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Abstract

Hepatocellular carcinoma (HCC) is one of the common cancers worldwide, caused by Hepatitis C virus (HCV) and hepatotoxins.
Here we report the development of HCC in wild type as well as HCV core protein (HCP)-transgenic zebrafish upon treatment with
a hepatotoxin, thioacetamide (TAA). Two-fold accelerated HCC development could be achieved in the TAA-treated transgenic fish,
that s, the progression of the disease in TAA-treated wild type zebrafish developed HCC in 12 weeks whereas that of HCP-transgenic
zebrafish shortened the HCC progression to 6 weeks. Histopathological observation showed the specific pathological features of
HCC. The HCC progression was confirmed through RT-PCR that revealed an up and down regulation of different marker genes
at various stages of HCC progression such as, steatohepatitis, fibrosis and HCC. Moreover, HCV core protein expressed in the
HCP-transgenic zebrafish and TAA synergistically accelerate the HCC development. It must be mentioned that, this is the first
report revealing HCV core protein along with TAA to induce HCC in zebrafish, particularly, in a short period of time comparing
to mice model. As zebrafish has already been considered as a good human disease model and in this context, this HCC-zebrafish
model may serve as a powerful preclinical platform to study the molecular events in hepatocarcinogenesis, therapeutic strategies
and for evaluating chemoprevention strategies in HCC.
© 2007 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Hepatocellular carcinoma (HCC) is the most com-
mon type of liver cancer, being the fourth leading cause
of cancer death world-wide (Parkin, 2000). Develop-
ment of HCC involves multiple steps including, steatosis,
fibrosis, chrirosis, adenoma and carcinoma (Tarantino
et al., 2007). Hepatitis B and hepatitis C are the major
viruses causing HCC however, hepatitis C virus (HCV)
infection is the main cause of chronic hepatitis. The
rise in the incidence as well as the mortality due to
HCC recently observed in most industrialized countries
likely reflects the increased prevalence of HCV infection
(El-Serag et al., 2003). HCV core protein (HCP) mod-
ulates gene transcription, cell proliferation, cell death,
oxidative stress, and immunomodulation in host cells,
including hepatocytes, and is involved in the pathogen-
esis of hepatocellular carcinoma (HCC) (Lai, 2002).
Thioacetamide (TAA), a well-known hepatotoxin, has
been considered to be an inducer of liver cirrhosis
(Nozu et al., 1992). The bioactive metabolites of TAA
namely TAA-sulfoxide and TAA-sulfdioxide, are well
known hepatotoxins (Novosyadlyy et al., 2005) which
causes hepatocellular necrosis in perivenous areas of
the liver acinus. Prolonged administration of TAA leads
to hyperplastic liver nodules, liver cell adenomas and
hepatocarcinomas (Yeh et al., 2004). It has been demon-
strated in rats that regenerative nodules and liver fibrosis
are more prominent in the cirrhotic model induced by
TAA than in the model induced by carbon tetrachlo-
ride and that the histology of the TAA model more
closely resembles that of human cirrhosis (Zimmermann
et al., 1987). The present study explores the accelera-
tion of HCC development using TAA in HCP-transgenic
zebrafish with the objective of developing a model to
show the clinical consequences of chronic HCV infec-
tion, such as steatohepatitis, fibrosis and oncogenesis.
We demonstrate the development of HCC in wild type
(WT) and HCV core protein (HCP)-transgenic zebrafish
treated with thioacetamide. Transient expression of HCV
NS5A alters intracellular calcium levels, induces oxida-
tive stress and activates STAT-3 and NF-kB (Waris et al.,
2001).

With the best of our knowledge, we believe that
this is the first report describes the HCP- and TAA-
induced HCC in zebrafish. While changes in expression
and mutations in several oncogenes or tumor suppres-
sor genes have been implicated in HCC development,
the molecular pathways and genetics of HCC evolu-
tion are still poorly defined. There are a limited amount
of treatment options for HCC patients. Therefore, it
is extremely important to identify new therapeutic tar-

gets for treatment of this malignancy. The zebrafish is a
good human disease model, so the HCC-zebrafish model
may serve as a valuable platform to study the molecular
events in hepatocarcinogenesis, and to evaluate preven-
tive and therapeutic strategies. Furthermore, the results
of this study have given the confidence of using the
zebrafish as a cancer model. When coupled with carcino-
gen treatment, the susceptible zebrafish strains can serve
as powerful models for understanding the mechanism of
carcinogenesis and are also excellent in vivo systems
for rapid screening of genetic or chemical modifiers that
can suppress certain cancer phenotypes. Thus, by using
the zebrafish model, carcinogenesis, rapid screening of
modifiers and high-throughput genomic analyses, can be
performed in vivo using the same organism.

2. Materials and methods
2.1. HCP-transgenic zebrafish

A transgenic line of zebrafish, expressing liver-specific
HCP was generated by microinjecting the Not I- and Sfi I-
digested dual-expression vector pLF2.8-HCV-core (Fig. 1A)
into the blastomere of early one-cell-stage embryos. RFP-
positive larvae were picked out for examining HCP expression
in hepatocytes. Adult zebrafish (Danio rerio) were obtained
from a local aquarium, and a transgenic LF2.8-TG1 line was
generated as described elsewhere. The zebrafish were main-
tained in a controlled environment with 14-h light/10-h dark
cycle at 28 °C. For experiment, we used 2 months old female
zebrafish and injected 300 mg/kg TAA intraperitoneally, three
times in a week.

