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Title:  Redox regulation of hepatitis C in non-alcoholic and alcoholic liver 

 

Abstract  

Hepatitis C virus (HCV) is an RNA virus of the Flaviviridae family that is 

estimated to have infected 170 million people worldwide.  HCV can cause serious liver 

disease in humans such as cirrhosis, steatosis, and hepatocellular carcinoma.  HCV 

induces a state of oxidative/nitrosative stress in patients through multiple mechanisms, 

and this redox perturbation has been recognized as a key player in the HCV-induced 

pathogenesis.  Studies have shown that alcohol synergizes with HCV in the pathogenesis 

of liver disease, and part of these effects may be mediated by reactive species that are 

generated during hepatic metabolism of alcohol.  Furthermore, reactive species and 

alcohol may influence HCV replication and the outcome of interferon therapy.  Alcohol 

consumption has also been associated with increased sequence heterogeneity of the HCV 

RNA sequences, suggesting multiple modes of interaction between alcohol and HCV.  

This review summarizes current understanding of oxidative and nitrosative stress during 

HCV infection and possible combined effects of HCV, alcohol, and reactive species in 

the pathogenesis of liver disease.      
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I.  Introduction 

Hepatitis C virus (HCV) was discovered in 1989 as an etiologic agent of non-A 

non-B hepatitis [1].  HCV is transmitted through blood.  Currently, it is estimated that 

there are 170 million people worldwide who have been infected with HCV, including 4 

million in the U.S. alone, of whom 2.7 million are viremic [2-4].  About 80% of HCV 

infections result in a persistent infection that can lead to serious health complications, 

such as cirrhosis and hepatocellular carcinoma (HCC) [5, 6].  HCC is the eighth most 

frequent cancer worldwide, and HCV-associated chronic liver disease is the leading cause 

for liver transplantation in the U.S [5-7].  HCV is responsible for at least 8,000 deaths 

and more than $600 million spent annually in health care and work-loss in the U.S.  It has 

been estimated that over the next twenty years, the proportion of infected patients with 

cirrhosis will increase from 16 to 32%, and other complications will also increase 

dramatically, including hepatic decompensation (increase by 106%), HCC (by 81%), and 

liver-related deaths (by 180%) [8].  Current anti-HCV therapy, which consists of 

pegylated interferon alpha and ribavirin, achieves sustained virological response (SVR) 

in only 50 – 60 % of individuals undergoing treatment [9, 10].  The SVR is as low as 

30% in patients with HCV genotype 1 and a high viral load [10].  Antiviral drug 

resistance, undesirable side effects, the cost of these drugs, and incomplete understanding 

of the mechanism of pathogenesis continue to pose considerable challenges to the 

management of hepatitis C.  There is currently no vaccine against HCV.      

HCV is a single, positive-stranded RNA virus of the Flaviviridae Family [11].  

The HCV genome is about 9.6 kb in length and consists of the 5’ untranslated region 

(UTR), the structural (C, E1, E2) and nonstructural (p7, NS2, NS3, NS4A/B, NS5A/B) 
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protein-coding regions, and the 3’ UTR (Figure 1).  HCV enters the cell through clathrin-

mediated endocytosis, and the virion is then uncoated, releasing the genome into the 

cytosol.  The translation of the positive-stranded RNA genome, which occurs in a cap-

independent manner, is mediated by an internal ribosomal entry site (IRES), located at 

the 5’ end of the genome, and produces a polyprotein, that is cleavage by host and viral 

proteases to generate the individual viral proteins.  The structural proteins are cleaved by 

host signal peptidases, whereas the nonstructural proteins are cleaved by the viral 

cysteine protease activity of NS2 and the serine protease activity of NS3/4 [12].  Some of 

the HCV proteins can also be synthesized from the alternate reading frames, potentially 

through multiple mechanisms that include translational frameshifting and internal 

initiation of translation [13-16].  HCV RNA replication, which occurs in the cytosol, is 

mediated by NS5B, an RNA-dependent RNA polymerase, and other proteins that 

comprise the replication complex.  Virions are assembled by the formation of the capsid 

by the core protein and the internalization of the genome, which most likely then buds 

into the endoplasmic reticulum (ER) or an ER-derived compartment.  Then, the virions, 

which are enveloped by lipid membranes plus viral proteins, are exported from the cell 

via normal host secretory pathway [12].  Recent reviews that summarize the HCV 

lifecycle and functions of the virally-encoded proteins are found in references [12] and 

[17].   

 Despite continued studies, the mechanism by which HCV induces these 

pathogenic changes in the liver remains largely unresolved.  However, HCV-induced 

pathogenesis is affected by various host and environmental factors, suggesting complex 

interactions between HCV and these factors [18-20].  These host and environmental 
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factors include age, gender, co-infection with other viruses, and alcohol consumption [21-

24].  In addition, HCV infection leads to severe oxidative/nitrosative stress in patients 

[25-35], and this has been recognized as an important component of HCV-induced liver 

disease.  This review presents a comprehensive summary of current understanding of 

redox regulation of HCV in hepatopathogenesis, focusing on the interactions between 

HCV, reactive species, and alcohol.       

 

II. Redox regulation of hepatitis C virus in the pathogenesis of liver disease  

HCV infection is associated with elevated levels of reactive oxygen/nitrogen 

species (ROS/RNS) and decreased antioxidant levels in patients [19, 25-33, 35, 36].  

HCV patients have increased lipid peroxidation product levels in their serum, peripheral 

blood mononuclear cells, and liver specimens [25, 27, 29, 30, 32, 34, 37].  Other 

evidence of oxidative damage include elevated levels of 8-hydroxydeoxyguanosine and 

4-hydroxynonenal (HNE) [28, 30, 36, 38, 39].  Glutathione (GSH) content is decreased in 

the liver, blood, and lymphatic system while the percentage of glutathione disulfide 

(GSSG) is increased, suggesting increased GSH turnover [25-27, 33, 35, 36, 40].     

Interestingly, oxidative/nitrosative stress is more pronounced with HCV than 

hepatitis B virus (HBV) [27], which also causes viral hepatitis.  Possible mechanisms for 

severe increases in oxidative/nitrosative stress during HCV infection include chronic 

inflammation (i.e., activation of phagocytic NAD(P)H oxidase), which is rather non-

specific, and iron overload, which appears to be more specific to HCV [26, 27, 30, 41-

53].  In addition, ROS production within the hepatocytes can further result in the 

activation of neighboring Kupffer cells [54]. These cells express many pro-inflammatory 
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cytokines and, when ROS level increases, they begin to swell, until they burst and release 

their cellular content into the extracellular matrix of the liver.  Cytokines like tumor 

necrosis factor-alpha and transforming growth factor-beta (TGFβ) can increase ROS 

levels and play key roles in the mediation of liver diseases during states of increased 

oxidative stress [20, 55, 56], such as by promoting insulin resistance and fatty liver by 

inhibiting lipoprotein lipase and adiponectin, as well as promoting fibrosis by activating 

hepatic stellate cells [57-59].    

Furthermore, HCV proteins may specifically increase oxidative/nitrosative stress 

in the infected cell (Figure 1).  For example, HCV core protein has been shown to 

increase the levels of ROS/RNS, oxidized thioredoxin, lipid peroxidation products, and 

antioxidant gene expression, such as that of manganese superoxide dismutase (MnSOD) 

and metallothioneine family proteins, and to enhance the sensitivity to toxins such as 

ethanol and CCl4 [38, 60-65].  In terms of a mechanism, HCV core gene expression 

decreases the intracellular/mitochondrial GSH levels and the mitochondrial NADPH 

levels, which are accompanied by increased Ca2+ uptake as well as ROS generation at 

Complex I in mitochondria [60-62, 66].  Although whether the mitochondrial, cytosolic, 

and/or total intracellular GSH are decreased in a consistent and predictable manner is still 

unclear, only the mitochondrial, and not the total liver GSH, was altered with the HCV 

core protein in a recent study [60].  As GSH is transported from the cytosol into the 

mitochondria, and mitochondrial GSH is relatively resistant to depletion, for example, by 

L-buthionine S,R-sulfoximine (BSO), which inhibits GSH biosynthesis, a decreased 

transport or an increased utilization of GSH in the mitochondria, rather than decreased 

synthesis of GSH, are suspected.  Indeed, a parallel decrease in the NADPH level is most 



 7

consistent with an increased consumption of GSH, as NADPH participates in a reaction 

that recycles GSSG back to GSH.  In addition, core protein has also been shown to 

modulate the production of cytokines and host enzymes that can increase ROS/RNS, such 

as inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2) [67-73].  These 

observations are consistent with the fact that HCV core protein, in addition to forming 

viral capsid, has many other functions in the modulation of host cell functions and 

pathogenesis [74-76].   

In addition to the core protein, nonstructural proteins may play a role in the 

modulation of host redox status by HCV (Figure 1).  For example, host antioxidant 

defense (e.g., MnSOD, heme oxygenase-1 (HO-1), catalase, and GSH) is elevated in the 

HCV subgenomic replicon cells, which only express the nonstructural genes of HCV, 

suggesting adaptation to oxidative/nitrosative stress [61, 77, 78].  These effects may be 

explained in part by increased synthesis of nitric oxide and increased gene expression of 

COX-2 with NS5A and/or NS3 [69, 70, 72, 73].  NS5A has also been suggested to induce 

ER stress and Ca2+ release from the ER, resulting in increased Ca2+ uptake and ROS 

generation by mitochondria [77].  Furthermore, HCV NS3 protein can stimulate ROS 

generation by activating NADPH oxidase of phagocytes [79, 80].  Importantly, HCV core 

and nonstructural proteins both induce oxidative stress; however, they may induce 

different antioxidant responses, indicating different mechanisms [61].  For instance, core 

has been reported to up-regulate MnSOD expression without elevating HO-1 and GSH 

levels [61] whereas nonstructural genes increase MnSOD, HO-1, and GSH [61, 77, 78].  

HO-1 is also elevated in cells expressing HCV genes from core up to the N-terminal 

domain of NS3 [81].  These multiple interactions between HCV proteins and the host 
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immune system may thus act together to generate pro-oxidative environment in the HCV-

infected liver.  However, the biological significance of some of these seemingly opposing 

effects that the core and the nonstructural proteins have on the host antioxidant status is 

unclear.  It should be noted that these proteins are produced simultaneously during the 

HCV lifecycle (see above).  Therefore, whether the concurrent expression of the core and 

the nonstructural proteins up-regulates, down-regulates, or cancels out the effects of one 

another, in the natural context (i.e., with the entire HCV genome and the complete viral 

lifecycle) remains to be shown.   

Oxidative stress plays critical roles in various liver diseases [18, 20, 46-48, 82-

85].  Even among symptom-free HCV carriers, redox perturbation was correlated with 

increase in flare-ups of alanine aminotransferase (ALT) [86].  Therefore, increased 

ROS/RNS have been proposed to play an important role in the HCV-induced 

pathogenesis [18, 19, 46-48, 82-84].  Note that there are many factors that determine the 

biological effects of reactive species, which include the type of reactive species, their 

concentrations, proximity to cellular macromolecules/metals, and the cell's endogenous 

and inducible capacity to eliminate these molecules and/or reverse their effects.  Both 

redox signaling and irreversible damage to cellular macromolecules have been implicated 

in pathogenesis [20, 87].  Therefore, ROS/RNS-induced pathogenesis during hepatitis C 

is likely to involve both irreversible cell damage and some components of redox 

signaling.    

In particular, oxidative/nitrosative stress has been strongly implicated in the 

HCV-induced carcinogenesis.  For example, iron overload may increase oxidative DNA 

damage [53] and has been suggested to increase the risk of HCC in transgenic mice 
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expressing the HCV polyprotein [88].  In addition, HCV core-induced iNOS generates 

RNS that, like ROS, can cause DNA damage and increase mutations within the 

immunoglobulin and tumor suppressor genes [70, 89].  These genotoxic effects of 

oxidative/nitrosative stress are expected to contribute towards the development of HCC 

and B-cell lymphoma during HCV infection, and such association has also been 

documented in vivo, in HCV core-transgenic mice [62, 90].  Other mechanisms by which 

core protein enhances HCC include the modulation of tumor suppressor genes and proto-

oncogenes as well as inhibition of apoptosis, although there is some evidence that core 

protein actually initiates apoptosis [38, 91-101][71].  In this regard, it should be noted 

that ROS/RNS can have diverse effects on cell growth and apoptosis [102, 103].  

Reactive species may also facilitate the development of HCC by progressively damaging 

the liver and inducing cirrhosis that increases the risk of HCC [104, 105].  Consequently, 

antioxidants have been proposed as an adjunct therapy for chronic hepatitis C [106]. 

