Journal of Environmental Pathology, Toxicology and Oncology, 36(2):171-190 (2017)

Hepatocellular Carcinoma and Possible Chemical
and Biological Causes: A Review

Pinar Erkekoglu,>* Didem Oral,2 Ming-Wei Chao,’ & Belma Kocer-Gumusel?

aHacettepe University, Faculty of Pharmacy, Department of Toxicology, Ankara, Turkey; ®°Chung Yuan Christian
University, Department of Bioscience Technology, Zhongli district, Taoyuan, Taiwan

*Address all correspondence to: Pinar Erkekoglu, Hacettepe University, Faculty of Pharmacy, Department of Toxicology, 06100 Ankara, Turkey,

E-mail: erkekp@yahoo.com

ABSTRACT: The development of hepatocellular carcinoma (HCC) is a multistep process. In HCC, progres-
sive and morphologically distinct preneoplastic lesions/alterations associated with chronic liver injury, in-
flammation, hepatocellular degeneration/regeneration, necrosis, and small-cell dysplasia can be observed.
The incidence of HCC exhibits regional and ethnic differences. Several cytotoxic and DNA-damaging chemi-
cals are suggested to be the underlying causes of HCC—for example, acrylamide, perfluorooctanoic acid
(PFOA), polychlorinated biphenyls (PCBs), benzo(a)pyrene (BaP), perfluorinated chemicals (PFCs), vi-
nyl chloride monomer (VCM), and dietary contaminants (aflatoxins, ochratoxins). Also suggested are sub-
stances of abuse (alcohol) and biological agents, such as hepatitis B and C and human immunodeficiency vi-
rus 1 (HIV-1). These can act through genetic and/or epigenetic mechanisms. This review will shortly address
the genetic and epigenetic mechanisms of HCC and focus on cytotoxic and DNA-damaging chemicals and
biological agents, exposure to which are suggested to lead to HCC initiation, promotion, and/or progression.
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I. INTRODUCTION

Primary liver cancers include hepatocellular car-
cinoma (HCC), intrahepatic choloangiocarcinoma
(bile duct cancer), angiosarcoma/hemangiosarcoma,
and hepatoblastoma.! Angiosarcoma and heman-
giosarcoma are rare cancers. About 10% to 20% of
liver cancers encountered in clinics are intrahepatic
cholangiocarcinoma, which starts in the small bile
ducts.> Hepatoblastoma is a very rare liver cancer
that develops especially in children who are younger
than four years old. HCC is the most common type
of liver cancer in adults, the sixth most common
cancer worldwide, and the third most common fac-
tor leading to cancer deaths worldwide because of
its high malignancy and lack of effective medical
therapy. The incidence of HCC exhibits a regional
divergence.’ Additionally, diverse etiological fac-
tors may affect HCC incidence.*

Hepatocellular carcinoma typically results from
chronic liver inflammation followed by fibrosis or
cirrhosis. Studies have demonstrated that several
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risk factors may cause liver cancers (Table 1).27
Symptoms of fatty liver, liver fibrosis, liver cirrho-
sis, and liver cancer are given in Fig. 1.

This review focuses on mechanisms involved
in the development of HCC and the association of
HCC with exposure to cytotoxic and DNA-damag-
ing chemicals, dietary contaminants, and biological
agents.

Il. DEVELOPMENT OF HEPATOCELLULAR
CARCINOMA

The development of HCC is a multistep process and
determined with progressive and morphologically
distinct preneoplastic lesions/alterations. These le-
sions are associated with chronic liver injury, in-
flammation, hepatocellular degeneration/regenera-
tion, necrosis, and small-cell dysplasia which can
be followed by low- and high-grade dysplastic nod-
ules.

Reactive oxygen species (ROSs) are generated
constantly as a consequence of metabolic and other
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TABLE 1: Risk factors for liver cancers
Biological agents (hepatitis B, hepatitis C)

Erkekoglu et al.

Chronic infections (viral hepatitis, infections with parasites, etc.)

Cirrhosis, primary biliary cirrhosis

Cytotoxic and DNA-damaging chemicals (vinyl chloride, arsenic, acrylamide, polychlorinated biphenyls,

perfluorinated chemicals, etc.)

Dietary contaminants (aflatoxins, ochratoxins)
Gender

Inherited metabolic diseases

Nonalcoholic fatty liver disease

Obesity

Race/ethnicity

Substances of abuse (heavy alcohol use)
Tobacco use

Type 2 diabetes

biochemical reactions and external factors. On the
other hand, it is apparent that chronic inflamma-
tion, fibrosis, and cirrhosis cause the generation
of ROSs within the liver. ROSs can additionally
enhance the damaging effects of carcinogenetic
xenobiotics. During the progression stage of car-
cinogenesis, ROSs can directly induce cell growth
because of cytotoxicity and later uncontrolled pro-
liferation.” Moreover, a variety of chronic inflam-

Fatty liver

fatigue
vague abdominal discomfort
poor appetite

Liver cirrhosis

matory diseases and chronic exposure to chemi-
cals may contribute to the oxidative stress-induced
DNA lesions that can lead to cancer susceptibil-
ity.!” For example, both hepatitis B and hepatitis
C infections are linked with enhanced ROS/RNS
levels and decreased antioxidant levels.’

Studies have shown that the development of
HCC is caused by complex polygenetic, multipa-
thway, and/or epigenetic alterations.* Genetic and

Liver cancer

weight loss
decrease in appetite
nausea and vomiting
general weakness and/or fatigue

weight loss fever
abdominal pain pain
weakness enlarged liver (hepatomegaly)
confusion. fatigue splenomegaly
bleeding and bruising easily abdominal swelling (ascites)
itchy skin Jaundice
Jaundice

splenomegaly
fluid accumulation in your abdomen (ascites)
loss of appetite
nausea
esophageal varices

Liver fibrosis

white, chalky stools
hypercalcemia
hypoglycemia
erythrocytosis
hypercholesterolemia
gynecomastia

swelling of legs
weight loss
confusion, drowsiness and slurred speech (hepatic encephalopathy)

mostly no obvious signs/symptoms
liver failure
portal hypertension

spiderlike blood vessels on skin
redness in the palms of the hands
testicular atrophy in men

gynecomastia
acute kidney injury

FIG. 1: Symptoms of fatty liver, liver fibrosis, liver cirrhosis, and liver cancer
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epigenetic pathways in the development of HCC
are briefly discussed next.