2.2. RT-PCR analysis

First strand cDNA was synthesized from 5 g of total RNA
using Thermoscript™ RT-PCR system (Invitrogen). After
the reverse transcription reaction, the cDNA template was
amplified by polymerase chain reaction with Taq polymerase
(Invitrogen). PCR was performed with 2 wl cDNA using a pro-
gramme comprising, 1 cycle 94 °C for 30's, 55 °C for 30 s and
72°C for 1 min. After 35 cycles, the reaction mixtures were
incubated at 72 °C for an additional 7 min to allow complete
synthesis. The RT-PCR products were subjected to 2% agarose
gel electrophoresis. Max was used as an internal control. The
primers used were given in Table 1.

2.3. Western blotting

Total protein extract from the adult control and HCP over-
expressed liver was prepared using lysis buffer and separated
by 12% sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE) and transferred onto a nitrocellulose
membrane. The membrane was blocked by net buffer at 4 °C
overnight and the bands were detected using the anti-hepatitis C
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Table 1
Primers used for RT-PCR
Gene Primers
ACC
Forward 5'-TTA GAC CTG GAT CAA CGG CG-3’
Reverse 5'-CAT GAT CTG TCC TGT ACG GG-3'
Adiponectin
Forward 5'-AGG CTT AGA CTG TGA ACG GTG GGA C-3'
Reverse 5'-AGC AGG TGT GTC CAG ATG TTT CCA G-3’
C/EBPa
Forward 5'-ACC ATG GAG CAA GCA AAC TTC TAC GAG G-3’
Reverse 5’-AGC GCA GTT GCC CAT GGC TTT GAC-3’
PTL
Forward 5'-TCC GTG TGC ACA TTC TCA AC-3'
Reverse 5'-CGG GGA ACG TAG AGA CAT GC-3’
Collal
Forward 5'-TCAT GTC CAC TGA GGC CTC CCA GAA CAT TAC-3’
Reverse 5'-GTT TCG CTC TTT CAT TGT CCT TCC TCAGTG G-3'
TGF B1
Forward 5'-CGA CTG TAA AGC AAA CCA GCA GAG CAC G-3'
Reverse 5'-GTG TCC TCC CAT TGA GAT GTT ATG TAT GTC C-3'
CTGF
Forward 5'-CAG GAA TGT AGG ATG GCA GTG G-3’
Reverse 5'-CCT GAT CGT GTT GAG TGA AAG C-3'
TIMP
Forward 5'-CAT TGA CGT GTC TTT ACT GCG CCC TCA TC-3'
Reverse 5'-GGG GGG CAG AAA GTG CTC TCG TTT TAA AGG-3'
MMP2
Forward 5'-TGA CGA TGA CCG CAA ATG-3’
Reverse 5'-TGA CCT CGC CGA CTT TGA T-3'
Heparanase
Forward 5’-CAA GCG TTT AGT CAC TCT GGC A-3/
Reverse 5'-GGT TGC ATT CCA CGA GTT GTC -3’
Leptin receptor
Forward 5'-GTC ACA CTG ATG ATG TCA CAG AAC CAG ATG
Reverse 5'-GCT AAA GAC CTC TAT TAC CTC GAG ATG ACC-3'
p53
Forward 5'-CCA CTG TTC CGG AGA CAA GCG ACT ATC CCG-3'
Reverse 5’-GGA GAC TCA GGA AGG TCA GTT GCT GGG CCG G-3'
C-myc
Forward 5/-CCC AGC CGG AGA CAG TCG CTC TCC ACC GCG-3'
Reverse 5'-CCA CAG TCA CCA CAT CAA TTT CTT CCT CC-3’
Survivin T
Forward 5'-ATT TCC ACA CCA ACC TCC CAC-3’
Reverse 5'-CGA AAG GAA AAG AGC GAG GTC-3'
Cyclin D1
Forward 5’-CGC GAC GTG GAT GCT CGA GGT CTG TGA AGA-3'
Reverse 5'-GGA AGT TGG TGA GGT TCT GGG ATG AGA GGC-3'
IGF 2
Forward 5'-ATG GAG GAC CAA CTA AAA CAT-3’

Reverse 5'-CTT GTG GCT AAC GTA GTT TTC-3
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Fig. 1. Expression of HCP in transgenic zebrafish. (A) Map of
dual-expression transgenic vector, pLF2.8-HCV-core, containing two
expression cassettes. The HCP transgene and RFP marker are driven
by L-FABP and CMV promoters, respectively. (B) RT-PCR for HCP
in WT and HCP-transgenic zebrafish; max was used as an internal
control. (C) Expression of HCP in WT and HCP-transgenic zebrafish
by Western blotting.

core antigen (ab2740) antibodies. The membrane was washed,
and the activity was detected using an ECL kit according to
manufacturer’s protocol.

2.4. Histological analysis

Liver from WT and HCP-transgenic zebrafish was fixed in
4% paraformaldehyde and embedded in agarose, and cryosec-
tioned (10 wm). Section was stained with haematoxylin and
eosin. Liver fibrosis was determined using Sirius red staining.
Direct red 80 and fast green FCF (color index 42053) were
obtained from Sigma-—Aldrich Diagnostics (St. Louis, MO).
The liver was diced into 5 mm x 5 mm sections, immersion
fixed in PBS containing 4% paraformaldehyde for 24 h at 4 °C,
10 wm sections were mounted on glass slides. Sections were
deparafinized and the slides were dehydrated as follows, with
a wash for each 5 min step: xylene (x2), 100% ETOH, 95%
ETOH, 70% ETOH, 30% ETOH, 1x PBS, and distilled water
(x2). The sections were incubated for 30 min in room tempera-
ture with an aqueous solution of saturated picric acid containing

0.1% fast—green FCF and 0.1% direct red 80. The sections were
washed slowly under running distilled water for 6 min, dehy-
drated (for each step 3 min), mounted, and examined by light
microscopy.

