrosis stages. 

Very interestingly, the effect of DAA treatment on circulating redox 

balance was significantly higher in F3/F4 as compared to F0/F1 

patients. These data confirm that HCV- infected patients with high 

fibrosis stage get the most favorable treatment efficiency with DAA. 

Further basic research is required to completely elucidate the bio 

molecular mechanisms underlying such observations.  

HCV adopts several mechanisms to evade innate and adaptive 

immune response, provoking a high rate (about 80%) of chronic 

infections. The interference with antigen presenting and processing, 

and the IFN signalling disturbance are only some of the wide 

plethora of escape strategies [149]. T-cell exhaustion, another effect 

of HCV chronic infection, entails the sequential loss of T cell 

effector functions such as altered proliferative abilities, up-

regulation of many co-inhibitory receptors, altered metabolic fitness, 

failure for transition to quiescence, and acquisition of antigen-

independent memory T cell responsiveness [19]. It was described 

that the exhausted HCV-specific T cells are unable to switch to 

OXPHOS, show mega-mitochondria and lower membrane potential, 

hence mitochondrial dysfunction [150].  

Recent reports indicate that adequate nutrient supply and energy 

generation are main determinants of immune function [150,151]. 

Moreover, metabolic deficiency or alteration in the nutrient sensing 

signalling contribute to T-cell exhaustion during chronic viral 

infections [152]. Since the considerable chronic immune 

rearrangement provoked by HCV infection, we asked how the 

DAAs-induced rapid viral clearance could affect immune cell 

function. So we dissected PBMCs cellular bioenergetics, 

demonstrating that HCV chronic infection was associated with the 
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inhibition of OXPHOS that limits mitochondrial complexes activity 

through protein subunit depletion. Mitochondrial dysfunction 

induces mtDNA response to support respiration [134,135]. 

However, in chronic HCV infection, PMBCs mtDNA was damaged 

and hence not able to completely restore the loss of proteins. Therapy 

with DAAs and the eradication of the infection drastically reduced 

mtDNA damage, supporting the ETC complexes synthesis and 

quickly restoring mitochondrial activity and function.    

As HCV is not the only pathogen that targets mitochondria to evade 

the host immune system, it is important to look at immune response 

beyond SVR to understand the long-term impact of HCV 

eradication. Moreover, it is important to verify if the same 

mitochondrial rearrangement occurs in liver leukocytes and if this is 

implicated in cancer development.  

In conclusion, treatment with DAAs improved the circulating redox 

status of patients affected by chronic hepatitis C. In addition, the 

most benefit is reported in patients with high fibrosis stage and is 

independent of the treatment regimen used. By modulating the 

antioxidant status DAA therapy may prevent morbidity and liver 

complication in chronic HCV patients. Defining the contribution of 

mitochondrial dysfunction in immune cells during chronic viral 

infections is of crucial importance to understand the virus-host 

relationship and find new potential therapeutic targets. In particular, 

the study of the mechanisms underlying the immunometabolism 

modulation vigorously states a putative therapeutic approach either 

in chronic liver diseases or in incurable viral infections.  
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ABBREVIATIONS 

8-OHdG    8-hydroxyguanosine  

ADP    Adenosine diphosphate 

ANOVA    Analysis of variance 

ATP    Adenosine triphosphate 

BAT    Biochip Array Technology 

BSA    Bovine serum albumin 

CAT    Catalase  

CCl5    Chemokine (C-C motif) ligand 5  

CLDN    Claudin 

CoQ    Ubiquinone 

CT     Threshold cycle 

CYP2E1 Cytochrome P450 Family 2 Subfamily E 

Member 1  

DAAs    Direct-Acting Antivirals 

DCPIP    2,6-dichlorophenolindophenol 

DNA    Deoxyribonucleic acid 

DUOX    Dual oxidase 

ECAR    Extracellular acidification rate 

ELISA    Enzyme-linked immunosorbent assay 

EMT    Epithelial mesenchymal transition  

EoT     End of treatment 

ER     Endoplasmic reticulum 

ETC    Electron transport chain 

FADH2    Flavin adenine dinucleotide 

GAPDH Glyceraldehyde-3-phosphate   

dehydrogenase 

GSH    Glutathione  

GT     Genotype 
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HCC    Hepatocellular carcinoma 

HCV    Hepatitis C virus  

HIV     Human immunodeficiency virus 

HNE    4-hydroxynonenal  

IMM    Inner mitochondrial membrane  

IMS     Inter membrane space  

ISGs    Interferon sensitive genes 

JAK-STAT Janus kinase/ signal transducer and 

activator of transcription 

KCN    Potassium cyanide 

LDL    Low-density lipoprotein 

LVPs    Lipoviral particles 

MAPK    Mitogen activated protein kinase  

MDA    Malondialdehyde  

mtDNA    Mitochondrial DNA 

NaCl    Sodium chloride 

NADH    Nicotinamide adenine dinucleotide  

NADPH Nicotinamde adenine dinucleotide 

phosphate 

NF-κB    Nuclear factor kappa B 

NK     Natural killer 

NOX    NADPH oxidase 

NS     Non-structural 

OCR    Oxygen consumption rate  

OMM    Outer mitochondrial membrane  

OXPHOS    Oxidative phosphorylation  

PAMPs    Pathogen associated molecular patterns 

PBMCs    Peripheral blood mononuclear cells 

pegIFN    Pegylated Interferons   

PI     Protease-inhibitor  
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PMSF    Phenylmethylsulfonyl fluoride 

PRRs    Pattern recognition receptors 

PVDF    Polyvinylidene difluoride 

qRT-PCR Quantitative Real-time polymerase chain 

reaction 

RIPA    Radioimmunoprecipitation assay buffer 

RNA    Ribonucleic acid 

ROS    Reactive oxygen species 

ROS    Reactive oxygen species 

RVR    Rapid virologic response 

SDM    Standard deviation of the mean 

SDS-PAGE Sodium Dodecyl Sulphate-

Polyacrylamide Gel Electrophoresis 

SOD    Superoxide dismutase  

SVR     Sustained viral response 

TBS     Tris-Buffered Saline 

Th     T helper 

TLR    Toll-like receptors  

UPR    Unfolded protein response 

VLDL    Very low-density lipoprotein  
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