 

III. Synergistic effects of alcohol and HCV in liver disease 
 
 Chronic alcohol consumption is a well-known risk factor for liver disease [23, 

107, 108].  Over 12,000 deaths per year in the U.S. are attributed to alcohol-related liver 

disease [109].  The relationship between alcohol and HCV infection is not well 

understood, although the prevalence of HCV infection in patients with a history of 

alcohol abuse is significantly higher than in the general population, leading to the 

identification of alcohol abuse as a risk factor for hepatitis C [110-113].  Specifically, 

almost one–third of alcoholics with clinical symptoms of liver disease have been infected 

with HCV, which is four times the rate of HCV infection found in alcoholics who do not 
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have liver disease [114-116].  HCV-induced pathogenesis is exacerbated by alcohol 

consumption, suggesting a synergy between the virus and ethanol [24, 111-113, 117-

134].  For instance, pro-inflammatory NF-κB signaling is induced by both HCV core 

protein and ethanol via acetaldehyde [135], and the core protein increases the secretion of 

TGFβ in the presence of alcohol [65].  Alcohol intake is associated with increased 

progression of fibrosis, higher likelihood of cirrhosis, and an elevated risk for HCC in 

individuals with chronic HCV infection [136, 137].  Likewise, HCV infection 

exacerbates alcohol-related liver damage [120, 138-142].   

One obvious mechanism of synergy between ethanol and HCV infection in 

chronic liver disease involves the modulation of the host immune response by ethanol 

and HCV.  The functions of antigen-presenting dendritic cells and other key immune 

cells are disrupted by both ethanol and HCV proteins [143].  Geissler and colleagues 

noted that chronic alcohol feeding of mice inhibited T–helper cell and cytotoxic T–

lymphocyte functions that play a pivotal role in clearance of HCV from the body [144].  

In addition, alcohol consumption is known to significantly decrease the efficacy of 

interferon therapy in chronic hepatitis C patients [145].  Oxidative stress, alcohol, and 

HCV core protein have each been proposed to inhibit the cellular interferon response by 

interfering with the JAK-STAT signaling pathway [146-148].  This inhibition of the 

immune response would allow for viral persistence and exacerbated pathogenesis via 

oxidative stress.   

Ethanol also increases the generation of ROS, decreases GSH content, causes 

lipid peroxidation, and leads to selenium deficiency through multiple mechanisms [65, 

108, 149-161]. The production of ROS/RNS and highly toxic by-products during ethanol 
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metabolism has been recognized as a key mechanism by which ethanol is hepatotoxic 

[83, 149, 150, 153, 155, 162, 163].  Hepatocytes have three mechanisms of metabolizing 

ethanol (Figure 2).  In the cytosol, ethanol is metabolized to acetaldehyde by alcohol 

dehydrogenase (ADH) which leads to the production of ROS [7].  The corresponding 

build up of NADH can also interfere with the electron transfer system in the 

mitochondria, facilitating ROS generation [164-166].  Additionally, NADH promotes the 

synthesis of fatty acids and inhibits their oxidation, enhancing the development of 

steatosis [167].  The microsomal ethanol oxidizing system, located on the endoplasmic 

reticulum, which primarily consists of ethanol-inducible cytochrome P450 2E1 

(CYP2E1), converts ethanol to acetaldehyde and generates ROS [151, 166, 168, 169]. 

Ethanol may also be metabolized by catalase in peroxisomes [170].  Once ethanol is 

metabolized to acetaldehyde, aldehyde dehydrogenase quickly converts it to acetate 

[170].  Acetaldehyde can react with mitochondrial GSH causing a decrease in  the 

antioxidant defense of the mitochondria to increase susceptibility to oxidative stress [7, 

167].     

Therefore, alcohol-induced oxidative stress is likely to synergize with HCV-

induced alterations of the host redox status to enhance the pathogenesis of liver disease in 

hepatitis C patients who drink alcohol.  Indeed, ethanol has been reported to exacerbate 

oxidative stress in HCV core-transgenic mice and chronic hepatitis C patients [62, 65, 

171].  Increased CYP2E1 expression during hepatitis C infection may also increase the 

ROS levels and increase the susceptibility to alcohol toxicity [67, 151, 172-174], as 

ethanol has been shown to induce significantly higher ROS/RNS levels in CYP2E1-

overexpressing hepatoma cells that also express HCV core protein when compared to 
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cells expressing either CYP2E1 or core gene alone [172].  It may be speculated that such 

combined oxidative/nitrosative stress would accelerate DNA mutations and facilitate 

transformation during chronic hepatitis C [38, 62, 70, 89-101].  Unfortunately, despite the 

well-established role of oxidative/nitrosative stress in the pathogenesis of human 

diseases, not many studies have directly demonstrated the pathological effects of 

oxidative/nitrosative stress in the HCV-infected alcoholic and non-alcoholic liver to this 

date, and much work will be necessary to precisely delineate the molecular interactions 

between HCV, alcohol, and the redox status in the pathogenesis of HCV infection.   

Besides oxidative/nitrosative stress, acetaldehyde can damage cells and 

potentially enhance pathogenesis, for example, by rapidly forming adducts with cell 

constituents, including DNA (Figure 2) [7, 167, 175-177].  Chemical modification of 

DNA by metabolite(s) of ethanol will increase mutations and thereby increase the risk of 

HCC [7].  Acetaldehyde also enhances the transcription of collagen genes and interferes 

with DNA repair mechanisms [165, 167, 176, 178].  Moreover, ethanol metabolism may 

increase the expression of pro-carcinogenic genes, such as galectin-1 [7, 179].  Therefore, 

it may be hypothesized that alcohol synergizes with HCV through combined 

oxidative/nitrosative stress as well as acetaldehyde formation, both of which can be 

pathogenic to liver.  

 

IV. Alcohol, reactive species, and HCV replication 

 Alternatively, alcohol and reactive species may affect the virus itself and exert its 

pathogenic effects indirectly (Figure 3).  In fact, hepatitis C patients who drink alcohol 

typically show a pattern of hepatic injury that is more characteristic of chronic viral 
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hepatitis than alcohol-induced injury [180, 181].  These findings suggest that alcohol 

enhances the pathogenic effects of HCV rather than exerting its independent effects on 

the liver.  Interactions between alcohol, reactive species, and HCV itself involve at least 

three separate mechanisms:  modulation of viral replication, modulation of the host 

antiviral response that in turn affects the viral titer, and modification of the viral genome 

(Figure 3).     

 

Alcohol, reactive species, and HCV replication  

Several clinical studies have correlated increased serum HCV titer with the 

amount of alcohol consumed [141, 182-186].  HCV titer is significantly greater in 

patients consuming greater than 10g of alcohol per day [187].  Habitual drinkers also 

showed higher levels of HCV RNA than non-habitual drinkers [182].  Abstinence or 

moderation of alcohol consumption could result in a substantial drop in the HCV RNA 

levels in some patients [141, 186, 187].  Whether heavy, moderate, and light alcohol 

intake leads to consistent elevations in serum as well as intrahepatic HCV RNA is still 

unclear [188-191].  Nevertheless, alcohol can increase intrahepatic HCV RNA titer in 

patients [185, 192] and subgenomic HCV RNA replication in vitro, in Huh7 human 

hepatoma cells, suggesting that alcohol may affect the viral life cycle itself [193].  

Possible mechanisms include activation of the endogenous opioid system and nuclear 

factor kappa B (NF-κB) [193].  Products of ethanol metabolism, most likely downstream 

of aldehyde dehydrogenase, were implicated [193].  Notice that these subgenomic 

replicon cells support continuous HCV RNA genome replication without producing virus 
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particles.  Whether alcohol is able to increase the production of infectious virus particles 

and/or its infectivity has not yet been determined.     

 Another possible mediator in the modulation of HCV replication by alcohol 

would be reactive species, generated during hepatic metabolism of alcohol (Figure 2).  

Indeed, the common location of HCV replication and CYP2E1 on the endoplasmic 

reticulum increases the likelihood of interaction between ROS and HCV during alcohol 

metabolism.  Previously, high concentrations of iron (50 and 100 µM) were reported to 

enhance HCV replication [194].  Increased mitochondrial generation of ROS with HCV, 

secondary to the ER stress, has also been suggested to promote HCV replication through 

Stat-3 and antioxidant/antioxidant genes, to have the opposite effects [195-197].  These 

studies have since been cited as evidence that oxidative stress favors HCV replication, 

assuming that iron enhances HCV replication through oxidative stress.     

However, a recent study that quantitatively monitored the enzyme kinetics of 

HCV NS5B, the RNA-dependent RNA polymerase, extensively demonstrated that Fe2+ 

and Fe3+ can directly bind to NS5B and inhibit its replicase activity [198].  The results are 

consistent with previous reports that, too, have demonstrated suppression of HCV 

replication by other divalent cations such as zinc [198-201].  In addition, Stat-3 

participates in the anti-HCV activity of interferon [197, 202, 203], and the HCV-induced 

oxidative stress has recently been suggested to inhibit HCV RNA replication instead, by 

activating the gene expression of COX-2 and increasing the production of prostaglandin 

E2 [73].   

Using subgenomic and genomic replicons that continuously replicate in Huh7 

human hepatoma cells, we also found that H2O2, at concentrations that did not deplete 
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intracellular GSH or induce cell death, rapidly suppressed HCV RNA replication in a 

dose-dependent manner [204, 205].  The suppressive effects of peroxide was comparable 

to those of interferon gamma and cyclosporine A, which are potent inhibitors of HCV 

replication [204, 206-209] (unpublished observation).  The subgenomic replicon of Con1 

sequence (genotype 1b) and a genomic hybrid derived from Con1/H77c sequences 

(genotype 1a/1b) were likewise affected, and the suppression could be partially reversed 

with N-acetylcysteine and completely blocked by buffering intracellular calcium, 

suggesting a signaling event [204].  Furthermore, the mechanism most likely involved a 

disruption of the HCV replication complex on cell membranes, and other agents that 

elevated cytosolic calcium concentration had similar suppressive effects on HCV 

replication, as reported by others [208].  Our findings were recently corroborated by 

Yano et al. who showed that vitamins A and E elevated HCV RNA content in a different 

HCV replicon model of genotype 1b [210].  These results suggest that the activation of 

Nox2 protein during inflammation, such as during chronic hepatitis C, functions to help 

decrease HCV replication.  This conclusion is in line with clinical observations that 

individuals who have chronic granulomatous disease and do not have functional Nox2, 

tend to suffer from chronic infection [211].  In addition, H2O2, in contrast to its pro-viral 

effects on human immunodeficiency virus (HIV), has been shown to negatively regulate 

hepatitis B virus  replication without affecting cell metabolism [212, 213].  These 

findings are consistent with the fact that reactive species can act as second messengers 

that participate in and modify signaling [87] and suggest that, during inflammation, 

reactive species do not have to reach high enough concentrations to directly damage 

viruses and virus-infected cells if they can induce antiviral redox signaling.  Furthermore, 
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it may be concluded that whether reactive species up-regulate or down-regulate the 

replication of a particular virus would depend on the mechanics of viral replication and 

their interplay with the components of redox signaling.   

Therefore, oxidative stress may be more likely to suppress than promote HCV 

RNA replication.  Although it is difficult to reconcile the differences in these studies, part 

of the differences could have resulted from the choice of antioxidants/antioxidant genes 

that were used in the earlier studies.  For example, antioxidants/antioxidant genes can 

display pro-oxidant as well as antioxidant functions [214-218], and such dual and, at 

times, conflicting findings are unfortunately not uncommon in the study of antioxidants.  

To clearly define the relationship between oxidative stress and HCV replication, one will 

need to take into consideration not only the kinetics, dosage-effects, and the mechanism 

of action of chemical/biological agents being studied but also, the cellular adaptive 

response to oxidative stress and its kinetics.  In this regard, the oxidative suppression of 

HCV replication complex we found is highly consistent, occurring in response to H2O2, 

tertiary butyl hydroperoxide, extracellular generation of H2O2 with glucose oxidase plus 

glucose, tert-butylhydroquinone, decreasing intracellular GSH content with BSO, as well 

as HNE [204, 205] (unpublished observation).  The suppression starts at concentrations 

as low as 0.1 µM H2O2 and starts within 15 – 30 min of exposure, progressively 

worsening by 6 hrs, and resulting in significant decreases in both the rate of HCV 

replication and the total viral RNA content over time.  Therefore, oxidative stress is 

clearly capable of suppressing HCV, at least at the level of genome replication, through 

calcium elevation in cell culture.   
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Antioxidants, alcohol, reactive species, and the host immune response 

The question of whether oxidants suppress HCV replication complex naturally 

raises another related question, which is whether antioxidants would then favor viral 

replication and have adverse effects on patients.  Unfortunately, whether oxidants 

increase or inhibit the activity of the HCV replication complex in vivo, in patients, and 

whether antioxidants modulate this process has remained unclear.  In one study, serum 

viral load was identified as a negative predictor of plasma antioxidant levels [219].  On 

the other hand, serum HCV RNA was positively correlated with erythrocyte 

malondialdehyde (MDA) but not with plasma MDA levels in another study [220].  