3. Results

3.1. Expression of HCP in the zebrafish transgenic
liver

To examine the expression of HCP transgene in
the zebrafish liver, we performed RT-PCR and West-
ern blotting and observed the over expression of HCV
coreprotein in transgenic male and female and no expres-
sion in the control. The results obviously show the HCP
expression in the transgenic zebrafish (Fig. 1B and C).
However, no pathologic changes were evident in the
transgenic fish indicating the inability of HCP alone to
induce HCC in zebrafish.

3.2. Pathogenesis of HCC in WT and HCP
transgenic fish treated with TAA

The gross morphology of the liver of WT and HCP
transgenic fish was normal, whereas with TAA treat-
ment, WT fish showed unevenness on the liver surface
after 12 weeks, and HCP-transgenic fish exhibited pale
color, multiple cystic structures, and adenoma on the
surface after 6 weeks (Fig. 2).

Histological analysis of liver from WT (n=25) and
HCP-transgenic fish (n=23) showed normal cell struc-
ture with well-preserved cytoplasm and prominent nuclei
and nucleoli (Figs. 3A and 4A). After 1 week of
TAA treatment, we observed mild steatosis in WT fish
(Fig. 3B), whereas HCP-transgenic fish treated with
TAA showed higher steatosis (Fig. 4B). However, after
2 weeks of TAA treatment, the liver cells of WT (n=19)
(Fig. 3C) and HCP-transgenic fish (n=23) (Fig. 4C)
showed severe steatosis. Many hepatocytes are bal-
looned with an occasional focus of necrosis and the cell
membrane of many swollen and ballooned hepatocytes
are indistinct and lysed. The TAA-treated livers from
both WT and HCP-transgenic fish exhibited severe lipid
changes (Figs. 3D and 4C), vacuoles that coalesced to
form larger vacuoles displacing the nucleus to the periph-
ery, and mild sinusoidal fibrotic changes. Sirius red
staining showed positive signal both in wild type (n=16)
and HCP fish (n=20) treated with TAA. TAA-induced
fibrosis exhibited characteristic fibrous connective tis-
sue and proliferation of bile duct cells was observed
in (Figs. 3E and 4D). The damage in bile duct was
also observed as early as 4 weeks (Fig. 4E and F) in
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Fig. 2. Liver anomalies in WT and HCP-transgenic zebrafish, both treated with TAA. Liver of WT, HCP-transgenic fish showed normal gross
morphology. WT fish treated with TAA for 12 weeks showed more of uneven surface, and TG fish treated with TAA for 6 weeks showed multiple
cystic in liver (C) structures and adenoma on the surface along with pale coloring was observed.

the transgenic fish when compared to the WT which
showed the bile duct damage at 10 weeks (Fig. 3F) of
post treatment. The fibrogenesis was observed at 2 weeks
in the HCP-transgenic model, much earlier than that
of WT.

The WT fish showed hepatic nodules after 12
weeks of TAA treatment (Fig. 3G). The transgenic
model showed nodules, arising as highly differenti-
ated HCC in trabecular structures and also nodule in
nodule formation, within 6 weeks (Fig. 4G). Most hep-
atic nodules exhibited a pathology characterized by
nodule-in-nodule formation and HCC at low degrees
of differentiation developed adenomas whereas in
higher stages those cancer cells pressed the adja-
cent non-tumorous hepatocytes. This was evident in
our observation, as the HCP-transgenic model (n=17)
(Fig. 4H) produced more trabecular structures at high
levels of differentiation when compared to the WT
(n=12) (Fig. 3H). Figs. 31 and 4I are the 40x
magnification.

3.3. TAA accelerates the progression of HCC in
HCP transgenic line

To investigate and confirm the progression of the
HCC, we analyzed the expression of marker genes of
various stages of liver disease (Figs. 5 and 6). The
first stage of disease development was steatohepatitis,
for which we used the lipogenic genes, acetyl-CoA
(ACC); the adipocyte specific marker, adiponectin;
CCAAT/enhancer binding protein (C/EBPa), the tran-
scriptional activators which are important for adipocyte
differentiation; and peroxisomal 3-ketoacyl-CoA thio-
lase (PTL), one of the PPAR « regulated peroxisomal
fatty acid B-oxidation system enzymes. The ACC
expression was very low at around 2 weeks in WT
TAA-treated fish, while its expression was significantly
higher in HCP-transgenic fish, showing the severity
of steatohepatitis. Similarly, other indicators such as
PTL, C/EBPa, and adiponectin were also significantly
increased during the steatohepatitis stage, perhaps due
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Fig. 3. Pathological changes in the liver of TAA treated 1-month-old WT zebrafish. (A) Control, 1-month-old fish, original magnification x40. (B)
Mild accumulation of lipids after 1 week of TAA treatment (1d) lipid droplet. (C) Steatosis and more accumulation of fat droplets (fd) at 2 weeks of
TAA treatment. (D) Severe steatosis (predominantly as macrovesicular fat), hepatocyte ballooning (hb) and the nucleus (n) is pushed towards one
side after 6 weeks of TAA treatment. (E) Sirius red staining to show the deposition of extracellular matrix (em). (F and G) Cytoplasm is bubbly, with
feathery degeneration indicative of intracellular choletasis, portal tract (pt) showing severely damaged bile ducts (bd) surrounded by eosinophils
and lymphocytes after 10 weeks of TAA treatment. (G and H) development of HCC in a nodule—in-nodule and adenoma (ad) formation in 12 weeks

treated with TAA. (I) Adenoma shown at a higher magnification.

to accumulation of lipids in the hepatocytes resulting
in the appearance of adipocyte markers and fat droplets
(Matteoni et al., 1999).

