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Abstract

Hepatitis C virus (HCV) is one of the main etiological
factors responsible for liver disease worldwide. It has
been estimated that there are over 170 million people
infected with HCV worldwide. Of these infected indi-
viduals, approximately 75% will go on to develop a
life long necroinflammatory liver disease, which over
decades, can result in serious complications, such as
cirrhosis and hepatocellular carcinoma. Currently there
is no effective vaccine and whilst antiviral therapies
have been improved, they are still only effective in ap-
proximately 50% of individuals. HCV infection stands
as a major cause of global morbidity and suffering,
and places a significant burden on health systems. The
second highest cause of liver disease in the western
world is alcoholic liver disease. Frequently, HCV in-
fected individuals consume alcohol, and the combined
effect of HCV and alcohol consumption is deleterious
for both liver disease and response to treatment. This
review discusses the impact of alcohol metabolism on
HCV replication and the negative impact on interferon
(IFN)-a treatment, with a particular focus on how al-
cohol and HCV act synergistically to increase oxidative
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stress, ultimately leading to exacerbated liver disease
and a reduction in the efficacy of IFN-o treatment. A
better understanding of the complicated mechanisms
at play in hepatocytes infected with HCV and metabo-
lizing alcohol will hopefully provide better treatment
options for chronic hepatitis C individuals that consume
alcohol.
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INTRODUCTION

Hepatitis C virus (HCV) has emerged as a significant hu-
man pathogen worldwide and is now the most common
cause of significant liver disease in many countries'.
Although the disease is typically not severe in the acute
phase, more than 70% of infected individuals develop
a petsistent infection that, over the course of 2-3 de-
cades, can result in progressive hepatic fibrosis and loss
of functioning hepatocyte mass™Y. A proportion of
infected individuals will develop cirrhosis and eventu-
ally hepatocellular carcinoma (HCC)™”. This progressive
liver disease is thought to arise as a result of the chronic
inflammatory response to clear HCV infected hepato-
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cytes, resulting in an environment that is favorable for
the fibrogenic processm.

There are numerous clinical studies that suggest a
strong epidemiological link between the consumption
of alcohol and accelerated liver disease in HCV infected
individuals”™”. The majority of alcohol metabolism takes
place in hepatocytes, which is also the primary site of
HCV replication, and thus it is logical that interactions
between the two will occut, both at the clinical and mo-
lecular level. The majority of studies have concluded
that HCV infected individuals that consume alcohol
show a strong propensity for accelerated liver disease,
and that alcohol metabolism and concurrent HCV infec-
tion act synergistically to facilitate this rapid disease pro-
gressionw’“]. In fact, excessive alcohol consumption is
now a recognized co-factor in liver disease progression,
and persons infected with HCV are recommended to
limit their alcohol intake!”. Despite strong epidemiologi-
cal evidence, the molecular mechanisms by which alco-
hol consumption exacerbates chronic hepatitis C (CHC)
remain unclear. Furthermore, the interactions between
alcohol metabolism, HCV, and the host antiviral immune
response are also unknown. Clearly, the relationship be-
tween alcohol and HCV is complex, and the mechanisms
responsible for accelerated disease progression are most
likely not related to a single factor, but are the result of
alterations to hepatocyte homeostasis, production of cy-
tokines, and modification of the immune system.

This review will focus on the role that alcohol me-
tabolism has on HCV RNA replication and discuss the
potential molecular mechanisms responsible, with a pat-
ticular focus on oxidative stress. The effect of alcohol on
interferon (IFN)-o action and its modulation of signal
transduction pathways will also be discussed.