Intrahepatic oxidative stress and HCV RNA levels were not measured.  These studies 

demonstrate inherent difficulties in utilizing simple correlations to define the effect of 

oxidative stress on HCV replication, as HCV titer itself will affect the host redox status 

[62, 63, 70, 77, 79, 80] (Figure 3).  A recent study, which examined the effects of an 

antioxidant cocktail, saw a reduction in the HCV RNA titer in 25% of patients.  However, 

the study did not include a control group, and it is impossible to distinguish the effects of 

antioxidants from random fluctuations in the viral titer and other miscellaneous effects 

[106, 221].    

Therefore, it remains to be clearly determined how oxidative stress and 

antioxidants affect HCV titer in patients and whether alcohol modulates HCV titer 

through oxidative stress.  Nevertheless, antioxidants and removal of iron have now been 

shown in several studies to improve the clinical symptoms of hepatitis C and/or the 

outcome of anti-HCV therapy, albeit not without some controversies; importantly, 

however, no adverse effects have been reported [106, 222-226].  These results are 
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consistent with the well-known effects of oxidative stress on liver disease.  If antioxidants 

do in fact help lower the viral titer in vivo, in hepatitis C patients, it is possible that this 

would be explained by the modulation of host immune response by reactive species and 

alcohol (Figure 3).  As mentioned earlier, alcohol and reactive species can inhibit the 

antiviral activity of interferon alpha [7, 37, 40, 146, 148].  In one study, heavy drinkers 

who did not abstain from drinking before interferon treatment showed a total lack of 

HCV RNA clearance, whereas those who normally drank heavily but abstained from 

drinking before the interferon treatment showed some improvement in the HCV RNA 

clearance, and the virus completely disappeared in about 16 percent of heavy drinkers 

who abstained before treatment [145].  In this scenario, antioxidants, regardless of their 

independent effects on HCV genome replication, would help clear HCV by improving 

the host immune response.  Antioxidants have also been proposed to reduce hemolytic 

anemia, a major side effect associated with oxidative membrane damage during ribavirin 

therapy, and thereby improve the tolerability of ribavirin therapy [227, 228].  Therefore, 

whether antioxidants/iron reduction therapy is beneficial to patients would depend on 

multiple variables, including effects on the HCV RNA replication, other steps of the viral 

replication cycle, oxidative stress-induced pathogenesis, and response to therapy.  Again, 

whether antioxidants have beneficial or adverse effects on the HCV titer, in the absence 

of concurrent antiviral therapy, such as in the immune suppressed individuals, remains 

unclear.  Choice of antioxidants is likely to be important as some antioxidants can have 

pro-oxidant effects, particularly in the presence of an iron overload [229].       

 

Modification of viral genome 
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  Another potential variable in the complex interactions between alcohol and HCV 

titer involves the mutagenic potential of alcohol and reactive species.  RNA viruses, such 

as HCV, exist as a population of closely related, but distinct genetic variants, referred to 

as “quasispecies” [230].  High rates of mutation allow these viruses to maximize 

adaptability, while conserving essential genetic information [231].  The high mutation 

rates are generally attributed to the lack of proofreading activity of viral replicases as well 

as genetic recombination, and these have been suggested to provide the viruses with a 

greater repertoire of genetic sequences to escape the host immune surveillance and to 

facilitate the development of antiviral resistance [232].   

Alcohol intake is associated with increased heterogeneity of HCV RNA in 

patients [233, 234].  Some of these changes to the viral genetic sequences are likely to 

stem from the many effects that alcohol has on the host immune system.  It is also 

possible; however, that alcohol or reactive species induce chemical modifications of the 

viral RNA which would lead to an increased mutation rate of the HCV genome.  In fact, 

although chemical modification of nucleic acids is mostly studied in the context of DNA 

damage in chemically-induced carcinogenesis, these agents can also modify RNA [235], 

which would be important to RNA viruses that rely on RNA genomes.  Here, alcohol and 

ROS/RNS-induced chemical modifications of the viral RNA would amplify the error 

rates of the already error-prone viral replicase and enhance the antigenic drift, promoting 

the generation of quasispecies, immune escape, and the development of antiviral drug 

resistance by HCV.  Thus, alcohol may also affect the HCV titer indirectly, by driving 

viral evolution (Figure 3).   
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V. Alcohol, Oxidative Stress, and HCV Infection – Conclusions: 

Therefore, HCV is likely to interact with alcohol, reactive species, and 

antioxidants through multiple mechanisms.  As oxidative stress is a key factor in HCV 

and alcohol-induced liver disease, alcohol is likely to synergize with HCV-induced 

oxidative/nitrosative stress to enhance the pathogenesis of liver disease.  How alcohol, 

reactive species, and antioxidants ultimately affect the production of infectious HCV 

particles as well as the infectivity, persistence, and transmissibility of HCV in vivo 

remains to be fully characterized.  The synergistic hepatopathogenesis and high 

prevalence of alcohol abuse and HCV infection signify the importance of research into 

the mechanisms behind their combined effects.      

 It should be noted that HCV produces hepatic as well as extrahepatic 

complications [236].  Many hepatitis C patients are also co-infected with HIV and other 

viruses, showing accelerated disease progression.  Furthermore, whether all HCV 

sequences produce oxidative/nitrosative stress in a consistent and predictable manner 

remains to be determined [25, 26, 237].  Much study, using both in vitro and in vivo 

models of HCV, therefore, will be necessary to fully understand the mechanism and the 

role of redox regulation of hepatitis C in alcoholic as well as nonalcoholic liver, and how 

it ultimately affects patient care.   



 21

Acknowledgments 

The authors would like to thank Dr. Hongqiao Zhang, Anna Nandipati, Chieri Ito, Kristen 

Presleigh, Albert Sun, and Kshiti Vaghela for their comments.   

 

List of Abbreviations 

ADH, alcohol dehydrogenase; BSO, L-buthionine S,R-sulfoximine; COX-2, 

cyclooxygenase-2; CYP2E1, cytochrome P450 2E1; ER, endoplasmic reticulum; GO, 

glucose oxidase; GSH, glutathione; HCV, hepatitis C virus; HIV, human 

immunodeficiency virus; HNE, 4-hydroxynonenal; HO-1, hemeoxygenase-1; iNOS, 

inducible nitric oxide synthase; IRES, internal ribosomal entry site; MDA, 

malondialdehyde; MnSOD, manganese superoxide dismutase; NAC, N-acetylcysteine; 

NF-κB, nuclear factor kappa B; RNS, reactive nitrogen species; ROS, reactive oxygen 

species; TGFβ, transforming growth factor beta; UTR, untranslated region  



 22

 References 
 
1. Choo, Q. L.;Kuo, G.;Weiner, A. J.;Overby, L. R.;Bradley, D. W.;Houghton, M. 

Isolation of a cDNA clone derived from a blood-borne non-A, non-B viral 
hepatitis genome. Science 244(4902): 359-362; 1989. 

2. Alter, M. J.;Kruszon-Moran, D.;Nainan, O. V.;McQuillan, G. M.;Gao, F.;Moyer, 
L. A.;Kaslow, R. A.;Margolis, H. S. The prevalence of hepatitis C virus infection 
in the United States, 1988 through 1994. N Engl J Med 341(8): 556-562; 1999. 

3. Centers for Disease Control. Recommendations for prevention and control of 
hepatitis C virus (HCV) infection and HCV-related chronic disease. MMWR 47 
(RR19): 1-39; 1998. 

4. World Health Organization. Hepatitis C-global prevalence (update). Weekly 
epidemiological record 75: 18 -19; 2000. 

5. Di Bisceglie, A. M.;Order, S. E.;Klein, J. L.;Waggoner, J. G.;Sjogren, M. H.;Kuo, 
G.;Houghton, M.;Choo, Q. L.;Hoofnagle, J. H. The role of chronic viral hepatitis 
in hepatocellular carcinoma in the United States. Am J Gastroenterol 86(3): 335-
338; 1991. 

6. Tong, M. J.;el-Farra, N. S.;Reikes, A. R.;Co, R. L. Clinical outcomes after 
transfusion-associated hepatitis C. N Engl J Med 332(22): 1463-1466; 1995. 

7. McKillop, I. H.;Schrum, L. W. Alcohol and liver cancer. Alcohol 35(3): 195-203; 
2005. 

8. Davis, G. L.;Albright, J. E.;Cook, S. F.;Rosenberg, D. M. Projecting future 
complications of chronic hepatitis C in the United States. Liver Transpl 9(4): 331-
338; 2003. 

9. Fried, M. W.;Shiffman, M. L.;Reddy, K. R.;Smith, C.;Marinos, G.;Goncales, F. 
L., Jr.;Haussinger, D.;Diago, M.;Carosi, G.;Dhumeaux, D.;Craxi, A.;Lin, 
A.;Hoffman, J.;Yu, J. Peginterferon alfa-2a plus ribavirin for chronic hepatitis C 
virus infection. N Engl J Med 347(13): 975-982; 2002. 

10. Manns, M. P.;McHutchison, J. G.;Gordon, S. C.;Rustgi, V. K.;Shiffman, 
M.;Reindollar, R.;Goodman, Z. D.;Koury, K.;Ling, M.;Albrecht, J. K. 
Peginterferon alfa-2b plus ribavirin compared with interferon alfa-2b plus 
ribavirin for initial treatment of chronic hepatitis C: a randomised trial. Lancet 
358(9286): 958-965; 2001. 

11. Robertson, B.;Myers, G.;Howard, C.;Brettin, T.;Bukh, J.;Gaschen, B.;Gojobori, 
T.;Maertens, G.;Mizokami, M.;Nainan, O.;Netesov, S.;Nishioka, K.;Shin i, 
T.;Simmonds, P.;Smith, D.;Stuyver, L.;Weiner, A. Classification, nomenclature, 
and database development for hepatitis C virus (HCV) and related viruses: 
proposals for standardization. International Committee on Virus Taxonomy. Arch 
Virol 143(12): 2493-2503; 1998. 

12. Lindenbach, B. D.;Rice, C. M. Unravelling hepatitis C virus replication from 
genome to function. Nature 436(7053): 933-938; 2005. 

13. Choi, J.;Xu, Z.;Ou, J. H. Triple decoding of hepatitis C virus RNA by 
programmed translational frameshifting. Mol Cell Biol 23(5): 1489-1497.; 2003. 

14. Varaklioti, A.;Vassilaki, N.;Georgopoulou, U.;Mavromara, P. Alternate 
translation occurs within the core coding region of the hepatitis C viral genome. J 
Biol Chem 277: 17713-17721; 2002. 



 23

15. Walewski, J. L.;Keller, T. R.;Stump, D. D.;Branch, A. D. Evidence for a new 
hepatitis C virus antigen encoded in an overlapping reading frame. RNA 7(5): 
710-721.; 2001. 

16. Xu, Z.;Choi, J.;Yen, T. S.;Lu, W.;Strohecker, A.;Govindarajan, S.;Chien, 
D.;Selby, M. J.;Ou, J. Synthesis of a novel hepatitis C virus protein by ribosomal 
frameshift. EMBO J 20(14): 3840-3848.; 2001. 

17. Moradpour, D.;Penin, F.;Rice, C. M. Replication of hepatitis C virus. Nat Rev 
Microbiol 5(6): 453-463; 2007. 

18. Wang, X. W.;Hussain, S. P.;Huo, T. I.;Wu, C. G.;Forgues, M.;Hofseth, L. 
J.;Brechot, C.;Harris, C. C. Molecular pathogenesis of human hepatocellular 
carcinoma. Toxicology 181-182: 43-47; 2002. 

19. Choi, J.;Ou, J. H. Mechanisms of liver injury. III. Oxidative stress in the 
pathogenesis of hepatitis C virus. Am J Physiol Gastrointest Liver Physiol 290(5): 
G847-851; 2006. 

20. Poli, G. Pathogenesis of liver fibrosis: role of oxidative stress. Mol Aspects Med 
21(3): 49-98; 2000. 

21. Benhamou, Y.;Di Martino, V.;Bochet, M.;Colombet, G.;Thibault, V.;Liou, 
A.;Katlama, C.;Poynard, T.;Group., M. Factors affecting liver fibrosis in human 
immunodeficiency virus-and hepatitis C virus-coinfected patients: impact of 
protease inhibitor therapy. Hepatology 34: 283-287.; 2001. 

22. Di Martino, V.;Rufat, P.;Boyer, N.;Renard, P.;Degos, F.;Martinot-Peignoux, 
M.;Matheron, S.;Le Moing, V.;Vachon, F.;Degott, C.;Valla, D.;Marcellini, P. The 
influence of human immunodeficiency virus coinfection on chronic hepatitis C in 
injection drug users:  a long-term retrospective cohort study. Hepatology 34: 
1193-1199.; 2001. 