The next stage, fibrosis, was assessed by analyz-
ing major fibrosis markers, collagen al, transforming
growth factor B1 (TGF B1), connective tissue growth
factor (CTGF), tissue inhibitors of metalloproteinases
(TIMP), matrix metalloproteinase (MMP2), heparanase,
and leptin receptor. There was significant increase in
these markers at 4-8 weeks in WT livers and from 2 to 4
weeks in HCP-transgenic livers. Collagen a1 is regarded

as the most prevalent extracellular matrix (ECM) pro-
tein in hepatic fibrosis (Lee et al., 1995). TGF B1 is
increased in experimental and human hepatic fibrosis
(Gressner and Bachem, 1995). In our model also, the
level of expression of this gene increased, reflecting the
initiation of fibrosis. CTGF upregulates several ECM
components, including collagen in fibroblasts, and is one
of the downstream effectors of TGF 31 (Paradis et al.,
2001). Both TGF B1 and CTGF are reported to induce
connective tissue cell proliferation in vitro and in vivo
and to stimulate extracellular matrix synthesis (Tamatani
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Fig. 4. Pathological changes in the liver of HCP-transgenic zebrafish treated with TAA. (A) A high-power view of a normal liver of HCP-transgenic
fish. Cells and their nuclei are relatively uniform in size. (B) The hepatotoxic effect of TAA in HCP-transgenic fish, severe accumulation of lipid
droplets seen. (C) Severe steatosis with accumulation of lipids after 2 weeks in TAA-treated fish. (D) Sirius red staining to show the accumulation
of extracellular matrix after 2 weeks of TAA treatment. (E) Cytoplasm is bubbly, with feathery degeneration, an indicative of intracellular choletasis
after 4 weeks of TAA treatment. (F) Severe cholestatic injury. The portal tract shows a severely damaged bile duct (bd) surrounded by lymphocytes
and easinophils. (G) Nodule in nodule and trabacula from formation at 5 weeks of TAA treatment N-nodule in nodule formation. (H) Development
of HCC after 6 weeks of TAA treatment. Trabecular (T)-like arrangement that disrupts normal liver architecture at a magnification of x20. (I) Higher

magnification x40.

et al., 1998). The decrease in collagenolytic activity
observed in chronic liver disease can be attributed largely
to increased TIMP expression (Arthur et al., 1999). TAA
induced liver fibrosis is associated with increased levels
of MMP-2 and heparanase (Goldshmidt et al., 2004).
Increased expression of MMP-2 has also been reported
in HCV-induced cirrhosis (Lichtinghagen et al., 2003).
In our study, heparanase levels increased markedly after
2 weeks TAA treatment. With increased fibrosis there

has been a reported decrease in the levels of heparanase,
which suggests a different regulatory mechanism for
heparanase. This correlates with our results and implies
that heparanase expression depends on the architecture
and proper function of the liver tissue.

The expression profile of the tumor markers showed
consistent alterations in the tumor suppressor genes
p53 and RB, oncogenes c-myc and survivin, cell cycle
related gene cyclin D1, and the insulin-like growth factor
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Fig. 5. RT-PCR for the expression of marker genes in livers of WT
zebrafish treated with TAA, for 2, 4, 8 and 12 weeks. (a) Fatty liver,
(b) fibrosis and (¢c) HCC.

2 (IGF-2). The tumor suppressor gene p53 and RB
(Figs. 5c and 6¢) were down regulated in the wild type
treated with TAA and HCP treated with TAA. The other
genes like c-myc, cyclin-D, IGF-2, survivin were upreg-
ulated evident that HCC formation in zebrafish.

Fig. 7 shows the confocal data obtained from hepato-
cytes of the TAA treated in liver specific GFP transgenic
fish (Her et al., 2003). It shows the damage in the liver
with fat droplets and after 12 weeks of treatment it caused
severe disruption of the cells and also the intensity of the
fluorescence decreased significantly. In the control fish
(Fig. 7a) hepatocytes are densely packed and distinct.
We can see vacuoles in (Fig. 7b) after 1 week of injec-
tion and in the second and 8 week the hepatocytes are
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Fig. 6. RT-PCR for the expression of marker genes in livers of HCP-
transgenic fish treated with TAA for 2, 4 and 6 weeks. (a) Fatty liver,
(b) fibrosis and (c) HCC.

dispersed and in the 12th week no distinct hepatoytes
can be observed.

4. Discussion

Here we tried to figure out the characteristics of a
HCYV core protein (HCP) expressing transgenic zebrafish
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Fig.7. Confocal microscopy of the GFP liver showing the disruption of hepatocytes in the progression of HCC. (a) Liver showing normal hepatocytes.
(b) Accumulation of lipid droplets. (c) Severe steatosis at around 2 weeks. (d) Extracellular matrix at around 8 weeks showing the fibrosis. (e) Severe

disruption of the hepatocytes.

that accelerates the development of HCC upon treat-
ment with a hepatotoxin. To begin with, we assessed the
quality of transgenic fish for HCP expression in liver.
Our data showed that HCP expressed well while with-
out producing any pathologic changes in the fish. This
suggests that HCP cannot induce HCC, but may func-
tion as a cofactor. Hepatitis C virus gene products have
been expressed either alone or in combination in the
liver of transgenic mice by using different liver-specific
promoters. As already mentioned, three different HCV
core transgenic lines develop liver steatosis and HCCs
(Lerat et al., 2002); but other animals show only steatosis
(Perlemuter et al., 2002) or different phenotypes (Okuda
et al., 2002), depending on the factors such as, the pro-
moter used, the context of expression and the mouse
strain background. The NS5A transgenic mice, in spite
of the pleiotropic functions of the protein in vitro, do
not have any significant phenotype (Majumder et al.,
2003).

