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Abstract

Background Chronic intake of alcohol increases the risk
of gastrointestinal and hepatic carcinogenesis. The present
study was focused to investigate the incidence and mech-
anism of pathogenesis of hepatocellular carcinoma (HCC)
during chronic ingestion of alcohol without any additional
hepatic injury.

Methods Ethanol was administered to Institute for Cancer
Research male mice through drinking water for 70 weeks
at concentrations of 5 % (first week), 10 % (next 8 weeks),
and 15 % thereafter. The animals were killed at 60 and
70 weeks, the livers were examined for hepatic tumors, and
evaluated for foci of cellular alteration (FCA). Immuno-
histochemical staining was performed in the liver sections
for cytochrome P4502E1 (CYP2El), 4-hydroxy-nonenal
(4-HNE), and proto-oncogene, c-Myc.

Results At the 60th week, 40 % of the mice in the ethanol
group had visible white nodules (5-10 mm) in the liver, but
not in the control mice. At the 70th week, several larger
nodules (5-22 mm) were present in the livers of 50 % mice
in the ethanol group. In the control group, one mouse
developed a single nodule. All nodules were histologically
trabecular HCC composed of eosinophilic and vacuolated
cells. In the livers of both control and ethanol group,
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several foci with cellular alteration were present, which
were significantly higher in ethanol group. Staining for
CYP2ELI, 4-HNE and c-Myc depicted marked upregulation
of all these molecules in the FCA.

Conclusions Our data demonstrated that upregulation of
CYP2EI and subsequent production of reactive oxygen
species along with the persistent expression of c-Myc play
a significant role in the pathogenesis of HCC during
chronic ingestion of ethanol.
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Introduction

Hepatocellular carcinoma (HCC) is the most common type
of liver cancer and advanced HCC is always associated
with a dismal prognosis [1]. HCC is the third most common
cause of cancer-related mortality worldwide and it ranks
sixth in terms of global incidence [2]. The major causes of
HCC are chronic infection of hepatitis B and C viruses
(HBV and HCV) and alcoholic liver cirrhosis [3, 4]. In
chronic HBV infection, the integration of the viral DNA
into infected cellular machinery can directly induce
development of HCC [5]. The persistent infection of HCV
and chronic alcoholism will lead to the development of
cirrhosis due to perpetual and impaired wound-healing
process [6—8]. During this repeated repair and regeneration
process, genomic aberrations and mutations could occur,
which lead to carcinogenesis [9, 10]. Another major cause
for the pathogenesis of HCC is exposure to aflatoxin, a
potent liver carcinogen [11]. Furthermore, aging is a risk
factor for the development of HCC where the ability of
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precise DNA repair is depleted, which leads to cellular
aberration and carcinogenesis [12].

Even though there are several risk factors for the
pathogenesis of HCC, chronic alcohol consumption is
considered as one of the major risk factors for hepatocar-
cinogenesis in humans [13, 14]. Despite the identification
of major etiological agents, the molecular mechanisms
leading to the development of HCC remains poorly
understood and appear to be extremely complex. The upper
gastrointestinal tract and liver are the major sites where
ethanol-related cancers occur. The mechanism of ethanol-
associated carcinogenesis is still obscure [15]. The car-
cinogenic effects of ethanol could be explained in terms of
metabolic modification of pro-carcinogens into more active
forms [15, 16]. It is well known that alcohol induces
cytochrome P4502E1 (CYP2EL), an enzyme responsible
for metabolism of large number of toxins, chemicals, and
pro-carcinogens [17, 18]. Conversion of pro-carcinogens
into carcinogens occurs through the CYP2E1 mediated
drug-metabolizing system present in the microsomes [19].
This induction of CYP2El by ethanol could be partly
responsible for the high incidence of gastrointestinal and
hepatic cancer in chronic alcoholic individuals [20].