ALCOHOL CONSUMPTION ACCELERATES
HCV RELATED LIVER DISEASE

One of the first reports documenting the role of alco-
hol consumption on CHC progression was published
by Seeff ez al”' in which they reported that two thirds
of HCV positive patients that died from end stage liver
disease were chronic consumers of alcohol. Poynard
et al” extended this study, showing that the consumption
of 50 g/d of alcohol increased the rate at which fibrosis
progresses in HCV infected individuals. They also iden-
tified three independent risk factors that were associated
with increased rates of fibrosis: age greater than 40 years
at time of infection, being male, and consuming more
than 50 g of alcohol per day. At the virological level,
Pessione ¢ a/” found a direct dose dependent correla-
tion between increasing HCV RNA levels and increas-
ing levels of alcohol consumption. The mechanism for
this increase was not established, but it was postulated
that the increase in HCV RNA could be due to a direct
effect of alcohol increasing viral replication or through
reduced clearance of the virus by the immune system.
One of the most comprehensive studies investigating
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the effect of alcohol on HCV disease progression was
performed by Corrao ef al” | in which they studied a
large cohort of 417 patients. The most striking finding
of this study was a comparison of the associated risk
factors for developing cirrhosis between HCV infected
patients that abused alcohol and those that abstained.
The risk factor for developing cirrhosis in patients that
were HCV positive but did not consume alcohol was
9, compared to a significantly higher risk factor of 147
for those patients that abused alcohol. This study added
further weight to the hypothesis that HCV and alcohol
metabolism synergistically contribute to exacerbated
liver disease.

There have been a number of studies that have doc-
umented a clear link between excess alcohol consump-
tion and an increased risk of HCC development. It has
been suggested that HCV infected individuals that con-
sume alcohol show a 100-fold inctrease in their risk of
developing HCC""™. Clearly, chronic consumption of
alcohol in HCV infected individuals is a dangerous mix,
with significant clinical implications.

ALCOHOL AND HCV INDUCE OXIDATIVE
STRESS

Reactive oxygen species (ROS) are defined as small
highly reactive oxygen-containing molecules that cause
oxidative stress when the rate at which they are pro-
duced is greater than the rate at which they are removed,
leading to a disturbance in the pro-oxidant/anti-oxidant
balance. Cytochrome P450-2E1 (CYP2E1) metabolism
of alcohol stimulates the microsomal production of
ROS, such as superoxide anions (O2"), hydroxyl radicals
(OH), 1-hydroxyethyl radicals (CH:CHOH), lipid hy-
droperoxides (LOOH), and (when iron levels increase
due to alcohol metabolism) the production of ferryl
radicals"”. Oxidative stress can potentially lead to cellu-
lar damage that can play a role in a variety of pathologi-
cal conditions™. The generation of hepatic oxidative
stress in CHC is now well established, and most likely a
consequence of HCV proteins disrupting mitochondrial
and hepatocyte organelle function, in addition to the
inflammatory response directed towards HCV infected
hepatocytes. Under normal conditions, oxidative stress
exists in a state of equilibrium with cellular antioxidants
that scavenge ROS and prevent cellular injury. However,
when cellular antioxidant mechanisms ate overwhelmed
through chronic oxidative stress or disease processes,
oxidative stress production continues unchecked, with
pathological consequences. This chronic exposure of
the liver to oxidative stress in CHC has significant clini-
cal implications, as it is well documented that oxidative
stress is a mediator of hepatic inflammation, fibrosis,
and the development of HCCP,

One of the most significant mediators of oxida-
tive stress in the liver is the metabolism of alcohol by
the enzyme CYP2E1. Metabolism of alcohol can also
occur pia the other main alcohol metabolizing enzyme
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alcohol dehydrogenase (ADH). Whilst ADH-mediated
metabolism of alcohol does produce ROS, CYP2E1-
mediated metabolism of alcohol produces levels of ROS
that greatly exceed that of the ROS produced by ADH.
Alcohol metabolism not only directly produces ROS,
but it also creates an environment that is favorable for
oxidative stress. It is becoming increasingly clear that
oxidative stress plays a prominent role in the pathogen-
esis of alcohol-induced liver disease™ and CHCP'. 1t is
therefore not difficult to envisage the potentially explo-
sive situation where oxidative stress produced by HCV
and alcohol leads to a synergistic exacerbation of liver
disease.