23. Ishak, K. G.;Zimmerman, H. J.;Ray, M. B. Alcoholic liver disease: pathologic, 
pathogenetic and clinical aspects. Alcohol Clin Exp Res 15(1): 45-66; 1991. 

24. Poynard, T.;Bedossa, P.;Opolon, P. Natural history of liver fibrosis progression in 
patients with chronic hepatitis C. The OBSVIRC, METAVIR, CLINIVIR, and 
DOSVIRC groups. Lancet 349(9055): 825-832.; 1997. 

25. Barbaro, G.;Di Lorenzo, G.;Asti, A.;Ribersani, M.;Belloni, G.;Grisorio, B.;Filice, 
G.;Barbarini, G. Hepatocellular mitochondrial alterations in patients with chronic 
hepatitis C: ultrastructural and biochemical findings. Am J Gastroenterol 94(8): 
2198-2205.; 1999. 

26. Barbaro, G.;Di Lorenzo, G.;Ribersani, M.;Soldini, M.;Giancaspro, G.;Bellomo, 
G.;Belloni, G.;Grisorio, B.;Barbarini, G. Serum ferritin and hepatic glutathione 
concentrations in chronic hepatitis C patients related to the hepatitis C virus 
genotype. J Hepatol 30(5): 774-782.; 1999. 

27. Farinati, F.;Cardin, R.;De Maria, N.;Della Libera, G.;Marafin, C.;Lecis, E.;Burra, 
P.;Floreani, A.;Cecchetto, A.;Naccarato, R. Iron storage, lipid peroxidation and 
glutathione turnover in chronic anti-HCV positive hepatitis. J Hepatol 22(4): 449-
456.; 1995. 

28. Farinati, F.;Cardin, R.;Degan, P.;De Maria, N.;Floyd, R. A.;Van Thiel, D. 
H.;Naccarato, R. Oxidative DNA damage in circulating leukocytes occurs as an 
early event in chronic HCV infection. Free Radic Biol Med 27(11-12): 1284-
1291.; 1999. 



 24

29. Higueras, V.;Raya, A.;Rodrigo, J. M.;Serra, M. A.;Roma, J.;Romero, F. J. 
Interferon decreases serum lipid peroxidation products of hepatitis C patients. 
Free Radic Biol Med 16(1): 131-133.; 1994. 

30. Kageyama, F.;Kobayashi, Y.;Kawasaki, T.;Toyokuni, S.;Uchida, K.;Nakamura, 
H. Successful interferon therapy reverses enhanced hepatic iron accumulation and 
lipid peroxidation in chronic hepatitis C. Am J Gastroenterol 95(4): 1041-1050.; 
2000. 

31. Loguercio, C.;De Girolamo, V.;Federico, A.;Feng, S. L.;Cataldi, V.;Del Vecchio 
Blanco, C.;Gialanella, G. Trace elements and chronic liver diseases. J Trace Elem 
Med Biol 11(3): 158-161; 1997. 

32. Mutlu-Turkoglu, U.;Ademoglu, E.;Turkoglu, S.;Badur, S.;Uysal, M.;Toker, G. 
The effects of interferon-alpha on serum lipid peroxidation and total thiol content 
in patients with chronic active hepatitis-C. Res Commun Mol Pathol Pharmacol 
96(3): 357-361.; 1997. 

33. Swietek, K.;Juszczyk, J. Reduced glutathione concentration in erythrocytes of 
patients with acute and chronic viral hepatitis. J Viral Hepat 4(2): 139-141.; 1997. 

34. Konishi, M.;Iwasa, M.;Araki, J.;Kobayashi, Y.;Katsuki, A.;Sumida, 
Y.;Nakagawa, N.;Kojima, Y.;Watanabe, S.;Adachi, Y.;Kaito, M. Increased lipid 
peroxidation in patients with non-alcoholic fatty liver disease and chronic 
hepatitis C as measured by the plasma level of 8-isoprostane. J Gastroenterol 
Hepatol 21(12): 1821-1825; 2006. 

35. Jain, S. K.;Pemberton, P. W.;Smith, A.;McMahon, R. F.;Burrows, P. 
C.;Aboutwerat, A.;Warnes, T. W. Oxidative stress in chronic hepatitis C: not just 
a feature of late stage disease. J Hepatol 36(6): 805-811; 2002. 

36. Mahmood, S.;Kawanaka, M.;Kamei, A.;Izumi, A.;Nakata, K.;Niiyama, G.;Ikeda, 
H.;Hanano, S.;Suehiro, M.;Togawa, K.;Yamada, G. Immunohistochemical 
evaluation of oxidative stress markers in chronic hepatitis C. Antioxid Redox 
Signal 6(1): 19-24; 2004. 

37. Izumi, N.;Enomoto, N.;Uchihara, M.;Murakami, T.;Ono, K.;Noguchi, O.;Miyake, 
S.;Nouchi, T.;Fujisawa, K.;Marumo, F.;Sato, C. Hepatic iron contents and 
response to interferon-alpha in patients with chronic hepatitis C. Relationship to 
genotypes of hepatitis C virus. Dig Dis Sci 41(5): 989-994; 1996. 

38. Hara, Y.;Hino, K.;Okuda, M.;Furutani, T.;Hidaka, I.;Yamaguchi, Y.;Korenaga, 
M.;Li, K.;Weinman, S. A.;Lemon, S. M.;Okita, K. Hepatitis C virus core protein 
inhibits deoxycholic acid-mediated apoptosis despite generating mitochondrial 
reactive oxygen species. J Gastroenterol 41(3): 257-268; 2006. 

39. Paradis, V.;Mathurin, P.;Kollinger, M.;Imbert-Bismut, F.;Charlotte, F.;Piton, 
A.;Opolon, P.;Holstege, A.;Poynard, T.;Bedossa, P. In situ detection of lipid 
peroxidation in chronic hepatitis C: correlation with pathological features. J Clin 
Pathol 50(5): 401-406; 1997. 

40. Salem, T. A.;El-Refaei, M. F.;Badra, G. A. Study of antioxidant enzymes level 
and phagocytic activity in chronic liver disease patients. Egypt J Immunol 10(1): 
37-45; 2003. 

41. Hayashi, J.;Aoki, H.;Arakawa, Y.;Hino, O. Hepatitis C virus and 
hepatocarcinogenesis. Intervirology 42(2-3): 205-210; 1999. 



 25

42. Reynolds, W. F.;Patel, K.;Pianko, S.;Blatt, L. M.;Nicholas, J. J.;McHutchison, J. 
G. A genotypic association implicates myeloperoxidase in the progression of 
hepatic fibrosis in chronic hepatitis C virus infection. Genes Immun 3(6): 345-
349; 2002. 

43. Roberts, J. M.;Searle, J. W.;Cooksley, W. G. Histological patterns of prolonged 
hepatitis C infection. Gastroenterol Jpn 28 Suppl 5: 37-41; 1993. 

44. Toro, F.;Conesa, A.;Garcia, A.;Bianco, N. E.;De Sanctis, J. B. Increased peroxide 
production by polymorphonuclear cells of chronic hepatitis C virus-infected 
patients. Clin Immunol Immunopathol 88(2): 169-175; 1998. 

45. Winterbourn, C. C. Toxicity of iron and hydrogen peroxide: the Fenton reaction. 
Toxicol Lett 82-83: 969-974.; 1995. 

46. Bacon, B. R.;Britton, R. S. Hepatic injury in chronic iron overload. Role of lipid 
peroxidation. Chem Biol Interact 70(3-4): 183-226; 1989. 

47. Hezode, C.;Cazeneuve, C.;Coue, O.;Roudot-Thoraval, F.;Lonjon, I.;Bastie, 
A.;Duvoux, C.;Pawlotsky, J. M.;Zafrani, E. S.;Amselem, S.;Dhumeaux, D. Liver 
iron accumulation in patients with chronic active hepatitis C: prevalence and role 
of hemochromatosis gene mutations and relationship with hepatic histological 
lesions. J Hepatol 31(6): 979-984.; 1999. 

48. Thorburn, D.;Curry, G.;Spooner, R.;Spence, E.;Oien, K.;Halls, D.;Fox, 
R.;McCruden, E. A.;MacSween, R. N.;Mills, P. R. The role of iron and 
haemochromatosis gene mutations in the progression of liver disease in chronic 
hepatitis C. Gut 50(2): 248-252.; 2002. 

49. Emerit, J.;Beaumont, C.;Trivin, F. Iron metabolism, free radicals, and oxidative 
injury. Biomed Pharmacother 55(6): 333-339; 2001. 

50. Caltagirone, A.;Weiss, G.;Pantopoulos, K. Modulation of cellular iron 
metabolism by hydrogen peroxide. Effects of H2O2 on the expression and 
function of iron-responsive element-containing mRNAs in B6 fibroblasts. J Biol 
Chem 276(23): 19738-19745; 2001. 

51. Pantopoulos, K.;Hentze, M. W. Rapid responses to oxidative stress mediated by 
iron regulatory protein. EMBO J 14(12): 2917-2924; 1995. 

52. Pantopoulos, K.;Hentze, M. W. Activation of iron regulatory protein-1 by 
oxidative stress in vitro. Proc Natl Acad Sci U S A 95(18): 10559-10563; 1998. 

53. Fujita, N.;Horiike, S.;Sugimoto, R.;Tanaka, H.;Iwasa, M.;Kobayashi, 
Y.;Hasegawa, K.;Ma, N.;Kawanishi, S.;Adachi, Y.;Kaito, M. Hepatic oxidative 
DNA damage correlates with iron overload in chronic hepatitis C patients. Free 
Radic Biol Med 42(3): 353-362; 2007. 

54. Vrba, J.;Modriansky, M. Oxidative burst of Kupffer cells: target for liver injury 
treatment. Biomed Pap Med Fac Univ Palacky Olomouc Czech Repub 146(2): 15-
20; 2002. 

55. Koike, N.;Takamura, T.;Kaneko, S. Induction of reactive oxygen species from 
isolated rat glomeruli by protein kinase C activation and TNF-alpha stimulation, 
and effects of a phosphodiesterase inhibitor. Life Sci 2007. 

56. Garcia-Trevijano, E. R.;Iraburu, M. J.;Fontana, L.;Dominguez-Rosales, J. 
A.;Auster, A.;Covarrubias-Pinedo, A.;Rojkind, M. Transforming growth factor 
beta1 induces the expression of alpha1(I) procollagen mRNA by a hydrogen 



 26

peroxide-C/EBPbeta-dependent mechanism in rat hepatic stellate cells. 
Hepatology 29(3): 960-970; 1999. 

57. Friedman, S. L. Molecular regulation of hepatic fibrosis, an integrated cellular 
response to tissue injury. J Biol Chem 275(4): 2247-2250; 2000. 

58. Kota, R. S.;Ramana, C. V.;Tenorio, F. A.;Enelow, R. I.;Rutledge, J. C. 
Differential effects of lipoprotein lipase on tumor necrosis factor-alpha and 
interferon-gamma-mediated gene expression in human endothelial cells. J Biol 
Chem 280(35): 31076-31084; 2005. 

59. Liu, C.;Gaca, M. D.;Swenson, E. S.;Vellucci, V. F.;Reiss, M.;Wells, R. G. Smads 
2 and 3 are differentially activated by transforming growth factor-beta (TGF-beta 
) in quiescent and activated hepatic stellate cells. Constitutive nuclear localization 
of Smads in activated cells is TGF-beta-independent. J Biol Chem 278(13): 
11721-11728; 2003. 

60. Korenaga, M.;Wang, T.;Li, Y.;Showalter, L. A.;Chan, T.;Sun, J.;Weinman, S. A. 
Hepatitis C virus core protein inhibits mitochondrial electron transport and 
increases ROS production. J Biol Chem 280(45): 37481-37488; 2005. 

61. Abdalla, M. Y.;Ahmad, I. M.;Spitz, D. R.;Schmidt, W. N.;Britigan, B. E. 
Hepatitis C virus-core and non structural proteins lead to different effects on 
cellular antioxidant defenses. J Med Virol 76(4): 489-497; 2005. 

62. Moriya, K.;Nakagawa, K.;Santa, T.;Shintani, Y.;Fujie, H.;Miyoshi, H.;Tsutsumi, 
T.;Miyazawa, T.;Ishibashi, K.;Horie, T.;Imai, K.;Todoroki, T.;Kimura, S.;Koike, 
K. Oxidative stress in the absence of inflammation in a mouse model for hepatitis 
C virus-associated hepatocarcinogenesis. Cancer Res 61(11): 4365-4370.; 2001. 

63. Okuda, M.;Li, K.;Beard, M. R.;Showalter, L. A.;Scholle, F.;Lemon, S. 
M.;Weinman, S. A. Mitochondrial injury, oxidative stress, and antioxidant gene 
expression are induced by hepatitis C virus core protein. Gastroenterology 
122(2): 366-375.; 2002. 