The liver as seen in the histopathology showed
severed deposition of lipid droplets, which can be antici-
pated that the free fatty acids in the liver may be oxidized
to triglycerides and cholesterol by mitochondria, and if
the free fatty acids exceed the capacity of mitochondrial
oxidation, fatty acid accumulation in the liver occurs
(Reid, 2001). These histologic findings are strikingly
similar to that reported for non-alcoholic steatohepati-

tis (NASH) in humans. Increased connective tissue was
observed in the hyperplastic bile ductular cells and the
activated stellate (Ito) cells. TAA induces fibrosis and it
was also reported that HCV proteins stimulate the fibro-
genesis by interacting with hepatic stellate cells (HSCs)
(Bataller et al., 2004). HCV infects hepatocytes that
release profibrogenic substances like ROS, cytokines
which in turn activate the neighboring HSCs (Schuppan
et al., 2003).

The significant changes in the steatosis marker genes
like ACC, adiponectin, C/EBPa and PTL may be due
to the tremendous accumulation of the lipids in the hep-
atocytes, because of an up regulation of PPAR which
ultimately resulted in the appearance of adipocyte mark-
ers and fat droplets (Horie et al., 2004). The PTL is one
of the HyO,-generating enzymes belonging to the per-
oxisomal (3-oxidation system (Reddy and Hashimoto,
2001). The reduction in the H>O, degrading enzymes,
catalase and glutathione peroxidase with that of dispro-
portionate increase in HyO; generating enzymes leads
to sustained oxidative stress in the liver (Gonzalez et al.,
1998).

Similarly, the major changes in the fibrotic mark-
ers is also seen. The fibrogenic stimulation leads to the
transdifferentiation of hepatic stellate cells (HSCs) to
myofibroblastic cells to produce excessive extracellular
matrix (ECM) (Yavrom et al., 2005). During this pro-



20 R.D. Rekha et al. / Toxicology 243 (2008) 11-22

cess we observed the induction of the fibrogenic ECM
gene namely Collagen a1, TGF 3 one of the autocrine
cytokines, changes in the expression of ECM proteases
MMPs and their inhibitors TIMP. It has been previ-
ously reported that MMP2 among several other MMPs
degrades the basement membrane collagen so that dena-
tured fibril collagens replace normal as ECM during
fibrogenesis (Schuppan et al., 2001). During fibrosis
TIMP levels are seen to be increased significantly while
MMP levels increase modestly or remain relatively static
(Hung et al., 2005). Cytokines are normally involved in
matrix remodeling and TGF 3 enhances the collagen pro-
duction. Upregulation of TGF 3 and Collagen a1 gene
occurs in HSC during CCl4 induced fibrosis. It has been
reported that serum leptin levels are increased in patients
of alcoholic cirrhosis (McCullough et al., 1998) and also
HSCs have been shown to produce leptin when they
get activated (Potter et al., 1998). Leptin and its func-
tional receptors play a crucial role in hepatic fibrogenesis
through the upregulation of TGF 3 expression in the liver
(Ikejima et al., 2005). The CTGF is highly profibrogenic
molecule overexpressed in the fibrotic liver and it stimu-
lates proliferation of the fibroblasts and ECM synthesis
(Rachfal and Brigstock, 2003). HSCs are major produc-
ers of this factor and they are regulated by cytokines in
particular TGF 8 (Ozaki et al., 2005). Heparanase activ-
ity has been reported to correlate with the metastatic
potential of tumor cells in animal model (Ikuta et al.,
2001). In human cancers it has been reported with a high
heparanase expression in oral cancer (Koliopanos et al.,
2001) and in pancreatic cancer (Ikeguchi et al., 2003).
But in our results we find a decrease in this gene expres-
sion in HCC suggesting that it may not correlate with
tumor progression. It has been reported recently that the
hep mRNA may be lost during the malignant transfor-
mation of hepatocytes and it may result in an abnormal
cell growth and may correlate with hepatocarcinogenesis
(Edamoto et al., 2003).

Pathways dominated by two tumor suppressor genes,
RB and p53, are the most frequently disrupted in cancer
cells (Wu et al., 2002). One of the most common onco-
genes associated with the pathogenesis of liver tumor
is the MYC oncogene. Overexpression of MYC in ani-
mal models can induce HCC (Shachaf et al., 2004), and
its inactivation is reported to effect sustained regression
of invasive liver cancers (Kannangai et al., 2005). Our
results show a significantly high expression of the gene,
a clear indication for the onset of tumor. Survivin has
been described as an anti-apoptotic protein which is sup-
pressed by p53 and is overexpressed in HCCs. Cyclin
D1 is a known oncogene and a key regulator of cell
cycle progression. Amplification of the cyclin D1 gene

and its overexpression has been associated with aggres-
sive forms of human HCC (Kannangai et al., 2005). The
expression pattern of these genes in our model increased,
confirming the development of HCC. It was seen much
earlier in the HCP-transgenic fish that were treated with
TAA. ROS also plays an important role in the pathogen-
esis of hepatic diseases. The poorly differentiated HCC
cells are more likely to proliferate and metastasize due
to the much lower activities or expression of specific
antioxidant enzymes that fail to scavenge the ROS pro-
duced in the poorly differentiated HCC cells (Chen et al.,
2003). In addition, it should be emphasized that alcohol
is synergistic with HCV core protein in the induction of
ROS (Moriya et al., 2001). In our model, we assumed
that the HCV core protein may acts synergistically with
TAA and shortens the time of the formation of HCC and
increase the ROS production.