Although there are several studies based on the
assumption of increased conversion of pro-carcinogens into
carcinogens through microsomal CYP2EI, there is no
experimental evidence to confirm the pathogenetic corre-
lation between alcohol abuse and development of cancer
[15, 21]. An insight of the underlying molecular mecha-
nisms by which chronic alcohol consumption promotes
carcinogenesis is important for the development of appro-
priate strategies for prevention and/or treatment of alcohol-
associated cancers. Therefore, in order to understand
whether ethanol alone causes HCC and also the mecha-
nisms of ethanol-induced HCC, we fed mice with alcohol
for 60 and 70 weeks.

Materials and Methods
Animals

All animal experiments were carried out with the Guide
for the Care and Use of Laboratory Animals published by
the US National Institutes of Health (NIH Publication
No. 86-23, revised 1996) and also in compliance with
Kanazawa Medical University Animal Care and Research
Committee. In the present study, we employed ICR
(Institute for Cancer Research) mice, which are susceptible
to induced carcinogenesis. Besides, there is an average of
85 % similarity between mouse and human genes [22]. The
animals were procured from Japan SLC (Hamamatsu,
Shizuoka, Japan).
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Treatment of Mice with Ethanol

Approximately 5-week-old ICR male mice weighing
30-35 g were used for the experiment. The animals were
maintained in pathogen-free air-conditioned rooms with
12-h light and dark cycles and food available ad libitum.
The commercial mice feed was procured from Nosan
Corporation, Yokohama, Japan. The composition of the
diet fed was carbohydrates 51.4 %, protein 18.7 %, total
fat 4.1 %, fiber 5.7 %, essential elements and minerals
4.23 %, amino acids 7.36 %, vitamins 0.31 %, and water
8.2 %, which provides 259.2 kcal for every 100 g. Twenty
mice were given water containing 5 % ethanol during the
first week, 10 % ethanol during the next 8 weeks, and
15 % ethanol thereafter ad libitum for 60 and 70 weeks.
Another set of 20 mice received drinking water without
ethanol and served as the control. Five mice were placed
per cage on hygienic animal beddings with proper humane
care. The drinking water was changed every day and the
volume of water consumed was monitored. Animal body
weight was recorded on every week. None of the animals
died during the entire period of study.

Examination of Liver Tissue for Tumorigenesis

Ten animals in both groups were killed at weeks 60 and 70
after the start of the study. Blood was collected, allowed to
clot for 3-5 h, and serum was separated following the
conventional method. Serum alanine transaminase (ALT)
and aspartate transaminase (AST) were measured using an
auto-analyzer. The livers were carefully removed and
weighed, then examined under a stereoscopic microscope
and photographed. The liver tissue of every mouse was cut
into slices of 5 mm and examined under a stereoscope for
the development of nodules and photographed. A portion
of the liver was fixed in 10 % phosphate-buffered formalin
for histopathological studies. The remaining liver tissue
was stored at —80 °C for protein analysis. The paraffin-
embedded tissues were cut into sections of 5 pum thickness,
heated in a vacuum oven at 60 °C for 20 min, deparaffi-
nized with xylene and alcohol, and hydrated. The sections
were then stained with hematoxylin and eosin (H&E) for
histopathological evaluations. The foci of cellular alter-
ation (FCA) was identified and photographed. The number
and size of FCA in the liver tissue was determined using
WinRoof image analyzing software (Mitani Co., Fukui,
Japan).

