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a b s t r a c t

Hepatocellular carcinoma (HCC) is the most common liver cancer and a leading cause of cancer-related
mortality in the world. Hepatitis C virus (HCV) is a major etiologic agent of HCC. A majority of HCV
infections lead to chronic infection that can progress to cirrhosis and, eventually, HCC and liver failure.
A common pathogenic feature present in HCV infection, and other conditions leading to HCC, is oxidative
stress. HCV directly increases superoxide and H2O2 formation in hepatocytes by elevating Nox protein
expression and sensitizing mitochondria to reactive oxygen species generation while decreasing
glutathione. Nitric oxide synthesis and hepatic iron are also elevated. Furthermore, activation of
phagocytic NADPH oxidase (Nox) 2 of host immune cells is likely to exacerbate oxidative stress in
HCV-infected patients. Key mechanisms of HCC include genome instability, epigenetic regulation,
inflammation with chronic tissue injury and sustained cell proliferation, and modulation of cell growth
and death. Oxidative stress, or Nox proteins, plays various roles in these mechanisms. Nox proteins also
function in hepatic fibrosis, which commonly precedes HCC, and Nox4 elevation by HCV is mediated by
transforming growth factor β. This review summarizes mechanisms of oncogenesis by HCV, highlighting
the roles of oxidative stress and hepatic Nox enzymes in HCC.

& 2014 Elsevier Inc. All rights reserved.
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Introduction

Oxygen is essential for the life of aerobic organisms. During
aerobic respiration, O2 is reduced to H2O through a series of
electron transfer reactions occurring in mitochondria that drive
ATP synthesis. In addition, reactive oxygen species (ROS)1 are
formed. Although ROS are often associated with toxicity, not all
biological ROS generation is harmful, and ROS participate in
specific, reversible biochemical reactions in redox signaling. For
example, reversible thiol oxidation of protein tyrosine phospha-
tases and peroxiredoxins by H2O2 that produces cysteine sulfenic
acid intermediates is well characterized [1]. Even an overproduc-
tion of reactive species is not necessarily harmful and could confer
some benefit to the organism producing them. A clear example
would be the burst of superoxide anion (O2

d�) produced by NADPH
oxidase 2 (Nox2) in phagocytes during inflammation, which is
critical for the destruction of microbes within phagosomes;
absence of a functional Nox2 protein complex leads to chronic
and frequent infections, as well as dysregulated inflammation in
patients with chronic granulomatous disease [2]. Nevertheless,
aberrant levels of ROS that overwhelm the body's antioxidant
defenses can result in pathogenic changes and tissue injury, and a
shift in redox status is associated with diverse disease conditions.

Hepatitis C virus (HCV) is a major etiologic agent of severe liver
diseases, including cancer. HCV perturbs the host redox status by
increasing production of ROS and reactive nitrogen species (RNS),
and oxidative stress has emerged as a common pathogenic feature
in numerous in vitro and in vivo studies on HCV. Several sources of
ROS contribute to hepatic oxidative stress during HCV infection,
including hepatocyte and nonhepatocyte sources, and oxidative
stress is likely to contribute to HCV-associated liver cancer through
multiple mechanisms. This review summarizes the mechanisms of
hepatocarcinogenesis by HCV, highlighting the role of oxidative
stress and hepatic Nox enzymes in hepatocellular carcinoma
(HCC).

Hepatocellular carcinoma

HCC is a malignant epithelial tumor of the parenchymal liver
cell that accounts for 70–85% of primary liver cancers [3].
A majority of HCC cases occur in developing countries, with the
highest prevalence in sub-Saharan Africa and eastern Asia. HCC
rates are low in developed countries, with the exception of Japan.
HCC is the second leading cause of cancer-related mortality in the
world [4]. Disease prognosis is poor; 5-year survival rates of �11%
have been reported, even in developed countries [5–7]. Unlike
many cancers that have declined over the years, HCC is still on the
rise [8]. In the United States, the incidence rates of HCC tripled in
both men and women from 1995–1997 to 2005–2007; death rates

for liver cancer also increased [9]. Increases in HCC incidence rates
were most prominent among Hispanic, black, and white middle-
aged men between 2000 and 2005 [9,10]. Higher overall HCC
incidence and mortality rates were also found among Asians/
Pacific Islanders compared to other groups tested, indicating
significant health disparities among populations [9]. A 10-fold
increase in the prevalence of HCC was reported among U.S.
military veterans with HCV infection from 1996 to 2006 [11]. In
2009, 22,620 new cases of liver and intrahepatic bile duct cancers
and 18,160 deaths were estimated in the United States [8]. World-
wide, an estimated 748,300 new liver cancer cases and 695,900
liver cancer-related deaths occurred in 2008 [12].

Risk factors for HCC include viral hepatitis, alcohol abuse,
aflatoxin exposure, and obesity, as well as nonalcoholic fatty liver
disease [4]. Among these, viral hepatitis is the most important risk
factor for HCC; together, hepatitis B virus (HBV) and HCV are
responsible for 78% of HCC worldwide [13]. Although the highest
rates of HCC are found in areas where HBV is endemic, the
increasing incidence of HCC, particularly in developed countries,
has been largely attributed to the prevalence of HCV infection. For
example, HCV infection is found in approximately 80% of HCC
cases in Japan and about half of HCC cases in the United States
[14,15]. Unlike HBV, for which there is a vaccine, there is no
vaccine that can prevent the spread of HCV infection, and this is
probably contributing to the rising incidence of HCV-associated
HCC. The odds ratio for developing HCC is 11.5 among
HCV-infected individuals [16].

HCV induces HCC

HCV is an enveloped, positive-sense RNA virus of the Flavivir-
idae family that was discovered in 1989 [17]. HCV is transmitted
through blood, and common risk factors for HCV infection include
having received blood, blood products, or organs before 1992;
injection drug use; birth to an infected mother; sex with an
infected person; and occupational exposure. A majority of HCV-
infected individuals do not clear the virus and become chronically
infected. It is estimated that approximately 170 million individuals
are chronically infected with HCV worldwide, including 4 million
in the United States [18,19]. Baby boomers, or people who were
born between 1945 and 1965, are more likely to have hepatitis C
than others; a National Health and Nutrition Examination Survey
estimated that among the noninstitutionalized, civilian U.S. popu-
lation who had chronic HCV infection, approximately 66% were
baby boomers who would now have been living with chronic
hepatitis C for several decades [20]. It has also been estimated that
approximately 50% of individuals with chronic HCV infections are
undiagnosed in the United States [20].
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