The HCV core transgenic animal model provides a
molecular basis for studying the modification of clinical
manifestations produced in viral liver disease by chem-
ical or environmental factors. In our present study we
demonstrate that HCP fishes treated with TAA involves
early lipid accumulation and lipid peroxidation in hep-
atocytes which is followed by liver cell injury and
inflammation, upregulation of profibrotic genes Cola1
and TIMP and eventually hepatic fibrosis and finally to
adenoma and HCC at a much earlier time when compared
to that of the wild type fish.

The recent report reveals the molecular similari-
ties between zebrafish and a human liver tumor which
extends to tumor progression (Lam et al., 2006). HCP
induces HCC in transgenic mice (Moriya et al., 1998).
These mice developed hepatic nodules at 16 and 19
months which progressed to well-differentiated HCC
with trabecular features and cells containing cytoplasmic
fat droplets. Our model produced similar results in the
WT with TAA as early as 3 months and in the transgenic
fish treated with TAA 1.5 months. Although the mecha-
nism of the cofactor role of HCP remains unknown, the
ability of HCV to accelerate HCC development may be
due to the synergistic effect of TAA with HCV. Previous
reports reveal that TAA, as well as such hepatotoxins as
CCly, and CHCl3, mediate their toxicity via the forma-
tion of free radicals, especially ROS, which interact with
membrane unsaturated lipids, consequently promoting
lipid peroxidation (Fadhel and Amran, 2002). HCP has
been reported to interact directly with the mitochondria,
impairing electron transport and thus increasing ROS
production. Core protein is associated with the endoplas-
mic reticulum (Moradpour et al., 1996) and intracellular
lipid droplets, and this amplifying effect of core protein
on mitochondria makes the cells more sensitive to other
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oxidative insults. Human hepatocellular carcinoma is a
disease that is prevalent world-wide with limited treat-
ment options available. Many factors may contribute to
the poor prognosis of HCC, but lack of understanding
of the molecular pathways involved before and during
tumor progression has limited our aptitude to design
effective treatments.

We conclude that HCP alone is not sufficient for
carcinogenesis. Although there are many small ani-
mal models of chemical hepatocarcinogenesis, no useful
small animal models of HCV-related hepatocarcino-
genesis exist. Our zebrafish model is also unique in
that it dramatically shortens the time of HCC devel-
opment as compared to others. It will prove to be a
useful tool for further study of HCC using new tech-
nologies of genomic analysis which may identify genetic
defects that activate or suppress specific molecular path-
ways leading to HCC and also for high throughput drug
screening.

References

Arthur, M.J., Iredale, J.P., Mann, D.A., 1999. Tissue inhibitors of
metallo-proteinases: role in liver fibrosis and alcoholic liver dis-
ease. Alcohol Clin. Exp. Res. 23, 940-943.

Bataller, R., Paik, Y.H., Lindquist, J.N., Lemasters, J.J., Brenner, D.A.,
2004. Hepatitis C virus core and nonstructural proteins induce
fibrogenic effects in hepatic stellate cells. Gastroenterology 126,
529-540.

Chen, K., Thomas, S.R., Keaney Jr.,J.F.,2003. Beyond LDL oxidation:
ROS in vascular signal transduction. Free Radic. Biol. Med. 35,
117-132.

Edamoto, Y., Hara, A., Biernat, W., Terracciano, L., Cathomas, G.,
Riehle, H.M., Matsuda, M., Fujii, H., Scoazec, J.Y., Ohgaki, H.,
2003. Alterations of RB1, p53 and Wnt pathways in hepatocellular
carcinomas associated with hepatitis C, hepatitis B and alcoholic
liver cirrhosis. Int. J. Cancer 106, 334-341.

El-Serag, H.B., Davila, J.A., Petersen, N.J., McGlynn, K.A., 2003.
The continuing increase in the incidence of hepatocellular carci-
noma in the United States: an update. Ann. Intern. Med. 139, 817-
823.

Fadhel, Z.A., Amran, S., 2002. Effects of black tea extract on carbon
tetrachloride-induced lipid peroxidation in liver, kidneys, and testes
of rats. Phytother. Res. 16, S28-S32.

Goldshmidt, O., Yeikilis, R., Mawasi, N., Paizi, M., Gan, N, Ilan, N.,
Pappo, O., Vlodavsky, 1., Spira, G., 2004. Heparanase expression
during normal liver development and following partial hepatec-
tomy. J. Pathol. 203, 594-602.

Gonzalez, FJ., Peters, J.M., Cattley, R.C., 1998. Mechanism of action
of the nongenotoxic peroxisome proliferators: role of the peroxi-
some proliferator-activator receptor alpha. J. Natl. Cancer Inst. 90,
1702-1709.

Gressner, A.M., Bachem, M.G., 1995. Molecular mechanisms of liver
fibrogenesis—a homage to the role of activated fat-storing cells.
Digestion 56, 335-346.