Immunohistochemical Staining for CYP2E1, 4-HNE,
and c-Myc

The immunohistochemical staining for CYP2EIL,
4-hydroxy-nonenal (4-HNE), and c-Myc was carried out on
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paraffin sections. The liver sections were deparaffinized
using xylene and alcohol and hydrated to water. Immu-
nohistochemistry was performed using a broad-spectrum
histostain kit (Invitrogen, Carlsbad, CA, USA). After
blocking, the liver sections were treated with CYP2EIL,
c-Myc (Abcam, Cambridge, MA, USA) and 4-HNE (Nik-
ken Seil Co., Shizuoka, Japan) primary antibodies and
incubated in a moisturized slide chamber (Evergreen Sci-
entific, Los Angeles, CA, USA) at 4 °C for overnight. The
antibodies were diluted as per the manufacturer’s instruc-
tions. The sections were then washed three times in cold
PBS and incubated with broad-spectrum biotinylated sec-
ondary antibody for 2 h at room temperature. The slides
were washed again and treated with streptavidin-peroxi-
dase conjugate and incubated for another 1 h at RT. The
final stain was developed using 3 % 3-amino-9-ethylcar-
bazole (AEC) in N,N-dimethylformamide. The stained
sections were washed and counterstained with Mayer’s
hematoxylin for 1 min and mounted using aqueous-based
mounting medium. The slides were examined under a
microscope (Olympus BX50, Tokyo, Japan) attached with
a digital camera (Olympus DP71) and photographed. The
staining intensity in ten randomly selected microscopic
fields were quantified using WinRoof image analyzing
software (Mitani Co., Fukui, Japan).

Statistical Analysis

Arithmetic mean and standard deviation (mean £ SD)
were calculated for the data. The results were statistically
evaluated using Student’s ¢ test or x> test. A value of
p < 0.05 was considered as statistically significant. Pear-
son and Lee’s correlation coefficient was used to evalu-
ate the correlation between staining intensity of CYP2E1
and 4-hydroxyl-nonenal in paraffin liver sections. A value
of correlation coefficient, r < 0.95 1is considered as
significant.

Results
Alteration of Animal Body Weight and Liver Weight

The average daily intake of drinking water during the
period of experiment was 1.46 = 0.11 ml/mouse in eth-
anol group and 1.65 £ 0.13 ml/mouse in the control
group. The difference was not statistically significant
between the groups. Figure la demonstrates an alteration
of animal body weight during the entire period of the
study. The animal body weight was not altered signifi-
cantly between ethanol and control groups during the
study. Figure 1b represents the animal body weight and
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Fig. 1 a Alteration of body weight in control and ethanol-treated
mice during the entire period of study. b Body weight and liver
weight at 60 and 70 weeks of the study. Values are mean £+ SD
(n =10)

the liver weight normalized to kilogram of body weight
at the time of killing. There was no significant difference
in body weight and the liver weight normalized to body
weight between control and ethanol groups killed both at
60 and 70 weeks. Similarly, there was no significant
alteration in serum AST and ALT levels between control
and ethanol-treated animals killed at both 60 and
70 weeks.

Incidence of Hepatic Tumors at 60 and 70 Weeks

At week 60, macroscopic observation revealed four out
of the ten mice (40 %) had hepatic white tumors
(5-10 mm in diameter) in the ethanol group, while such
tumors were completely absent in the control group
(Fig. 2a, b; Table 1). At week 70, larger tumors mea-
suring 5-22 mm in diameter developed in the liver in
five out of the ten mice (50 %) in the ethanol group
(Fig. 2¢). In the control group, a single hepatic tumor
was developed in one out of the tem mice (10 %). The
frequency and size of hepatic tumors in the ethanol
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Fig. 2 a—c Stereoscopic images of the liver tissue of ethanol
administered mice at weeks 60 and 70. a Control group (60 W): no
tumor. b Ethanol group (60 W): hepatic tumor was observed.
¢ Ethanol group (70 W): large hepatic tumor measuring 22 mm was
present. d—-g H&E staining of liver tissue after administration of

group was remarkably higher compared to the control

group (Table 1). In the ethanol group, the size of
hepatic tumors at week 70 (12.0 £ 6.0 mm in width)
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ethanol for 70 weeks. d Hepatic tumor depicting invasion and
compression of the surrounding tissue (x 100). e Higher magnification
of hepatic tumor (x400). Tissue composed of eosinophilic and
vacuolated cells. f Eosinophilic focus of cellular alternation (x400).
g Clear cell focus of cellular alternation (x400)

was larger than at week 60 (7.5 £ 1.3 mm in width)
(Table 1). In most cases, there was only a single large
hepatic tumor.
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Table 1 The incidence and size of hepatic tumors at 60 and
70 weeks during the study