HCV INFECTION INDUCES A STATE OF
OXIDATIVE STRESS

While clinical studies have suggested that markers of
oxidative stress are increased in CHC, it was the devel-
opment of mice transgenic for the HCV core protein
that clearly demonstrated that HCV directly induces a
state of oxidative stress™. Mice expressing either the
HCV core or the complete HCV polyprotein developed
pathologies consistent with those observed in human
HCV infection™] such as steatosis and development
of HCC. Prior to HCC development, the HCV core-
expressing mice showed a marked increase in lipid
peroxidation and activation of the anti-oxidant system,
suggesting that the expression of HCV core is sufficient
to induce oxidative stress in the mouse liver and initiate
HCC through DNA damage and modulation of signal-
ing cascades™. Tt was subsequently shown 7z vitro that
HCV core expression results in increased generation of
ROS and expression of antioxidant enzymes™ . Mech-
anistically, it was shown that this increase in oxidative
stress was due to interactions between HCV core and
destabilisation of the mitochondrial electron transport
chain and that this was further enhanced in the presence
of alcohol™”,

In addition to the core protein, the HCV nonstruc-
tural protein non-structural 5A (NS5A) has also been
demonstrated to increase cellular ROS, albeit through
a different mechanism to that of the HCV core. HCV
NS5A localizes to the endoplasmic reticulum (ER) and
lipid droplets, and is part of the HCV replication com-
plex that results in the formation of altered cytoplasmic
membrane structures, known as the membranous web.
It has been postulated that this change in the membrane
structure results in ER stress and the unfolded protein
response, leading to the release of ER Ca’* stores and
resulting in the formation of oxidative stress™. Expres-
sion of ectopic NS5A results in oxidative stress, and
NS5A-induced transcriptional activation can be blocked
by the treatment of cells with the free radical scavenges
pyrrolidine-2,4-dicarboxylate acid and N-acetyl-cysteine
(NAC)P!!, suggesting that NS5A induces a state of oxida-
tive stress in the cells. However, these studies should be
interrupted with caution, as they are reliant on ectopic
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over-expression of HCV proteins in the absence of the
complete repertoire of HCV proteins and RNA replica-
tion. However, Huh-7 cells harboring the HCV replicon
do induce a state of oxidative stress” . Thus, it is logical
to hypothesize that HCV replication and alcohol me-
tabolism lead to a synergistic increase in hepatic oxidative
stress that contributes to accelerated liver disease.

ALCOHOL MODULATES HCV
REPLICATION

As previously outlined, there is clinical evidence to sug-
gest that alcohol metabolism increases HCV replication
and modulates the host response to HCV™"™. While the
exact molecular mechanisms are uncleat, there have been
a number of postulated mechanisms, such as (1) an al-
cohol-induced increase in HCV RNA replication; (2) en-
hancement of HCV quasispecies complexity; (3) modu-
lation of the immune system; and (4) synergistic increase
in ROS. However, pinpointing the precise mechanism
of how alcohol and HCV interact in the laboratory has
been hampered by the lack of a small animal model of
HCV pathogenesis and, until recently, the inability to
culture the virus. However, the recent development of
a fully permissive cell culture system for HCV has been
a significant advancement for the study of HCV biol-
ogym]. This is further compounded by the fact that he-
patocyte-derived cell lines (including the Huh-7 cell line
that is permissive for HCV replication) do not express
the alcohol metabolizing enzymes ADH and CYP2E1
in culture. However, numerous studies have been con-
ducted using non-CYP2E1/ADH hepatocyte detived
cell lines to determine the impact of alcohol on HCV
replication, often with conflicting conclusions. To over-
come this limitation, hepatocyte derived cell lines have
been engineered to express CYP2E1", including Huh-7
cell lines that support HCV replication and metabolize
alcohol™. These cells provide a useful tool to study the
molecular interactions between alcohol metabolism and
HCV.