Her, G.M., Yeh, Y.H., Wu, J.L., 2003. 435-bp liver regulatory sequence
in the liver fatty acid binding protein (L-FABP) gene is sufficient

to modulate liver regional expression in transgenic zebrafish. Dev.
Dyn. 227, 347-356.

Horie, Y., Suzuki, A., Kataoka, E., Sasaki, T., Hamada, K., Sasaki,
J., Mizuno, K., Hasegawa, G., Kishimoto, H., lizuka, M., Naito,
M., Enomoto, K., Watanabe, S., Mak, T.W., Nakano, T., 2004.
Hepatocyte-specific Pten deficiency results in steatohepatitis and
hepatocellular carcinomas. J. Clin. Invest. 113, 1774-1783.

Hung, K.S., Lee, T.H., Chou, W.Y., Wu, C.L., Cho, C.L., Lu, C.N,,
Jawan, B., Wang, C.H., 2005. Interleukin-10 gene therapy reverses
thioacetamide-induced liver fibrosis in mice. Biochem. Biophys.
Res. Commun. 336, 324-331.

Ikeguchi, M., Hirooka, Y., Kaibara, N., 2003. Heparanase gene expres-
sion and its correlation with spontaneous apoptosis in hepatocytes
of cirrhotic liver and carcinoma. Eur. J. Cancer 39, 86-90.

Ikejima, K., Okumura, K., Lang, T., Honda, H., Abe, W., Yamashina,
S., Enomoto, N., Takei, Y., Sato, N., 2005. The role of leptin in
progression of non-alcoholic fatty liver disease. Hepatol. Res. 33,
151-154.

Ikuta, M., Podyma, K.A., Maruyama, K., Enomoto, S., Yanagishita,
M., 2001. Expression of heparanase in oral cancer cell lines and
oral cancer tissues. Oral Oncol. 37, 177-184.

Kannangai, R., Wang, J., Liu, Q.Z., Sahin, F., Torbenson, M., 2005.
Survivin overexpression in hepatocellular carcinoma is associ-
ated with p53 dysregulation. Int. J. Gastrointest. Cancer 35, 53—
60.

Koliopanos, A., Friess, H., Kleeff, J., Shi, X., Liao, Q., Pecker, I.,
Vlodavsky, I., Zimmermann, A., Buchler, M.W., 2001. Heparanase
expression in primary and metastatic pancreatic cancer. Cancer
Res. 61, 4655-4659.

Lai, M.M., 2002. Hepatitis C virus proteins: direct link to hepatic oxida-
tive stress, steatosis, carcinogenesis and more. Gastroenterology
122, 568-571.

Lam, S.H., Wu, Y.L., Vega, V.B., Miller, L.D., Spitsbergen, J., Tong,
Y., Zhan, H., Govindarajan, K.R., Lee, S., Mathavan, S., Murthy,
K.R.,Buhler, D.R.,Liu, E.T., Gong, Z., 2006. Conservation of gene
expression signatures between zebrafish and human liver tumors
and tumor progression. Nat. Biotechnol. 24, 73-75.

Lee, K.S., Buck, M., Houglum, K., Chojkier, M., 1995. Activation of
hepatic stellate cells by TGF alpha and collagen type I is mediated
by oxidative stress through c-myb expression. J. Clin. Invest. 96,
2461-2468.

Lerat, H., Honda, M., Beard, M.R., Loesch, K., Sun, J., Yang, Y,
Okuda, M., Gosert, R., Xiao, S.Y., Weinman, S.A., Lemon, S.M.,
2002. Steatosis and liver cancer in transgenic mice expressing the
structural and nonstructural proteins of hepatitis C virus. Gastroen-
terology 122, 352-365.

Lichtinghagen, R., Bahr, M.J., Wehmeier, M., Michels, D., Haberkorn,
C.I, Arndt, B., Flemming, P., Manns, M.P., Boeker, K.H., 2003.
Expression and coordinated regulation of matrix metallopro-
teinases in chronic hepatitis C and hepatitis C virus-induced liver
cirrhosis. Clin. Sci. (Lond.) 105, 373-382.

Majumder, M., Steele, R., Ghosh, A.K., Zhou, X.Y., Thornburg, L.,
Ray, R., Phillips, N.J., Ray, R.B., 2003. Expression of hepatitis
C virus non-structural SA protein in the liver of transgenic mice.
FEBS Lett. 555, 528-532.

Matteoni, C.A., Younossi, Z.M., Gramlich, T., Boparai, N., Liu, Y.C.,
McCullough, J., 1999. Nonalcoholic fatty liver disease: a spec-
trum of clinical and pathological severity. Gastroenterology 116,
1413-1419.

McCullough, A.J., Bugianesi, E., Marchesini, G., Kalhan, S.C., 1998.
Gender-dependent alterations in serum leptin in alcoholic cirrhosis.
Gastroenterology 115, 947-953.



22 R.D. Rekha et al. / Toxicology 243 (2008) 11-22

Moradpour, D., Englert, C., Wakita, T., Wands, J.R., 1996. Characteri-
zation of cell lines allowing tightly regulated expression of hepatitis
C virus core protein. Virology 222, 51-63.

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

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

Novosyadlyy, R., Dargel, R., Scharf, J.G., 2005. Expression of insulin-
like growth factor-I and insulin-like growth factor binding proteins
during thioacetamide-induced liver cirrhosis in rats. Growth Horm.
IGF Res. 15, 313-323.

Nozu, F,, Takeyama, N., Tanaka, T., 1992. Changes of hepatic fatty acid
metabolism produced by chronic thioacetamide administration in
rats. Hepatology 15, 1099-1106.