Groups Incidence Size and incidence of the tumor
(mm)
<5 >5-10< >10-15< >15
Control (60 W) 0/10 (0 %) - - - -
Ethanol (60 W) 4/10 (40 %)** 0 4 0 0
Control (70 W)  1/10 (10 %) - 1 - -
Ethanol (70 W) 5/10 (50 %)** 0 3 1 1

** p < 0.01 compared to mean control values

Histopathology of Alcohol-Induced Hepatic Tumors

The H&E staining of alcohol-induced hepatic tumors at
70 weeks are presented in Fig. 2d—g. The nodules were
histologically trabecular HCC, which compressed the sur-
rounding tissue (Fig. 2d). In the trabecular growth of HCC,
atypical hepatocytes often exhibited enlarged hyperchro-
matic nuclei with occasional cluster of clear nucleoli. The
tumor cells were composed of eosinophilic and vacuolated
cells in addition to numerous small hepatocytes undergoing
mitosis (Fig. 2e).

Foci of Cellular Alteration

We have observed two distinct types of hepatic paren-
chymal lesions (eosinophilic or clear cell) and identified
as FCA in both ethanol and control group mice livers.
These lesions were variable in size, ranged from 49 to
150 pm in diameter, and exhibited strong deviation from
normal hepatocellular architecture (Figs. 2f, g, 3d, 4d).
Portal triads, bile ducts, and macrophage aggregation
were generally excluded from these altered foci. Steatosis
was present in certain cases. Mitoses were rarely
observed. The foci were either eosinophilic (Fig. 2f) or
clear cell (Fig. 2g) with a higher frequency of clear cell
foci in ethanol-treated animals. In eosinophilic foci, the
cytoplasm was eosinophilic with a ground glass or
fibrillar nature. In some foci, nuclei were intensely
hyperchromatic and pleomorphic. Clear cell foci varied
considerably in shape and consisted of extensively vac-
uolated hepatocytes. The incidence of FCA was 2-3/
hepatic lobule in ethanol group and 1-2/hepatic lobule in
control group at 60 and 70 weeks (Table 2). The fre-
quency of FCA was significantly different (p < 0.05)
between the ethanol and control groups both at 60 and
70 weeks. The size of FCA in the ethanol group was also
significantly larger compared to the control group both at
weeks 60 and 70 (*p < 0.05 and **p < 0.01, respec-
tively) (Table 2).

Immunohistochemistry for CYP2E1 in Hepatic Tumors

The immunohistochemical staining for CYP2E1 in the
liver tissue after chronic administration of ethanol in the
70-week-old mice is demonstrated through Fig. 3a—f. In
control mice, there was moderate staining for CYP2EI in
the pericentral area (Fig. 3a). A similar staining pattern
was observed in control mice with hepatic tumor (Fig. 3b).
However, the CYP2E1 staining was much less in the tumor
area and also localized compared to normal pericentral area
(Fig. 3b). There was strong staining for CYP2E1 in the
pericentral area of alcohol-treated mice without hepatic
tumor compared to age-matched untreated control mice
indicating upregulation of CYP2E1 after chronic adminis-
tration of ethanol (Fig. 3c). Focalized conspicuous staining
was present in the mouse liver with precancer zone of FCA
indicating dramatic upregulation of CYP2E1 (Fig. 3d). The
staining was absent in vacuolated cells in the core of FCA
(arrow). There was remarkable staining for CYP2E1 in the
area depicting progressive hepatic carcinogenesis (Fig. 3e,
arrow). However, CYP2EIl staining was absent in the
surrounding areas where tumor cells are already formed
(Fig. 3e). Staining for CYP2El was very feeble and
focalized in well-developed hepatic tumor (Fig. 3f). The
staining intensity of CYP2EI in control and alcohol-treated
mice liver was quantified using image analysis software
and is represented in Fig. 3g. There was significant
increase (p < 0.001) in the staining for CYP2E]1 in chronic
alcohol-treated mice compared to age-matched non-treated
control (Fig. 3g). Similarly, there was a significant
decrease (p < 0.001) in CYP2El staining in alcohol-
induced hepatic tumor compared to non-treated control
mice tumor (Fig. 3g).