64. Li, K.;Prow, T.;Lemon, S. M.;Beard, M. R. Cellular response to conditional 
expression of hepatitis C virus core protein in Huh7 cultured human hepatoma 
cells. Hepatology 35(5): 1237-1246; 2002. 

65. Perlemuter, G.;Letteron, P.;Carnot, F.;Zavala, F.;Pessayre, D.;Nalpas, B.;Brechot, 
C. Alcohol and hepatitis C virus core protein additively increase lipid 
peroxidation and synergistically trigger hepatic cytokine expression in a 
transgenic mouse model. J Hepatol 39: 1020-1027.; 2003. 

66. Li, Y.;Boehning, D. F.;Qian, T.;Popov, V. L.;Weinman, S. A. Hepatitis C virus 
core protein increases mitochondrial ROS production by stimulation of Ca2+ 
uniporter activity. Faseb J 2007. 

67. Gochee, P. A.;Jonsson, J. R.;Clouston, A. D.;Pandeya, N.;Purdie, D. M.;Powell, 
E. E. Steatosis in chronic hepatitis C: association with increased messenger RNA 
expression of collagen I, tumor necrosis factor-alpha and cytochrome P450 2E1. J 
Gastroenterol Hepatol 18(4): 386-392; 2003. 

68. de Lucas, S.;Bartolome, J.;Amaro, M. J.;Carreno, V. Hepatitis C virus core 
protein transactivates the inducible nitric oxide synthase promoter via NF-kappaB 
activation. Antiviral Res 60(2): 117-124; 2003. 

69. Garcia-Mediavilla, M. V.;Sanchez-Campos, S.;Gonzalez-Perez, P.;Gomez-
Gonzalo, M.;Majano, P. L.;Lopez-Cabrera, M.;Clemente, G.;Garcia-Monzon, 



 27

C.;Gonzalez-Gallego, J. Differential contribution of hepatitis C virus NS5A and 
core proteins to the induction of oxidative and nitrosative stress in human 
hepatocyte-derived cells. J Hepatol 43(4): 606-613; 2005. 

70. Machida, K.;Cheng, K. T.;Sung, V. M.;Lee, K. J.;Levine, A. M.;Lai, M. M. 
Hepatitis C Virus Infection Activates the Immunologic (Type II) Isoform of Nitric 
Oxide Synthase and Thereby Enhances DNA Damage and Mutations of Cellular 
Genes. J Virol 78(16): 8835-8843; 2004. 

71. Miller, K.;McArdle, S.;Gale, M. J., Jr.;Geller, D. A.;Tenoever, B.;Hiscott, 
J.;Gretch, D. R.;Polyak, S. J. Effects of the hepatitis C virus core protein on innate 
cellular defense pathways. J Interferon Cytokine Res 24(7): 391-402; 2004. 

72. Nunez, O.;Fernandez-Martinez, A.;Majano, P. L.;Apolinario, A.;Gomez-Gonzalo, 
M.;Benedicto, I.;Lopez-Cabrera, M.;Bosca, L.;Clemente, G.;Garcia-Monzon, 
C.;Martin-Sanz, P. Increased intrahepatic cyclooxygenase 2, matrix 
metalloproteinase 2, and matrix metalloproteinase 9 expression is associated with 
progressive liver disease in chronic hepatitis C virus infection: role of viral core 
and NS5A proteins. Gut 53(11): 1665-1672; 2004. 

73. Waris, G.;Siddiqui, A. Hepatitis C virus stimulates the expression of 
cyclooxygenase-2 via oxidative stress: role of prostaglandin E2 in RNA 
replication. J Virol 79(15): 9725-9734; 2005. 

74. Choi, J.;Lu, W.;Ou, J. Structure and functions of Hepatitis C Virus core protein. 
Recent Res. Devel. Virol. 3: 105-120; 2001. 

75. Irshad, M.;Dhar, I. Hepatitis C virus core protein: an update on its molecular 
biology, cellular functions and clinical implications. Med Princ Pract 15(6): 405-
416; 2006. 

76. Ray, R. B.;Ray, R. Hepatitis C virus core protein: intriguing properties and 
functional relevance. FEMS Microbiol Lett 202(2): 149-156; 2001. 

77. Gong, G.;Waris, G.;Tanveer, R.;Siddiqui, A. Human hepatitis C virus NS5A 
protein alters intracellular calcium levels, induces oxidative stress, and activates 
STAT-3 and NF-kappa B. Proc Natl Acad Sci U S A 98(17): 9599-9604.; 2001. 

78. Qadri, I.;Iwahashi, M.;Capasso, J. M.;Hopken, M. W.;Flores, S.;Schaack, 
J.;Simon, F. R. Induced oxidative stress and activated expression of manganese 
superoxide dismutase during hepatitis C virus replication: role of JNK, p38 
MAPK and AP-1. Biochem J 378(Pt 3): 919-928; 2004. 

79. Thoren, F.;Romero, A.;Lindh, M.;Dahlgren, C.;Hellstrand, K. A hepatitis C virus-
encoded, nonstructural protein (NS3) triggers dysfunction and apoptosis in 
lymphocytes: role of NADPH oxidase-derived oxygen radicals. J Leukoc Biol 
76(6): 1180-1186; 2004. 

80. Bureau, C.;Bernad, J.;Chaouche, N.;Orfila, C.;Beraud, M.;Gonindard, C.;Alric, 
L.;Vinel, J. P.;Pipy, B. Nonstructural 3 protein of hepatitis C virus triggers an 
oxidative burst in human monocytes via activation of NADPH oxidase. J Biol 
Chem 276(25): 23077-23083.; 2001. 

81. Ghaziani, T.;Shan, Y.;Lambrecht, R. W.;Donohue, S. E.;Pietschmann, 
T.;Bartenschlager, R.;Bonkovsky, H. L. HCV proteins increase expression of 
heme oxygenase-1 (HO-1) and decrease expression of Bach1 in human hepatoma 
cells. J Hepatol 45(1): 5-12; 2006. 



 28

82. Klaunig, J. E.;Xu, Y.;Isenberg, J. S.;Bachowski, S.;Kolaja, K. L.;Jiang, 
J.;Stevenson, D. E.;Walborg, E. F., Jr. The role of oxidative stress in chemical 
carcinogenesis. Environ Health Perspect 106 Suppl 1: 289-295; 1998. 

83. Loguercio, C.;Federico, A. Oxidative stress in viral and alcoholic hepatitis. Free 
Radic Biol Med 34(1): 1-10; 2003. 

84. Parola, M.;Robino, G. Oxidative stress-related molecules and liver fibrosis. J 
Hepatol 35(2): 297-306; 2001. 

85. Capocaccia, L.;Merli, M.;Piat, C.;Servi, R.;Zullo, A.;Riggio, O. Zinc and other 
trace elements in liver cirrhosis. Ital J Gastroenterol 23(6): 386-391; 1991. 

86. Vendemiale, G.;Grattagliano, I.;Portincasa, P.;Serviddio, G.;Palasciamo, 
G.;Altomare, E. Oxidative stress in symptom-free HCV carriers: relation with 
ALT flare-up. Eur J Clin Invest 31(1): 54-63; 2001. 

87. Forman, H. J.;Cadenas, E. Oxidative stress and signal transduction. New York: 
Chapman & Hall; 1997. 

88. Furutani, T.;Hino, K.;Okuda, M.;Gondo, T.;Nishina, S.;Kitase, A.;Korenaga, 
M.;Xiao, S. Y.;Weinman, S. A.;Lemon, S. M.;Sakaida, I.;Okita, K. Hepatic iron 
overload induces hepatocellular carcinoma in transgenic mice expressing the 
hepatitis C virus polyprotein. Gastroenterology 130(7): 2087-2098; 2006. 

89. Machida, K.;Cheng, K. T.;Sung, V. M.;Shimodaira, S.;Lindsay, K. L.;Levine, A. 
M.;Lai, M. Y.;Lai, M. M. Hepatitis C virus induces a mutator phenotype: 
enhanced mutations of immunoglobulin and protooncogenes. Proc Natl Acad Sci 
U S A 101(12): 4262-4267; 2004. 

90. Moriya, K.;Fujie, H.;Shintani, Y.;Yotsuyanagi, H.;Tsutsumi, T.;Ishibashi, 
K.;Matsuura, Y.;Kimura, S.;Miyamura, T.;Koike, K. The core protein of hepatitis 
C virus induces hepatocellular carcinoma in transgenic mice. Nat Med 4(9): 1065-
1067; 1998. 

91. Hahn, C. S.;Cho, Y. G.;Kang, B. S.;Lester, I. M.;Hahn, Y. S. The HCV core 
protein acts as a positive regulator of fas-mediated apoptosis in a human 
lymphoblastoid T cell line. Virology 276(1): 127-137; 2000. 

92. Honda, M.;Kaneko, S.;Shimazaki, T.;Matsushita, E.;Kobayashi, K.;Ping, L. 
H.;Zhang, H. C.;Lemon, S. M. Hepatitis C virus core protein induces apoptosis 
and impairs cell-cycle regulation in stably transformed Chinese hamster ovary 
cells. Hepatology 31(6): 1351-1359; 2000. 

93. Koike, K. Oxidative stress and apoptosis in hepatitis C: the core issue. J 
Gastroenterol 41(3): 292-294; 2006. 

94. Marusawa, H.;Hijikata, M.;Chiba, T.;Shimotohno, K. Hepatitis C virus core 
protein inhibits Fas- and tumor necrosis factor alpha-mediated apoptosis via NF-
kappaB activation. J Virol 73(6): 4713-4720; 1999. 

95. Otsuka, M.;Kato, N.;Omata, M. [Mechanisms and significance of apoptosis 
suppression by HCV core protein]. Nippon Rinsho 62 Suppl 7(Pt 1): 185-190; 
2004. 

96. Otsuka, M.;Kato, N.;Taniguchi, H.;Yoshida, H.;Goto, T.;Shiratori, Y.;Omata, M. 
Hepatitis C virus core protein inhibits apoptosis via enhanced Bcl-xL expression. 
Virology 296(1): 84-93; 2002. 

97. Ray, R. B.;Steele, R.;Meyer, K.;Ray, R. Hepatitis C virus core protein represses 
p21WAF1/Cip1/Sid1 promoter activity. Gene 208(2): 331-336; 1998. 



 29

98. Ruggieri, A.;Harada, T.;Matsuura, Y.;Miyamura, T. Sensitization to Fas-mediated 
apoptosis by hepatitis C virus core protein. Virology 229(1): 68-76; 1997. 

99. Sacco, R.;Tsutsumi, T.;Suzuki, R.;Otsuka, M.;Aizaki, H.;Sakamoto, S.;Matsuda, 
M.;Seki, N.;Matsuura, Y.;Miyamura, T.;Suzuki, T. Antiapoptotic regulation by 
hepatitis C virus core protein through up-regulation of inhibitor of caspase-
activated DNase. Virology 317(1): 24-35; 2003. 

100. Saito, K.;Meyer, K.;Warner, R.;Basu, A.;Ray, R. B.;Ray, R. Hepatitis C virus 
core protein inhibits tumor necrosis factor alpha-mediated apoptosis by a 
protective effect involving cellular FLICE inhibitory protein. J Virol 80(9): 4372-
4379; 2006. 

101. Zhu, N.;Khoshnan, A.;Schneider, R.;Matsumoto, M.;Dennert, G.;Ware, C.;Lai, 
M. M. Hepatitis C virus core protein binds to the cytoplasmic domain of tumor 
necrosis factor (TNF) receptor 1 and enhances TNF-induced apoptosis. J Virol 
72(5): 3691-3697; 1998. 

102. Brune, B. The intimate relation between nitric oxide and superoxide in apoptosis 
and cell survival. Antioxid Redox Signal 7(3-4): 497-507; 2005. 

103. Davies, K. J. The broad spectrum of responses to oxidants in proliferating cells: a 
new paradigm for oxidative stress. IUBMB Life 48(1): 41-47; 1999. 

104. Hagen, T. M.;Huang, S.;Curnutte, J.;Fowler, P.;Martinez, V.;Wehr, C. M.;Ames, 
B. N.;Chisari, F. V. Extensive oxidative DNA damage in hepatocytes of 
transgenic mice with chronic active hepatitis destined to develop hepatocellular 
carcinoma. Proc Natl Acad Sci U S A 91(26): 12808-12812; 1994. 

105. Saito, I.;Miyamura, T.;Ohbayashi, A.;Harada, H.;Katayama, T.;Kikuchi, 
S.;Watanabe, Y.;Koi, S.;Onji, M.;Ohta, Y.;et al. Hepatitis C virus infection is 
associated with the development of hepatocellular carcinoma. Proc Natl Acad Sci 
U S A 87(17): 6547-6549; 1990. 