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

Ozaki, S., Sato, Y., Yasoshima, M., Harada, K., Nakanuma, Y., 2005.
Diffuse expression of heparan sulfate proteoglycan and connective
tissue growth factor in fibrous septa with many mast cells relate
to unresolving hepatic fibrosis of congenital hepatic fibrosis. Liver
Int. 25, 817-828.

Paradis, V., Perlemuter, G., Bonvoust, F., Dargere, D., Parfait, B.,
Vidaud, M., Conti, M., Huet, S., Ba, N., Buffet, C., Bedossa, P.,
2001. High glucose and hyperinsulinemi a stimulate connective
tissue growth factor expression: a potential mechanism involved in
progression to fibrosis in nonalcoholic steatohepatitis. Hepatology
34, 738-744.

Parkin, D.M., 2000. Global cancer statistics in the year. Lancet Oncol.
2,533-543.

Perlemuter, G., Sabile, A., Letteron, P., Vona, G., Topilco, A., Chre-
tien, Y., Koike, K., Pessayre, D., Chapman, J., Barba, G., Brechot,
C., 2002. Hepatitis C virus core protein inhibits microsomal
triglyceride transfer protein activity and very low density lipopro-
tein secretion: a model of viral-related steatosis. FASEB J. 16,
185-194.

Potter, J.J., Womack, L., Mezey, E., Anania, F.A., 1998. Transdiffer-
entiation of rat hepatic stellate cells results in leptin expression.
Biochem. Biophys. Res. Commun. 244, 178-182.

Rachfal, A.W., Brigstock, D.R., 2003. Connective tissue growth factor
CTGF/CCN?2) in hepatic fibrosis. Hepatol. Res. 26, 1-9.

Reddy, J.K., Hashimoto, T., 2001. Peroxisomal beta-oxidation and
peroxisome proliferator-activated receptor alpha: an adaptive
metabolic system. Annu. Rev. Nutr. 21, 193-230.

Reid, A.E., 2001. Nonalcoholic steatohepatitis. Gastroenterology 121,
710-723.

Schuppan, D., Krebs, A., Bauer, M., Hahn, E.G., 2003. Hepatitis C and
liver fibrosis. Cell. Death Differ. 10 (1), S59-S67.

Schuppan, D., Ruehl, M., Somasundaram, R., Hahn, E.G., 2001.
Matrix as a modulator of hepatic fibrogenesis. Semin. Liver Dis.
21,351-372.

Shachaf, C.M., Kopelman, A.M., Arvanitis, C., Karlsson, A., Beer,
S., Mandl, S., Bachmann, M.H., Borowsky, A.D., Ruebner, B.,
Cardiff, R.D., Yang, Q., Bishop, J.M., Contag, C.H., Felsher,
D.W., 2004. MYC inactivation uncovers pluripotent differentia-
tion and tumour dormancy in hepatocellular cancer. Nature 431,
1112-1117.

Tamatani, T., Kobayashi, H., Tezuka, K., Sakamoto, S., Suzuki, K.,
Nakanishi, T., Takigawa, M., Miyano, T., 1998. Establishment of
the enzyme-linked Immunosor bent assay for connective tissue
growth factor (CTGF) and its detection in the sera of biliary atresia.
Biochem. Biophys. Res. Commun. 251, 748-752.

Tarantino, G., Saldalamacchia, G., Conca, P., Arena, A., 2007. Non-
alcoholic fatty liver disease: further expression of the metabolic
syndrome. J. Gastroenterol. Hepatol. 22, 293-303.

Waris, G., Huh, K.W., Siddiqui, A., 2001. Mitochondrially associated
hepatitis B virus X protein constitutively activates transcription
factors STAT-3 and NF-kappa B via oxidative stress. Mol. Cell.
Biol. 21, 7721-7730.

Wu, Y., Renard, C.A., Apiou, F.,, Huerre, M., Tiollais, P., Dutrillaux, B.,
Buendia, M.A., 2002. Recurrent allelic deletions at mouse chro-
mosomes 4 and 14 in Myc-induced liver tumors. Oncogene 21,
1518-1526.

Yavrom, S., Chen, L., Xiong, S., Wang, J., Rippe, R.A., Tsukamoto,
H., 2005. Peroxisome proliferator-activated receptor gamma sup-
presses proximal alphal(I) collagen promoter via inhibition of
p300-facilitated NF-I binding to DNA in hepatic stellate cells. J.
Biol. Chem. 280, 40650-40659.

Yeh, C.N., Maitra, A., Lee, K.F,, Jan, Y.Y., Chen, M.F., 2004.
Thioacetamide-induced intestinal-type cholangiocarcinoma in
rat: an animal model recapitulating the multi-stage pro-
gression of human cholangiocarcinoma. Carcinogenesis 25,
631-636.

Zimmermann, T., Muller, A., Machnik, G., Franke, H., Schubert,
H., Dargel, R., 1987. Biochemical and morphological studies
on production and regression of experimental liver cirrhosis
induced by thioacetamide in Uje: WIST rats. Z Versuchstierkd 30,
165-180.



	Thioacetamide accelerates steatohepatitis, cirrhosis and HCC by expressing HCV core protein in transgenic zebrafish Danio rerio
	Introduction
	Materials and methods
	HCP-transgenic zebrafish
	RT-PCR analysis
	Western blotting
	Histological analysis

	Results
	Expression of HCP in the zebrafish transgenic liver
	Pathogenesis of HCC in WT and HCP transgenic fish treated with TAA
	TAA accelerates the progression of HCC in HCP transgenic line

	Discussion
	References