A. Genetic Mechanisms

Oxidative stress occurs when ROS levels exceed
the cell’s natural antioxidant defense mechanism.
Increased intracellular ROS concentrations may
contribute to hepatic DNA lesions. The main oxi-
dative DNA lesions are base alterations (deletions,
insertions, transversions, and transions), abasic
sites, single-strand DNA breaks (SSBs), double-
strand DNA breaks (DSBs), DNA adducts, sugar
moiety modifications, frame shift mutations, and
chromosomal aberrations.!" These changes can all
be underlying factors for different diseases and
cancers, including cancers of liver.'*!* ROSs can
also damage specific genes, such as those related to
cell growth and tumor suppression. Moreover, oXi-
dative stress can lead to alterations in other macro-
molecules, such as proteins and lipids.'*"

DSBs are the most dangerous type of DNA
damage because they can induce gene mutations,
chromosomal aberrations, and cell transforma-
tion." They can occur spontaneously or can be
induced by chemical agents, ionizing radiation,
radiomimetic chemicals, or ROSs.'!” DSBs are
major causes of some cancer types. In liver cancer,
DSB repair defects have particular importance.
DSB repair gene XRCC7 polymorphisms seem to
be substantial in the development of HCCs. 8

Cellular signaling alterations are also very
important in the outcome of HCCs. Different sig-
naling cascades have been identified in HCC by
experimental studies and signaling pathway—based
research. Retinoblastoma 1 (Rb1), p53, epidermal
growth factor (EGF), and WNT/B-catenin are the
most affected pathways in this process. The p53/
ARF pathway controls mechanisms such as cell
cycle arrest, apoptosis, and DNA repair.'*!® Tang
et al. (1998) suggested that the pS3/CDKN2 mu-
tation or overexpression of H-Ras or epidermal
growth factor receptor (EGFR) is associated with
the invasiveness and reoccurrence of HCC." So-
matic mutations in the B-catenin gene can induce
liver tumorigenesis and dysregulation of the Wnt/
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B-catenin pathway. Additionally, during hepatic tu-
mor progression, J-catenin activation can generate
a special genetic modification in cooperation with
several oncogenes such as Myc and Ras.?

Different researchers have reported that the
overexpression of members of the Ras oncogene
family, such as HRas, are the common mutations
in HCC.?'?? Experimental studies have demon-
strated that genes such as Myc, EGF, transform-
ing growth factor a (TGFA), and phosphatase and
tensin homolog (PTEN) also have major roles in
HCC initiation. TGFA is an important paracrine
activator of EGF signaling in HCC and contributes
to proliferation and invasion of tumor cells.?> EGF
signaling, on the other hand, is one of the key driv-
ers in HCC. Evidence has shown that the specific
single nucleotide polymorphism of the EGF gene
has a major role in HCC.*

B. Epigenetic Mechanisms

Several studies have reported that genetic and epi-
genetic events affect each other and trigger differ-
ent types of tumorigenesis.* Major tumor drivers
in HCC are the following: global changes in DNA
methylation (genome-scale alterations in the DNA
methylation landscape, loci-specific DNA hyper-
methylation, DNA hypomethlation, dysfunction
of histone-modifying enzymes, and alterations in
CpG island methylation profiles); histone modifi-
cations and alterations in the chromatin structure
(chromatin remodeling and compaction); and
alterations in transcription factors, microRNAs
(miRNAs), and noncoding RNAs (ncRNAs).*
The importance of epigenetics in HCC has been
revealed in the last decade, and a limited number
of studies (compared to genetic studies) have been
performed. Most of these studies have focused on
DNA methylation, whereas histone modifications
and changes in RNA profiles have yet to be widely
studied.

DNA hypomethylation, especially progres-
sive loss of cytosine DNA methylation, is sub-
stantial in the conversion of normal cells to tumor
cells. Chappell et al. (2014) showed that epigen-
etic changes are crucial in the early development
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of HCC, particularly if fibrosis and/or cirrhosis is
present.® Yamada et al. (2005) showed that DNA
hypomethylation causes the development of mul-
tiple liver tumors in mice. Thus, hypermethylation
of promoter CpG islands and global hypomethyl-
ation of repeats can cause additional tumor-pro-
moting changes.”® Shen et al. (2012) performed a
genome-wide methylation study mainly on HBV-
induced HCC (79% of tumors studied) and com-
pared tumor and adjacent tissue DNA methylation
profiles. They identified 1,640 hypomethylated
and 684 hypermethylated CpGs in the tumors.”
Using a similar study approach, Song et al. (2015)
reported that 62,692 loci displayed differential
methylation between HCC and surrounding tissue,
of which 61,058 were hypomethylated (CCL20,
ATK3, SCGB1D1, WFDC6, and PAX4) in HCC
patients (n = 27), while a small number of genes
(DAB2IP, BMP4, ZFP41, SPDY 1, and CDKN2A)
were found to be hypermethylated.”® In a more
comprehensive work, Nishida et al. (2012) identi-
fied eight hypermethylated tumor suppressor genes
(HIC1, GSTP1, SOCS1, RASSF1, CDKN2A,
APC, RUNX3, and PRDM?2) in the early stages of
HCC, which were associated with a shorter period
for the occurrence of HCC.”

A limited number of studies in the literature
have reported histone methylation alterations in
HCC. Cai et al. (2011) showed that high levels
of trimethylated histone H3 lysine 4 (H3K4me3),
which is associated with transcriptional repression,
correlate with worse prognosis of HCC.*® In addi-
tion, H3K4me3 levels were closely associated with
aggressive tumor features (vascular invasion, large
tumor size, multiplicity of tumors, and poor dif-
ferentiation). He et al. (2012) also determined that
reduced overall survival and poor prognosis were
associated with high levels of H3K4me3.?!