106. Melhem, A.;Stern, M.;Shibolet, O.;Israeli, E.;Ackerman, Z.;Pappo, O.;Hemed, 
N.;Rowe, M.;Ohana, H.;Zabrecky, G.;Cohen, R.;Ilan, Y. Treatment of chronic 
hepatitis C virus infection via antioxidants: results of a phase I clinical trial. J Clin 
Gastroenterol 39(8): 737-742; 2005. 

107. Lieber, C. S. Liver diseases by alcohol and hepatitis C: early detection and new 
insights in pathogenesis lead to improved treatment. Am J Addict 10 Suppl: 29-
50; 2001. 

108. Seitz, H. K.;Poschl, G.;Simanowski, U. A. Alcohol and cancer. Recent Dev 
Alcohol 14: 67-95; 1998. 

109. Hurwitz, E. S.;Holman, R. C.;Strine, T. W.;Chorba, T. L. Chronic liver disease 
mortality in the United States, 1979 through 1989. Am J Public Health 85(9): 
1256-1260; 1995. 

110. Balasekaran, R.;Bulterys, M.;Jamal, M. M.;Quinn, P. G.;Johnston, D. E.;Skipper, 
B.;Chaturvedi, S.;Arora, S. A case-control study of risk factors for sporadic 
hepatitis C virus infection in the southwestern United States. Am J Gastroenterol 
94(5): 1341-1346; 1999. 

111. Bhattacharya, R.;Shuhart, M. C. Hepatitis C and alcohol:  Interactions, Outcomes, 
and Implications. J Clin Gastroenterol 36: 242-252.; 2003. 

112. Jamal, M. M.;Morgan, T. R. Liver disease in alcohol and hepatitis C. Best Pract 
Res Clin Gastroenterol 17(4): 649-662; 2003. 



 30

113. Szabo, G. Pathogenic interactions between alcohol and hepatitis C. Curr 
Gastroenterol Rep 5(1): 86-92; 2003. 

114. Coelho-Little, M. E.;Jeffers, L. J.;Bernstein, D. E.;Goodman, J. J.;Reddy, K. 
R.;de Medina, M.;Li, X.;Hill, M.;La Rue, S.;Schiff, E. R. Hepatitis C virus in 
alcoholic patients with and without clinically apparent liver disease. Alcohol Clin 
Exp Res 19(5): 1173-1176; 1995. 

115. Mendenhall, C. L.;Seeff, L.;Diehl, A. M.;Ghosn, S. J.;French, S. W.;Gartside, P. 
S.;Rouster, S. D.;Buskell-Bales, Z.;Grossman, C. J.;Roselle, G. A.;et al. 
Antibodies to hepatitis B virus and hepatitis C virus in alcoholic hepatitis and 
cirrhosis: their prevalence and clinical relevance. The VA Cooperative Study 
Group (No. 119). Hepatology 14(4 Pt 1): 581-589; 1991. 

116. Takase, S.;Takada, N.;Sawada, M.;Tsutsumi, M.;Takada, A. Relationship 
between alcoholic liver disease and HCV infection. Alcohol Alcohol Suppl 1A: 
77-84; 1993. 

117. Aizawa, Y.;Shibamoto, Y.;Takagi, I.;Zeniya, M.;Toda, G. Analysis of factors 
affecting the appearance of hepatocellular carcinoma in patients with chronic 
hepatitis C. A long term follow-up study after histologic diagnosis. Cancer 89: 
53-59.; 2000. 

118. Cooksley, W. Chronic liver disease: do alcohol and hepatitis C virus interact. J 
Gastroenterol Hepatol 11(2): 187-192; 1996. 

119. Corrao, G.;Arico, S. Independent and combined action of hepatitis C virus 
infection and alcohol consumption on the risk of symptomatic liver cirrhosis. 
Hepatology 27: 914-919.; 1998. 

120. Donato, F.;Tagger, A.;Gelatti, U.;Parrinello, G.;Boffetta, P.;Albertini, A.;Decarli, 
A.;Trevisi, P.;Ribero, M. L.;Martelli, C.;Porru, S.;Nardi, G. Alcohol and 
hepatocellular carcinoma: the effect of lifetime intake and hepatitis virus 
infections in men and women. Am J Epidemiol 155: 323-331.; 2002. 

121. Harris, D. R.;Gonin, R.;Alter, H. J.;Wright, E. C.;Buskell, Z. J.;Hollinger, F. 
B.;Seeff, L. B.;National Heart, L., and Blood Institute Study Group. The 
relationship of acute transfusion-associated hepatitis to the development of 
cirrhosis in the presence of alcohol abuse. Ann Intern Med 134: 120-124.; 2001. 

122. Ikeda, K.;Saitoh, S.;Suzuki, Y.;Kobayashi, M.;Tsubota, A.;Koida, I.;Arase, 
Y.;Fukuda, M.;Chayama, K.;Murashima, N.;Kumada, H. Disease progression and 
hepatocellular carcinogenesis in patients with chronic viral hepatitis: a 
prospective observation of 2215 patients. J Hepatol 28: 930-938.; 1998. 

123. Kuwana, K.;Ichida, T.;Kamimura, T.;Ohkoshi, S.;Ogata, N.;Harada, T.;Endoh, 
K.;Asakura, H. Risk factors and the effect of interferon therapy in the 
development of hepatocellular carcinoma: a multivariate analysis in 343 patients. 
J Gastroenterol Hepatol 12: 149-155.; 1997. 

124. Matsuda, Y.;Amuro, Y.;Higashino, K.;Hada, T.;Yamamoto, T.;Fujikura, 
M.;Yamaguchi, K.;Shimomura, S.;Iijima, H.;Nakano, T., et al. Relation between 
markers for viral hepatitis and clinical features of Japanese patients with 
hepatocellular carcinoma: possible role of alcohol in promoting carcinogenesis. 
Hepatogastroenterology 42: 151-154.; 1995. 



 31

125. Monto, A.;Alonzo, J.;Watson, J. J.;Grunfeld, C.;Wright, T. L. Steatosis in chronic 
hepatitis C:  Relative contributions of obesity, diabetes mellitus, and alcohol. 
Hepatology 36: 729-736.; 2002. 

126. Niederau C, L. S., Heintges T, Erhardt A, Buschkamp M, Hurter D, Nawrocki M, 
Kruska L, Hensel F, Petry W, Haussinger D. Prognosis of chronic hepatitis C: 
results of a large, prospective cohort study. Hepatology 28: 1687-1695.; 1998. 

127. Ostapowicz, G.;Watson, K. J.;Locarnini, S. A.;Desmond, P. V. Role of alcohol in 
the progression of liver disease caused by hepatitis C virus infection. Hepatology 
27(6): 1730-1735; 1998. 

128. Pianko, S.;Patella, S.;Ostapowicz, G.;Desmond, P.;Sievert, W. Fas-mediated 
hepatocyte apoptosis is increased by hepatitis C virus infection and alcohol 
consumption, and may be associated with hepatic fibrosis:  mechanisms of liver 
cell injury in chronic hepatitis C  virus infection. J Viral Hepat 8: 406-413.; 2001. 

129. Roudot-Thoraval, F.;Bastie, A.;Pawlotsky, J. M.;Dhumeaux, D. Epidemiological 
factors affecting the severity of hepatitis C virus-related liver disease: a French 
survey of 6,664 patients.  The Study Group for the Prevalence and the 
Epidemiology of Hepatitis C Virus. Hepatology 26: 485-490.; 1997. 

130. Sachithanandan, S.;Kay, E.;Leader, M.;Fielding, J. F. The effect of light drinking 
on HCV liver disease:  the jury is still out. Biomed Pharmacother 51: 295-297.; 
1997. 

131. Serfaty, L.;Chazouilleres, O.;Poujol-Robert, A.;Morand-Joubert, L.;Dubois, 
C.;Chretien, Y.;Poupon, R. E.;Petit, J. C.;Poupon, R. Risk factors for cirrhosis in 
patients with chronic hepatitis C virus infection: results of a case-control study. 
Hepatology 26: 776-779.; 1997. 

132. Thomas, D. L.;Astemborski, J.;Rai, R. M.;Anania, F. A.;Schaeffer, M.;Galai, 
N.;Nolt, K.;Nelson, K. E.;Strathdee, S. A.;Johnson, L.;Laeyendecker, O.;Boitnott, 
J.;Wilson, L. E.;Vlahov, D. The natural history of hepatitis C virus infection: host, 
viral, and environmental factors. JAMA 284: 450-456.; 2000. 

133. Westin, J.;Lagging, L. M.;Spak, F.;Aires, N.;Svensson, E.;Lindh, M.;Dhillon, A. 
P.;Norkrans, G.;Wejstal, R. Moderate alcohol intake increases fibrosis 
progression in untreated patients with hepatitis C virus infection. J Viral Hepat 9: 
235-241.; 2002. 

134. Wiley, T. E.;McCarthy, M.;Breidi, L.;McCarthy, M.;Layden, T. J. Impact of 
alcohol on the histological and clinical progression of hepatitis C infection. 
Hepatology 28: 805-809.; 1998. 

135. Kim, W. H.;Hong, F.;Jaruga, B.;Hu, Z.;Fan, S.;Liang, T. J.;Gao, B. Additive 
activation of hepatic NF-kappaB by ethanol and hepatitis B protein X (HBX) or 
HCV core protein: involvement of TNF-alpha receptor 1-independent and -
dependent mechanisms. Faseb J 15(13): 2551-2553; 2001. 

136. Fukushima, W.;Tanaka, T.;Ohfuji, S.;Habu, D.;Tamori, A.;Kawada, 
N.;Sakaguchi, H.;Takeda, T.;Nishiguchi, S.;Seki, S.;Shiomi, S.;Hirota, Y. Does 
alcohol increase the risk of hepatocellular carcinoma among patients with 
hepatitis C virus infection? Hepatol Res 34(3): 141-149; 2006. 

137. Jamal, M. M.;Saadi, Z.;Morgan, T. R. Alcohol and hepatitis C. Dig Dis 23(3-4): 
285-296; 2005. 



 32

138. Befrits, R.;Hedman, M.;Blomquist, L.;Allander, T.;Grillner, L.;Kinnman, 
N.;Rubio, C.;Hultcrantz, R. Chronic hepatitis C in alcoholic patients: prevalence, 
genotypes, and correlation to liver disease. Scand J Gastroenterol 30(11): 1113-
1118; 1995. 

139. Caldwell, S. H.;Li, X.;Rourk, R. M.;Millar, A.;Sosnowski, K. M.;Sue, M.;Barritt, 
A. S.;McCallum, R. W.;Schiff, E. R. Hepatitis C infection by polymerase chain 
reaction in alcoholics: false-positive ELISA results and the influence of infection 
on a clinical prognostic score. Am J Gastroenterol 88(7): 1016-1021; 1993. 

140. Pares, A.;Barrera, J. M.;Caballeria, J.;Ercilla, G.;Bruguera, M.;Caballeria, 
L.;Castillo, R.;Rodes, J. Hepatitis C virus antibodies in chronic alcoholic patients: 
association with severity of liver injury. Hepatology 12(6): 1295-1299; 1990. 

141. Sata, M.;Fukuizumi, K.;Uchimura, Y.;Nakano, H.;Ishii, K.;Kumashiro, 
R.;Mizokami, M.;Lau, J. Y.;Tanikawa, K. Hepatitis C virus infection in patients 
with clinically diagnosed alcoholic liver diseases. J Viral Hepat 3: 143-148.; 
1996. 

142. Yamauchi, M.;Nakahara, M.;Maezawa, Y.;Satoh, S.;Nishikawa, F.;Ohata, 
M.;Mizuhara, Y.;Hirakawa, J.;Nakajima, H.;Fujisawa, K., et al. Prevalence of 
hepatocellular carcinoma in patients with alcoholic cirrhosis and prior exposure to 
hepatitis C. Am J Gastroenterol 88: 39-43.; 1993. 

143. Szabo, G.;Dolganiuc, A.;Mandrekar, P.;White, B. Inhibition of antigen-presenting 
cell functions by alcohol: implications for hepatitis C virus infection. Alcohol 
33(3): 241-249; 2004. 

144. Geissler, M.;Gesien, A.;Wands, J. R. Inhibitory effects of chronic ethanol 
consumption on cellular immune responses to hepatitis C virus core protein are 
reversed by genetic immunizations augmented with cytokine-expressing plasmids. 
J Immunol 159(10): 5107-5113; 1997. 

145. Mochida, S.;Ohnishi, K.;Matsuo, S.;Kakihara, K.;Fujiwara, K. Effect of alcohol 
intake on the efficacy of interferon therapy in patients with chronic hepatitis C as 
evaluated by multivariate logistic regression analysis. Alcohol Clin Exp Res 20(9 
Suppl): 371A-377A; 1996. 

146. Di Bona, D.;Cippitelli, M.;Fionda, C.;Camma, C.;Licata, A.;Santoni, A.;Craxi, A. 
Oxidative stress inhibits IFN-alpha-induced antiviral gene expression by blocking 
the JAK-STAT pathway. J Hepatol 45(2): 271-279; 2006. 