There are conflicting reports surrounding the role
of alcohol metabolism on HCV replication in vitro,
which most likely reflects the different model systems
used in different laboratories. Using HCV replicon cell
lines that constitutively express CYP2E1 (replicon cells
constitutively replicate HCV RNA under the control of
an antibiotic selection marker, but do not produce in-
fection virus particles), it was shown that physiological
concentrations of alcohol (0-100 mmol/L) resulted in a
CYP2E1-dependent increase in HCV RNA levels, 72 h
following alcohol stimulation”. This alcohol-induced
increase in replication was blocked in the presence of
the anti-oxidant NAC, strongly suggesting that oxidative
stress plays a central role in this alcohol-induced effect.
Furthermore, consistent with the data suggesting that
HCV induces a state of oxidative stress alone, NAC
reduced HCV replication by 50% in both HCV repli-
con cell lines and Huh-7 cells infected with HCV cell
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culture derived virus (JFH-1) (Beard MR, personal com-
munication). Therefore, it is conceivable that HCV uses
oxidative stress to its replicative advantage. Moreover,
when the infectious HCV JFH-1 virus was used to infect
CYP2E1 expressing Huh-7 cells, treatment with alcohol
also resulted in a significant increase in HCV (JFH-1)
replication (Beard MR, personal communication). Col-
lectively, these results suggest that CYP2E1-mediated
metabolism of alcohol results in an increase of HCV
replication, at least 7z vitro, and are consistent with the
clinical observations described earlier. In contrast, CY-
P2E1-independent, alcohol-induced increases in HCV
replication have been reported using the HCV replicon
systcm[3
of acute ethanol exposure inhibits HCV replication
There are several methodological issues that explain
these apparent discrepancies. Firstly, Huh-7 cells are dif-
ferent between laboratories and it is possible that low
basal levels of CYP2E1/ADH exist. Secondly, there ate
significant differences in these studies in regards to ex-
perimental design that could account for the differences
noted. For example, significant differences may occur
depending on whether experimental conditions mimic
acute or chronic exposure to ethanol. Acute alcohol me-
tabolism results in a rapid increase in cellular ROS and it
is possible that this burst of oxidative stress can inhibit
replication™ . This correlates with unpublished find-
ings in our laboratory, where the treatment of HCV rep-
licon cells and HCVce (JFH-1) infected Huh-7 cells with
H:02, to induce an acute burst of oxidative stress, results
in a decrease in HCV replication, although chronic expo-
sure to alcohol increases HCV replication. We have also
shown in our laboratory that there is a bi-phasic effect
of alcohol metabolism on HCV replication, suggesting
that perhaps moderate levels of oxidative stress stimulate
replication whereas more pronounced levels of oxidative
stress could repress replicationml

The molecular mechanism whereby ROS modulates
HCV replication is unknown. However, ROS have the
ability to act as potent second messengers and activate
cellular transcription factors, such as STAT3, nuclear fac-
tor kB, NF-AT, and AP-1""", Interestingly, it has been
reported that ROS induced by HCV replication 7 vitro can
activate the transcription factor STAT3, which can, in turn,
lead to the stimulation of STAT3-dependent genes that
are capable of creating a cellular environment favourable
for HCV replication™. Our laboratory has also shown
this HCV/ROS increase in STAT3 activation. Expression
of a constitutively active STAT3 molecule increases HCV
replication, while conversely, specific inhibitors of STAT3
(AG490 and STA-21) cause significant decreases in repli-
cation (Beard MR, unpublished results). Cleatly, the role
of STAT3 and STAT3-dependent gene expression wat-
rants further investigation.

However, not all studies implicate ROS in the in-
crease in HCV replication following alcohol stimulation.
Seronello ef al*” suggested that metabolism of alcohol
modulates host lipid metabolism, thus, potentiating

> Conversely, it was shown that a single dose
[37)
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Figure 1 Proposed model of hepatitis C virus (HCV)/alcohol interactions
in hepatocytes. Metabolism of alcohol by cytochrome P450-2E1 (CYP2E1) and
HCV replication leads to a synergistic induction of oxidative stress in the cell.
Oxidative stress inhibits interferon (IFN)-o signalling and also leads to increased
rates of inflammation, cirrhosis, and hepatocellular carcinoma (HCC). NS5A:
Non-structural 5A; NF-xB: Nuclear factor «B; ROS: Reactive oxygen species.

HCV replication. Obviously, the interactions between
HCV and alcohol metabolism is a complex and multi-
factorial process (Figure 1), and further investigations
are required to ascertain the role of the alcohol-induced
modulation of HCV replication.