EZH2 is a methyltransferase that mediates
gene silencing by trimethylating histone H3 ly-
sine 27 (H3K27).>* Elevated expression of EZH2
has been reported in different cancers (e.g., breast,
prostate).?33* EZH2 knockdown in liver cancer cell
lines was shown to reduce the repressive H3K-
27me3 marker, leading to re-expression of a dis-
tinct subpopulation of tumor suppressor miRNAs
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(miR-139-5p, miR-125b, miR-101, let-7c, and
miR-200b), which control motility and adhesion.*
Another study showed that EZH2 knockdown
strongly inhibits the proliferation of Dlk+ hepatic
progenitor cells, promoting and fastening their dif-
ferentiation into hepatocytes.** Additionally, Wang
et al. (2013) reported that c-Myc together with
EZH2 silenced tumor-suppressive miRNAs. This
silencing targeted the PRC2 complex in turn and
caused the overexpression of EZH2 in HCC.”’

lll. AGENTS THAT MAY CAUSE
HEPATOCELLULAR CARCINOMA

HCC most often occurs as a result of chronic liver
inflammation, fibrosis, cirrhosis, impairment of
metabolism, viral infections, and toxic damage.
Several environmental chemicals and biological
and physical agents can be underlying causes of
liver cancer because of their ability to induce ge-
netic and epigenetic modifications.*!*

Epidemiological studies show that the promi-
nent risk factors for HCC are the following: (1)
chemical agents such as acrylamide, polychlori-
nated biphenyls (PCBs), benzo(a)pyrene (BaP),
perfluorinated chemicals (PFCs) including perflu-
orooctanoic acid (PFOA), and vinyl chloride; (2)
dietary contaminants (aflatoxins, ochratoxins); (3)
alcohol abuse; and (4) chronic infections such as
hepatitis B and C virus and human immunodefi-
ciency virus 1 (HIV-1).#3%3° The agents and/or con-
ditions that cause ROSs and their consequences are
given in Fig. 2.

A. Chemical Agents

Chemical and biological agents that may cause
fatty liver, liver fibrosis, liver cirrhosis, and liver
cancer are given in Fig. 3. Some of these agents are
explained next.

1. Acrylamide
Acrylamide is an industrial chemical that is pro-

duced in high volumes. It is used in wastewater
treatment; in adhesive agents, cement slurry, and
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Biological agents
(viruses, bacteria, fungi
and metabolites)

Hypoxia

Chemicals
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!
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Activation of oncogenes
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Suppression of tumor suppressor genes

Aging
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FIG. 2: Agents and/or conditions that cause ROS generation and its consequences

cosmetics; and in laboratories.*” Additionally,
acrylamide can be formed from food components
during heat treatment as a result of the Maillard re-
action between amino acids and reducing sugars.*!
High levels of acrylamide have been detected in
several foods, such as baked potatoes, french fries,
and coffee. 04243

Acrylamide is neurotoxic to human and labo-
ratory animals and is classified as a group 2A car-
cinogen by the International Agency for Research
on Cancer (IARC).*** Following oral intake, the
liver is the initial site of acrylamide metabolism;
thus acrylamide is found at high concentrations in
the liver. Acrylamide is metabolized to glycidam-
ide by cytochrome p450 2E1 (CYP2E1).*® Several
researchers have reported that acrylamide and gly-
cidamide have clastogenic and mutagenic proper-
ties.*

Jiang et al. (2007) studied the genotoxicity
of acrylamide in HepG2 cells and measured the
level of intracellular ROSs. They observed that
acrylamide induced a significant, dose-dependent
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increase in intracellular ROS generation. They
also found that the nuclei of acrylamide-treated
cells exhibited strong positive staining for 8-hy-
droxy-2’-deoxyguanosine (8-OHdG). The staining
of 8-OHdG was more prominent when the acryl-
amide dose was increased. The researchers also de-
termined DNA damage in HepG2 cells by Comet
assay and showed that acrylamide induced DNA
damage in a dose-dependent manner.*®

The upregulation of CYP2E1 can lead to an
increase in acrylamide biotransformation. It is evi-
dent that ethanol can lead to an increase in CYP2E1
expression and activity. Lamy et al. (2008) evalu-
ated the genotoxicity of acrylamide in HepG2 cells
using Comet assay and examined the modulatory
effects of ethanol on acrylamide-induced DNA
migration. They observed that acrylamide induced
significant increases in DNA migration. Addition-
ally, after ethanol treatment and subsequent acryl-
amide exposure, DNA migration was enhanced
almost twofold compared to cells treated with
acrylamide alone. Consequently, the researchers
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FIG. 3: Chemical and biological agents that may cause fatty liver, liver fibrosis, liver cirrhosis, and liver cancer

suggested that ethanol exposure of HepG2 cells
results in increased of CYP2E1 activity and that
CYP2E1-mediated transformation of acrylamide
to glycidamide might increase DNA damage in
HepG2 cells.*

2. Polychlorinated Biphenyls

Polychlorinated biphenyls (PCBs) are environ-
mental pollutants that are commonly used in in-
dustrial applications. However, their use was
banned by the U.S. Congress in 1979 and by the
Stockholm Convention on Persistent Organic Pol-
lutants in 2001 because of their high toxicity and
high persistence in the environment.*® Studies have
demonstrated that PCBs cause serious toxic effects
such as cardiotoxicity, immunotoxicity, reproduc-
tive toxicity, neurotoxicity, and hepatotoxicity.**
The IARC classified PCBs as group I carcinogens
in humans.” According to the U.S. Environmen-

tal Protection Agency (EPA), PCBs cause cancer
in animals and are probable human carcinogens.*

PBCs are metabolized by CYP450 and by
peroxidases. Their metabolism leads to genera-
tion of quinone-type metabolites such as quinones,
semiquinones, and hydroquinones.*”* These me-
tabolites undergo oxidation reduction cycles which
cause the formation of ROSs. PCB biotransforma-
tion and the effects of PCB metabolites on apopto-
sis are schematized in Fig. 4.

Dong et al. (2014) treated HepG2 cells with
2,3,5-6-phenyl-(1,4)benzoquinone  (PCB29-pQ)
(010 uM). They demonstrated that PCB29-pQ
caused generation of 8-OHdG in a dose- and time-
dependent manner. In addition, it led to high levels
of y-H2AX, which is an indicator of DSBs. The
researchers suggested that the genotoxicity of
PCB29-pQ was associated with the generation of
ROSs in HepG2 cells.*®

Rocha de Oliveira et al. (2014) conducted a

Journal of Environmental Pathology, Toxicology and Oncology



Hepatocellular Carcinoma and Possible Chemical and Biological Causes: A Review

177

CYP450
uperfamily ™

S
]
I
I
]
]
!
]
I
I

]
I}
1
I
I
!
]
I
)
]
)
)

Activation of AhR

Activation of
caspase
cascade

1
PCBs @ ¥

l CYP450 hydrolase

OH-PCB ~
‘ enzymatic reactions/ ~
¥ autooxidation
quinones, semiquinones and hydroquinongs~

superoixide radical @~
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element.