Increase of 4-HNE in Alcohol-Treated Hepatic Tissue

4-hydroxynonenal (4-HNE) is a highly reactive aldehyde
generated by the exposure of polyunsaturated fatty acids to
peroxides and reactive oxygen species (ROS) and used as a
marker for free radicals and oxidative stress. Figure 4a—f
depicts the staining for 4-HNE in the liver tissue of
70-week-old mice after chronic administration of ethanol.
Staining for 4-HNE was completely absent in control mice
(Fig. 4a). Moderate staining was present in the control
mice liver with hepatic tumor (Fig. 4b). However, the
staining was much less and focalized in the tumor tissue.
There was feeble and focalized staining for 4-HNE in
alcohol-treated mice without hepatic tumor (Fig. 4c).
Conspicuous and highly focalized staining was present in
the precancer zone with FCA indicating dramatic increase
of 4-HNE (Fig. 4d). The staining for 4-HNE was com-
pletely absent in vacuolated cells in the core of FCA
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Fig. 3 Immunohistochemical staining for CYP2E1 in livers of mice
administered ethanol for 70 weeks. a Control mice (x 100). Moderate
staining in pericentral area. b Control mice liver with normal area and
hepatic tumor (x100). Moderate staining in pericentral area with
normal tissue and focal staining in tumor area. ¢ Alcohol-treated mice
with normal liver (x100). Strong staining in pericentral area.
d Alcohol-treated mice liver depicting normal and precancer foci
(x100). Marked staining of cells surrounding precancer zone

(arrow). There was marked staining for 4-HNE in the
borderline area with progressive hepatic carcinogenesis
(Fig. 4e, arrow) indicating enhanced oxidative stress.
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indicating remarkable upregulation of CYP2E1L. e Alcohol-treated
mice liver with normal and tumor area depicting progressive
carcinogenesis and conspicuous staining of CYP2E1 in borderline
cells (x100). £ Mice liver with well developed HCC (x 100). Feeble
staining of CYP2EL. g Quantitative representation of the staining
intensity of CYP2E1 in a—f stained sections. The data are mean £+ SD
of six liver samples

However, the staining was feeble and focalized in the
surrounding areas where tumor cells are already formed
(Fig. 4e). Staining for 4-HNE was completely absent in
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Fig. 4 Immunohistochemical
staining for 4-HNE in livers of
mice administered ethanol for
70 weeks. a Control mice
(x100). Absence of 4-HNE
staining. b Control mice liver
depicting tumor and normal area
(x100). Absence of staining in
tumor area and moderate
staining in normal area.

¢ Alcohol-treated mice with
normal liver (x 100). Moderate
staining in pericentral
hepatocytes. d Alcohol-treated
mice liver with normal and
precancer area (x100). Strong
staining in cells surrounding
precancer zone indicating
increased oxidative stress.
4-HNE adduct aggresomes were
present in macrophages and
hepatocytes (arrowhead).

e Alcohol-treated mice liver
with normal and tumor area
depicting progressive
carcinogenesis and marked
staining in borderline cells
(x100). Presence of 4-HNE
adduct aggresomes in
hepatocytes (arrowhead).

f Alcohol-treated mice liver
with well-developed HCC
(x100). Complete absence of
4-HNE staining. g Quantitative
representation of the staining
intensity of 4-HNE in a—

f stained sections. The data are
mean + SD of six liver samples
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well-formed hepatic tumor tissue (Fig. 4f). We have also
observed 4-HNE adduct aggresomes in macrophages and
hepatocytes (arrowhead, Fig. 4d, f). The staining intensity
of 4-HNE was quantified using image analysis software
and presented in Fig. 4g. There was a significant increase
(p < 0.001) in the staining for 4-HNE in chronic alcohol-
treated mice compared to non-treated control (Fig. 4g).
Correlation analysis between staining intensity of CYP2E1

Alcohol, 70 Weeks

and 4-hydroxyl-nonenal in the livers of alcohol-treated
animals depicted a significant correlation (r = 0.993).