EFFICACY OF IFN-o. IN THE PRESENCE
OF ALCOHOL METABOLISM

IFN-0.2b/Ribavirin combination therapy is the cut-
rent and only treatment strategy for CHC. Whilst the
exact mode of IFN-q action is not well understood,
IFN-q, therapy is thought to result in the induction of
interferon-stimulated genes (ISGs), many of which have
antiviral activity. The binding of IFN to its cellular recep-
tor results in rapid autophosphorylation and activation of
receptor-associated Janus activated kinases (JAKs), TYK2
and JAK1, and activation of the JAK/STAT signal-
ing cascade™. TYK2 and JAK1 phosphorylate tyrosine
residues on the cytoplasmic tail of the receptor, this pro-
vides docking sites for the signal transducer and activator
of transcription (STATSs), which are latent cytoplasmic
transcription factors that transduce signals from the cell
surface to the nucleus, where they directly regulate tran-
scription. STAT1 is phosphorylated at tyrosine residue
701 (Y-701) and STAT?2 at tyrosine residue 690 (Y-690).
Once phosphorylated, STAT1 and STAT2 then form ac-
tive heterodimers and translocate to the nucleus where
they directly activate transcription iz the multi compo-
nent transcription factor ISG factor 3, which binds to
the interferon-stimulated response element (ISRE), a cis-
acting DNA element found in the promoters of the ma-
jority of type I IFN genes. Within the nucleus, STAT-1
is further phosphorylated on serine residue 727, resulting
in an increase in the transcriptional activation ability of
this complex. The end step of this signaling cascade cul-
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Anti-viral
Immunomodulato,

ISGF3 Growth
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Figure 2 IFN-a. signal transduction. Binding of IFN-o to its cognate receptor
on the cell surface results in activation of the Janus activated kinase (JAK)/
STAT signaling pathway culminating in the production of interferon-stimulated
genes (ISGs), many of which have anti-viral properties that act to limit HCV
infection. Alcohol inhibits Y701, decreases interferon-stimulated response
element (ISRE) activity, and subsequently dampens the ISG response.

minates in the transcriptional activation of hundreds of
ISGs. These produce anti-viral proteins capable of limit-
ing HCV replication in hepatocytes and modulating the
immune response (Figure 2). As mentioned previously,
it is a well established clinical observation that alcohol
consumption reduces the efficacy of IFN treatment!”.
The molecular basis that undetlies the reduced anti-viral
capacity of IFN-q in the presence of alcohol metabolism
remains to be established; however, evidence suggests
that alcohol might directly inhibit the actions of IFN-o
in patients at the signaling level.

In combination with the effect of alcohol on HCV
replication and accelerated disease progression, alcohol
metabolism also decreases the efficacy of IFN-q. Pa-
tients who consume alcohol do not respond effectively
to IFN-q therapy and for this reason alcohol consump-
tion is contraindicated during IFN-q, treatment. There
have been numerous studies confirming that alcoholics
do not respond well to IFN-q, therapy. Mochida e# al™”
showed that less than 10% of alcoholic patients re-
sponded to IFN-a therapy. Loguercio e# al™ showed a
direct relationship between alcohol consumption and
response to treatment, with the numbers of patients
achieving a sustained virological response decreasing as
alcohol consumption increased. Safdar e a/” recently
published their findings that alcohol abuse decreases
response to IFN treatment in HCV patients and there-
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fore, it is recommended that HCV infected patients ab-
stain from alcohol consumption whilst on treatment. A
number of studies have shown that alcohol metabolism
directly interferes with IFN signaling, indicating that the
consumption of alcohol could directly inhibit IFN-o
treatment in patients. However, there has been some
recent evidence indicating that the high non-compliance
rate of alcoholics adhering to treatment programs could
account for the reduced response rates of alcoholic pa-
tients in the literature”, Whilst this is certainly a contrib-
uting factor, it does not detract from the strong in vitro
data showing that alcohol has a direct inhibitory effect
on IFN-q signaling. These studies have implications not
only for IFN-q, treatment, but also for the activity of
endogenously produced type I and I IFN’s (IFN-q, 3,
and y, respectively) that might result in a weakened host
response to HCV infection.