study on four groups of male Wistar rats (n = 36):
control, quercetin (50 mg/kg/day), PCB mixture
(0.4 mL/kg/day), and PCBs + quercetin. After 25
days, the animals were euthanized. Thiobarbituric
acid reactive substances (TBARS) as an indica-
tor of lipid peroxidation, activities of antioxidant
enzymes, DNA damage (micronucleus assay), and
histological liver damage were determined. Liver
TBARS concentrations and superoxide dismutase
(SOD) activities were significantly higher in the
PCB group versus the PCB + quercetin group .
Hepatic catalase (CAT) and glutathione peroxidase
(GPx) activities decreased in the PCB group and
increased in the PCB + quercetin group. The histo-
logical analysis showed that PCB exposure caused
hepatic damage but that quercetin was protective
against the damage. The micronucleus test showed
an increase in the production of microclenuclei
compared to control, which quercetin was able to
reduce. The researchers concluded that PCBs lead
to increased lipid peroxidation and DNA damage
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and that the use of antioxidant quercetin is effec-
tive in reducing PCB-induced liver injury.’'
Al-Anati et al. (2015) analyzed the genotoxic
effects of PCB180 both in vitro and in vivo. Rats
were exposed to ultrapure PCB180 (10-1,000 mg/
kgBW) for 28 days to investigate the induction
of hepatic genotoxicity. DNA damage—signaling
proteins (pChk1Ser317 and yYH2AXSer319) were
found to be increased in female rats. This increase
was compatible with increasing levels of the me-
tabolite 3’-OH-PCB180. The most sensitive mark-
er was pChkl1. In in vitro studies, HepG2 cells were
exposed to PCB180 (1 uM) and 3’-OH-PCB180 (1
uM) or the positive control benzoapyrene (BaP, 5
uM). It was discovered that 3’-OH-PCB180, but
not PCB180, induced CYP1A1 mRNA and forma-
tion of a phosphorylated form of histone H2AX
(YH2AX). CYP1A1l mRNA induction was seen
at 1 h, and YH2AX was observed after 3 h of ex-
posure. The researchers concluded that PCB180
metabolized to its hydroxyl metabolite and that
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the subsequent induction of CYP1A1 led to DNA
damage in vivo. 2

Song et al. (2015) investigated the effects of
a synthetic PCB metabolite, PCB29-pQ, on DNA
damage checkpoint activation, cell cycle arrest,
and death receptor—related extrinsic apoptosis in
HepG2 cells. They found that PCB29-pQ increased
the S-phase cell population by down-regulating
cyclins A/D1/E, cyclin-dependent kinases (CDK
2/4/6), and cell division cycle 25A (CDC25A),
and by up-regulating p21/p27 protein expressions.
PCB29-pQ also induced apoptosis via the up-reg-
ulation of Fas/FasL and the activation of caspase
8/caspase 3. Moreover, p53 was suggested to play
a pivotal role in PCB29-pQ—induced cell cycle ar-
rest and apoptosis via the activation of ATM/Chk2
and ATR/Chk1 checkpoints. Cell cycle arrest and
apoptotic cell death were attenuated by pretreat-
ment with antioxidant N-acetyl-cysteine (NAC).
The researchers concluded that PCB29-pQ induces
oxidative stress and promotes p53-dependent DNA
damage checkpoint activation, S-phase cycle ar-
rest, and extrinsic apoptosis in HepG2 cells.>

3. Benzo(a)pyrene

Benzo(a)pyrene (BaP) is a polycyclic aromatic
hydrocarbon (PAH) found in circumferential and
indoor air from motor vehicle emissions, cigarette
smoke, and burning stoves.** It has been classified
as a group I carcinogen by TARC.> Benzo(a)py-
rene diol epoxide (BPDE) is a highly reactive me-
tabolite of BaP, which studies have demonstrated
can induce mutagenesis, carcinogenesis, and im-
munosuppression.>®-’

Tung et al. (2014) identified alterations caused
by BaP exposure in the CHO 3-6 cell line and in
a pKZ1 mouse model. /n vitro assessment of ho-
mologous recombination (HR) showed signifi-
cantly increased HR frequency following exposure
to BaP (10 uM). When BaP-induced DSB repair
was evaluated, positive staining for intrachromo-
somal recombination events, which are associated
with nonhomologous end joining (NHEJ), were
observed in the lung and thymus of exposed ani-
mals, with the stainings statistically significant in
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the thymus. Gene expression analyses from mouse
tissues showed significantly decreased expression
of ATM and Xrcc6 in BaP-treated liver and lung.
In addition, BaP exposure significantly reduced
the expression of Xrcc5, pS3 and DNA-protein
kinases (PKcs) in the lung. The researchers also
showed that BPDE can induce DNA damage by
formation of bulky adducts in the liver. These re-
sults demonstrate that BaP increases DSB repair
both in vitro and in vivo and induces changes in the
expression of DNA repair pathway genes. As DSB
repair is not error-free, aberrant DNA repair may
be contributing to the mechanism of BaP-induced
toxicity.”’

4. Perfluorinated Chemicals

Perfluorinated chemicals (PFCs) are industrial
products. They have antiwetting and surfactant
properties. Perfluorooctanoic acid (PFOA) and
perfluorooctanesulfonate (PFOS) are the most
widely used. Several studies have shown that PCFs
cause oxidative stress and oxidatively damaged
DNA, and it has been shown that chronic exposure
to PFOA and PFOS cause liver, pancreas, and tes-
tis tumor development in rats.%

PFOA is extremely resistant to degradation. It
is also bioaccumulative and thus is considered a
danger to both the environment and humans. It is
classified as a possible human carcinogen (group
IIB) by TARC.® The EPA has not officially clas-
sified PFOA as to its carcinogenicity. In a draft
report, the EPA’s Scientific Advisory Board exam-
ined the evidence on PFOA, mainly from studies
in laboratory animals, concluded that evidence of
its carcinogenicity, although conclusive could not
definitively prove it to be a human carcinogen. The
board agreed that new evidence would be consid-
ered as it becomes available.*'%

High doses of PFOA have caused oxidative
stress in Vero cells, most probably because of
cell cycle arrest in the G1 phase and induction of
apoptosis.®® In addition, it has been reported that
this compound perturbs the cell cycle, induces
apoptosis, and exerts genotoxic effects (such as
DNA breaks) in HepG2 cells.**** Yao and Zhong
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(2005) studied the genotoxic potential of PFOA in
HepG2 cells. Following PFOA treatment, oxida-
tive DNA damage levels were established by im-
munocytochemical analysis of 8-OhdG; also, it
was found that the staining intensity of 8-OHdG
after exposure to PFOA increased markedly in a
dose-dependent manner. Moreover, significantly
increased ROS levels were observed in these cells.
The DNA damage in HepG2 cells was evaluated
by Comet assay, and the results showed that PFOA
(50-400 uM) also caused significant increases in
DNA breaks in a dose-dependent manner. PFOA
exposure (100400 uM) increased micronuclei
frequency in HepG2 cells as well, again dose-de-
pendently. The researchers stated that PFOA ex-
erted genotoxic effects on HepG2 cells, probably
through oxidative DNA damage induced by high
levels of intracellular ROSs.*