147. Lin, W.;Kim, S. S.;Yeung, E.;Kamegaya, Y.;Blackard, J. T.;Kim, K. 
A.;Holtzman, M. J.;Chung, R. T. Hepatitis C virus core protein blocks interferon 
signaling by interaction with the STAT1 SH2 domain. J Virol 80(18): 9226-9235; 
2006. 

148. Plumlee, C. R.;Lazaro, C. A.;Fausto, N.;Polyak, S. J. Effect of ethanol on innate 
antiviral pathways and HCV replication in human liver cells. Virol J 2: 89; 2005. 

149. Bondy, S. C. Ethanol toxicity and oxidative stress. Toxicol Lett 63: 231-241.; 
1992. 

150. Cederbaum, A. I. Microsomal generation of reactive oxygen species and their 
possible role in alcohol hepatoxicity. Alcohol Alcohol Suppl. 1: 291-296; 1991. 

151. Cederbaum, A. I.;Defeng, W.;Montserrat, M.;Jingxiang, B. CYP2E1-dependent 
toxicity and oxidative stress in HepG2 cells. Free Radic Biol Med 31: 1539-
1543.; 2001. 



 33

152. Devi, B. G.;Henderson, G. I.;Frosto, T. A.;Schenker, S. Effect of ethanol on rat 
fetal hepatocytes: studies on cell replication, lipid peroxidation and glutathione. 
Hepatology 18(3): 648-659; 1993. 

153. Dianzani, M. U. Lipid peroxidation in ethanol poisoning:  a critical 
reconsideration. Alcohol Alcohol 20: 161-173.; 1985. 

154. Husain, K.;Scott, B. R.;Reddy, S. K.;Somani, S. M. Chronic ethanol and nicotine 
interaction on rat tissue antioxidant defense system. Alcohol 25(2): 89-97; 2001. 

155. Ishii, H.;Kurose, I.;Kato, S. Pathogenesis of alcoholic liver disease with particular 
emphasis on oxidative stress. J Gastroenterol Hepatol 12: S272-282.; 1997. 

156. Kanbagli, O.;Balkan, J.;Aykac-Toker, G.;Uysal, M. Hepatic mitochondrial 
prooxidant and antioxidant status in ethanol-induced liver injury in rats. Biol 
Pharm Bull 25(11): 1482-1484; 2002. 

157. Lauterburg, B. H.;Davies, S.;Mitchell, J. R. Ethanol suppresses hepatic 
glutathione synthesis in rats in vivo. J Pharmacol Exp Ther 230(1): 7-11; 1984. 

158. Montoliu, C.;Valles, S.;Renau-Piqueras, J.;Guerri, C. Ethanol-induced oxygen 
radical formation and lipid peroxidation in rat brain: effect of chronic alcohol 
consumption. J Neurochem 63(5): 1855-1862; 1994. 

159. Moss, M.;Burnham, E. L. Chronic alcohol abuse, acute respiratory distress 
syndrome, and multiple organ dysfunction. Crit Care Med 31(4 Suppl): S207-
212; 2003. 

160. Nordmann, R.;Ribiere, C.;Rouach, H. Implication of free radical mechanisms in 
ethanol-induced cellular injury. Free Radic Biol Med 12(3): 219-240; 1992. 

161. Oh, S. I.;Kim, C. I.;Chun, H. J.;Park, S. C. Chronic ethanol consumption affects 
glutathione status in rat liver. J Nutr 128(4): 758-763; 1998. 

162. Arteel, G. E. Oxidants and antioxidants in alcohol-induced liver disease. 
Gastroenterology 124(3): 778-790; 2003. 

163. Venkatraman, A.;Landar, A.;Davis, A. J.;Ulasova, E.;Page, G.;Murphy, M. 
P.;Darley-Usmar, V.;Bailey, S. M. Oxidative modification of hepatic 
mitochondria protein thiols: effect of chronic alcohol consumption. Am J Physiol 
Gastrointest Liver Physiol 286(4): G521-527; 2004. 

164. Cunningham, C. C.;Bailey, S. M. Ethanol consumption and liver mitochondria 
function. Biol Signals Recept 10(3-4): 271-282; 2001. 

165. Lieber, C. S. Biochemical mechanisms of alcohol-induced hepatic injury. Alcohol 
Alcohol Suppl 1: 283-290; 1991. 

166. Lieber, C. S. Role of oxidative stress and antioxidant therapy in alcoholic and 
nonalcoholic liver diseases. Adv Pharmacol 38: 601-628; 1997. 

167. Lieber, C. S. Alcoholic fatty liver: its pathogenesis and mechanism of progression 
to inflammation and fibrosis. Alcohol 34(1): 9-19; 2004. 

168. Dupont, I.;Lucas, D.;Clot, P.;Menez, C.;Albano, E. Cytochrome P4502E1 
inducibility and hydroxyethyl radical formation among alcoholics. J Hepatol 
28(4): 564-571; 1998. 

169. Morimoto, M.;Hagbjork, A. L.;Nanji, A. A.;Ingelman-Sundberg, M.;Lindros, K. 
O.;Fu, P. C.;Albano, E.;French, S. W. Role of cytochrome P4502E1 in alcoholic 
liver disease pathogenesis. Alcohol 10(6): 459-464; 1993. 

170. Crabb, D. W.;Bosron, W. F.;Li, T. K. Ethanol metabolism. Pharmacol Ther 
34(1): 59-73; 1987. 



 34

171. Rigamonti, C.;Mottaran, E.;Reale, E.;Rolla, R.;Cipriani, V.;Capelli, F.;Boldorini, 
R.;Vidali, M.;Sartori, M.;Albano, E. Moderate alcohol consumption increases 
oxidative stress in patients with chronic hepatitis C. Hepatology 38(1): 42-49; 
2003. 

172. Otani, K.;Korenaga, M.;Beard, M. R.;Li, K.;Qian, T.;Showalter, L. A.;Singh, A. 
K.;Wang, T.;Weinman, S. A. Hepatitis C virus core protein, cytochrome P450 
2E1, and alcohol produce combined mitochondrial injury and cytotoxicity in 
hepatoma cells. Gastroenterology 128(1): 96-107; 2005. 

173. Wen, F.;Abdalla, M. Y.;Aloman, C.;Xiang, J.;Ahmad, I. M.;Walewski, 
J.;McCormick, M. L.;Brown, K. E.;Branch, A. D.;Spitz, D. R.;Britigan, B. 
E.;Schmidt, W. N. Increased prooxidant production and enhanced susceptibility to 
glutathione depletion in HepG2 cells co-expressing HCV core protein and 
CYP2E1. J Med Virol 72(2): 230-240; 2004. 

174. Wheeler, M. Ethanol and HCV-induced cytotoxicity: the perfect storm. 
Gastroenterology 128(1): 232-234; 2005. 

175. Albano, E. Free radical mechanisms in immune reactions associated with 
alcoholic liver disease. Free Radic Biol Med 32(2): 110-114; 2002. 

176. Dreosti, I. E.;Ballard, F. J.;Belling, G. B.;Record, I. R.;Manuel, S. J.;Hetzel, B. S. 
The effect of ethanol and acetaldehyde on DNA synthesis in growing cells and on 
fetal development in the rat. Alcohol Clin Exp Res 5(3): 357-362; 1981. 

177. Sun, A. Y.;Ingelman-Sundberg, M.;Neve, E.;Matsumoto, H.;Nishitani, 
Y.;Minowa, Y.;Fukui, Y.;Bailey, S. M.;Patel, V. B.;Cunningham, C. C.;Zima, 
T.;Fialova, L.;Mikulikova, L.;Popov, P.;Malbohan, I.;Janebova, M.;Nespor, 
K.;Sun, G. Y. Ethanol and oxidative stress. Alcohol Clin Exp Res 25(5 Suppl 
ISBRA): 237S-243S; 2001. 

178. Purohit, V.;Brenner, D. A. Mechanisms of alcohol-induced hepatic fibrosis: a 
summary of the Ron Thurman Symposium. Hepatology 43(4): 872-878; 2006. 

179. Tsutsumi, T.;Suzuki, T.;Moriya, K.;Shintani, Y.;Fujie, H.;Miyoshi, H.;Matsuura, 
Y.;Koike, K.;Miyamura, T. Hepatitis C virus core protein activates ERK and p38 
MAPK in cooperation with ethanol in transgenic mice. Hepatology 38(4): 820-
828; 2003. 

180. Tamai, T.;Seki, T.;Shiro, T.;Nakagawa, T.;Wakabayashi, M.;Imamura, 
M.;Nishimura, A.;Yamashiki, N.;Takasu, M.;Inoue, K.;Okamura, A. Effects of 
alcohol consumption on histological changes in chronic hepatitis C: a 
clinicopathological study. Alcohol Clin Exp Res 24(4 Suppl): 106S-111S; 2000. 

181. Uchimura, Y.;Sata, M.;Kage, M.;Abe, H.;Tanikawa, K. A histopathological study 
of alcoholics with chronic HCV infection: comparison with chronic hepatitis C 
and alcoholic liver disease. Liver 15(6): 300-306; 1995. 

182. Oshita, M.;Hayashi, N.;Kasahara, A.;Hagiwara, H.;Mita, E.;Naito, M.;Katayama, 
K.;Fusamoto, H.;Kamada, T. Increased serum hepatitis C virus RNA levels 
among alcoholic patients with chronic hepatitis C. Hepatology 20: 1115-1120.; 
1994. 

183. Oshita, M.;Takei, Y.;Kawano, S.;Hijioka, T.;Masuda, E.;Goto, M.;Nishimura, 
Y.;Nagai, H.;Iio, S.;Tsuji, S.;et al. Endogenous nitric oxide attenuates ethanol-
induced perturbation of hepatic circulation in the isolated perfused rat liver. 
Hepatology 20(4 Pt 1): 961-965; 1994. 



 35

184. Pessione, F.;Degos, F.;Marcellin, P.;Duchatelle, V.;Njapoum, C.;Martinot-
Peignoux, M.;Degott, C.;Valla, D.;Erlinger, S.;Rueff, B. Effect of alcohol 
consumption on serum hepatitis C virus RNA and histological lesions in chronic 
hepatitis C. Hepatology 27(6): 1717-1722; 1998. 

185. Romero-Gomez, M.;Grande, L.;Nogales, M. C.;Fernandez, M.;Chavez, 
M.;Castro, M. Intrahepatic hepatitis C virus replication is increased in patients 
with regular alcohol consumption. Dig Liver Dis 33(8): 698-702; 2001. 

186. Sawada, M.;Takada, A.;Takase, S.;Takada, N. Effects of alcohol on the 
replication of hepatitis C virus. Alcohol Alcohol Suppl 1B: 85-90; 1993. 

187. Cromie, S. L.;Jenkins, P. J.;Bowden, D. S.;Dudley, F. J. Chronic hepatitis C: 
effect of alcohol on hepatitic activity and viral titre. J Hepatol 25(6): 821-826; 
1996. 

188. Anand, B. S.;Thornby, J. Alcohol has no effect on hepatitis C virus replication: a 
meta-analysis. Gut 54(10): 1468-1472; 2005. 

189. Anand, B. S.;Velez, M. Influence of chronic alcohol abuse on hepatitis C virus 
replication. Dig Dis 18(3): 168-171; 2000. 

190. Haydon, G. H.;Jarvis, L. M.;Blair, C. S.;Simmonds, P.;Harrison, D. J.;Simpson, 
K. J.;Hayes, P. C. Clinical significance of intrahepatic hepatitis C virus levels in 
patients with chronic HCV infection. Gut 42(4): 570-575; 1998. 

191. Khan, K. N.;Yatsuhashi, H. Effect of alcohol consumption on the progression of 
hepatitis C virus infection and risk of hepatocellular carcinoma in Japanese 
patients. Alcohol Alcohol 35(3): 286-295; 2000. 

192. Carriere, M.;Rosenberg, A. R.;Conti, F.;Chouzenoux, S.;Terris, B.;Sogni, 
P.;Soubrane, O.;Calmus, Y.;Podevin, P. Low density lipoprotein receptor 
transcripts correlates with liver hepatitis C virus RNA in patients with alcohol 
consumption. J Viral Hepat 13(9): 633-642; 2006. 

193. Zhang, T.;Li, Y.;Lai, J. P.;Douglas, S. D.;Metzger, D. S.;O'Brien, C. P.;Ho, W. Z. 
Alcohol potentiates hepatitis C virus replicon expression. Hepatology 38(1): 57-
65; 2003. 

194. Kakizaki, S.;Takagi, H.;Horiguchi, N.;Toyoda, M.;Takayama, H.;Nagamine, 
T.;Mori, M.;Kato, N. Iron enhances hepatitis C virus replication in cultured 
human hepatocytes. Liver 20(2): 125-128.; 2000. 