ALCOHOL AND IFN-a SIGNALING

There are a number of reports investigating the effects
of HCV on IFN-q signaling, suggesting that HCV
negatively impacts on IFN-o signalingw‘m; however,
there are a limited number of studies investigating the
combined effects of HCV and alcohol metabolism on
IFN-a signaling. Insights into the effect of alcohol
metabolism on IFN-q signaling can be gleaned from
the study conducted by Osna e# 4l in which the ef-
fects of alcohol metabolism by ADH and CYP2E1 on
IFN-y signal transduction were investigated. This study
documented a decrease in STAT1 tyrosine phosphoryla-
tion in the presence of alcohol metabolism, suggesting
that alcohol can effectively dampen the IFN signaling
cascade. The most comprehensive study investigating
the effects of alcohol and HCV replication on IFN
signaling was conducted by Plumlee ez /*". This study
showed that acute treatment of HCV genomic replicon
cells with ethanol lead to the inhibition of the anti-HCV
effects of IFN and interestingly, caused a decrease in
STAT1 tyrosine phosphorylation, but induced STAT1
serine phosphorylation. This study also showed induc-
tion of ISRE promoter activity in the presence of
alcohol, which is somewhat contradictory to their find-
ing that IFN signaling was abrogated. It has also been
documented that the oxidative stress generated zia the
treatment of Huh-7 cells with H202, disrupted the JAK-
STAT signaling pathway specifically, by blocking STAT1,
STAT?2, JAK1, and TYK2 tyrosine phosphorylation””.
More recently it has been shown that alcohol metabo-
lism decreases the efficacy of IFN-q, ## vitro in genomic
replicon cells that express CYP2E1", In this study,
alcohol metabolism preferentially inhibited STAT1 tyro-
sine phosphorylation at residue 701 (Y701), the critical
residue required for STAT1 heterodimerisation with
STAT2". These findings suggest that a decrease in
STAT1-Y701 phosphorylation due to alcohol metabo-
lism would decrease downstream ISG expression and,
in part, explain the reduced efficacy of IFN-o in HCV
positive patients that consume alcohol. Consistent with
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this finding, a decrease in ISRE activity in the presence
P2 and a number
of anti-viral ISGs have been shown to be downregulated
by alcohol metabolism (Beard MR, unpublished find-
ings). Collectively, these studies suggest that alcohol can
specifically inhibit IFN-q at the molecular level.

Cleatly, the factors at play in the alcohol-induced
suppression of IFN signaling in the background of
HCV replication are multifactorial and complicated in
an infected patient. It is also possible that alcohol can
inhibit other components of the cellular innate immune
response, such as components of the cellular recognition
of viral pathogen-associated molecular patterns, and by
activation of the toll-like-receptor-3 and the retinoic acid-
induced gene-1 pathways. Another possibility is that alco-
hol might modulate SOCS-1 and -3, which are part of a
negative feedback loop that acts to suppress IFN-signal-
ing. It has been shown using a concanavalin-A model of
hepatitis in mice that activated STAT3 plays an important
role in inducing SOCS-3"Y. Interestingly, as outlined
previously, we have been able to demonstrate that both
alcohol metabolism and HCV replication are capable of
activating STAT?3, and it appears that this increase is due
to oxidative stress.

of alcohol metabolism was also observe

CONCLUSION

In summary, it is well established clinically that chronic al-
cohol consumption in the setting of CHC is a dangerous
combination leading to exacerbated liver disease. While
the factors that lead to increased liver disease are com-
plex, it seems that a common thread throughout many
investigations is the generation of oxidative stress by
both alcohol metabolism and HCV replication. Thus, it
is a logical conclusion that HCV and alcohol metabolism
act synergistically to accelerate disease progression via
oxidative stress. In an attempt to understand these pro-
cesses we have developed a model to portray these intet-
actions (Figure 1). Evidence suggests that this oxidative
stress synergy impacts on HCV replication and the anti-
viral action of IFN-q, although we are waiting for the
development of a small animal model to confirm these
in vitro observations. Defining the molecular mechanisms
and complex interactions between HCV and alcohol will
further our understanding of the pathogenic role alcohol
plays in CHC development and hopefully lead to novel
therapeutic strategies and patient management.
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