Eriksen et al. (2010) investigated the poten-
tial of five PFCs to generate ROSs and induce
oxidative DNA damage in HepG2 cells. PFOA
and PFOS increased intracellular ROS production
1.52-fold and 1.25-fold versus control, respective-
ly. However, this increase was not concentration-
dependent and the compounds did not generate
DNA damage that could be detected by alkaline
Comet assay as strand breakage, alkali-labile sites,
or formamidopyrimidine-DNA-glycosylase (FPG)
sites. On the other hand, perfluorobutane sulfonate
(PFBS) and perfluorohexanoic acid (PFHxA) did
not generate ROSs or DNA damage. Only expo-
sure to perfluorononanoic acid (PFNA) caused a
modest increase in DNA damage at a cytotoxic
concentration level, which was detected as lactate
dehydrogenase (LDH) release into the cell me-
dium; moreover, LDH leakage was not related to
ROS generation. The results of this study indicate
that PFCs cause modest toxicity, as evidenced by
moderate levels of ROS production and DNA dam-
age in HepG2 cells.*®

Florentin et al. (2011) investigated the cyto-
toxic and genotoxic effects of PFOA and PFOS
using human HepG2 cells after 1 or 24 h of ex-
posure. They observed that both PFOA and PFOS
exerted cytotoxic effects after 24 h starting from
concentrations of 200 uM and 300 uM, respective-
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ly. However, they did not observe an increase in
DNA damage with the Comet assay or an increase
in micronuclei frequency after exposure to either.
Nor did they find any increase in intracellular ROS
generation by both PFOA and PFOS after 1 h.
These findings show that both PFOA and PFOS are
cytotoxic but do not induce an increase in DNA
damage (DNA strand breaks and micronucleus) or
ROSs at the applied concentrations.®

5. Vinyl Chloride Monomer

Vinyl chloride monomer (VCM) is a colorless
gas under room temperature. Polyvinyl chloride
(PVC) is a polymerized form of VCM." Thirteen
billion kilograms of VCM are produced annually,
of which PVC is widely used in the plastics indus-
try. Small amounts of VCM are present in finished
plastic products and in cigarette smoke.” VCM is
highly toxic and flammable and so is categorized
as a group I carcinogen by IARC.®® Exposure
causes so-called VCM disease, a multisystem dis-
order that includes hepatic, dermal, vascular, and
neurological dysfunctions. Furthermore, VCM ex-
posure is linked with the HCC and liver angiosar-
comas.*"

Walles and Holmberg (1984) reported that
mice exposed to VCM developed liver SSBs and
that this damage was dose-dependent.”’ In other
studies performed on mice, the plot of liver an-
giosarcoma incidence over the entire range of VC
doses showed an almost linear increase up to 1,000
ppm followed by a decrease starting at 2,500 ppm.
The decrease in incidence was probably due to the
development of other tumor types that cause mouse
mortality (decreasing the number of animals at liv-
er tumor risk), although the absence of a survival-
adjusted tumor incidence analysis in any of the
available studies precludes testing that possibility.
Studies on mice exposed to VC up to a 1,000-ppm
dose have detected a significant dose response in
liver angiosarcoma incidence (» = 0.89; p <0.001),
whereas plots of HCC incidence versus VC dose
levels have shown a flat pattern, with no significant
dose response up to 1,000 ppm or in the entire dose
range.”> 7
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Epidemiological studies have demonstrated
that VCM exposure causes genotoxicity in humans
such as chromosomal aberrations, micronuclei, sis-
ter chromatid changes, and DNA strand breaks.”
A study performed on Italian workers” in a VC
production facility—a subcohort of 1,658 workers
included in a European multicenter study; 26-year
follow-up)—reported 17 liver cancer cases (in-
cluding 6 angiosarcomas and 12 HCCs, with one
most likely carrying both neoplasms). All types of
liver cancer showed a standardized mortality ra-
tio (SMR) of 2.78 (90% CI, 1.86—4.14) associated
with VC exposure. While the SMR of VC-associ-
ated HCC exposure was not reported, it was report-
ed that rates of HCC increased with cumulative ex-
posure according to a statistically significant trend
test; however, risk estimates were based on only
three cases in the reference category, one each in
the low- and high-exposed categories, and seven
in the intermediate-exposed category.”® A study of
Chinese workers exposed to VC (3,293 male PVC
workers; 12-year follow-up; no reported exposure
and no liver angiosarcomacases observed) includ-
ed 25 liver cancer cases, five of which were histo-
pathologically confirmed to be HCC and five were
considered HCC based on extremely high serum
levels of alpha-fetoprotein (>1000 pg/L), at least
one positive image from angiography, sonography,
liver scan, and/or computed tomography scan. No
risk estimates were reported for HCC, whereas an
SMR of 1.78 (95% CI, 1.15-2.62) was calculated
for malignant neoplasms of the liver.”’

B. Diet Contaminants: Mycotoxins

Mycotoxins, toxic fungal secondary metabolites,
are common contaminants of human foods and
animal feeds.” These toxicants are largely pro-
duced under conditions of high humidity and tem-
perature.” Both aflatoxins (AFs) and ochratoxins
have been linked to induction of carcinogenesis.
Studies have documented that aflatoxins can be
hazardous to human and animal health by impair-
ing liver function and the immune system and en-
hancing oxidative stress. Aflatoxins mainly cause
the development of HCC, while ochratoxins cause
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tumors in the kidneys.” The relationship between
aflatoxin B1 (AFB1) exposure, DNA, protein ad-
duct formation, aflatoxicosis, and HCC is shown
in Fig. 5.