Marked Upregulation of c-Myc in Hepatic Tumors
The staining for c-Myc in the liver tissue of 70-week-old

mice after chronic administration of ethanol is demon-
strated through Fig. Sa—f. Staining for c-Myc was absent in
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Table 2 Size and incidence of focus of cellular alteration in HCC at
60 and 70 weeks

Groups Incidence/hepatic Diameter Size (um?)
lobule (n = 10) (pum)

Control 1.5 £ 0.6 69.6 &+ 20.1 3,800 £ 1,400
(60 W)

Ethanol 2.3 £ 1.2% 83.8 £22.5% 5,500 £ 1,900*
(60 W)

Control 1.8 £0.8 704 £ 233 3,900 £+ 1,700
(70 W)

Ethanol 2.7 &+ 1.1%* 88.8 £ 25.2%* 6,200 £ 2,500%*
(70 W)

* p < 0.05 and ** p < 0.01 compared to mean control values

control mice (Fig. 5a). There was moderate staining in the
normal liver tissue and strong, but focalized staining in the
tumor tissue of control mice with hepatic tumor (Fig. 5b).
In alcohol-treated mice without hepatic tumor, the staining
for c-Myc was feeble and focalized (Fig. 5¢). There was
stark staining for c-Myc in the whole area of FCA indi-
cating marked upregulation (Fig. 5d). Focalized strong
staining was present in the precancer zone with progressive
hepatic carcinogenesis (Fig. 5e). However, the staining
was feeble in the surrounding normal tissue. This indicates
expression of c-Myc as a marker hepatic tumorigenesis in
mice. There was conspicuous and remarkable staining for
c-Myc in the whole area of well-developed hepatic tumor
demonstrating dramatic upregulation of the molecule in the
tumor tissue (Fig. 5f). Quantitative evaluation of c-Myc
staining intensity was presented in Fig. 5g. There was a
significant increase (p < 0.001) in the staining intensity of
c-Myc in the normal tissue of chronic alcohol-treated mice
compared to age-matched non-treated control (Fig. 5g).

Examination for Tumor Induction in Other Organs

In addition to liver, all other major organs such as tongue,
esophagus, stomach, colon, pancreas, kidney, and lung
were examined both stereoscopically and histopathologi-
cally for nodular lesions and focus of cellular alternation in
the same manner as in the case of liver tissue at weeks 60
and 70 after chronic administration of ethanol. However,
nodular lesions or focus of cellular alternation was absent
in all other organs examined.

Discussion
Administration of ethanol through drinking water is a very
feasible method to study the long-term effect of alcohol on

the pathogenesis of HCC. The ICR mouse has been
described by Rice and O’Brien [23] and is known for
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susceptibility to induced colon cancer. In the present study,
ICR mice were fed with ethanol-containing drinking water
without any carcinogen or procarcinogen for a period of 60
and 70 weeks to evaluate whether ethanol itself induces
pathogenesis of HCC. We have observed well-developed
HCC in 40 and 50 % of mice treated with ethanol for 60
and 70 weeks, respectively. On the other hand, HCC was
not developed in mice fed with water for 60 weeks and
only in 10 % of mice (one out of ten) fed with water for
70 weeks. The incidence of development of HCC in mice
treated with ethanol was significantly higher compared to
mice fed with water. Our data clearly demonstrate that
long-term consumption of ethanol could induce the path-
ogenesis of HCC.