195. Morbitzer, M.;Herget, T. Expression of gastrointestinal glutathione peroxidase is 
inversely correlated to the presence of hepatitis C virus subgenomic RNA in 
human liver cells. J Biol Chem 280(10): 8831-8841; 2005. 

196. Tardif, K. D.;Waris, G.;Siddiqui, A. Hepatitis C virus, ER stress, and oxidative 
stress. Trends Microbiol 13(4): 159-163; 2005. 

197. Waris, G.;Turkson, J.;Hassanein, T.;Siddiqui, A. Hepatitis C virus (HCV) 
constitutively activates STAT-3 via oxidative stress: role of STAT-3 in HCV 
replication. J Virol 79(3): 1569-1580; 2005. 

198. Fillebeen, C.;Rivas-Estilla, A. M.;Bisaillon, M.;Ponka, P.;Muckenthaler, 
M.;Hentze, M. W.;Koromilas, A. E.;Pantopoulos, K. Iron inactivates the RNA 
polymerase NS5B and suppresses subgenomic replication of hepatitis C virus. J 
Biol Chem 280: 9049-9057; 2005. 



 36

199. Ferrari, E.;Wright-Minogue, J.;Fang, J. W.;Baroudy, B. M.;Lau, J. Y.;Hong, Z. 
Characterization of soluble hepatitis C virus RNA-dependent RNA polymerase 
expressed in Escherichia coli. J Virol 73(2): 1649-1654; 1999. 

200. Hardy, R. W.;Marcotrigiano, J.;Blight, K. J.;Majors, J. E.;Rice, C. M. Hepatitis C 
virus RNA synthesis in a cell-free system isolated from replicon-containing 
hepatoma cells. J Virol 77(3): 2029-2037.; 2003. 

201. Lai, V. C.;Dempsey, S.;Lau, J. Y.;Hong, Z.;Zhong, W. In vitro RNA replication 
directed by replicase complexes isolated from the subgenomic replicon cells of 
hepatitis C virus. J Virol 77(3): 2295-2300; 2003. 

202. Zhu, H.;Nelson, D. R.;Crawford, J. M.;Liu, C. Defective Jak-Stat activation in 
hepatoma cells is associated with hepatitis C viral IFN-alpha resistance. J 
Interferon Cytokine Res 25(9): 528-539; 2005. 

203. Zhu, H.;Shang, X.;Terada, N.;Liu, C. STAT3 induces anti-hepatitis C viral 
activity in liver cells. Biochem Biophys Res Commun 324(2): 518-528; 2004. 

204. Choi, J.;Forman, H. J.;Ou, J. H.;Lai, M. M.;Seronello, S.;Nandipati, A. Redox 
modulation of the hepatitis C virus replication complex is calcium dependent. 
Free Radic Biol Med 41(9): 1488-1498; 2006. 

205. Choi, J.;Lee, K. J.;Zheng, Y.;Yamaga, A. K.;Lai, M. M. C.;Ou, J.-H. Reactive 
oxygen species suppress hepatitis C virus RNA replication in human hepatoma 
cells. Hepatology 39(1): 81-89; 2004. 

206. Frese, M.;Schwarzle, V.;Barth, K.;Krieger, N.;Lohmann, V.;Mihm, S.;Haller, 
O.;Bartenschlager, R. Interferon-gamma inhibits replication of subgenomic and 
genomic hepatitis C virus RNAs. Hepatology 35(3): 694-703.; 2002. 

207. Inoue, K.;Sekiyama, K.;Yamada, M.;Watanabe, T.;Yasuda, H.;Yoshiba, M. 
Combined interferon alpha2b and cyclosporin A in the treatment of chronic 
hepatitis C: controlled trial. J Gastroenterol 38(6): 567-572; 2003. 

208. Nakagawa, M.;Sakamoto, N.;Tanabe, Y.;Koyama, T.;Itsui, Y.;Takeda, Y.;Chen, 
C. H.;Kakinuma, S.;Oooka, S.;Maekawa, S.;Enomoto, N.;Watanabe, M. 
Suppression of hepatitis C virus replication by cyclosporin a is mediated by 
blockade of cyclophilins. Gastroenterology 129(3): 1031-1041; 2005. 

209. Watashi, K.;Hijikata, M.;Hosaka, M.;Yamaji, M.;Shimotohno, K. Cyclosporin A 
suppresses replication of hepatitis C virus genome in cultured hepatocytes. 
Hepatology 38(5): 1282-1288; 2003. 

210. Yano, M.;Ikeda, M.;Abe, K.;Dansako, H.;Ohkoshi, S.;Aoyagi, Y.;Kato, N. 
Comprehensive analysis of the effects of ordinary nutrients on hepatitis C virus 
RNA replication in cell culture. Antimicrob Agents Chemother 51(6): 2016-2027; 
2007. 

211. Segal, B. H.;Leto, T. L.;Gallin, J. I.;Malech, H. L.;Holland, S. M. Genetic, 
biochemical, and clinical features of chronic granulomatous disease. Medicine 
(Baltimore) 79(3): 170-200; 2000. 

212. Schreck, R.;Rieber, P.;Baeuerle, P. A. Reactive oxygen intermediates as 
apparently widely used messengers in the activation of the NF-kappa B 
transcription factor and HIV-1. EMBO J 10(8): 2247-2258.; 1991. 

213. Zheng, Y. W.;Yen, T. S. Negative regulation of hepatitis B virus gene expression 
and replication by oxidative stress. J Biol Chem 269(12): 8857-8862.; 1994. 



 37

214. Bar-Peled, O.;Korkotian, E.;Segal, M.;Groner, Y. Constitutive overexpression of 
Cu/Zn superoxide dismutase exacerbates kainic acid-induced apoptosis of 
transgenic-Cu/Zn superoxide dismutase neurons. Proc Natl Acad Sci U S A 
93(16): 8530-8535; 1996. 

215. Lei, X. G.;Cheng, W. H. New roles for an old selenoenzyme: evidence from 
glutathione peroxidase-1 null and overexpressing mice. J Nutr 135(10): 2295-
2298; 2005. 

216. Morliere, P.;Santus, R. Pro-oxidant role of superoxide dismutase in ultraviolet-A-
induced lipid peroxidation in cultured normal human skin fibroblasts. Eur J 
Biochem 256(1): 184-189; 1998. 

217. Wenk, J.;Brenneisen, P.;Wlaschek, M.;Poswig, A.;Briviba, K.;Oberley, T. 
D.;Scharffetter-Kochanek, K. Stable overexpression of manganese superoxide 
dismutase in mitochondria identifies hydrogen peroxide as a major oxidant in the 
AP-1-mediated induction of matrix-degrading metalloprotease-1. J Biol Chem 
274(36): 25869-25876; 1999. 

218. Wild, A. C.;Mulcahy, R. T. Pyrrolidine dithiocarbamate up-regulates the 
expression of the genes encoding the catalytic and regulatory subunits of gamma-
glutamylcysteine synthetase and increases intracellular glutathione levels. 
Biochem J 338 ( Pt 3): 659-665; 1999. 

219. Gronbaek, K.;Sonne, J.;Ring-Larsen, H.;Poulsen, H. E.;Friis, H.;Bygum Krarup, 
H. Viral load is a negative predictor of antioxidant levels in hepatitis C patients. 
Scand J Infect Dis 37(9): 686-689; 2005. 

220. Ko, W. S.;Guo, C. H.;Yeh, M. S.;Lin, L. Y.;Hsu, G. S.;Chen, P. C.;Luo, M. 
C.;Lin, C. Y. Blood micronutrient, oxidative stress, and viral load in patients with 
chronic hepatitis C. World J Gastroenterol 11(30): 4697-4702; 2005. 

221. Cheung, R. C.;Chan, R. T.;Lok, A. S. Longitudinal study of hepatitis C viremia in 
chronic hepatitis C. J Med Virol 41(4): 338-342; 1993. 

222. Grant, P. R.;Black, A.;Garcia, N.;Prieto, J.;Garson, J. A. Combination therapy 
with interferon-alpha plus N-acetyl cysteine for chronic hepatitis C: a placebo 
controlled double-blind multicentre study. J Med Virol 61(4): 439-442; 2000. 

223. Look, M. P.;Gerard, A.;Rao, G. S.;Sudhop, T.;Fischer, H. P.;Sauerbruch, 
T.;Spengler, U. Interferon/antioxidant combination therapy for chronic hepatitis 
C--a controlled pilot trial. Antiviral Res 43(2): 113-122; 1999. 

224. Mahmood, S.;Yamada, G.;Niiyama, G.;Kawanaka, M.;Togawa, K.;Sho, M.;Ito, 
T.;Sasagawa, T.;Okita, M.;Nakamura, H.;Yodoi, J. Effect of vitamin E on serum 
aminotransferase and thioredoxin levels in patients with viral hepatitis C. Free 
Radic Res 37(7): 781-785; 2003. 

225. Neri, S.;Ierna, D.;Antoci, S.;Campanile, E.;D'Amico, R. A.;Noto, R. Association 
of alpha-interferon and acetyl cysteine in patients with chronic C hepatitis. 
Panminerva Med 42(3): 187-192; 2000. 

226. Shedlofsky, S. I. Role of iron in the natural history and clinical course of hepatitis 
C disease. Hepatogastroenterology 45(20): 349-355; 1998. 

227. De Franceschi, L.;Fattovich, G.;Turrini, F.;Ayi, K.;Brugnara, C.;Manzato, 
F.;Noventa, F.;Stanzial, A. M.;Solero, P.;Corrocher, R. Hemolytic anemia 
induced by ribavirin therapy in patients with chronic hepatitis C virus infection: 
role of membrane oxidative damage. Hepatology 31(4): 997-1004.; 2000. 



 38

228. Morisco, F.;Vitaglione, P.;Carbone, A.;Stingo, S.;Scarpati, S.;Ascione, 
A.;Marmo, R.;Fogliano, V.;Caporaso, N. Tomato-based functional food as 
interferon adjuvant in HCV eradication therapy. J Clin Gastroenterol 38(6 
Suppl): S118-120; 2004. 

229. Buettner, G. R.;Jurkiewicz, B. A. Catalytic metals, ascorbate and free radicals: 
combinations to avoid. Radiat Res 145(5): 532-541; 1996. 

230. Bukh, J.;Miller, R. H.;Purcell, R. H. Genetic heterogeneity of hepatitis C virus: 
quasispecies and genotypes. Semin Liver Dis 15(1): 41-63; 1995. 

231. Biebricher, C. K.;Eigen, M. What is a quasispecies? Curr Top Microbiol Immunol 
299: 1-31; 2006. 

232. Manrubia, S. C.;Escarmis, C.;Domingo, E.;Lazaro, E. High mutation rates, 
bottlenecks, and robustness of RNA viral quasispecies. Gene 347(2): 273-282; 
2005. 

233. Sherman, K. E.;Rouster, S. D.;Mendenhall, C.;Thee, D. Hepatitis cRNA 
quasispecies complexity in patients with alcoholic liver disease. Hepatology 
30(1): 265-270; 1999. 

234. Takahashi, K.;Takahashi, T.;Takahashi, S.;Watanabe, K.;Boku, S.;Matsui, 
S.;Arai, F.;Asakura, H. Difference in quasispecies of the hypervariable region 1 of 
hepatitis C virus between alcoholic and non-alcoholic patients. J Gastroenterol 
Hepatol 16(4): 416-423; 2001. 

235. Conaway, C. C.;Nie, G.;Hussain, N. S.;Fiala, E. S. Comparison of oxidative 
damage to rat liver DNA and RNA by primary nitroalkanes, secondary 
nitroalkanes, cyclopentanone oxime, and related compounds. Cancer Res 51(12): 
3143-3147; 1991. 

236. Mehta, S.;Levey, J. M.;Bonkovsky, H. L. Extrahepatic manifestations of infection 
with hepatitis C virus. Clin Liver Dis 5(4): 979-1008; 2001. 

237. Cardin, R.;Saccoccio, G.;Masutti, F.;Bellentani, S.;Farinati, F.;Tiribelli, C. DNA 
oxidative damage in leukocytes correlates with the severity of HCV- related liver 
disease: validation in an open population study. J Hepatol 34(4): 587-592.; 2001. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 39

 
 
 
 
Figure Legends 
 
Figure 1.  Role of HCV proteins in oxidative/nitrosative stress.  Genome organization 

of HCV showing the role of individual HCV proteins in the induction of 
oxidative/nitrosative stress.  Superscript numbers correspond to references. 

 
Figure 2.  HCV and alcohol metabolism in chronic hepatitis C 

* Refer to Figure 1 and the accompanying text for the mechanism of increased 
oxidative/nitrosative stress during HCV infection. 
 

Figure 3.  Proposed mechanisms of changes to HCV replication/viral titer by alcohol  
and reactive species. 
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