Long-term exposure to low concentrations of
aflatoxins, particularly AFB1, is teratogenic, mu-
tagenic, immunotoxic, nephrotoxic, and hepato-
toxic. AFBI is categorized as a group I carcino-
gen by IARC.¥ It can stimulate the production of
free radicals and lipid peroxides, which cause cell
damage.®' It is primarily metabolized to AFB1-8,9-
exo-epoxide and AFB1-8,9-endo-epoxide in the
liver. These metabolites induce different types of
DNA damage, such as DNA adduct formation and
DNA single-strand breaks. Additionally, one study
found that cells exposed to AFB1 are unsuccess-
ful in activating the p53 pathway, apoptosis, or cell
cycle arrest, despite the formation of DNA adducts
and the accumulation of DNA strand breaks.® *
Yuzugullu et al. (2011) studied AFB1 toxicity in
the HepG2 cell line and reported that the treatment
of HepG2 cells with toxic doses of AFB1 induced
DNA adducts, oxidative DNA damage (8-OHdG
lesions), and DNA strand breaks. The researchers
suggested that ABF1 could induce DNA damage
and protein adducts, which could be associated
with ineffective damage response and insufficient
DNA damage repair so that DNA breaks could be
observed.*

Ochratoxins are also suggested to be carcino-
genic to both animals and humans. Ochratoxin A
(OTA) is considered a group IIB carcinogen (pos-
sibly carcinogenic to humans) by TARC.* Aydin et
al. (2013) investigated the possible protective ef-
fects of lycopene against the genotoxicity of OTA
in rat tissues using alkaline Comet assay. Male
Sprague-Dawley rats were administered OTA (0.5
mg/kgBW/day) by gavage for 14 days, whereas
lycopene was applied on the last 7 days or for 14
days of the feeding period with OTA treatment.
OTA caused marked increases in tail length, tail
moment, and tail intensity versus control in both
kidney and liver cells but not in lymphocytes. Ly-
copene administration alone for 7 and 14 days did
not provide any significant change in DNA dam-
age of lymphocytes or renal and hepatic cells ver-
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FIG. 5: Relationship between liver cancer and aflatoxin B1. AFB1, aflatoxin B1; CYP3A4, cytochrome P450 3A4;
FAPY, formamidopyrimidine; HBV, hepatitis B; HCV, hepatitis C; p53, protein 53.

sus controls. However, lycopene for both 7 and 14
days, with OTA exposure in renal and hepatic cells,
caused significant decreases in tail length, tail mo-
ment, and tail intensity versus OTA-exposed rats.
The effect of 14 days supplementation seemed to
be more protective, particularly against hepatic
cells. Lycopene was found to be partially protec-
tive against hepatic and renal OTA-induced DNA
damage.®

In another study, the researchers determined
the apoptotic and necrotic effects of OTA in the liv-
er of the same animals. OTA exposure was found
to induce focal necrosis of hepatocytes and mono-
nuclear cell infiltration. Also, exposure to OTA
caused an imbalance in oxidant and antioxidant
parameters in the rat liver, as evidenced by signifi-
cant decreases in glutathione S-transferase activ-
ity and glutathione levels, and marked increases in
concentrations of thiobarbituric acid reactive sub-
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stances. Furthermore, TUNEL analysis revealed
a significant ~2.7-fold increase in the number of
TUNEL-positive liver cells of rats exposed to OTA
compared to the control group. The results of this
study showed that oxidative stress is at least one
of the mechanisms underlying the hepatic toxicity
of OTA, and that both necrosis and apoptosis are
types of cell death in the hepatic toxicity of this
mycotoxin.®

C. Substances of Abuse: Heavy Alcohol
Use

The Word Health Organisation (WHO) has re-
ported that alcohol-related diseases are the third
most common cause of death in developing coun-
tries. Studies have shown that the major toxicity
mechanism of ethanol is oxidative stress and later
DNA damage and cell death (by either apoptosis
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FIG. 6: Main effects of alcohol abuse on hepatic circulation, including portal circulation disruption and portal hy-
pertension. Immunological effects include decreases in T and B cell production, higher secretion of tumor necrosis
factor o (TNF-a), and cytokines. Heavy alcohol use causes hepatic oxidative stress, leading to alterations in anti-
oxidant enzymes, increases in lipid peroxidation, and protein oxidation. Alcohol-induced hepatic cytotoxicity can
be seen as apoptosis or necrosis, depending on time and dose. The primary metabolite of ethanol, acetaldehyde, can
bind DNA, inhibit DNA repair systems, and cause carcinogenic exocyclic DNA ethenoadducts; thus it can directly
induce DNA damage. Ethanol consumption can also cause epigenetic alterations in liver, leading to HCC.

or necrosis). Additionally, many systems facilitate
alcohol’s stimulation of oxidative stress.” The main
toxic effects of alcohol abuse are summarized in
Fig. 6.

Castafieda and Kinne (2000) studied the cy-
totoxic effects of ethanol in primary hepatocytes
and liver cell lines. Primary cells and HepG2 cell
cultures were incubated with increasing ethanol
concentrations or without ethanol (control group)
for 24 h and analyzed immediately (group I) or
after an additional incubation time of 48 h with-
out additional ethanol application (group II).
Twenty-four-hour exposure to 1 mmol ethanol in-

hibited cell proliferation in HepG2 cells by 75%
(p < 0.05), while cell proliferation remained un-
altered in rat hepatocytes. The effect of ethanol
persisted for another 48 h where cell proliferation
was 5% of control in HepG2 cells and 70% of
control in rat hepatocytes. After 24 h incubation
with 1 mmol ethanol, 28% of HepG2 cells and
12% of rat hepatocytes showed DNA fragmenta-
tion as a sign of apoptosis (p < 0.001 versus con-
trol). In group II, 39% of HepG2 cells and 26%
of rat hepatocytes were apoptotic. Caspase-3 ac-
tivation progressively increased after ethanol
treatment in HepG2 cells and rat hepatocytes.
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The first significant difference was observed after
4 h (activity in HepG2 was 68% higher than in
rat hepatocytes) and was maximum after 10—12
h, when the activity in HepG2 was 180% of the
activity in rat hepatocytes. LDH release as a sign
of necrosis into culture medium in HepG2 cells
increased from 0.5% in group I to 12% in group
II, and from 0.1% to 8% in rat hepatocytes (p <
0.005). Increasing ethanol concentration to 10
mmol increased necrosis to 75% in HepG2 cells
and to 45% in rat hepatocytes, whereas the effects
on cell proliferation and apoptosis were not sig-
nificantly different.