The present study demonstrates that ethanol induces
HCC in mice without the presence of any carcinogen or
procarcinogen. Since mouse relish to ingest alcohol com-
pared to other rodents, including rat, mouse is considered
as a suitable model to study the long-term effects of ethanol
in brain and other organs. In the present study, we observed
single large white tumors up to 22 mm in size that were
histologically trabecular and resemble human HCC in
cellular architecture. Most tumor cells were in mitotic stage
and just half in size compared to healthy normal cells,
which indicates fast multiplication.

The molecular mechanism of the pathogenesis of alco-
hol-induced HCC is not clear. Chronic intake of alcohol
produces proinflammatory cytokines and chemokines
through monocyte activation and increases concentrations
of circulating endotoxin [24]. This process activates
Kupffer cells, which in turn release many chemokines and
cytokines including TNFo, IL-1B and -6, and causes
hepatocyte injury [24]. In perpetual exposures to ethanol,
hepatocytes depict increased sensitivity to the cytotoxic
effects of TNFo, which triggers chronic hepatocyte
destruction, stellate cell activation, fibrosis, cirrhosis, and
ultimately HCC [25, 26]. The persistent hepatic damage
and regeneration during fibrogenesis and formation nodular
cirrhosis, genomic aberrations, and mutations could occur,
which lead to carcinogenesis [27]. Beland et al. [28]
reported that in B6C3F1 mice, alcohol exposure over
104 weeks in drinking water increased HCC, which was
significantly dose-related. They reported that the increase
in hepatocellular tumors occurred in a relatively linear
manner and was attributed to the formation of 1,
N6-ethenodeoxyadenosine in hepatic DNA coupled with an
increase in cell replication.

Alcohol metabolism also impairs the liver through oxi-
dative stress and generation of ROS [29]. Oxidative stress
and ROS promote HCC in several ways. Oxidative stress
plays a significant role in the pathogenesis of hepatic
fibrosis and cirrhosis, which are prominent factors for
hepatocarcinogenesis. The pro-carcinogenic effect of the
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Fig. 5 Immunohistochemical
staining of c-Myc during
pathogenesis of alcohol-induced
hepatocellular carcinoma.

a Control mice (x200).
Absence of c-Myc staining.

b Control mice liver depicting
normal and tumor area (x 100).
Moderate staining in normal
area and strong staining in
tumor area. ¢ Alcohol-treated
mice with normal liver (x100).
Focalized feeble staining.

d Alcohol-treated mice liver
depicting normal and precancer
area (x 100). Marked staining of
c-Myc in the precancer zone
indicating dramatic
upregulation. e Alcohol-treated
mice liver with normal and
tumor area demonstrating
progressive carcinogenesis with
conspicuous staining of c-Myc
in tumor borderline areas
(x100). f Alcohol-treated mice
liver with well-developed HCC
(x200). Remarkable staining of
c-Myc in the entire tumor area.
g Quantitative representation of
the staining intensity of c-Myc
in a—f stained sections. The data
are mean + SD of six liver
samples
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cirrhotic microenvironment has been shown in the mouse,
where PDGF transgenic mice develop fibrosis that pro-
gresses to HCC [30]. Alcohol induces CYP2E1, which
contributes to ROS production through the microsomal
ethanol oxidizing system (MEOS) [31]. Furthermore,
alcohol reduces the levels of potent antioxidants, which
scavenge ROS and protects the liver from ROS-induced
injury. In the present investigation, we have observed
strong induction of CYP2EI in the pericentral area of livers

B
Normal, 70 Weeks

Alcohol, 70 Weeks

of mice treated with alcohol for 70 weeks and also marked
upregulation of CYP2EI in the area of hepatocarcinogen-
esis (Fig. 3). A similar staining pattern was observed in
serial sections in the case of 4-HNE, a marker for oxidative
stress and ROS (Fig. 4). In the present study, we have
visualized 4-HNE adduct aggresomes in both macrophages
(Fig. 4d) and hepatocytes (Fig. 4e). The presence of
4-HNE adducts is a characteristic marker of active liver
disease [32]. The strong positive correlation (r = 0.993)
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observed between staining intensity of CYP2El and
4-HNE in the livers of alcohol-treated animals indicates the
role of CYP2E1 in the production of ROS leading to
hepatocarcinogenesis.