Castafieda and Kinne concluded that small
ethanol concentrations (equivalent to 1 mmol) in-
hibit cell proliferation and increase apoptosis more
strongly in HepG2 cells than in normal rat hepa-
tocytes. These findings suggest the use of 1 mmol
ethanol as a treatment for hepatocellular carcino-
ma because this mainly affects tumor cells but not
surrounding normal tissue.*’

Chronic alcohol exposure causes hepatocyte
hyper-regeneration by activating survival factors.
The primary metabolite of ethanol, acetaldehyde,
can bind DNA, inhibit DNA repair systems, cause
carcinogenic exocyclic DNA ethenoadducts, and
thus directly induce DNA damage.® Both in vivo
and in vitro studies have demonstrated that ethanol
intake may cause structural modification of mito-
chondrial DNA (mtDNA) due to increased oxida-
tive stress in aging animals. Cahill et al. (1999)
showed that consumption of an ethanol-containing
diet for more than 1 year causes elevated levels of
8-OHdG and enhanced mtDNA strand breaks in
experimental animals. It has been suggested that
chronic ethanol consumption leads to increases in
intracellular production of ROSs and selectively
reduces mitochondrial glutathione (GSH) levels.3®

D. Biological Agents
1. Chronic Hepatitis B and C Infections
Hepatitis B (HBV) and hepatitis C (HCV) viruses

are still a major health problem worldwide. Epide-
miological studies have suggested that over 50%
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of global HCC cases are associated with HBV and
HCYV infections.® % An estimated 240 million peo-
ple are chronically infected with hepatitis B, with
prevalence highest in Sub-Saharan Africa and East
Asia, where 5%—10% of the adult population is
chronically infected. High rates of chronic infec-
tions are also found in the Amazon and the southern
parts of eastern and central Europe. In the Middle
East and on the Indian subcontinent, an estimated
2%—5% of the general population is chronically in-
fected. In Western Europe and North America that
total is less than 1%. More than 686,000 people die
every year because of complications of hepatitis B,
including cirrhosis and liver cancer.”'

Chronic hepatitis due to HBV infection results
in an incidence of 0.1 per 100 people in Europe to
0.8 per 100 people in Japan, rising to 2.2 in Eu-
rope and 4.3 in Japan in the case of compensated
cirrhosis throughout the years.”” In 70%-90% of
cases, HBV-associated cirrhosis leads to HCC.
However, in the absence of cirrhosis, HBV is still
a substantial risk factor.”* As a consequence, three
out of five primary liver cancers in Africa and Asia
are attributable to HBV infection whereas in Ja-
pan, Europe, and the United States 20% of cases
are a sequel of the disease.”® Several case-control
studies have confirmed the effect of HBV infec-
tion on HCC with high overall odds ratios (OR).
The risk of liver cancer in individuals exposed to
chronic HBV infection and AF is up to 30 times
greater than the risk in individuals exposed to AF
alone.”” In a study from India, the OR was found
to be 48.%

Studies on the molecular mechanisms of HB V-
associated HCC have suggested that HCC is as-
sociated with multiple procarcinogenic processes
that lead to the accumulation of genetic changes
and complex chromosomal abnormalities.”®* It has
been considered that long-term exposure to chron-
ic inflammation induces oxidative stress—linked
DNA damage in HCC, and that chronic HBV infec-
tion can cause insistent inflammatory response and
induce oxidative DNA damage in liver cells. DSBs
can be observed during hepatocyte regeneration in
response to liver tissue cell death.> On the other
hand, alterations in oncogenes and tumor suppres-
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sor genes are very important in the development of
HCC. De La Caste et al. (1998) analyzed several
HCC models, both human (associated with HBV
and HBC viruses) and mouse (with HCC devel-
oped in transgenic mice expressing the oncogene
c-myc or H-Ras in the liver). They demonstrated
that 26% of human HCC and 50% of mouse HCC
exhibit B-catenin mutations.*

Hu et al. (2010) investigated whether HBV
DNA integration occurred at sites of DSBs, which
are one of the most detrimental forms of DNA dam-
age. An 18-bp I-Scel homing endonuclease recogni-
tion site was introduced into the DNA of the HepG2
cell line by stable DNA transfection; the cells were
then incubated in patients’ serum with high HBV
DNA copies. At the same time, DSBs were induced
by transient expression of I-Scel after transfection
of an I-Scel expression vector. Using nest PCR, vi-
ral DNA was detected at the sites of the break. It
appeared that integration occurred between part of
the HBVx gene and the I-Scel-induced breaks. The
results suggest that DSBs, as a form of DNA dam-
age, may serve as potential targets for hepadnaviral
DNA insertion and that the integrants necessarily
lead to widespread host genome changes.'®

Livezey et al. (2002) investigated the effect of
the HBV-X gene (HBX) on the stability of the host
genome using HepG2 stable transfectants (HepG2-
HBX) and vector controls (HepG2-neo). All of the
HepG2-HBX clones analyzed contained the inte-
grated HBX gene and the HBX transcript. The data
showed that HepG2-HBX cells have increased
chromosome alterations and more micronuclei for-
mation compared to vector controls. Micronuclei
were shown to originate from all chromosomes;
however, those originating from chromosomes 2,
3, 7, 18, and 20 were found in greater numbers
in cells expressing the HBX gene. Interesting-
ly, chromosomes 2, 18, and 20 were three of the
chromosomes found rearranged in HepG2-HBX
clones. These data provide evidence that genomic
integrity is affected in cells expressing the HBX
gene. De novo cytogenetic alterations identified in
HepG2-HBX clones implicate the involvement of
HBX and support the hypothesis that HBX may in-
terfere with normal cellular processes responsible
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for genomic integrity, increasing the risk of genetic
mutations in infected hepatocytes.!”!

It has been suggested that transgenic mice
overexpressing HBx exhibit an increased suscepti-
bility to mutations if exposed to mutagens. Gehrke
et al. (2004) investigated whether HBx expres-
sion increases the level of the mutational precur-
sor 8-OH-dG in hepatocellular DNA. They found
that 8-OH-dG concentrations in genomic DNA of
the HBx protein expressing the HBx recombinant
HepG2 cell line correlate with the factor of trans-
activation. The 8-OH-dG levels were reduced after
incubation of HBx recombinant cell lines with 0.1
or 1 mM of the antioxidant N-acetylcysteine.!*

Globally, 130—150 million people have chronic
HCV infection. A significant number of those who
are chronically infected will develop liver cirrhosis
or liver cancer. Approximately 700,000 people die
each year from HCV-related liver diseases, with
the most affected regions being Africa and Central
and East Asia. Depending on the country, HCV in-
fection can be concentrated in certain populations
(for example, among people who inject drugs)
and/or in general populations. There are multiple
strains (or genotypes) of the HCV virus, and their
distribution varies by region,!0104