Ageing is also a risk factor for pathogenesis of HCC,
where the cells are more prone to aberration and mutation
due to depleted ability of precise DNA repair [12]. The
spectrum of hepatocellular hyperplasia in 2-year-old
B6C3F1 mice was higher compared to other rodent strains
[33]. Since the incidence of hepatocarcinogenesis with
aging is low in ICR mice compared with other strains, we
used ICR mice in the present investigation. A large study
comprising 564 CD-1 (ICR) male mice reported only 3 %
of HCC at the age of 105 weeks [34]. Another study
involving 300 ICR male mice observed 4.4 % incidence of
HCC at 21 months [35]. In another study using B6C3F1
mice, ethanol exposure over 104 weeks in drinking water
also increased HCC, which was significantly dose-related
[35]. In the present study, we observed spontaneous hepatic
tumor only in one mouse out of ten control animals (10 %)
at week 70. The percentage of tumor incidence would have
been much lower if the number of control animals was
notably higher as in previous studies. However, the inci-
dence and size of HCC in ICR mice treated with ethanol
was fivefold higher than those of HCC developed with
aging, suggesting that chronic alcohol ingestion may pro-
mote the development of HCC with aging.

In the present study, we have observed two distinct types
of FCA in ethanol treated as well as control mice livers both
at 60 and 70 weeks. One or two FCA of preneoplastic lesion
per hepatic lobule was found in mice fed with water for
60 weeks. This data suggests the possibility of HCC devel-
opment if such mice are maintained for longer periods. In
mice treated with ethanol, the incidence and size of FCA per
hepatic lobule was significantly higher compared to control
mice, indicating the effects of ethanol on the formation of
precancerous FCA. A similar pattern was observed in the
case of FCA in mice treated with ethanol for 70 weeks
(Table 2). The clear cell vacuoles present in the FCA are
original fat globules or fatty degeneration of hepatocytes
(steatosis), which occurred during chronic intake of alcohol.
Eventually, the areas with extensive steatosis transform into
FCA and may trigger tumorigenesis. In due course, the fat
within the globules disappears and the clear vesicles persist.
These results suggest that chronic intake of alcohol produces
extensive steatosis and accelerates the formation of prene-
oplastic lesions that lead to HCC.

In an attempt to elucidate the molecular mechanism of
the pathogenesis of HCC after chronic administration of
ethanol in ICR mice, we stained liver sections for c-Myc.
The results showed a conspicuous and dramatic upregula-
tion of c-Myc in both precancerous and well-developed
hepatic tumors. The transcription factor c-Myc is considered
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as a proto-oncogene and is mutated in many cancers, which
cause its persistent expression. The marked upregulation of
c-Myc in HCC could cause unregulated expression of many
genes involved in anti-apoptosis and cell proliferation,
which results in tumorigenesis. The chronic intake of alco-
hol leads to induction of CYP2EI, which in turn produces
oxidative stress and ROS. The highly ROS could generate
mutations in the c-Myc gene leading to its persistent
expression and dramatic upregulation of c-Myc protein
levels as observed in the present study.

In conclusion, our study demonstrated that chronic
administration of ethanol through drinking water induces
HCC development in ICR mice both at 60 and 70 weeks.
Metabolic detoxification of alcohol in the liver induces
CYP2E1 and MEOS, which in turn generates oxidative stress
and produces ROS. In addition to acetaldehyde, one of the
metabolic products of alcohol, the highly ROS injures
hepatocytes, which not only triggers several signaling
pathways but also accelerates aging of the liver. The toxic
and chronic liver injury and the subsequent repeated regen-
eration process could produce mutations in proto-oncogenes
and/or onco-suppressor genes leading to cellular aberration
and tumorigenesis. However, further studies are necessary to
elucidate the exact molecular mechanism of the pathogene-
sis of HCC during chronic ingestion of ethanol.
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