During chronic HCV infection, increased oxi-
dative/nitrosative stress can cause DNA damage.
Studies have shown that HCV infection affects not
only hepatocytes but also immune cells; oxidative
DNA damage in circulating leukocytes can be de-
terminative of the progression the disease. Shawki
etal. (2014) investigated DNA damage in peripheral
blood lymphocytes from HCC patients infected with
HCYV and showed levels of DNA damage in the form
of single- and double-strand breaks.!® Additionally
Machida et al. (2006) reported that HCV infection
is mostly linked with damage and mutations that are
mediated by nitric oxide (NO). NO especially dam-
ages mitochondria and thus induces DSBs.!%

2. Human Immunodeficiency Virus 1

Human immunodeficiency virus 1 (HIV-1) has been
spreading as an epidemic in Africa and America in
the last thirty years. According to WHO, 36.7 mil-
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lion people are infected with HIV-1 throughout the
world and 18.2 million people are on antiretroviral
therapy. The mother-to-child transmission rate is 7
out of 10.!7 In patients with HIV-1, HCC is becom-
ing an important cause of mortality, probably because
of coinfection with HCV or HBV. HIV-1 infection
shortens the survival of patients with HCV-related
cirrhosis.'® In addition, hepatocarcinogenesis can be
more rapid and aggressive in HIV/HCV coinfected
patients.!®!1% For patients who have HCV and are
coinfected with HIV-1, there is a twofold increase
in the risk of cirrhosis and a sixfold increase in the
risk of end-stage liver disease as compared to mono-
infected HCV-positive patients.''' Moreover, immu-
nosuppression secondary to HIV infection and the
direct impact of the virus on liver parenchyma are
suggested to contribute to HCC outcome.

Although highly active antiretroviral therapy
(HAART) increases survival rates of HIV-1 pa-
tients, such drugs are suggested to have hepatotox-
ic effects that may also contribute to HCC occur-
rence after HIV-1 infection.!”” Ryom et al. (2016)
observed that cumulative use of stavudine, didano-
sine, tenofovir, and (fos)amprenavir was indepen-
dently associated with increased end-stage liver
disease/HCC rates, and concluded that intensified
monitoring of liver function should be considered
among all individuals who are receiving HAART
for longer time periods.'?

IV. CONCLUSION

Liver cancer is the sixth most common cancer in
the world, with 782,000 new cases diagnosed in
2012, and it is the third most common cause of
cancer death. Liver cancers are associated with
multiple risk factors such as chronic HBV and
HCYV infections, HIV-1 and HAART therapy, diet
contaminants (AFB1, OTA), alcohol consump-
tion, obesity, and chemical exposures (acrylamide,
PFCs, PCBs, VCM).”

In liver cancers, many complex mechanisms
are involved. HCC is caused by both epigenetic and
genetic alterations, and increased understanding of
these epigenetic and genetic mechanisms may aid
the development of new strategies for prevention.
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Like many other cancer types, HCC can be caused
by DNA changes that turn on oncogenes or turn off
tumor suppressor genes. In addition, HCC mostly
originates from chronic injury and inflammation
that promote oxidative DNA damage and large-
scale genomic alterations such as chromosomal
aberrations. Genetic mechanisms that may lead to
HCC include alterations in cellular signaling (in-
cluding alterations in RB, p53, EGF, and WNT/pB-
catenin pathways) and changes in the expression of
oncogenes (H-Ras, EGRF, Myc).!¢%

Epigenetic mechanisms are now suggested to
be as important as genetic mechanisms in the de-
velopment of HCC. They include global changes
in DNA methylation (hypomethylation/hyper-
methylation); histone modifications; and altera-
tions in chromatin structure, in transcription fac-
tors, in microRNAs (miRNAs), and in noncoding
RNASs (ncRNAs).2 %

HCC may also be caused by genomic instabil-
ity and dysregulation of DNA damage repair and/or
failing cell cycle checkpoints.'? Studies have shown
that persistent inflammatory response can induce
DNA oxidative damage in liver cells and that these
damages may be converted into DNA strand breaks,
particularly DSBs, during hepatic regeneration.”
DSBs are a major threat to genome integrity as they
may lead to chromosomal aberrations, uncontrolled
replication, and cell dysfunction or death.'

Occupational exposure as well as exposure by
different routes (particularly ingestion and inhala-
tion) to certain industrial chemicals or chemicals
that are present in food processing can lead to
HCC with different mechanisms of action. Regu-
latory authorities should take serious occupational
health measures to reduce work exposure to such
chemicals (acrylamide, vinyl chloride). In addi-
tion, cooking methods can be changed to reduce
exposure to acrylamide (boiling instead of frying),
to BaP (no barbecuing), or to PFCs, particularly
PFOA (steel or glass instead of Teflon in pots and
pans). In addition, governments should continu-
ously check the environment to prevent PCB ex-
posure of the general population.

In developing countries, exposure to aflatoxins
and ochratoxins is much higher than it is in the de-
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veloped world. Therefore, quantifying the human
health impacts and the burden of disease due to af-
latoxin exposure is an important issue particularly in
certain parts of Asia and Africa. Governments should
increase food and drink monitoring and increase sur-
veillance of aflatoxicosis and HCC. Although afla-
toxin exposure is not a new issue and is continually
discussed by health organizations, developing parts
of the world need new and more effective strate-
gies to address this food insecurity. New strategies
will improve public health, reduce aflatoxicosis out-
breaks, and decrease the incidence of HCC.!'?

Humans are abundantly exposed to carcino-
gens in mixtures. Although the basics of the dose—
response principle for mixtures are well known,
several toxicological challenges (dose metrics,
nonquantified effects of toxicity-modifying fac-
tors) complicate the interpretation of research data
and restrain researchers’ ability to relate the pres-
ence, nature, and extent of interactions among mix-
ture components.''® However, it is generally sug-
gested that coexposure to certain chemicals with
carcinogenic substances or exposure in the pres-
ence of a preexisting liver disease can increase the
risk of HCC in certain populations. For instance,
alcohol is a cocarcinogen and its consumption in
the presence of HBV and HCV may undoubtedly
lead to liver cancer. Moreover, AFB1 exposure in
combination with HBV and HCV is likewise very
dangerous because it can lead to different types of
liver cancer as well. The combined effects of he-
patic carcinogens must be considered.

It is suggested that exposure to certain chemi-
cals, toxins, and substances of abuse be reduced in
order to decrease liver cancer rates. Governments
should take serious measures to prevent mycotoxin
exposure, and populations should be warned about
biological agents (most of which, like HBV, HCV,
and HIV-1, can be transmitted sexually). Lifestyle
changes can reduce liver cancer risk in the general
population and should therefore be recommended.
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